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Abstract: 

 

For the last two decades, breakthrough research has been going on in all aspects of materials science 

at accelerated pace. New materials of unprecedented functionality and performance are being developed 

and characterized. Moreover, the new materials with improved functionality are in high demand in the 

marketplace and this need increases in an exponential way for the new materials of desired functionality 

and performance. 

Here we show the application of combined computational and cheminformatics methods in various 

materials properties prediction, including organometallic materials, polymeric materials and 

nanomaterials. Since most of the materials are complex entities from a chemical point of view, the 

investigation of them requires an interdisciplinary approach, involving multiple aspects ranging from 

physics and chemistry to biology and informatics. In this report we show how the combination of 

computational chemistry, available experimental data, machine learning and cheminformatics 

approaches can help in materials research and properties assessment, such as physico-chemical 

properties, toxicity, and biological activity. We discuss here a few case studies where data-driven 

models developed to reveal the relationships between the physicochemical properties, biological 

activity and structural characteristics, by application quantum chemical, protein-ligand docking, 

cheminformatics approaches and developed nanodescriptors. 

 

Key words: materials, nanomaterials, polymeric materials, organometallic materials, cheminformatics, 

machine learning, computational chemistry 

 

 

1. Introduction 

 

Functional materials are very important and an essential part of our everyday lives. This is obvious 

from the silicon chip with its ever-increasing power, novel flexible liquid crystal displays, the light-

emitting materials, new high-efficient photovoltaic materials and various novel materials for medicinal 

purposes that saved hundreds of thousands lives. It is apparent that functional materials are ubiquitous 

[1-3]. Based on the materials science news that comes almost every day the new materials with 

improved functionality will be in high demand in the marketplace [1-2]. Moreover, materials exhibiting 

2 or more types of functionality will appear to provide even more applications [4]. 

For the last two decades, breakthrough research has been going on in all aspects of materials 

science, including nanotechnology at an accelerated pace. New materials of unprecedented functionality 

and performance are being developed and characterized [1-4]. This became possible because during the 

past two decades a powerful collection of tools for the synthesis, processing, characterization, computer 

modeling of materials and chemical systems were developed and deployed in many parts of the world. 

Moreover, with the advent of exascale computing we can expect an exponential increase in the amount 

mailto:bakhtiyor.rasulev@ndsu.edu
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of usable “chemically accurate” data, which will be generated by supercomputers in an unorganized 

and not systematic fashion. Over the past two decades, computational power has increased by a factor 

of a million due to advances in hardware and software. This rate of improvement, which will soon reach 

the realm of exascale, has enabled computer modeling and simulations nearing chemical accuracy and 

unprecedented fidelity. All this data will be used by researchers to mine it to extract actionable 

knowledge to facilitate the discovery of new and improved functional materials. 

By utilizing high-performance computing (HPC) facilities, computational methods, especially 

quantum mechanics methods, combined with cheminformatics methods - can dramatically improve the 

data mining and rational design of new materials with improved properties. However, rational design 

of materials with desired physical and chemical properties is recognized as an outstanding challenge in 

materials science [3, 5-7]. It is known that material properties depend on a large number of key 

variables, often making the property prediction complex. The key variables include chemical fragments 

information; geometrical parameters; crystal structures and various polymorphs; composition structure; 

and electronic characteristics, to name few.  

Extension of cheminformatics approaches, which were developed for small molecules to handle 

complex materials, such as polymeric materials, is a promising step. Within the last three decades, 

cheminformatics methods have been extensively developed, largely because of huge efforts in 

pharmaceutical sciences and the pharmaceutical industry. For example, there are many successful cases 

of highly effective drug and agriculture agents development that used cheminformatics [8-9]. For 

instance, the antibacterial drug Norfloxacin was developed based on cheminformatics analysis of just 

70 compounds, where Norfloxacin was 500 times more potent than previous analogs [8-9]. With the 

help of cheminformatics methods well-known herbicides and fungicides such as Metamitron, 

Bromobutide and Myclobutanilwere developed [8]. However, the cheminformatics methods were 

developed for small organic compounds. This makes their use for large, complex chemical structures, 

such as multi-component polymeric materials or nanomaterials, almost impossible. In order to apply 

data mining methods and cheminformatics approaches to complex materials a paradigm shift needs to 

be made in encoding these systems and specific property’s types (descriptors).  

 

 
Fig. 1. The representation of 3 main areas combination: Experimental Materials Research, Computational 

Materials Research and Cheminformatics. 

 

In this report we discuss several case studies where a combination of three main parts: a) 

experimental materials data, b) computational materials data and c) cheminformatics, allows to build 

meaningful relationships that help to predict properties for new materials (Fig. 1).  

 

2. Discussion 

 

Here we discuss the application of combined computational and cheminformatics methods in 

various materials properties prediction, including polymeric materials and nanomaterials. Since most 
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of the materials are complex entities from a chemical point of view, the investigation of them requires 

an interdisciplinary approach. We discuss a few case studies where specific models developed that 

allowed to reveal the relationships between the physicochemical properties, biological activity and 

structural characteristics. 

 

2.1 Case Study I 

Intrinsic properties of nanoparticles make them a very topical object for the development of new 

materials with unusual and desired properties that could be very small in size. Physicochemical 

properties that may be important in understanding the toxic effects of nanomaterials include particle 

size and size distribution, agglomeration state, shape, crystal structure, chemical composition, surface 

area, surface chemistry, surface charge, electronic properties (reactivity, interaction energies, etc. 

Toxicity prediction is one of the most comprehensive tasks, especially for nanoparticles. 

Unfortunately, there is still limited information about experimentally measured toxic effects of 

nanoparticles and it is not systematic. However, some isolated and limited toxicity data are published 

in the last few years and due to increasing interest in such data the more similar studies in the near future 

can be expected. This scarce toxicity information makes difficult the study of structure-toxicity 

relationship of nanoparticles. Leszczynski group [10] in collaboration with other groups (experimental 

biology and computational teams) conducted an experimental toxicity evaluation of 17 metal oxides 

and then used these data to build a nanoparticle-toxicity model, so-called nano-QSAR, to find some 

important correlations and predict toxicity for new, untested metal oxide nanoparticles [10]. 

The in vitro toxicity data for investigated nanoparticles on pathogen bacteria cultures (E.coli) were 

used for toxicity evaluation. The initial studies regarding the structure-toxicity relationship analysis of 

these metal oxides were initiated. The studied metal oxides include: ZnO, TiO2, SnO2, CuO, La2O3, 

Fe2O3, Al2O3, Y2O3, Bi2O3, ZrO2, SiO2, In2O3, V2O3, CoO, NiO, Cr2O3 and Sb2O3. 

Based on this model and experimental data, the hypothesis was made on the most probable 

mechanism for the cytotoxicity of these nanoparticles. Utilizing the toxicity data and structural 

descriptors, a simple but statistically significant model was developed. The obtained nano-QSAR 

equation (Eq. 1) was based on only one descriptor that allows successfully predict the cytotoxicity (EC50 

- the effective concentration of a compound that brings about a 50% reduction in bacteria viability) of 

the considered metal oxide nanoparticles: 

 

    log(1/EC50) = 2.59 − 0.50 ΔHMe+    (1) 

 

where, the descriptor ΔHMe+ represents the enthalpy of formation of a gaseous cation having the same 

oxidation state as that in the metal oxide structure (Fig.2). 

 
Fig. 2. Plot of observed versus predicted log values of 1/EC50. Squares represent values predicted for the 

metal oxides from the training set; triangles represent data calculated for metal oxides from the validation sets. 

Reproduced from Reference [10]. Copyright Nature Publishing Group, 2011. 
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A complete list of the calculated molecular descriptors and details on the QSAR modelling 

procedure, including splitting for a training and validation set, data pre-processing, the method of 

modelling, internal validation, measuring goodness-of-fit and robustness, external validation of 

predictive ability and applicability domain can be found here [10]. 

 

2.2 Case Study II 

The second type of descriptors is also discussed in this presentation, which were reported in works 

[11,12], where were described nano-QSAR models based on LDM descriptors. For example, 

nanoparticles immersed in solvents display completely different physicochemical properties than their 

corresponding powdered particles. The interactions between nanoparticles and the medium notably 

impact the size of agglomerates, surface, surface-volume (SV) ratio, etc. In this regard, it was decided 

to include this aspect in the investigations of cytotoxic effect of metal oxide nanoparticles on E. coli. 

In this regard, an approach to represent nanostructures in a liquid solution called LDM. In this 

method, the nanoparticle is illustrated as a spherical drop in which all atoms and molecules are tightly 

packed. In this way, the density of the entire nanoparticle is equal to the mass density. Similarly, it looks 

the same in case of nanoparticles in agglomerates. Thus, the minimum radius of interactions between 

individuals (i.e., molecules in nanoparticles or nanoparticles in agglomerates) is expressed by the 

Wigner–Seitz radius (Eq. 2): 

       (2) 
where M is molecular weight, r is mass density, and NA is Avogadro constant. 

Due to the assumed spherical shape of the nanoparticle (also, agglomerate), the number of 

molecules in the analyzed nanoparticle (or the number of nanoparticles in the analyzed agglomerate) 

can be express as (Eq. 3): 

n = (r0/rw)3      (3) 

 

where r0 is the radius of the nanoparticle (or the agglomerate).  

The relationship between r0 and rw highlights that a decrease in the particle size results in an 

increment of its surface area. Simultaneously, it is important to point out that elements located on the 

surface are affected by different interaction forces than the elements located in the volume (Fig. 3). 

 
Fig. 3. Liquid drop model. Red circles, interaction forces between molecules situated on the surface; white 

circles, interaction forces between molecules situated in the volume. Reproduced from Ref. [12]. The Royal 

Society of Chemistry. 

 

The developed descriptors are applied in combination with other descriptors to estimate the 

effective cytotoxic concentration of 17 metal oxide nanoparticles against E. coli. LDM-based 
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descriptors constitute 31% of the whole contribution in the model [11,12]. The large contribution of 

LDM-based descriptors indicates that weakly bound molecules on the nanocluster’s surface can be 

responsible for cytotoxic effects. The LDM is an example of a nanoparticle’s size description. This 

approach is based on the physical occurrence and enables characterization of the suspended 

nanoparticles and their agglomerates. The calculations require only knowledge about chemical 

composition and basic experimentally measured properties, that is, mass density, size of the 

nanoparticle, and hydrodynamic size. The method does not describe any other feature of a nanoparticle 

except size [11,12].  

 

2.3 Case Study III 

Another example of application of specific descriptors type is to application of mixture-type 

descriptors to polymeric coating materials [13]. Recently [13], a novel cheminformatics-based approach 

was employed to investigate a set of polymer coating materials designed to mitigate the accumulation 

of marine biofouling on surfaces immersed in the sea. In this regard. a set of 27 nontoxic, amphiphilic 

polysiloxane-based polymer coatings was synthesized using a combinatorial, high-throughput approach 

and characterized for fouling-release (FR) activity toward a number of relevant marine fouling 

organisms, including bacteria, microalgae, and adult barnacles. In order to model these complex 

systems adequately, a new computational technique to encode descriptors was used in which all 

investigated polymer-based coating materials were considered as mixture systems (Fig. 4) comprising 

several compositional variables at a range of concentrations. To describe the properties of the 

investigated polymer coatings, a set of 1200 structural mixture-based descriptors was generated. The 

experimental and computational data were combined to find the best predictive models, and for this 

purpose a GA-MLR-based analysis was applied. By applying a combination of methodologies for 

mixture systems and QSAR modeling, several unique QSAR models were developed that were able to 

successfully predict the desired FR properties. Furthermore, the developed models identified several 

significant descriptors responsible for FR activity of investigated polymer-based coating materials, with 

correlation coefficients ranging from 0.63 to 0.94. The selected structural and physicochemical criteria 

include polarizability of the components, several descriptors that are responsible for the size, mass and 

volume of the components, shape index, and specific druglike index to describe interaction with 

biomass, based on the components’ structures [13]. 

 
Fig. 4. A representation of a highly cross-linked polymer coating (represented as a mustard colored material 

within a blue box) derived from multiple reactive components. Reproduced from Ref. [13]. The Royal Society of 

Chemistry. 

 

As a result, the computational models derived from this work may serve as a powerful set of tools 

to predict optimal combinations of source components to produce amphiphilic polysiloxane-based 

coating systems with effective, broad-spectrum FR properties. This will allow rational design of 

materials with improved FR properties. The methodology can be applied to predict other properties of 

polymer coating materials, by developing a mixture-based cheminformatics model for properties of 

interest. 

A several other case studies will be also represented in the report during the ICCBIKG symposium. 
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3. Conclusions 

In this review we discussed how specific descriptors and cheminformatics techniques can be applied 

to investigate such unusual materials systems as various nanoparticles and polymeric materials. These 

case studies suggest several ways to describe these complex systems and allow development of 

predictive cheminformatics and machine learning models to assess various physico-chemical and 

biological (toxicological) properties of them and design materials with desired properties.  

To conclude, the synergistic combination of experimental data, computational chemistry, developed 

specific descriptors, cheminformatics and further virtual screening is a main strategy for successful 

design of materials (Fig. 5). 

 

 
Fig. 5. A representation of a synergistic approach to design of materials with desired properties. 
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Abstract: 

  

Discovery of the antitumor activity of platinum complex, cisplatin, cis-Pt(NH3)2Cl2, and later 

carboplatin and oxaliplatin, led to the intensive investigation of the potential antitumor activity of the 

huge number of platinum complexes. Furthermore, it is well-known that platinum complexes express 

toxicity, numerous side effects and resistance, so the scientists make a lot of efforts to synthetize, beside 

Pt(II) and Pt(IV), other non-platinum compounds with potential antitumor activity, such as Pd(II), 

Ru(II/III) and Au(III) complexes. The goal of this study is to summarize the results of the investigation 

of the interactions between some mononuclear, homo- and hetero-polynuclear Pt(II), Pd(II), Ru(II/III) 

and Au(III) complexes with different sulfur- and nitrogen-donor biologically relevant nucleophiles. 

Among mononuclear complexes, the compounds with aromatic terpy (tepyridine) or bpma (bis-(2-

pyridylmethyl)amine) and aliphatic dien (diethylentriamine) nitrogen-containing inert ligands were 

studied. Different homo- and hetero-polynuclear complexes with pz (pyrazine) or 4,4’-bipy (4,4’-

bipyridine) as bridging and mostly en (ethylenediamine), bipy (2,2’-bipyridine) and dach (trans-1,2-

diaminocyclohexane) as inert ligands were studied as well. The research was focused on the connection 

between the structure and the mechanisms of interactions with different biomolecules, such as L-

cysteine (L-Cys),  

L-methionine (L-Met), tripeptide glutathione (GSH), guanosine-5’-monophosphate (5’-GMP), DNA 

and bovine serum albumin (BSA). Some of these complexes were selected for in vitro studies of the 

cytotoxicity on different tumor cell lines. Observed results contribute a lot as a guidance for the future 

design and determination of the structure-activity relationship (SAR) of different transition metal ion 

complexes.  

 

Keywords: complexes, platinum, palladium, ruthenium, gold, interactions, DNA, BSA 

 

1. Introduction  

 

Development of therapeutic drugs is today closely connected with the research of transition metal 

ion complexes and their interactions with important biomolecules. [1,2] It is already known that widely 

used complexes in anticancer therapy are Pt(II) complexes, such as cisplatin, carboplatin or oxaliplatin. 

Activation of these square-planar Pt(II) complexes involve slow hydrolysis of the anionic ligands 

accompanied with interactions of formed aqua species with DNA, forming a stable intrastrand cross-

links that suppress replication and transcription of DNA, a major steps in growth and division of cells. 

[1-3] Despite of the great success of current platinum drugs, usage of these complexes is limited for 

only several cancers due to the appearance of intrinsic resistance accompanied with side-effects, such 

as bone marrow suppression, nausea and kidney toxicity. Therefore, all these facts contribute a lot to 

spread the investigation in this field toward complexes that contain other transition metal ions. Study 

of the Pd(II) complexes as antitumor agents is related with the great similarities between structures of 

Pt(II) and Pd(II) complexes considering that Pd(II) complexes react 104-105 times faster than their Pt(II) 

analogous. [2] According to their rapid exchange, Pd(II) complexes are not stable enough to reach to 
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the pharmacological targets. In order to achieve the substitution inertness, proper choice of bulky 

chelating ligands is crucial. Some reports have shown that Pd(II) complexes with such ligands may 

possess antitumor, antiviral, antibacterial, antiinflammatory, antimicrobial and antifungal activities. [4]  

In the last few years Au(III) complexes occupy important place in the investigation of metal-based 

anticancer therapeutics. [5] Au(III) complexes gained increasing attention due to their potential to 

replace cisplatin. However, these complexes are relatively unstable and may be reduced to Au(I) or 

even metallic gold. However, this problem can be solved with the right choice of the inert ligands with 

stabilizing effects. [6] Nevertheless, some Au(III) complexes showed promising in vitro and in vivo 

anticancer activities.  

In comparison with other transition ion metal complexes, ruthenium compounds are the most 

promising anticancer agents. [3,7] Ruthenium in physiological solution can exist in two oxidation states, 

Ru(II) and Ru(III), and both states have affinity toward nitrogen- and sulfur-donor ligands in order to 

make complexes with octahedral geometry. It is already known that ruthenium complexes are not very 

toxic and can show selectivity for cancer cells which makes them good candidates to replace platinum 

drugs. The ability of ruthenium to replace iron in binding to the biologically important molecules (like 

transferrin and albumin) seems to be the most reasonable explanation for their good characteristics.  

The point of this review is to summarize the results of investigation of some mononuclear, homo- 

and hetero-polynuclear Pt(II), Pd(II), Ru(II/III) and Au(III) complexes, especially their behavior toward 

different biologically relevant molecules.  

         

2. Mononuclear Pt(II), Pd(II), Au(III) and Ru(II) complexes 

 

Considering that most of the antitumor active complexes are bifunctional, the focus of the 

investigation was to analyze the behavior of some monofuctional complexes toward different 

biomolecules. Among the Pt(II) complexes, the influence of the type of inert tridentate nitrogen donor 

ligand, such as terpy (2,2′:6′,2″-terpyridine), bpma (bis-(2-pyridylmethyl)amine) and dien 

(diethylentriamine), on the substitution reactions and the mechanism of the substitution with amino 

acids, peptides and nucleotides were studied. [8] The results confirmed associative mode of substitution 

for complexes 1, 2 and 3, Fig. 1. The rate of the reactions strongly depends on the number and position 

of the pyridine units in the structure of inert ligand. The complex with terpy is the most reactive due to 

the presence of strong electronic communication between metal ion and pyridine unit in the middle. 

The absence of this pyridine unit in the structure of bpma ligand decrease the reactivity, while the 

complex with aliphatic ligand (dien) reacts very slow. Among the nucleophiles, the amino acids L-

methionine (L-Met) and L-cysteine (L-Cys), peptide glutathione (GSH) and nucleotide guanosine-5’-

monophosphate (5’-GMP) are chosen. The results have shown higher reactivity of sulfur-donor 

nucleophiles. Also, thioether L-Met is more reactive than thiol L-cysteine, due to the influence of 

positive inductive effect of methyl group that increase the nucleophilicity of sulfur atom. However, 

tripeptide GSH have shown the higher reactivity than L-Cys. Namely, the formation of intramolecular 

hydrogen bond between proton on the entering thiol-group and the leaving chlorido ligand stabilizes 

the transition state. As it was expected, reactivity of the nitrogen-donor nucleobase was the smallest. 

Additionally, as a results of the steric hindrance of inert ligand and voluminosity of methyl group, 

complex with terpy does not react with thioether L-Met. [1,2,8]   

Pd(II) and Au(III) complexes with the same inert ligands were studied as well. The behavior   of 

Pd(II) complexes (4, 5 and 6, Fig. 1) toward primary biomolecules were almost the same as well as their 

order of reactivity. [8] Au(III) complexes (7, 8 and 9, Fig. 1) have shown the same order of reactivity 

toward L-Met, GSH and L-Cys in very acidic medium (0.1 M HCl). [9] However, complexes 7 and 9 

have shown higher reactivity at physiological pH toward nitrogen-donor ligands, such as 5’-GMP, L-

histidine (L-His), inosine (Ino) and inosine-5’-monophisphate (5’-IMP). [10] In the case of Ru(II) 

complex (10, Fig. 1) tripeptide GSH was less reactive than  

L-Cys due to the presence of steric hindrance and different geometry of the complex. [11] These effects 

make more difficult approach of the nucleophile and formation of the transition state. The same results 

were observed for 5’-GMP and L-His. [12]  
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Fig. 1 Structures of investigated transition metal ion complexes. 

 

 

3. Polynuclear Pt(II), Pd(II), Au(III) and Ru(II) complexes 

 

The research was spread on different homo- and hetero-dinuclear Pt(II) and Pd(II) complexes (11-

26, Fig. 2 and 3). In the case of dinuclear Pt(II) complexes 11-14, with pyrazine (pz) as bridging ligand 

and ethylenediamine (en), 1,2-propylenediamine (1,2-pn), isobutylenediamine (ibn) and trans-1,2-

diaminocyclohexane (dach) as inert ligands, the reactivity of the nucleophiles decreases in order L-Met 

> GSH > L-His > 5′-GMP. Furthermore, the reaction with L-Met were followed by decomposition of 

the starting dinuclear complexes. The obtained results confirmed  that increase in the σ-donor capacity 

of the inert ligands increases the electron density of the metal ions, retarding the substitution. [13]  

 

 
 

Fig. 2 Structures of investigated dinuclear complexes. 

 
Six dinuclear Pd(II) complexes 15-20 with pz and 4,4’-bipyridine (4,4’-bipy) as bridging and en, 

dach and 2,2’-bipyridine (bipy) as inert ligands, were studied in the presence of the same nucleophiles. 

The reactivity of the nucleophiles follows the order: LMet > L-Cys > L-His >  

5′-GMP. Also, the reactions with L-Met and L-Cys were followed by decomposition of the starting 

complexes. Therefore, complexes with pz as bridging ligand showed higher reactivity than complexes 

with 4,4′-bipy. Namely, if the bridging ligand has heterocyclic diazines as  

π-acceptors, its electron-withdrawing properties increase the electrophilicity of the metal ion which 

results in a higher reactivity of complexes. [14]  

As it was mentioned before, DNA usually represents the primary biological target for many metal-

based complexes and considering that it is important to investigate the binding mode of complexes and 

DNA molecule. The possibility of binding to DNA are different, such as binding to minor groove, major 

groove, intercalation between the bases, sugar-phosphate backbone and three-way junction. The binding 

of complexes to DNA can be noticed by hypochromism (decreasing of absorption intensity) or 

hyperchromism (increasing of absorption intensity) usually accompanied with bathochromism (slightly 

increasing the absorption wavelength). In the case of complexes 15-20, these interactions were followed 

by absorption spectroscopy and fluorescence quenching measurements. The results have shown that all 
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complexes can bind to DNA exhibiting high intrinsic binding constants while competitive studies with 

ethidium bromide (EB) have shown that complexes can displace DNA-bound EB. [14]  

Serum albumin is the most abundant protein in plasma important for carrying the drugs through the 

bloodstream and releasing in cells and tissues. Bovine serum albumin (BSA) has high structural 

homology with human serum albumin (HSA), around 76 %, and presents suitable model for 

investigation of the interactions with transition metal complexes. For the investigation of the binding 

of complexes to proteins, determination of the binding sites, mode of binding as well as binding 

mechanism, fluorescence spectroscopy was used. High values of binding constants towards bovine 

serum albumin protein (BSA) indicate good binding affinity. [14] 

Finally, the cytotoxic activity of complexes 15-20 was studied. All complexes showed moderate to 

high cytotoxic activity against HeLa (human cervical epithelial carcinoma cell lines) and MDA-MB-

231 (human breast epithelial carcinoma cell lines) tumor cell lines inducing apoptotic type cell death, 

whereas normal fibroblasts were significantly less sensitive. [14] 

Dinuclear bimetallic Pt(II)/Pd(II) complexes 21-23 with pz and 1,6-diaminohexane (1,6-dah) as 

bridging ligands were studied as well. The observed reactivity of the nucleophiles was  

L-Met > L-Cys > L-His > 5’-GMP. Substitution reactions with L-Cys and L-His were followed by the 

decomposition of bimetallic complexes to the corresponding substituted mononuclear complexes, 

releasing the bridging ligand. The absorption spectroscopic studies of the interactions with DNA have 

shown that all complexes exhibit high intrinsic binding constants. Also,  

DNA–EB fluorescence was quenched after addition of complexes indicating displacement of 

intercalated EB. All complexes have shown good binding affinity toward BSA.  Chemosensitivity of 

A375 (human melanoma) and HeLa cell lines was analyzed. Complex 21 displayed significant 

inhibitory effect on the growth of both cell lines. [15,16] 

Further, three dinuclear complexes 24-26, Fig, 3, with N,N,N’,N’-tetrakis(2-pyridylmethyl) 

benzene-1,4-diamine (tpbd) have been synthesized and analyzed. Results of the substitution reactions 

confirmed the following order od reactivity of the nucleophiles: L-Met > GSH >  

5’-GMP. Competitive studies with DNA were performed in the presence of EB and Hoechst dye 33258. 

The complexes possess strong ability to react with DNA exhibiting intercalation and more preferable 

minor groove binding. Nevertheless, all complexes showed a good binding affinity toward BSA with 

relatively high binding constants. The nature of the binding forces between complexes and biomolecules 

has been identified as hydrophobic. Among three tested complexes, complex 25 showed the most 

powerful cytotoxic effect on HTB140 melanoma and H460 lung cancer cell lines, induced the inhibition 

of autophagy, G2/M cell cycle arrest and mitotic catastrophe. [17] 

Recently, the research was focused on polunuclear complexes of Au(III) and Ru(II). The series of 

dinuclear (27-29) and trinuclear (30-32) Au(III) complexes were synthetized. Results of the competitive 

reactions between complexes and EB towards DNA have shown that selected complexes can displace 

EB from DNA-EB adduct. In addition, these experiments confirm that polynuclear Au(III) complexes 

interact with DNA covalently or via intercalation. Furthermore, high values of the binding constants 

towards BSA protein indicate good binding affinity. In addition, redox stability of complexes in the 

presence of DNA/BSA was confirmed by cyclic voltammetry. The cytotoxic activity of complexes was 

evaluated on human breast cancer cell line (MDA-MB-231), human colorectal cancer cell line (HCT-

116) and normal human lung fibroblast cell line (MRC-5). All complexes dose-dependently reduced 

cancer and normal cells viabilities, with significant cytotoxic effects. [18] 

 
 

Fig. 3 Structures of investigated polynuclear complexes. 
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Dinuclear complexes of Ru(II) (33 and 34, Fig 3), with pz as bridging and bipy and phenantroline 

(phen) as inert ligands, were investigated. The observed reactivity toward primary biomolecules 

followed the order: 5’-GMP > GSH > L-Met. Ru(II) complexes are expected to have the higher affinity 

for nitrogen-donor nucleophiles, because Ru(II) ion is the borderline hard-soft acids. The lower 

reactivity of L-Met over GSH could be due to the presence of bulky methyl group in L-Met, making 

access to the Ru(II) complexes more difficult. Also, the structures of these dinuclear Ru(II) complexes 

were preserved during the substitution processes. The results of DNA binding affinity indicate that 

complexes can interact with DNA through the intercalation and/or minor groove binding, where the 

latest was preferred. Furthermore, both complexes strongly quenched the fluorescence of tryptophan 

residues in BSA through both static and dynamic quenching. Complexes showed moderate cytotoxic 

activity against human breast cancer cells (MDA-MB-231), while both were inactive against human 

colorectal cancer cells (HCT-116). 

 

4. Conclusions 

 

Here are summarized the results of the investigation of the interactions of different transition metal 

ion complexes and biologically relevant molecules. Among the selected square-planar mononuclear 

Pt(II) complexes it was confirmed that their reactivity toward biomolecules (amino acids L-Met and L-

Cys, tripeptide GSH, nucleotide 5’-GMP) strongly depends on the number and position of the pyridine 

units in the structure of the inert ligand. The order of reactivity of analogue Pd(II) and Au(III) complexes 

was almost the same considering the type of inert ligands. However, the behavior of octahedral Ru(II) 

complex was slightly different due to the presence of two polypyridyl ligands and different geometry 

of the complex. Some homo- and hetero-dinuclear Pt(II), Pd(II), Au(III) and Ru(II) complexes were 

studied as well. The results confirmed that their reactivity also depends on the type of the bridging and 

inert nitrogen-donor ligands. However, during the reactions with some biomolecules, especially with 

thioether L-Met, most of these polynuclear complexes undergo decomposition. The interactions of some 

complexes and DNS/BSA were studied by absorption and emission methods. The calculated values of 

the binding constants confirmed their good binding affinity. Furthermore. some complexes showed very 

good results of the cytotoxic activity toward different tumor cell lines. All observed results can help a 

lot for the better understanding of the structure-activity relationship (SAR) of different transition metal 

ion complexes toward biologically relevant molecules.  
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Abstract: 
  

Pericyclic reactions are known for their exquisite selectivity and, in many cases, the formation of 

multiple chiral centers with a high degree of control. With the advent of accurate computational tools, 

this control was translated into predictability, and the design and exploitation of this set of reactions 

opened a new era in organic synthesis. Suddenly, highly complex and profusely decorated polycyclic 

structures were accessible in relatively short reaction sequences. Out interest in exploring the limits of 

application of the rules that govern these reactions with ironfist led us to discover a range of eye opening 

post-transitional effects that are key to ultimately understand reactivity at a microscopic level. 
 

Keywords: pericyclic reactions, selectivity, dynamic effects, computational chemistry 
 

 

1. Introduction 
 

Pericyclic reactions are probably one of the fields were computational chemistry has shown a higher 

degree of accuracy, success and prediction power. Probably the severely organized transition states, the 

strong electronic effects, symmetry rules and low solvation dependency makes this set of reactions 

particularly well suited for simulation. At the same time the are unique synthetic tools since they provide 

a range of transformations and C-C bond forming reactions that are hard to achieve by other routes. For 

this reason the list of highly complex molecular structures whose synthesis has been achieved through 

a key step involving a pericyclic reaction (commonly a Diels-Alder cycloaddition, but not restricted to 

this particular reaction) is long [1]. 
The discovery of pericyclic reactions opened a new era both in synthesis and in kinetics, after all, 

the initial assessment of the plausible mechanisms for these reactions provided a challenging task. These 

reactions provide no intermediates, they form multiple bonds apparently in a single step, they show 

negative activation entropies and most of them seem insensitive to changes in the surrounding solvent. 

In this scenario these reactions were deemed “no mechanism processes” for some time. The discovery 

of the symmerty rules that govern pericyclic reactions by Woodward and Hoffmann provided a unique 

tool to use these reactions with predictive power, and to understand the underlying machinery that ruled 

their mechanism.[2] In the last two decades we have studied pericyclic reactions in detail from the 

unique perspective of exploring the limits of application of the Woodward-Hoffmann rules.We have 

found at least four ways in which reactions that could potentially undergo a pericyclic-type mechanism 

can circumvent the symmetry rules enunciated by Woodward and Hoffmann: 

 Formally forbidden products arise from allowed transition states through stepwise reactions. 

 Formally forbidden products arise from allowed transition states on reactions where dramatic 

direction changes of the reaction coordinate occur after the transition state. 



C. S. López, Playing in the frontiers of the Woodward-Hoffmann rules 

  

16 

 

 Both forbidden and allowed reactions of systems containing lone pairs can occur through non 

pericyclic mechanisms. 

 Non-pericyclic reactions showing features which are characteristic for pericyclic processes. 
We will review these four cases and provide examples of each. 

 

2.1 Formally forbidden products arise from allowed transition states through stepwise reactions 
 

In 2004 Baldwin and coworkers published and elegant work based on gas phase kinetics and 

deuterium labeling experiments from which it was concluded that the ring opening of cis-

Bicyclo[4.2.0]oct-7-ene is it a Woodward-Hoffmann forbidden process. [3] Apparently KIE values and 

activation barriers pointed to this process operating through a disrotatory, and hence forbidden, reaction 

path. 

 

Fig. 1. Alternative mechanisms explored in the ring opening of cis-Bicyclo[4.2.0]oct-7-ene. 
 

Baldwin cleverly observed that the alternative mechanisms illustrated in Figure 1 cannot be easily 

distinguished because the kinetics of formation of 2 would be identical whether it forms from 1 or 3 

and normal deuterium labeling experiments will not help either. In this scenario he proposed to use  the 

different signatures in Kinetic Isotope Effects (KIE) for a disrotation vs a 1,5-H shift step (Figure 2). 

  
Fig. 2. KIE experiment to explore the ring opening mechanism of cis-Bicyclo[4.2.0]oct-7-ene. 

 

The observed k/k‘ ratio in this experiment was 1.17. The substantial primary effect anticipated for 

a rate-determining [1,5] hydrogen shift converting 3 to 2 and 3-d4 to 2-d4 was therefore not observed. 

The measured k/k‘ value is completely consistent with expectations for a small β secondary deuterium 

kinetic isotope effect on direct 1-to-2 and 1-d4-to-2-d4 reactions. 
Simulations for the energy profile of this reaction however hardly fit with a direct disrotatory ring 

opening of the ring opening of cis-Bicyclo[4.2.0]oct-7-ene (Table 1). 

 
Table 1.Energy profiles computed at different theory levels for the ring opening mechanism of cis-

Bicyclo[4.2.0]oct-7-ene. 
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Not only the energy profiles of a symmetry allowed and conrotatory ring opening of this bicyclic 

structure fit better with the experimental values, but the computed KIEs can also explain the misleading 

values collected upon deuterium substitution. 
 

 
Fig. 3. Simulated KIE experiments to dissect the total contribution of both, rotating and non-rotating 

deuterium to the observed KIE. 
 

Through simulations we can dissect the different contributions to the total KIE of both deuterium 

labels in 1 (Figure 3). With this in hand we could understand how the deuterium label not involved in 

the trans-cis isomerization imparts a significant inverse isotope effect that reduces the experimentally 

observed value to a range that misleads the chemist to think the reaction cannot operate through a double 

bond isomerization step. 
 

2.2 Formally forbidden products arise from allowed transition states on reactions where dramatic 

direction changes of the reaction coordinate occur after the transition state 
 

In a similar fashion, post-transitional events can change the geometry of the observed product in a 

pericyclic reaction. This scenario would keep similarities with the previous one with the difference that, 

in the reaction profile, the reaction intermediate vanishes is transformed into a shoulder. This situation 

makes even more difficult to unveil the reaction mechanism through experimental work. An example 

of such kind of mehanism is the ring opening of 1,2,3-tricyanocyclopropenyl anion. [4] 
 

 
 

 
Fig. 4. Proposed forbidden electrocyclic ring opening (top) and the associated transition state compared to 

an analogous acyclic system which clearly conrotates (bottom). 



C. S. López, Playing in the frontiers of the Woodward-Hoffmann rules 

  

18 

 

 

2.2 Both forbidden and allowed reactions of systems containing lone pairs can occur through non 

pericyclic mechanisms 
 

We have also observed that the presence of lone pairs in substrates that have the topology of double 

bonds necessary to undergo pericyclic processes, can circumvent the Woodward-Hoffman rules by 

employing such lone pairs, instead of the conjugated  electrons. This is the case of a whole new class 

of reactions named pseudopericyclic, which are often characterized by very flat transition states and 

very low energy barriers. In some occasions where a good match between reaction termini is achieved, 

these reactions can proceed even barrierlessly. This important electronic effect is responsible, for 

instance, for the low stability and ultra fast fragmentation of the CO2 trimer, which is extremely unstable 

and yet an electronic analog of very stable benzene. 
A comparative simulation study of these two systems affords key information to clarify the striking 

differences in stability and reactivity of the two analogues (Figure 5). For instance, the lack of 

aromaticity at the transition state of the fragmentation of the CO2 trimer screams non-pericyclic process, 

it also gives some clues about the instability of this substrate. [5] 

 
Fig. 5. Aromaticity at the transition state for the fragmentation of 1,3,5-trioxane-2,4,6-trione (top), benzene 

(center) and cyclohexane (bottom).  
 

3. Conclusions 
 

In this work we have reviewed a number of ways in which reactions may deviate from the symmetry 

rules enunciated by Woodward and Hoffman. In general, these rules govern pericyclic reactions with 

an ironfist, but peculiarities in the topology of some substrates allow for unexpected results and 

experimental observations. In these occasions simulation is a powerful tool to aid in the understanding 

of the underlying machinery steering molecular transformations. 
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Abstract  
Ebselent has been recently reported as the most efficient hinibitors of Sars-Cov-2 main protease (Mpro) 

thought the electrophilic covalent pro-oxidation of the reactive Cysteine 145. According to similar 

evidences in literature we can propose a general mechanism to explore a novel and promising 

application of mild organoselenium centered electrophiles in medicinal chemistry. New insights in the 

field of covalent and non-covalent inhibition of Mpro as well as the antiviral SARS-Cov2 activity of 

novel organoselenium compounds will be here discussed  
 

Keywords: Selenium, Covid-19, SARS-Cov2, electrophiles. 

 

1. Introduction  

 

 
Fig. 1 Selenium: evidences of toxicity and biological relevance  

 

For a long period organoselenium compounds were considered as potentially dangerous for health and 

environment and some myths/legend are reported. referring evidences of its toxicity like in the case of 

the italian voyager Marco Polo who described an acute intoxication on animals very similar to the 

currently known selenosis some century before that Berzelius discovered this element in 1817. 

Similarly, a legend tell that the debacle of general Custer in the Little Big Horn Battle was caused by 

a Se-intoxication of the horses that slowed down the cavalry deputed to support him, or more recently 

selenium was one of the elements among several metals involved in the beer poisoning in the United 

Kingdom. (Figure 1)  
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After the discovery that Selenium, incorporated in selenoproteins as selenocysteine, plays crucial 

roles on regulating a series of biologically relevant redox processes,[1] for several decades researchers 

focused their efforts in the synthesis and studies of small organoselenium molecules having an 

(apparent) antioxidant activity.[2-4] Several classes of Se-derivatives were investigated as mimetics of 

the glutathione peroxidase (GPx), after the first selenoenzyme isolated by Rotruck and Flohè in 1973.[5] 

It was demonstrated that it is responsible for the reduction of harmful peroxides (hydrogen peroxide or 

lipid peroxides) into less toxic derivatives (water or lipid alcohols by oxidizing two molecules of 

reduced glutathione (GSH) into the corresponding disulphide (GSSG).[6] Some of these studies 

contributed to elucidate in details the catalytic role of the selenium atom in the selenoenzymes, as well 

as to explore the catalytic mechanism in which different classes of Se-compounds (such as diselenides, 

selenides, and benzoselenazolones) are involved in the presence of hydrogen peroxide and different 

sulphur containing cofactors like GSH, dithiotreitol (DTTred) thiophenol (PhSH).[7-9] In these 

conditions, most of the Se- derivatives are able to promote the reduction of the peroxides with the 

simultaneous oxidation of the selected thiol. The direct or indirect measurement of the rate of this 

oxidation is often referred as GPx-like activity.[10-11] Nevertheless, despite the large number of 

publications claiming the antioxidant properties of Se-compounds, concrete therapeutic applications of 

the in vitro proven GPx-mimetics remain  an unfulfilled goal.[12] 

The selenium atom in the human GPX enzymes is involved in a catalytic triad with neighbouring 

amino acids (e.g. Sec, Gln, Trp) that stabilize the unusual oxidation state of selenol (-SeH). Moreover, 

the selenol presents a pKa of 5.2 that, at physiological pH, allows it to be deprotonated (-Se-).[13] In 

this form (I-Figure 2) the selenium atom has a strong nucleophilicity and it is prone to oxidation by 

peroxides, affording the corresponding selenenic acid (II) that, in the catalytic cycle, is subsequently 

reduced back to selenolate (I) by the oxidation two GSH to the corresponding disulfide (GSSG).  

 

 
Fig.2: GPx catalytic cycle 

 

The catalytic triad have a crucial role also in preventing the overoxidation of the selenium atom to 

the corresponding seleninic, perseleninic or selenonic acids which would be much more difficult to be 

reduced back to the native and catalytically active form. Furthermore, non-bonding interactions 

determined by the enzymatic environment of selenium facilitate the regeneration of the catalyst 

modulating the electrophilicity of the Se and S atoms in the intermediate (III). In this intermediate the 

sulphur atom needs to be more electrophilic than selenium, in order to be attacked by the second 

molecule of GSH. This will allow the regeneration of the selenolates avoiding the GSH attack to the 

selenium atom that will afford a useless thiol exchange which would interrupt the catalytic cycle.[14] 

It is evident that the above-mentioned set of perfectly balanced weak interactions are responsible 

for the adequate modulation of the redox properties of the selenium atom during the different steps of 

the catalytic cycle. These conditions are extremely difficult to reproduce in a small synthetic organic 

structure. 

This aspect still represents the main issue to address for the design and the synthesis of efficient 

GPx-like antioxidants, a challenge that is further complicated by the need to target (by modulating it) 
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not a specific receptor but a complex network of redox equilibria with a not easily predictable cascade 

of biological effects.  

An increase in the electrophilicity of the selenium decreases its reductant property providing higher 

reactivity toward the nucleophilic attack of a free thiol (or thiolate) affording the formation of a 

chalcogen-chalcogen bond. (Figure 2)[15] In 2012, Lee et al. suggested the term “Selenium paradox” 

to describe the bimodal action of elemental selenium in living systems which can be associated to severe 

side-effects both at lower and higher concentrations with respect to a very narrow optimal daily 

intake.[16]  

 

 
Fig. 3 Anti-oxidant and Pro-oxidant activity 

 

Inorganic Se derivatives, compared to the organic ones, exert higher cytotoxicity, which in turn 

may account for a lower therapeutic window that makes it challenging for their therapeutic applications 

in humans. In all the cases, the toxicity is supposed to arise from the electrophilic character of the 

selenium moieties both in the inorganic as well as in the organic derivatives.  

 antiHIV-1 activity against multi- drug resistant strains and clinical isolates. In a similar way 

Ebselen (Figure 4 structure 1 with R=Ph and R’=H) resulted to be particularly active as covalent New 

Delhi metallo-β-lactamase (NDM-1) inhibitor. As with DISeBAs in NCp7, Ebselen target a zinc-finger 

domain of NDM-1 and tandem mass spectrometry investigation demonstrated the formation of a 

covalent Se-S bond involving the cysteine 221 residue of the active site.[18]  

The non-specific electrophilic pro-oxidant activity is mainly responsible for the cytotoxicity exerted 

by several organoselenium compounds. In particular, these molecules interact with a plethora of 

oxidable centers, in general with free cysteines and zinc-finger domains leading to cytotoxicity. On the 

contrary, the possibility to selectively drive the oxidation toward a specific selected oxidable target 

could represent an interesting approach for the application of organoselenium compounds in medicinal 

chemistry. In 2015, we demonstrated that the zinc- finger domain of the HIV retroviral nucleocapsid 

protein 7 (NCp7) can be the elective target for a series of 2,2′-diselenobisbenzamides (DISeBAs).[17] 

(2 in Figure 4) 

 

 
Fig. 4 Ebselens and DISeBA’s 

 

The inhibition of this protein resulted in a good and broad anti-HIV activity with EC50 values in 

the low micromolar range and an appreciable selectivity index in both acutely and persistently infected 

cells, with a notable Furthermore, recently published reports suggest that the electrophilic pro-oxidant 

activity of Ebselen and other selenium derivatives toward sensible free-cysteines can be utilized for the 

inhibition of enzymes like urease[19] or GSTp tranferase or for the activation of protective hormetic 

response.[20-21]  

Very recently Ebselen has been reported to be the most active compound in a screening focused on 

the identification of drug leads targeting the main protease (Mpro) of SARS-CoV-2 [22] and its potential 

in the multifactorial treatment of Covid-19 disease has been reviewed.[23] Ebselen showed the strongest 

inhibition of Mpro activity, with an IC50 of 0.67 μM, and it was demonstrated to be able to covalently 

bind the Cys145 of the catalytic dyad in SARS-CoV-2 Mpro. The authors also described a possible 

association of non-covalent mechanisms in the observed inhibitory effects. Furthermore, Ebselen has 
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been demonstrated to be able to penetrate the cellular membrane exerting a very interesting antiviral 

activity compared to all the other compounds included in the screening (around 10,000). A further study, 

not yet peer reviewed, reported a similar activity and a similar mechanism in the inhibition of the 

papain-like protease of SARS-CoV-1 and SARS-CoV-2. Interestingly the same authors also reported 

that slight structural modification on the N-aryl moiety of Ebselen leads to a strongly increased 

inhibition of the enzyme, moving from micromolar to nanomolar range. These studies suggest 

polypharmacological modes of actions of Ebselen and its structural analogues as inhibitors of the key 

SARS-CoV-2 proteins.[24]  

All these evidences, in our opinion, clearly indicate that the electrophilic pro-oxidant activity of 

selected organoselenium compounds can be exploited to devise a unique strategy toward therapeutic 

intervention in retroviruses infection and, more generally, in the inhibition of enzymes bearing reactive 

cysteines or zinc-finger domains. This approach offers the advantage of a classical molecule-receptor 

mechanism in which the structure of the drug can be designed to specifically target enzymes by 

exploiting their electrophilic binding activity to accessible reactive cysteine residues.  

 

 
 

Fig.5: Possible electrophilic interactions between selenium and reactive cysteines 

 
Fig.6: proposed strategy to reduce the detoxification 

 

When the reaction involves cysteines embedded in a zinc-finger domain, it is reasonable to 

envision/assume a disruption of the native enzyme conformation along with its non-reversible 

inhibition. On the contrary, when the initial reaction of the electrophilic selenium involves a reactive 

free cysteine, the process leads to the formation of a S-Se intermediate (Fig 5 A) that can evolve toward 

an intermolecular oxidation (Fig 5 B) or intramolecular oxidation, in the presence of a second suitable 

thiol for the formation a S-S bridge (Fig 5 C). In all these cases, a reductive detoxification mediated by 

glutathione can be envisioned leading to the regeneration of the native enzyme conformation and, 

consequently, its reactivation. These mechanisms probably account for the very low toxicity of Ebselen, 

demonstrated both in animals (with a lethal dose in rats by oral uptake >4,600 mg kg−1)[25] and in 
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humans with a substantial safety margin along with a considerable higher biological half-life, as 

reported in a number of clinical trials. [26-28] 

 

Based on these consideration, it becomes evident that the molecular structure of organoselenium 

derivatives and their ability of establishing non-bonding interactions with the neighboring reactive 

cysteine can play a pivotal role in obtaining effective and selective enzyme inhibitors by: I) recognition, 

selecting the reactive cysteines of the desired target; II) stabilization; bringing the selenium close to the 

reactive thiol, reducing the efficiency of the detoxification process and increasing the enzymatic 

inhibition. (Fig 6) 

 

2. Conclusions 

In conclusion the possibility to access to a series of variously decorated selected organoselenium 

compounds [29-31] having mild and modulable electrophilic pro-oxidant properties (See Figure 4 for 

some generic examples) will here presented and represent, in our opinion, a novel, promising and 

versatile strategy for their putative therapeutic usage as pro-oxidant agents instead of anti-oxidants.  

Different biological targets could be modulated using the same redox mechanism. Moreover, a proper 

design of the molecular scaffold will enable the possibility to implement the desired effects controlling 

both the off-target effects and the efficiency. An example of selenofunctionalyzation of natural 

compounds with anti-SARS-Cov2 based on non-covalent inhibition of the main protease will be also 

described. 
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Abstract   
  

EURADOS, European Radiation Dosimetry Group defined six tasks in computational dosimetry. 

All tasks were about dose calculation in voxelized human phantoms in various irradiation scenarios.   

Authors of this work have been involved in all given tasks and send their solutions to the organizer. 

International comparison of presented tasks has shown some difference between different software used 

in calculations.  

 

Keywords: Ionizing radiation, EURADOS, human voxel phantoms, MCNP   

 

 

1. Introduction  

Estimation of   health risk after irradiation of some person to ionizing radiation, (like X ray, gamma 

rays or neutrons), is still open scientific problem. The problem is very interdisciplinary and involves 

several sciences as physics, mathematics and biology. Since the radiation ionizes the air the first 

quantity which was introduced in this field was exposure dose, defined as amount of created charge per 

unit mass of air. The unit is C/kg (Coulomb per kilogram), but in the first days of radiation protection, 

the unit Röndgen (denoted with R) was used. So, if someone spend 2 hours in the field where exposure 

dose rate was 1 R/h, he received 2 R. This was very rough estimation of real situation. Exposure dose 

was defined only for air and for X and gamma radiations.  Soon after introduction of exposure dose, it 

was realized that energy absorbed in some body (including human body) is relevant for final effect of 

irradiation. Then, the absorbed dose was introduced in practice, defined as quotient of energy, dE 

absorbed in some material and mass of that material, dm, i.e.  

 

dE
D

dm
           (1) 

Unit is J/kg and has special name Gray (denoted with Gy). 

 

However, various types of radiation are not equally effective in production of biological (and other) 

effects. Some radiations, like X and gamma produce very scattered damages in irradiated materials. If 

human body was irradiated, repair mechanism can repair the damage. On the other side, alpha radiation 

produces large number of damages which are close to their trajectory. It may happen that more than 105 

ionizations occur in 50 – 60 µm space. Such large number of damages is very difficult to repair. 

Consequently, alpha radiation is much more dangerous than X and gamma at the same absorbed dose. 

In order to take into account this fact, new variable was introduced, equivalent dose in tissue or organ, 
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denoted with HT. It is defined as weighted sum of mean absorbed doses in organs or tissue T, for various 

types of radiations R, 

 

,T R T R

R

H w D          (2) 

 

wR are radiation weighted factors, and have values, 1 for X, gamma and beta (electrons) radiation, 5 to 

20 for neutrons, and 20 for alpha radiation.  

However, this is not enough to estimate the risk of irradiation of human body, yet. The reason come 

from the fact that various organs and tissues in body are differently sensitive to radiation. Some tissues 

are very sensitive in contrast to other which are less sensitive. To quantify different radio sensitivity 

new variable was introduced, called effective dose, E, and defined as 

 

T T

T

E w H          (3) 

where, HT is equivalent dose in some organ T, and wT are tissue weighted factors. Summation is going 

across various organs. wT is probability for cancer development in organ T, when human body was 

uniformly irradiated. Their values were derived from population which survived atomic bombing in 

Hiroshima and Nagasaki at the end of 2nd WW.  Sum of all wT is equal to 1. Unit for effective dose is 

J/kg, with a special name “Sievert” (denoted with Sv).   Effective dose is the best estimator of human 

irradiation.  

The problem which appear here is that effective dose is not measurable quantity. To estimate it, one 

need to know absorbed doses in various organs, which is also not measurable. We can only calculate 

doses in organs, based on known space-angular and energy distribution of radiation that “attack” onto 

the human body.   

To perform calculation of doses in organs, we also need the mathematical models of human body, called 

popularly “phantoms”.  In the past, there were several types of phantoms developed in various 

laboratories.  Short survey of human phantoms is also presented in this conference [1]. There are also 

physical phantoms, made from tissue equivalent materials and used in real irradiation experiments. 

 

2. Voxel models of human body 

  

 The International Commission on Radiological Protection (ICRP) developed two adult voxel 

phantoms: adult male (RCP-AM) and adult female (RCP-FM) reference computational phantoms based 

on real representative human subjects [1]. The list of the 141 organs and tissues with their identification 

number (ID), medium density, mass and the elemental compositions of the 53 different tissues are 

reported in Annexes A and B of the ICRP publication 110, respectively [2]. 

The Reference Adult Male Phantom represents an individual with height 176 cm and mass 73 kg 

and consists of a three-dimensional voxel array arranged in 254 columns (x co-ordinate), 127 rows (y 

co-ordinate) and 222 slices (z co-ordinate) with a voxel size of 0.2137 × 0.2137 × 0.8 cm3. Figure 1 

presents sagittal and coronal view of the male and female voxel phantom. 

 

       

   a                                        b 

Fig. 1. Coronal and sagittal images of the male (a) and female (b) reference computational phantoms 



D. Nikezic, D. Krstic, Computational dosimetry- international comparison of different simulational software within 

EURADOS organisation 

 

28 

 

 

The Reference Female Phantom corresponds to a woman with height 163 cm and mass 60 kg. The 

array dimensions are 299 × 137 × 348 columns, rows and slices, respectively, with a voxel size of 

0.1775 × 0.1775 × 0.484 cm3. 

 

3. Monte Carlo codes in radiation protection 

There are many software based on Monte Carlo methods that simulate radiation transport and 

interaction with the matter. Some of them are commercially available, while the others are free of charge 

or can be obtained upon request.  Characteristics of the most known and frequently used software are 

shortly given below.  

 3.1 GEANT (Geometry and tracking) [3]. The MC code GEANT is created in CERN (Conseil European 

pour la Recherche Nucleaire) in 1974 looking for particles interaction study in some high energy physics 

detectors. It can simulate a large diversity of types of particles in a large energy range. It is possible to 

simulate interaction physics of photons, electrons, neutrons, protons, alpha particles, neutrinos, muons, 

mesons, ions and   others. GEANT4, version 10 can simulate particles in energy range from 0.025 eV 

up to 1 PeV (for muons). In low energy region, up to 10 MeV, there is an important innovation, an 

extension GEANT4-DNA, which can simulate damage at cellular and DNA level, the formation of free 

radicals and biochemical reactions produced by interaction of ionizing radiation with the living tissue.  

 

 3.2 PENELOPE (Penetration and energy loss photons and electrons). PENELOPE was developed in 

1995 and distributed by NEA (Nuclear Energy Agency. It was developed by Francesc Salvat, Jose 

Maria Fernandez-Varea and Josep Sempau. It acts in a range of 50 eV to 1 GeV for photons, electrons 

and positrons [4]. 

   

3.3 MCNP (Monte Carlo N-particle). [5] MCNP has a root from 2nd WW and distributed by Los Alamos 

National Laboratory. Several newer versions are available commercially. The version MCNP5 acts in 

an energy range from 1 keV to 100 GeV (energy possible to simulate photons). On the other hand, the 

range of electrons and positrons energy varies from 1 keV to 1 GeV and neutrons act in the range of 

10~11 MeV to 100 MeV. MCNP is a general-purpose, continuous energy, generalized geometry, time-

dependent, coupled neutron, photon or electron Monte Carlo transport code. The user creates an input 

file that is subsequently read by MCNP. This file contains information about the problem such as: (i) 

the geometry specification, (ii) the description of materials and selection of cross-section evaluations, 

(iii) the location and characteristics of the source,(iv) the type of answers or tallies desired, and (v) any 

variance reduction techniques used to improve efficiency. The MCNP treats an arbitrary three-

dimensional geometry of user-defined material cells bounded by first and second-degree surfaces and 

fourth-degree elliptical tori. The MCNP performs extensive internal checking to find input errors in the 

geometry. The tally cards are used to specify what type of information the user wants to obtain from 

the Monte Carlo calculation. That could be, for example, a current of particles across a surface, flux of 

particles at the point, energy deposited averaged over a cell, etc. All MCNP tallies are normalized per 

starting particle history and are printed in output with an estimated relative error of the tally 

corresponding to one standard deviation. Authors of this report have used this software extensively for 

various irradiation scenarios.    

 

  3.4 EGSnrc (Electron gamma shower) [6] .EGSnrc are enhanced EGS versions that were made in   

by SLAC (Stanford Linear Accelerator Center) National Accelerator Laboratory. The enhanced 

version was created in 2000 and distributed by NRC (National Research Council). The version 

EGSnrc is capable to simulate the transport of photons, electrons and positrons in an energy range 

from 1 keV to 10 GeV.    

 

3.5 FOTELP, software package, used Monte Carlo to simulate transport of electrons and photons in 

arbitrary 3-D geometry and any materials in energy range from 1 keV-100 MeV.  Software is used in 

research in dosimetry, energy protection, finding out energy absorbed in the body parts and the layers 

of micro-electronics, radiotherapy and radiation damage object assessment [7].   
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   3.6 Other codes.  In addition to previously given codes, there are others which are also frequently 

used. Just to mention some of them which were used in presented intercomparing: FLUKA , 

TRIPOLY, PenEasy  etc. 

   

4. EURADOS intercomparison of different simulation codes 

 EURADOS is acronym of European Radiation Dosimetry Group. EURADOS was firstly 

registered in the Netherlands in 2001. In 2008 EURADOS has been entered into the Register of 

Associations in Germany and its structure is fixed by a current Constitution. It is a network of more 

than 79 European institutions (Voting Members) and 627 scientists (Associate Members) and it is not 

limited only to European Union, as it was planned at the beginning.    

The objective of EURADOS is to advance the scientific understanding and the technical development 

of the dosimetry of ionizing radiation in the fields of radiation protection, radiobiology, radiation 

therapy and medical diagnosis by the stimulation of collaboration between European laboratories, 

specially those of the European Communities.  

The work of EURADOS is organized in   12   working groups WG. Presently 8 of 12 working groups 

are active: WG2 - Harmonization of individual monitoring, WG3– Environmental dosimetry, WG6– 

Computational dosimetry, WG7 – Internal dosimetry, WG9 – Radiation dosimetry in radiotherapy, 

WG10 – Retrospective dosimetry, WG11 – High energy radiation fields and WG12 – Dosimetry in 

medical imaging. Authors of present report are active in WG6 and WG12.  

WG6 defined several Actions in computational dosimetry, from which some are already completed, 

and some are still in progress. Details about different tasks and activities can be found of web page [8]. 

Tasks are as follows: 

 4.1. A photon point source in front of the phantoms at 125 cm from the bottom of the feet and 100 cm 

from the chest: The task was to calculate organ absorbed doses for both reference computational 

phantoms (male and female, M, F) and the effective dose from a Co-60 source with activity of 1 GBq 

during 10 min exposure time. 

4.2 A neutron point source in front of the phantoms at 125 cm from the bottom of the feet and 100 cm 

from the chest: Here, the objective was to calculate organ absorbed doses for both reference 

computational phantoms (M,F) and the effective dose for a 1 min exposure to a 1 GBq source of 10 

keV neutrons. 

 4.3Am-241 ground contamination: The contamination is assumed to be contained within a disc of 

radius 2 m, with the anthropomorphic phantom standing at its center, and is deposited on the surface of 

a concrete floor; a uniform ground contamination is assumed, with an emission rate of 1 photon per 

cm2 per second. The aim was to calculate organ absorbed dose rates for both reference computational 

phantoms, as well as the effective dose rate. 

4.4 Immersion in a radionuclide source homogeneously distributed inside a room: The ICRP/ICRU 

adult male reference phantom is located at the center of a confined room filled with N-16 contaminated 

air. The aim was to calculate organ equivalent dose rates per activity concentration. 

4.5 Typical x-ray examinations: The aim of this exercise was to calculate organ absorbed dose 

conversion coefficients per air kerma and per kerma-area product for the male and female reference 

computational phantom for two typical x-ray examinations (chest PA and abdomen). 

4.6 Internal dosimetry: The aims of this exercise were to evaluate (1) absorbed fractions and specific 

absorbed fractions of energy in specified “target” organs for (1a) monoenergetic photons and (1b) 

monoenergetic electrons distributed homogeneously in specific “source” organs of both phantoms, and 

(2) S-values for the same source and target organ combinations for specific radionuclides. 

 

Each of the tasks was led by two or three members of EURADOS WG6 while one person was 

responsible for providing a master solution. Tasks were distributed along mail list in May 2018.  

Participants were free to solve one or several of the problems, according to their interest, knowledge, 

skills and available time, and had to send their solutions to the person responsible for each specific task. 

Solutions had to be submitted in template provided by organizer. Participants were asked to explain 

their method in detail, including used software, cross section libraries etc.   The solutions were collected 

assessed, and response to the participants was provided in spring and summer 2019; potential mistakes 

were aimed at being resolved by direct contact between the responsible persons and participants. The 
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final time limit for revised solutions was at the end of May 2020. All the results are presented 

anonymously in several publication in Radiation Measurements journal.  

Authors of the present report have been involved in all six tasks cited above. 

 

5.  Results 

 Up to now, three papers were accepted or published in Radiation Measurements as described below 

follows. Tasks 1,2 and 5 are all in one paper submitted for publication in Radiation Measurements by 

Christelle Huet: Monte Carlo calculation of organ and effective doses due to photon and neutron point 

sources and typical X-ray examinations: results of an international intercomparison exercise (Figure2) 

[9]. 

 
 

Fig. 2. Point sources; PA chest (left) and AP abdomen (right) examinations 

 

For the three exercises, there were difficulties in defining the precise source location, because the 

instructions that were provided were somewhat ambiguities. Consequently, proximity to within ~10 % 

of the reference solution was considered to be satisfactory agreement for a given participant’s results. 

Although some participants provided initial solutions that were in good agreement with the reference 

solutions, for many of the other differences of several tens of percent, or even several orders of 

magnitude, were exhibited. 

 

The overall goal of the Task 3 to calculate organ absorbed dose rates for the adult male (RCP-AM) and 

adult female (RCP-AF) reference computational phantoms, as well as the effective dose rate, from an 

idealized photon exposure scenario representing ground contaminated by 241Am. Participants were 

asked with reporting the organ absorbed dose rates from the contamination to the brain, lungs, small 

intestine, stomach and red bone marrow of both the RCP-AM and RCP-AF, as well as the overall 

effective dose rate. Template spreadsheets were provided to participants, in which they could enter their 

solutions in a pre-defined format to facilitate the evaluation process. The intercomparison was truly 

international: participants originated from ten different countries, one from Canada, Croatia, France, 

Israel, Poland, Serbia, South Korea, Switzerland and Vietnam, and two each from Brazil and India. 

Representative data are given in Figure 3 [10]. 

 

 

 
 

Figure 3. Ratio of effective dose rate data (E(P)) submitted by the participants to the reference effective dose 

rate (E(O)). 
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 Task 4.     

This task represents of immersion of the phantom in a 16N beta source distributed in the air of a room 

with concrete walls. Seven participants took part in the comparison using GEANT4, TRIPOLI-4 and 

MCNP codes, and there was detected a general problem when calculating the dose to skeleton and 

organs of the remainder tissue. The final results reached an agreement of ±5%, after several corrections. 

Production of 16N could be met in high energy acceleration rooms, which are now available in radiation 

therapy. Figure 4 presents contribution of each organ to the effective dose from this irradiation 

conditions. [11] 

 

 
Fig. 4 Contribution of each organ to the calculated effective dose. 

 

 

Task 6 summarizes the results of the intercomparison exercise for modelling internal radiation 

sources, where calculated absorbed fractions-AF and specific absorbed fractions-SAF of 

monoenergetic photon and electron sources. Especially calculated S-values for two 

radionuclides, 18F and 99mTc in four source organs (liver, stomach, bladder and lung). Twelve 

participants from eleven countries participated in this specific task using the Monte Carlo 

radiation transport codes Geant4, the MCNP code, PenEasy, TRIPOLI and VMC. Several 

participants provided initial solutions in good agreement with the master solution, differences 

of factors or even orders of magnitude were observed. Some representative results are given in 

Figure 5. [12]  
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Fig. 5. Absorbed fractions for electron sources for the male and female reference phantom, expressed as ratios 

of participants' revised solutions divided by the master solution   

 

6. Conclusions 

International comparison of different simulation codes in radiation physics was organized by 

EURADOS in May 2018. Six tasks were sent along e mail list, and participants solve as many as they 

wish. Comparison has shown s some difference between different codes and participants. In some cases, 
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there were several iterations of corrections until good agreement with master solutions were achieved. 

Authors of the present report have very good agreement with master solution. 
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Abstract: 

  

Energy balances of milk pasteurization process are very important in the industry, they are the basis 

for process control, especially in the control of the economic and general production balance. In case 

of any changes in the process, it is necessary to re-fabricate the material balance of the process in order 

to determine the flow and final result of the production process. In these researches, we examined the 

energy balance of gas consumption in the process of pasteurization four milks with different fat content 

in them. Research was carried out in “Milkos” Sarajevo's dairy industry on their production lines. 

The most optimal energy balance of the pasteurization process is milk with 0.9% mf, then milk with 

1.5% and 2.8% of milk fat and in the end milk with 3.2% milk fat had the worst energy balance. It was 

found that the oscillations in the gas consumption within the batch were the highest in milk with 0.9% 

mf while the milk 1.5% mf, 2.8% mf and the milk with 3.2% mf had more uniform energy consumption 

between the batches. 
 

Key words: energy balance, pasteurization, milk, gas consumption, milk fat 

 

 

1. Introduction 

 

The energy balance of the process is based on dedicated statistical calculations based on the above 

postulate which monitors energy flows from its occurrence in the energy economy of the observed area 

to the final delivery to direct consumers. The best method to confirm the energy balance is 

measurements. The purpose of creating the energy balance of the process is an appropriate and clear 

presentation of the use of natural forms of energy, energy conversion and the use of converted forms of 

energy (Bijeljac and Sarić 2003., Funda 2008, Grujić and Jašić 2016). 

The goal of every manufacturer is, of course, to make the most of the energy and material used in 

the production process in order to ultimately have, in addition to a satisfactory product, also positive 

economic effects. For this reason, the energy audit must include a budget of potential savings, and for 

a more realistic budget of savings is a key matter of the energy balance. 

Pasteurization is a process applied to a product with the aim of minimizing possible health risks by 

pathogenic microorganisms associated with milk by heat treatment that favors minimal chemical, 

physical and organoleptic changes of the product (Meunier-Goddik and Sandra, 2002). There are 4 

types of UHT processes. Low long-term pasteurization (63°-65ºC / 30 min.) Is rarely applied in 

industry, because it takes a long time, operating costs are high, and the effect is relatively small. Medium 

short-term pasteurization (72°-75ºC / 15-20s) is recommended in the production of pasteurized goat's 

milk. If the heating temperature of milk above 80ºC is applied, then it is a high pasteurization carried 

out for pasteurization of cream. High pasteurization of fermented milk (85°C-95ºC / 5-10 min or longer) 

is carried out to achieve controlled fermentation and interaction of whey protein with casein. Ultra 

pasteurization is used when a special shelf life is required (Ryser, 2002, Bijeljac and Sarić, 2003). 
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Thermalization is a process that takes place at temperatures from 63°C to 65ºC for 15 seconds. Low 

pasteurization takes place at the same or similar temperature as thermalization, but it is much longer 

(30 min.). Medium, short-term pasteurization lasts only 15 to 20 seconds and takes place at temperatures 

of 72°C to 75ºC. At high short-term UHT process, which lasts up to 5 seconds, the temperature must 

be higher than 80ºC (Juriša 2010, Mašić 2007). 

Ultra pasteurization must be carried out at high temperatures, from 125 to 138ºC and lasting only 2 

to 4 seconds (Stepaniak and Rukke, 2002; Zdravko Šumić, 2008). UHT treatment requires good quality 

raw materials and special attention should be paid to the specification of milk quality. Protein instability 

in the process mainly causes the formation of milk precipitate in heat exchangers, which shortens the 

production time and reduces the interval between cleanings (Juriša, 2010). Different types of energy are 

used in the food industry. The cost of energy in the food industry is lower than the cost of raw materials 

(4.5% of the total cost of raw materials in processing), but the increase in the price of energy means that 

it occupies an increasingly important place in total costs. 

Large companies all around the world are working intensively to reduce energy consumption and 

thus costs (for example, PepsiCo reduced energy consumption by 21% in 1999). The use of renewable 

sources in energy production and the use of raw materials that do not generate greenhouse gases, further 

motivate the efforts made by companies in the food industry to improve energy efficiency and seek new 

energy sources. Heating processes and cooling systems consume large amounts of energy. 75% of the 

energy in food processing factories is consumed by cooling and heating systems. In addition, energy 

(12%) in the food industry is spent on starting various machines (pumps, conveyors, mixers, crushers, 

fans, dryers, propellers), and on ventilation systems and lighting about 8% (Wilbay R.A., 2002). 

The main goal of this study was to investigate the influence of fat content in milk on the energy 

balance of the UHT process, ie to determine which milk (in terms of fat content) has the most optimal 

energy balance. 

 

2. Material and Methods 

 

The research was conducted in MILKOS D.D. - SARAJEVO DAIRY in the period from April to June 

2015. The data required for the preparation of this paper were collected on the technological line of 

pasteurized milk production. 

The research was performed by measuring the energy balance of the UHT (Ultra High Temperature) 

process of milk with the following fat content: 

Short-term sterilized, homogenized, skimmed milk with 0.9% milk fat. 

Short-term sterilized, homogenized, skimmed milk with 1.5% milk fat. 

Short-term sterilized, homogenized milk with 2.8% milk fat. 

Short-term sterilized, homogenized milk with 3.2% milk fat. 

1. Energy balance measurement was performed in 15 batches for each group of milk. Each batch 

had the same amount of milk, 6,000 liters. The UHT process settings (temperature, UHT 

process duration, and flow rate) were the same for all four groups.  

2. Energy balance is calculated by applying general formulas for calculating energy balances: 

Mean value of electricity consumption measurement: 

𝐸𝑒𝑙 =
∑ 𝐸𝑒𝑙,𝑖

𝑛
𝑖=1

𝑛
 

Mean value of gas consumption measurement: 

𝑄𝑝 =
∑ 𝑄𝑝,𝑖

𝑛
𝑖=1

𝑛
 

3. The analysis of variance determined the influence of milk fat content in milk on the energy 

balance of the UHT process.  

4. A ranking of the energy balance in the UHT process of milk with different milk fat content has 

been made and if necessary, if the results indicate deviations, some of the already recognized 

SPC methods (Statistical Process Control) will be applied to determine the causes of these 

deviations. 
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3. Results 

 

Consumption of energy on mastering the passage of milk through the pipe system is a major part of 

energy costs pushing milk through milk exchangers. The consumption of this energy is directly related 

to the heat transfer coefficient in the exchanger. The influence of duct geometry on the intensity of heat 

exchange is the essence of the question when calculating the heat transfer coefficient in ducts. 

Electricity consumption did not have significant differences within the measured batches, but the 

difference between products with different amounts of milk fat was most pronounced between milk 

with 0.9% mf and 3.2% mf and amounted to 1.03 kW, which indicates that there is a clear difference in 

consumption energy to heat the milk during the UHT process and other thermal treatments of milk with 

different amounts of milk fat in it. 

A possible reason for this is that it conducts less heat and thus affects the overall heating of the medium. 

The lowest values of energy consumption were recorded in milk with the lowest milk fat content (0.9%) 

and it was 72.95 kWh in all batches, in milk with 1.5% mf it was also recorded in all batches 73.43 

kWh, in milk with 2.8% mf was slightly higher and amounted to 73.39 kWh and finally the highest 

recorded consumption was in milk with 3.2% mf and amounted to 73.98 kWh in all batches. 

The measured mean values of gas consumption within the measured batches did not vary much but the 

measured amounts of gas varied between milks produced with different amounts of milk fat in 

themselves. As can be seen in the graph below, the lowest mean gas consumption for heating the 

medium was measured in milk with 0.9% mf and it was 351.35 m3 of gas, and the highest in milk with 

3.2% mf was amounted to 353.17 m3. The other two groups with a milk fat content of 1.5% mf and 

2.8% mf had the following values of 1.5% mf - 351.64 m3, and 2.8% mf - 352.15 m3. 

 

 
Figure 1. Mean values of gas consumption  

 

It is clear and visible that the gas consumption was the lowest in the treatment of milk with 0.9% mf 

and the highest consumption was milk with 3.2% mf. The difference between the measured mean values 

of gas consumption between these two measurements was 1.82 m3, which makes a significant difference 

in the total energy consumption for milk treatment. 

The graph below shows the measured amounts of gas consumed for all batches in all four milks with 

their milk fat content. It is clear that gas consumption was highest in batches with 3.2% mf and lowest 

in batches with 0.9% mf. Within the batch, there was no major variation in gas consumption which 

suggests that there is uniformity in gas consumption at all milk fat levels. 
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Figure 2. Mean values of gas consumption for all bathes  

The total costs of gas were the highest for milk with 3.2% mf (330.57% KM) while the total costs were 

the lowest for milk with 0.9% milk fat (328.86 KM). In the overall ratio, there was no statistically 

significant difference in total heat treatment costs between milk with different amounts of milk fat in it. 

Looking at the overall gas consumption by products there is no statistically significant difference in the 

total gas consumed in the UHT milk process. 

 
Figure 3. Differences of gas costs between diferent content of milk fat 

 

4. Discussion 

 

The hydrodynamic structure of the current and the coefficient of heat transfer from the wall to the 

medium or vice versa have been insufficiently studied. The velocity field near the wall has been 

insufficiently studied even in flat channels. Studying the velocity fields in the channels of a plate heat 

exchanger is a complex task. For now, we can talk about the indirect causes of the increase in the heat 

transfer coefficient associated with energy consumption to overcome local resistance (Ryser 2003, 

Wilbey R.A. 2002). 

 

The complexity of fluid flow in ribbed channels makes it difficult to set theoretical equations for 

determining the heat transfer coefficient. Most of the equations for determining the heat transfer 
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coefficient in ribbed channels differ significantly from each other because they were obtained by 

experiments at inappropriate temperature conditions. In the literature, this difference is most often 

unjustifiably explained by different shapes of ribbed channels, stating that for each shape of the channel 

there should be a separate calculation equation for determining the heat transfer coefficient (Sorak 

2005., Todorović 2003). 

The current of the medium when encountering a sudden expansion of the channel is divided into two 

parts. The main part of the current continues to move in the direction of flow, and the other part, due to 

the vortex, moves in the opposite direction. In doing so, part of the energy of the current medium is 

spent on overcoming meat resistances. 

By observing the dynamics of the dissipated heat flux in a unit of time during the observed period, we 

can observe, in all samples, a very unstable total heat output by milk to the air at the initial time, which 

can be explained by currently changing air parameters and local air flow rate around the milk container. 

After the formation of the skin layer, when the process of heat exchange by the milk acquires a 

predominantly convective character, energy exchange becomes much more stable (Radovanović et al., 

2012). From that moment, approximately the same character of heat flux changes is established in all 

samples, that is, a stationary process of convective heat transfer is established. 

 

 

5.Conclusions 

 
Based on the tests performed, the following conclusions can be drawn that within the batch there was 

no major variation in gas consumption which suggests that there is uniformity in gas consumption at all 

milk fat levels. Also total gas costs were the highest for milk with 3.2% mf (330.57% KM) while total 

costs were the lowest for milk with 0.9% milk fat (328.86 KM). The most optimal energy balance of 

the process UHT process has milk with 0.9% mf, then milk with 1.5% and 2.8% milk fat and finally 

milk with 3.2% mf has the worst energy balance. Oscillations in gas consumption within batches were 

shown to be greatest in milk with 0.9% mf, while milk with 1.5% mf, 2.8% mf and soft milk with 3.2% 

mf had more uniform energy consumption between batches. The lowest values of energy consumption 

were recorded in milk with the lowest milk fat content (0.9%) and it was 72.95 kWh in all batches, in 

milk with 1.5% mf it was also recorded in all batches 73, 43 kWh, in milk with 2.8% mf was slightly 

higher and amounted to 73.39 kWh and finally the highest recorded consumption was in milk with 3.2% 

mf and amounted to 73.98 kWh in all batches. It is clear that there was no statistically significant 

difference in total energy consumption among milk samples, regardless of the difference in total energy 

consumption according to the budget. 
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Abstract: 

  

By means of presently available high-level computational methods, based on quantum theory, it is 

possible to determine (predict) the main structural, electronic, energetic, geometric, and thermodynamic 

properties of a particular chemical species (usually a molecule), as well as the ways in which it changes 

in chemical reactions. When one needs to estimate such properties of thousands or millions of chemical 

species, such high-level calculations are no more feasible. Then simpler, but less accurate, approaches 

are necessary. One such approach utilized so-called “topological indices”. 

 

 According to IUPAC ‘s definition [Pure Appl. Chem. 69 (1997) 1137]: 

 

A topological index is a numerical value associated with chemical constitution for correlation of 

chemical structure with various physical properties, chemical reactivity or biological activity. 

 In the first part of the lecture, we show that „numerical values“are associated with many other 

complex phenomena, encountered in various areas of human activity, implying that „topological 

indices“ are used far beyond chemistry. 

 Next, we discuss the number of possible chemical compounds. Simple calculation shows that 

the number of possible compounds zillion times exceeds the number of those that have been 

experimentally characterized. Even worse, in the entire Universe, there is not enough matter to make at 

least a single molecule of each possible compound. 

 In the second part of the lecture, a few most popular topological indices will be presented, as 

well as the way in which these can be (and are being) applied in treating real-world problems. 
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Abstract  
  

Modeling of heart wall deformation remains a challenge due to complex structure of tissue, which 

contains different group of cells and connective tissue. Muscle cells are dominant where, besides 

stresses coming from tissue deformation, active stresses are generated representing the load which 

produces heart motion and function. These cells form a helicoidal structure within so- called wall sheets 

and are considered as tissue fibers. Usual approach in the finite element (FE) discretization is to use 3D 

isoparametric elements.  The dominant stresses lie in the sheet planes, while normal stresses in the wall 

normal directions are of the order smaller. Taking this stress state into account, we explore a possibility 

to model heart wall by membrane finite elements, hence considering the wall as a thick membrane (shell 

without bending effects). The membrane element is composite, containing layers over the thickness and 

variation of the direction of fibers. The formulated element is applied to a simplified left ventricle 

geometry to demonstrate a possibility to simulate heart mechanics by models which are much smaller 

and simpler for use than 3D conventional models.    
 

Key words: Heart mechanics, finite element method, membrane finite element, left ventricle wall 

 

 

1. Introduction  

 

Heart mechanics is very complex since it involves heart motion and deformation of heart tissue, 

coupled with fluid flow and electrophysiology. It has been the subject of experimental, clinical and 

theoretical investigation over centuries. Still, it remains a challenge in all aspects – from medicine to 

bioengineering. We focus here on computational modeling by the FE methodology. One of the 

fundamental problems is how to describe accurately very nonlinear and anisotropic constitutive 

relationships for heart tissue subjected to significant deformations and motion in space. 

Regarding modeling of constitutive relations, various forms of strain energy functions have been 

introduced. A summary of these functions is given, e.g. by Holzapfel and Ogden [1], Kojic et al.[2]. On 

the other hand, the experimental constitutive curves presented in [3] are used directly in reference [2] 

and will be used here. 

Usual approach to model heart wall is to employ 3D finite elements. There, constitutive relations 

refer to the so-called sheet planes, while the normal stress in direction of the wall normal directions are 

not taken into account, hence taken as zero-stress. Due to these physical conditions, we explore here 

application of membrane element which leads to much smaller models and easy for implementation. 

We outline here the main relations for this element.
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2. Membrane element for heart wall 

 

Figure 1 displays the main geometry of the membrane element in space.  

 
Fig. 1.   Heart wall membrane element. a) Element geometry; Mid-plane (sheet plane) with the in plane vectors: 

a-in XZ plane corssing the element at the element center, f-fiber and s-sheet and b – orthogonal to a; n is normal 

to the plane. 

 
Basic assumptions consist in the following. The angle changes over the thickness as 

2
60 60

z



  

                                                                                   
(1) 

The fiber vector is equal to  

   sin / sin   f a b a b                                                                 (2) 

Finally, sheet unit vector s is      

  s n f                                                                                                  (3) 

 With the vectors f and s  determined we perform stress integration in the local system r-s. If 

stretches f   and 
s    are needed, one way to calculate them is to find strains in the r-s system as 

follow. First, calculate local normal strains with respect to the original configuration as 

0 0 ,    1,2;   1,2,..,6i ik ke T e i k  
                                                       (4) 

where 
ikT 

 is strain transformation matrix from global to local system, 0ek are global strains, and 
 

      0 0 1 0 0 2,    ff sse e e e                                                                           (5) 

from which stretches can be evaluated. 

In case of Holzapfel model [2],[3], we can use definition of amount of shear measures as for 3D and 

the corresponding 6 shear stress components. We denote shear strains as 
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(6)                                                                  

From these definitions of strains follow the 8x12 B  matrix. This matrix is used for evaluation of 

stiffness matrix and nodal forces.

 

The active stresses are calculated using Hunter excitation model. An active stress – calcium 

concentration relation for the heart muscle is formulated in [4] and is used in our model [5], 

  

2

max
2

50

1 1

n

act n
n

Ca

Ca C
   





 
   

 
  
 

    (7) 

where 2Ca  is calcium concentration; 
max

 
is maximum isometric stress, 

50C  is concentration for 50% 

availability of actin sites for the cross bridge binding, n is related to the rate of this availability to 

concentration,   is parameter which is governing the rate of muscle fiber deformation; and   the fiber 
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stretch. The final stresses used for the force balance in the FE model are obtained by summation of the 
active and passive stresses. 

 

3. Example 

 

Here we show a model of left ventricle. We modeled solid of the left ventricle, constrained at the 

top, and we prescribed calcium concentration function so that the ventricle contracts and returns to the 

initial position. Prescribed calcium concentration function is given in Fig. 2. To obtain active stresses 

we used the Hunter muscle model with parameters given in Table 1. Passive stresses are determined 

using experimental Holzapfel’s constitutive curves [3].  In Fig. 3 are shown displacement fields at 0.1s, 

0.3s and 0.4s. It can be seen that the maximum contraction of the ventricle occurs at 0.1s, which is the 

time of maximum calcium concentration, and then muscles are slowly deactivated so that the ventricle 

returns to the initial position. 

 
Fig. 2. Prescribed calcium concentration, used for muscle activation 

 

Table 1. Hunter muscle model parameters  

 

Parameter: n 50C    
max  

Value: 0.4 0.5 0.2 20 

 

 
Fig. 3. Displacement field at 0.1s, 0.3s and 0.4s  

 

 

 

4. Conclusions 

 

In our work we presented membrane element, containing layers over the thickness and variation of 

direction of the fibers. We applied formulated element to a simplified left ventricle geometry and 

demonstrated that the membrane element has a potential for application in modeling heart wall much 

more efficiently than when using traditional 3D finite elements. 
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Abstract: 

  

Good scientific study must at the same time be original, correct, and significant. Such studies 

enhance the reputation of their coauthors and deserve to be published in good journals. Any two of the 

three requirements are easily achieved, but such studies would be unworthy of publication and would 

harm the reputation of its coauthors.   

After you and coworkers completed and skeptically verified a substantial study corresponding to a 

full article in a selective journal, continue expanding the study through additional research until you 

have enough material for two full articles. If the results and discussion of the two phases of the project 

agree with each other, then you should decide whether to submit them for publication separately or 

together, as one bigger article. Domestic academic customs notwithstanding, publishing fuller articles 

benefits science, the authors, and the readers alike. 

Inexperienced researchers struggle when writing manuscripts for publication because they deal with 

substance and form simultaneously. In this conference presentation I will explain an effective, much-

tested method of separating the two aspects of writing. In short: completely outline the scientific content 

of the manuscript – procedures, results, discussion – before you begin composing sentences and 

grouping them into paragraphs. Figuratively speaking about making an imaginary animal, complete the 

skeleton and attach all muscles to it before you begin stretching the skin, which you will later decorate 

with fur and cover patches. 

Gradually develop the scientific content in outlines consisting of keywords and phrases, not 

sentences. Keep arranging and rearranging phrases and minimal summaries of results and their 

interpretations. Use signs such as ?? and !? for brevity. Acknowledge any gaps in evidence and 

weakness in your arguments, but emphasize findings that support your conclusion. Keep thinking of 

science, not of language. Connect assumptions and facts in cause-and-effect arguments leading to 

conclusions. At each stage of developing and expanding the outline double or triple the number of words 

or of lines. 

When the final, large outline is complete, take your mind away from the science and keep it on the 

language. Make paragraph the unit of presentation and reasoning; develop one theme or idea per 

paragraph. Make transitions between sentences within a paragraph and between paragraphs. Write 

clearly and concisely, omitting needless words.  

Put the drafts aside for a while between successive rounds of revising and editing so that you can 

see the text with fresh eyes each time. Follow the instructions of the journal to which you will submit 

the manuscript. If you write in a foreign language that you have not mastered, let a colleague who has 

mastered it review and edit your manuscript. Include as coauthors all those who have made major 

contributions to the study: ideas, important results, interpretation of important results, discussion, 
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conclusions. Every coauthor must be able to defend the study or a substantial portion of the study or in 

a discussion with experts. Exclude from coauthors any and all persons who fail the above description. 

Excluding a true coauthor and including a gratuitous coauthor are both unethical acts, which distort the 

record and professional biographies.   

Consider anonymous reviewers of your manuscript as helpful allies, not adversaries. If they are 

mixed or negative, put them aside until your initial reaction subsides. Accept the reviewers’ evaluations 

and editor’s decision. If necessary, perform additional work, reconsider your reasoning and discussion, 

and improve your manuscript. Refrain from arguing with reviewer unless the review is clearly wrong. 

In this case, explain the error to the anonymous colleague and the editor. 

In the conference presentation I will illustrate some of this advice with examples from my 38-year 

experience at American universities and as author, coauthor, reviewer, and editorial adviser.  
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Abstract: 

  

Primary Sjögren's Syndrome (pSS) is a chronic autoimmune disease followed by exocrine gland 

dysfunction, where it has been long stated that 5% of pSS patients are prone to lymphoma development. 

In this work, we present a federated AI (artificial intelligence) strategy which enables the federated 

training and validation of AI algorithms for lymphoma classification across 21 European cohorts with 

pSS patients. Advanced AI algorithms were developed, including federated gradient boosting trees with 

and without dropouts, federated Multilayer Perceptron and federated Multinomial Naïve Bayes. Two 

large-scale case studies were conducted to demonstrate the applicability and robustness of the federated 

AI models, where emphasis is given on class imbalance handling and explainability analysis. The 

federated gradient boosting trees with dropouts achieved the best classification performance yielding 

more than 0.8 sensitivity and specificity along with 5 biomarkers as prominent for lymphoma 

development and progression.  
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Abstract: 
  

The collection of image data is an extremely common procedure in clinical practice today. Many of the 

diagnostic approaches generate such data – computed tomography (CT), X-ray radiography, magnetic 

resonance imaging (MRI), and others. This data collection process allows for the use of computer vision 

approaches to be applied with the goal of analysis and diagnostics. Artificial Intelligence (AI) based 

algorithms have repeatedly been shown to be the best performing computer vision algorithms, in many 

fields including medicine. AI-based – or more precisely machine learning (ML) based, algorithms have 

capabilities which allow them to learn the patterns contained in the data from the data itself. Among the 

best performing algorithms are artificial neural networks (ANNs), or more precisely convolutional 

neural networks (CNNs). Their pitfall is the need for the large amounts of data – but as it has been 

previously mentioned, the amount of data collected in today’s clinical practice is large and ever 

increasing. This allows for the development of Smart Diagnostic systems which are meant to serve as 

support systems to the health professionals. In this paper first, the standard practices and review of the 

field is given – with the focus on challenges and best practices. Then, multiple examples of the research 

applying AI-based algorithm analysis are given – including diagnostics of various cancer types (bladder 

and oral) as well as COVID-19 severity diagnostics and image quality determination. 
 

Keywords: artificial intelligence, computer vision, machine learning, smart diagnostics 
 

 

1. Introduction 

 

The collection of patient data is a common occurrence in today’s diagnostic procedures. Much of this 

data comes in shapes of images from different diagnostic procedures, such as endoscopy, x-ray, 

computed tomography (CT), magnetic resonance imaging (MRI), and others [1]. Such data is 

commonly stored in hospital databases, allowing for a relatively easy data extraction [2]. Amount of 

data collected through the years may be extremely high, and ease of data extraction from the databases 

– of not only images, but other supporting patient data, lend themselves to the application of data science 

(DS) and machine learning (ML) applications [3]. Such applications, allow for the development of 

various Artificial Intelligence (AI) models. ML is a set of methods within AI that is used to develop 

high precision models which are based on, and created using, existing data. ML algorithms, allow the 

creation of extremely precise models, but their main pitfall is the need for large amounts of data for 

proper functioning. But, as discussed previously, the amount of data is not necessarily an issue when it 

comes to medicine, provided a large enough patient group. 
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In this paper, the application of such techniques will be discussed. First, an overview of current 

trends will be given, followed by a series of examples of AI-based ML techniques being used in 

bioinformatics, more specifically – medicine. 

 

2. Current Trends 

 

Most of the image-based algorithms today are various architectures of convolutional neural networks 

(CNN) [4]. CNNs are a subtype of artificial neural networks (ANN). ANNs are algorithms which 

attempt to emulate the process of learning through the creation of neuron networks which consist of 

artificial neurons interconnected with weighted connections [5]. These artificial neurons are arranged 

in layers, with each neuron acting as the summator of weighted values of previous neurons [6], with the 

weights of the connections adjusted during the so-called training process. The adjustment of connection 

values is based on the error the network achieves on the known data, used for the training [7]. In CNNs, 

the neurons are replaced with matrices, and the connection weights are replaced with filter matrices [8]. 

Instead of the error of the network being addressed through the adjustment of singular weights, the filter 

values are adjusted [9]. The output is achieved through the performing of serial convolution between 

the input image and the filters, with the final image vectorized (flattened), and connected to an output 

neuron [10]. 

Many authors discuss the manner in which AI can be applied in medicine and bioinformatics. 

Precision medicine is one of the key topics. Johnson et al. (2021) [11] discuss the application of 

precision medicine for personalized health application, in which health care process can be adjusted to 

the individual patient based on their personal relevant metrics. Applications of AI in precision medicine 

are also discussed by Lin et al. (2021) [12], in which authors discuss the ever-growing trend of AI 

application in medicine and their positive impact. Bhinder et al. (2021) [13] also discuss the ever-

growing application of AI, especially in the topic of cancer research. The authors demonstrate multiple 

points of use for cancer research using AI, and show multiple successful uses. Applications of AI are 

shown to be wide when current research is observed. Khan et al. (2021) [14] demonstrate the uses of 

AI in the chemical systhetization of plant-based drugs. Musulin et al. (2021) [15] demonstrate the wide 

use of the regression techniques in the determination of COVID-19 epidemiological spread. Still, many 

authors call for regulatory actions, such as Wegner et al. (2021) [16]. As discussed by Poon et al. (2021) 

[17] and Kundu (2021) [18], main concerns lie with the unexplainable models. The so-called, “black-

box” models do not allow the determination of internal influences, meaning that the way the model 

concluded something cannot be known. CNNs are examples of such algorithms – but their high 

performance causes certain authors to determine that knowing the internal functions is not necessary 

and proof-of-quality through data-validation is enough, while others insist on the use of poorer 

performing, but explainable models such as Decision Trees (DT) [19]. 

 

3. Research examples 

 

In this section, five examples of AI application on image-shaped data in bioinformatics are reviewed. 

The examples given focus on the application of the AI-based algorithms, namely the CNNs or similar 

ANN based algorithms in the medical applications within bioinformatics. The examples should 

illustrate the First, two applications connected to bladder carcinoma are given, followed by an 

application of quality assessment in radiographical images. Then, an example of severity diagnostics is 

given, finally followed by an application of CNNs in the oral carcinoma thematic. 

 

3.1. Bladder Carcinoma Classification 

 

Lorencin et al. (2020) [20] discuss the application of a multilayer perceptron (MLP) ANN. The 

authors aim to investigate the performance of such a method, which is relatively simple in comparison 

to deep learning convolutional neural networks (DLCNN), for the classification of bladder cancer data. 

The data is collected through the endoscopical procedure. The collected dataset consisted of 1997 

images containing cancerous tissue and 986 images of a healthy (non-cancerous, but with the possibility 

of other diseases/inflammations) tissue. The classification of the images was not performed binary, but 
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in four classes – healthy tissue, low-grade carcinoma, high-grade carcinoma and carcinoma in-situ, 

shown in Figure 1.  

 

 
Figure 1. Example of the different classified bladder carcinoma types [22]. 

 

The novelty of the paper lies in the application of edge-detector functions to perform image 

processing on the original image data. Application of edge detector functions can serve to simplify the 

task of image classification, allowing a simpler model – such as MLP, to be used. The quality of the 

classification was evaluated using Area Under Receiver Operating Characteristic Curve, a popular 

classification metric. Authors concluded that the developed algorithm, shown in Figure 2, achieves the 

best classification results [21]. 

 

 
Figure 2. Flowchart of the algorithm developed by the Lorencin et al. during their research [20]. 

 

3.2. Bladder Carcinoma image generation 

 

Lorencin et al. (2021) [22] demonstrate the application of Deep Convolutional Generative 

Adversarial Networks (DCGAN) for the purpose of image generation. Authors propose an algorithm 

consisting of two neural network – a discriminator and a generator. The generator generates fake images 

of bladder cancer in an attempt to fool the discriminator which has been trained to discriminate between 
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real and fake images. Generator continually adjusts itself in order to generate better images, until the 

discriminator is fooled. This process is illustrated in Figure 3. 

 

 
 

Figure 3. The discriminator-generator pair authors used in the research [22] 

 

The images generated by the algorithm are shown in Figure 4. It is important to note that, while 

images may have noticeable artifacts visible to the human eye, the used neural networks do not perceive 

those artifacts, due to the nature of the convolution and filter sizes. When such images are used in the 

training dataset, an improvement in scores and generalization is shown, based on which the authors 

conclude that such methods may prove useful when low amounts of data are available. 

 

 
Figure 4. An example of artificially generated bladder cancer images [22] 

 

 

3.3 Viral disease severity diagnostics 

 

One of the challenges experienced during the COVID-19 pandemic was accurate assessment of 

disease severity based on the patient data. This information was key to determine the patient needs. This 

posed a challenge, not only due to the complexity of determining the severity, but also due to the large 

amount of patients placing high amounts of stress on medical staff. Lorencin et al. (2021) [23] utilize a 

dataset consisting of x-ray lung images of COVID-19 patients. The dataset is split into four classes – 

mild, moderate, severe and critical, as shown in Figure 5.  
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Figure 5. An example of (a) mild, (b) moderate, (c) severe and (d) critical clinical image [23]. 

 

Due to the low amount of data, researchers applied an augmentation procedure, using deterministic 

augmentations – rotation, image mirroring and brightness adjustment. This allowed for a significant 

increase in the dataset, generating additional 11 images per each original one. It should be noted that 

only non-augmented data was used for the algorithm validation. Authors tested multiple neural network 

architectures – Alexnet, ResNet and VGG16. The results show that ResNet152, the largest network 

tested, has shown the best results when the layer-freezing process is applied.  

 

3.4. Oral carcinoma segmentation and classification 

 

Musulin et al. (2021) [24] present an application of CNNs for the purpose of multiclass grading of 

oral squamous cell carcinoma and the segmentation of epithelial and stromal tissue. Authors use a 

dataset of biopsy acquired histopathology images to create a multi-stage AI-based system. First, the 

grade classification is performed on the images, with the segmentation of the oral squamous cell 

carcinoma within the images of epithelial and stromal tissue. The overview of the proposed framework 

is given in Figure 6. Authors achieved the highest AUC rate with the integration of Xception network 

and stationary wavelet transformation on images, with AUCmacro score of 0.963 (σ = 0.042) and 

AUCmicro score of 0.966 (σ = 0.027). Segmentation part of the pipeline achieved the mIOU score of 

0.878 (σ = 0.027) and F1 score of 0.955 (σ = 0.014).  

 

 
Figure 6. Visual representation of the proposed methodology [24] 

 

Based on the achieved scores the authors conclude that the developed system may have great 

potential in the diagnosis of this particular cancer type, being the first part of the tumor 
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microenvironment (tumor-stroma ratio) analysis and microenvironment cell segmentation using AI-

based algorithms. 

 

3.5 RTG Image Quality Assessment 

 

A common issue experienced by clinicians when using x-ray images is that some images are of 

unsatisfactory quality. This is usually not noticed by the technician performing the procedure and only 

noticed later by the doctor examining the image. This leads to the need for image to be re-taken. The 

repeated procedure lowers the patient satisfaction and puts additional strain on the hospital resources. 

Research by Lysdahlgaard et al. (2021) [25] tries to address this issue through the use of CNNs. The 

main idea is to have a model which will determine whether the image is of the satisfactory quality or 

not. The authors test five CNN architectures – ResNet50, ResNet101, ResNet152, Xception and 

Alexnet. To determine the robustness of models authors apply a five-fold cross validation on the dataset 

consisting of 1000 images of left knees and 1000 images of right knees (each consisting of 500 valid 

and 500 non-satisfactory images). Authors tested the application of the above listed CNNs on just left 

and right knees separately, or using a combined dataset – determining that the quality of achieved 

models is higher when a single orientation is used. Models were evaluated using AUC metric and the 

standard error, with the heatmaps of achieved models shown in Figure 7. 

 

 
Figure 7. An example of achieved classification heatmaps [25]. 

 

4. Conclusion 

 

The reviewed trends and research show a huge potential of image-based AI analysis application in 

bioinformatics. From the given examples, it can be concluded that a wide array of various applications 

exists for ML models in medicine and bioinformatics. Such methods may prove to be a perfect solution 

to the problems present in various fields, provided that large enough amounts of data either exist, or can 

be collected in a timely manner. 
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Abstract: 

Novel biologically active compounds can be obtained by the structural modification of coumarins. 

In this contribution, five new derivatives of 4-hydroxycoumarin with tyramine, octopamine, 

norepinephrine, 3-methoxytyramine, and dopamine were obtained. Their structures were optimized 

based on the previously obtained crystal structure of the 4-hydroxycoumarin-dopamine derivative. The 

special emphasis was put on the effect of various substituents on the structure of obtained compounds 

and intramolecular interactions governing the stability. To investigate their possible antitumor activity, 

molecular docking and molecular dynamics simulations were performed with Carbonic anhydrase, a 

prognostic factor in several cancers, and compared to the native ligand, 5-acetamido-1,3,4-thiadiazole-

2-sulfonamide. The results have shown that all of the coumarin-neurotransmitter derivatives bind to the 

active pocket of protein with the binding energies higher than for the native ligand. The main 

contributions to the binding energies were discussed. The Root Mean Square Deviation (RMSD), Root 

Mean Square Fluctuation (RMSF), and Radius of gyration (Rg), as results of MD simulations, were 

used to predict the activity of compounds towards chosen protein. The highest MD binding energies 

were obtained for the derivatives with dopamine and 3-methoxytyramine, with the van der Waals 

interaction and hydrogen bonds being the most important contributors.  
 

Keywords: 4-hydroxycoumarin, neurotransmitter, molecular docking, carbonic anhydrase, molecular 

dynamics 

 

1. Introduction 

 

Most human diseases, including cancer, are multifactorial, oxidative stress-related, and very complex. 

Despite some of the clinical success of cisplatin complexes, there are some serious side effects, such 

as myelosuppression, peripheral neuropathy, emesis, nephrotoxicity, fatigue, alopecia, or ototoxicity. 

Therefore, it is of the highest importance to continue with the development of the new agents that 

could potentially be active in cancer treatment [1]. Compounds that are present in the human body and 

analogs from nature are promising scaffolds for this purpose.  

Coumarins are a class of lactones consisting of fused -pyrone and benzene rings, naturally occurring 

in various parts of plants. Their rapid absorption and metabolism in the body allow significant 

pharmacokinetic activity. The modification of coumarin structures leads to novel classes of biologically 
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active compounds that interact with enzymes and receptors through weak interactions [2]. There are 

several predicted mechanisms of action that include inhibition of telomerase enzyme, downregulation 

of oncogene expression, etc. Neurotransmitters, including dopamine and norepinephrine, belong to the 

catecholamines with activity in neurotransmission, radical scavenging, control of movement, attention, 

and others. Five new coumarin-neurotransmitter derivatives were obtained under mild conditions and 

structurally described by spectroscopic techniques. The parent molecule was 4-hydroxycoumarin and 

later tyramine, octopamine, norepinephrine, 3-methoxytyramine, and dopamine were attached. In this 

research, the interactions between these compounds and Carbonic anhydrase IX hCA-IX) are 

investigated by molecular docking and molecular dynamics methods. This protein is a member of the 

α-CA family of enzymes associated with the plasma membrane and participates in the acidification of 

solid tumors. The pronounced activity of this protein is a sign of tumor hypoxia, and it is used as a 

prognostic factor in several human cancers. The preliminary results presented in this research represent 

the basis for future experiments on the anticancer activity of the obtained compounds.  

 

2. Materials and methods 

 

The coumarin-neurotransmitter derivatives were obtained by reacting 3-acetyl-4-hydroxycoumarin 

and neurotransmitters dissolved in methanol in the procedure described in reference [3]. 

The structures of the obtained coumarin-neurotransmitter derivatives were optimized at the B3LYP-

D3BJ/6-311++G(d,p) level of theory in the Gaussian 09 Program Package [4] based on the 

crystallographic structure of the coumarin-dopamine derivative. The molecular docking simulations 

were used to investigate the inhibitory effect of the newly obtained compounds against the hCA-IX 

receptor. The crystal structure of this receptor was downloaded from RCSB Protein Data Bank in PDB 

format (PDB ID: 3IAI). The protein was arranged in Discovery Studio 4.0 for molecular docking. The 

AutoDockTools (ADT) graphical interface was applied to add the Kollman partial charges and polar 

hydrogens. The AutoDock 4.2 software results examine the binding affinity of investigated compounds. 

As the starting models for the MD simulations, the hCA-IX-L1, hCA-IX-L2, hCA-IX-L3, hCA-IX-L4, 

and hCA-IX-L5 docked complexes were used. The parameterization of title ligands was performed by 

the CHARMM36m force. The g_mmpbsa program in conjunction with the GROMACS program 

coupled with Adaptive Poisson-Boltzmann Solver (APBS) was applied to calculate the free energies of 

binding of protein-ligand complexes.  

 

3. Results and Discussion 

 

The optimized structures of coumarin-neurotransmitter derivatives are shown in Figure 1. They 

consist of a planar coumarin core, aliphatic chain, and aromatic ring with substituents in various 

positions. L3 and L5 have two OH groups attached to the aromatic ring, while L2 and L3 have an OH 

group attached to the aliphatic chain. Only in the structure of L4, there is one OH and methoxy group. 

These groups are responsible for the formation of the intramolecular interactions, in the first place 

hydrogen bonds between electronegative substituents. The structures are additionally stabilized by the 

intramolecular hydrogen bond between the amino group and a carbonyl oxygen atom. This strong 

hydrogen bond is responsible for the formation of the quasi-six membered ring, O-C-C-C-N-H, which 

was previously found in similar structures.  

 
Figure 1. a) The optimized structure of coumarin-dopamine (L5) derivative (B3LYP-D3BJ/6-311++G(d,p) level 

of theory) and b) predicted binding interactions between L5 and hCA-IX receptor. 
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The binding mode of the obtained compounds was compared to that of a native ligand, 5-acetamido-

1,3,4-thiadiazole-2-sulfonamide, AZA, in the active pocket of the hCA-IX receptor. The investigated 

compounds bind to the same amino acids as the native ligand, namely GLN92, GLU106, LEU198, 

THR199, THR200, and TRP209. These results indicate the possible inhibitory activity of coumarin-

neurotransmitter ligands towards mentioned protein. The calculated binding energy of the hCA-IX-

AZA complex was -37.8 kJ mol-1, which is lower than for all obtained derivatives. The highest binding 

energies were obtained for hCA-IX-L5 (-43.7 kJ mol-1) and hCA-IX-L4 (-42.1 kJ mol-1). Once the 

number of substituents is changed to one OH group on the aromatic ring, the binding energy is lowered, 

as in the case of hCA-IX-L1 (-41.2 kJ mol-1). The presence of OH groups on the aliphatic chain also 

disrupts the delocalization within the structure, which lowers the binding energy for 2-3 kJ mol-1 as in 

the case of hCA-IX-L2 (-39.8 kJ mol-1) and hCA-IX-L3 (-41.9 kJ mol-1). The most prominent 

interactions are hydrogen bonds, π-cation, π-π, and alkyl-π interactions. The amino acids such as GLN, 

THR, and PRO in positions 92, 199 and 200, and 201 respectively in the primary structure of the hCA-

IX receptor chain have a predominant role as the active site of this receptor regarding investigated 

ligands. These amino acids form strong hydrogen bonds (bond lengths range from 1.77 to 3.56 Å), while 

LEU91, HIS94, VAL121, VAL143, and LEU198 form weak π-cation, π-π and alkyl-π interactions with 

the Zn metal ion and aromatic ring of investigated ligands.  

The molecular dynamics parameters include the Root Mean Square Deviation (RMSD), Root Mean 

Square Fluctuation (RMSF), and Radius of gyration (Rg) which are used to describe the overall stability, 

local residue, and general structure fluctuation. The shortest times required for the backbone to reach 

the equilibrium were obtained for L5 and L4. For three other ligands, these times were longer than 

10000 ps. The average RMSD values for the ligands were 0.27 ± 0.06, 0.24 ± 0.08, 0.89 ± 0.34, 0.55 ± 

0.15, and 0.25 ± 0.02 Å (L1, L2, L3, L4, and L5). The local flexibility of 3920 amino acids was 

calculated as the time average of RMSF. More flexible proteins have enlarged binding pockets which 

influences the substrate-product kinetics and affinity. The flexibility of protein is reduced in all of the 

formed complexes this proving the importance of weak interactions for the binding. The compactness 

of protein can be quantified by the Rg factor. The starting value of the Rg factor was around 1.75 nm. 

The change in its value for the protein with L5 and L3 ligands was stabilized after an initial increase at 

2.5 nm. The change in Rg value was much more complex for the structure with the L4 ligand. In the 

case of L2, the Rg value decreased from 5 to 12 nm and then the equilibrium value was reached. The 

stability of the compounds in the active site of protein was proved in this analysis.  

The binding energies in the MD simulations were much more diverse than for the molecular docking, 

as expected due to the change in the conformation of the protein backbone. The highest binding 

energies, -189.7 and -184.9 kJ mol-1, were obtained for L5 and L4, respectively. The binding energies 

for the other three ligands were significantly lower, namely L1 (-68.4 kJ mol-1), L2 (-47.8 kJ mol-1), 

and L3 (-75.9 kJ mol-1). Based on the values of the various contributions to this value, it can be 

concluded that the vacuum potential energy (van der Waals and electrostatic interactions) is the major 

contributor to the total binding free energy. The main contribution comes from HIS94, GLU106, 

ASP132, and THR199 some of which were pointed out in the previous section as the amino acids in the 

active pocket of hCA-IX responsible for binding to AZA. The negative contributions are calculated for 

TRP5, HIS64, GLN92, THR200, and PRO201 in the hCA-IX-L4 complex and LEU198 and PRO202 

in the hCA-IX-L5 complex. Bearing in mind that only these complexes have a positive and negative 

contribution to free binding energy, this is the reason why L5 and L4 show higher affinity to the hCA-

IX receptor than other ligands. 

 

4. Conclusions 

Four new 4-hydroxycoumarin derivatives with tyramine (L1), octopamine (L2), norepinephrine 

(L3), and 3-methoxytyramine (L4) were obtained under mild conditions and their structures were 

optimized at the B3LYP/6-311++G(d,p) level of theory, as previously applied on structure of 4-

hydroxycoumarin-dopamine (L5) derivative. The formation of the quasi-six membered ring, O-C-C-C-

N-H, was important for the overall stability. The same amino acids were included in the binding mode 

of obtained compounds as for the native ligand. The highest binding energies in the MD simulations 

were calculated for the ligands L5 and L4, with the van der Waals interaction and hydrogen bonds being 
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the most important contributors to these values. These preliminary results point out ligands L5 and L4 

as possible inhibitors of Carbonic anhydrase and further cytotoxicity studies are recommended.  
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Abstract: 

  

Free Ph3Sn(CH2)nOH (n = 3, 4, 6, 8 and 11) and immobilized organotin(IV) compounds, SBA-

15~Cl|Ph3Sn(CH2)nOH, were prepared and tested against different tumor cell lines. Both compounds 

and nanomaterials revealed strong cytotoxic potential. SBA-15~Cl|Ph3Sn(CH2)3OH as well as free 

compound induce caspase triggered apoptosis in human ovarian A2780 cells.  Ph3Sn(CH2)6OH and 

corresponding nanomaterial induced apoptosis in mouse melanoma B16 cells. Survived clones of B16 

cells demonstrated phenotypic changes, they differentiate toward melanocytes.  
 

Key words: cisplatin, organotin(IV) compounds, emodin, SBA-15, apoptosis, differentiation  

 

 

1. Introduction 

 

Cisplatin, the gold standard in cancer treatment, is in use against different types of cancers [1,2]. 

The main disadvantage of cisplatin is unacceptable side effects, especially toxicity [1]. Those 

drawbacks can be avoided by using drug carrier systems such as mesoporous silica nanoparticles 

(MSNs) [3].  

Recent works point out mesoporous silica as carriers for delivery of drug on appropriate location, 

hinder side effects and suppress drug decomposition [3]. These nontoxic materials may be loaded with 

a variety of molecules. Loading of highly active anticancer compounds into particles (Figure 1) may 

prevent hydrolysis of the drug and accumulation in the healthy tissues/organs. Different functionalized 

SBA-15, but also SBA-15 alone, influence on the mechanism of action of natural occurring (e.g. 

emodin, betulinic acid, xanthohumol) or metal-based compounds (e.g. cisplatin, ruthenium(II), 

organotin(IV) compounds) [4-9]. Tumor cells treated with some immobilized metal-based anticancer 

compounds into SBA-15 exhibit phenotypic changes, thus they differentiate from tumor into normal 

cells.  
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Fig. 1. Some examples of immobilized compounds into SBA-15 

 

2. Organotin(IV) compounds loaded into SBA-15 

 

The cytotoxic potential of organotin(IV) compounds have been acknowledged in 1929 [10]. Shortly 

after, they are taken in consideration as potential biologically active metallopharmaceuticals. Since 

organotin(IV) compounds, active in lower µM or even nM concentrations, are inducing apoptosis in 

cancer cells they became very significant in cancer chemotherapy. However, the mechanism of 

antitumor action of organotin compounds still remains to be explored in details.  

Our pioneering work in 2009, pointed out that silica-based materials such as SBA-15 and MCM-

41 do not affect tumor cell lines at high concentrations (<1 mg mL−1), while particles loaded with 

titanium(IV) complexes are inducing death of the tumor cells [11]. Using SBA-15 or its modification 

SBA-15~Cl, obtained by covalent grafting with 3-chloropropyltriethoxysilane, and highly active 

organotin(IV) compounds a new drug delivery system has been developed. Novel organotin(IV) 

compounds Ph3Sn(CH2)nOH (n = 3, 4, 6, 8 and 11) and appropriate immobilized nanoparticles SBA-

15~Cl|Ph3Sn(CH2)nOH were prepared and tested against different tumor cell lines. Both free and 

immobilized compounds exhibit strong cytotoxic potential [4,5]. 

 The organotin(IV) compound Ph3Sn(CH2)3OH enters into human ovarian A2780 cells in high 

concentration [4]. The cells treated with SBA-15 showed more than three times higher uptake of 

silicium, while SBA-15~Cl|Ph3Sn(CH2)3OH, even higher than SBA-15~Cl, strongly confirms that the 

nanomaterials are entering the cells. Besides, tin uptake study indicated that release of Ph3Sn(CH2)3OH 

from SBA-15~Cl|Ph3Sn(CH2)3OH to some extent occurs in extracellular matrix (Figure 2). Free and 

immobilized Ph3Sn(CH2)3OH compound induce apoptotic mode of cell death by caspase pathway, 

involving all three caspase initiators 2, 8 and 9. 
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Fig. 2. Mechanism of action of SBA-15~Cl|Ph3Sn(CH2)3OH and Ph3Sn(CH2)3OH on human ovarian A2780 

cells. 
 

SBA-15~Cl|Ph3Sn(CH2)6OH showed 60-fold superior activity than free Ph3Sn(CH2)6OH (Figure 3) 

[5]. Melanoma cells treated with Ph3Sn(CH2)6OH and SBA-15~Cl|Ph3Sn(CH2)6OH  prompted early 

apoptosis with intense caspase activation. Moreover, SBA-15~Cl|Ph3Sn(CH2)6OH induced a strong 

autophagy. Morphology of the B16 cells treated with both free and immobilized compound was 

remarkably changed from round into flat cells with enlarged cytoplasm volume accompanied by 

membrane growth resembling dendrits. All these morphological changes point toward differentiation 

process. However, only immobilized form exhibited an enhanced granularity in cytoplasm implying 

that differentiation of the melanoma cells into primary melanocytes occurred.  

 

Fig. 3. Mechanism of action of SBA-15~Cl|Ph3Sn(CH2)6OH and Ph3Sn(CH2)6OH on B16 cells. 

3. Conclusions 

 

Biocompatible materials as drug containers and carriers, mesoporous silica nanoconstructs, might 

be used as alternative to classical approaches, in the treatment of tumors of different origin opening a 

new perspective for application of organotin(IV) antitumor compounds. In vitro investigations 



G.N. Kaluđerović, Mesoporous silica as a vehicle for organotin(IV) compounds 

 

63 

 

identified SBA-15~Cl loaded with Sn(IV) compound as high promising in cancer treatment, by 

differentiation of tumor cells into normal phenotype. 
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Abstract: 

This study was performed using the SeLaR information system (IS). SeLaR IS combines relevant 

data on reservoirs in Serbia and enables advanced methods of analysis, such as statistical analysis and 

data mining. For the data analysis, three accumulations with different morphometric properties, trophic 

status, and dominant community of microorganisms were selected: Gruža, Grošnica, and Bovan. The 

material in this research is data sets that include standard routine and broader scientific hydrobiological 

tests of freshwater from certain periods. The data include physicochemical, biochemical, 

microbiological, and other biological parameters. The analysis aimed to determine the relationship 

between the entities, to discover unknown relations, the regularity in the dynamics of the specific 

characteristics, and for predictions. Classification, analysis of influential parameters, and scenario 

analysis were used for this analysis. The results indicate a clear classification of the values of the total 

number of bacteria. The obtained models have a small number of influential parameters (one to four) 

with a large relative impact for each class separately. Influence parameters are different for distinct 

accumulations. For prediction of the total number of bacteria selected tools did not provide satisfactory 

results for all three reservoirs. 

  

Keywords: information system; reservoirs; the total number of bacteria; influential parameters, data 

mining. 

 

1. Introduction 

 

The relationship between availability and clean water needs is deteriorating under the influence of 

a growing population and pollution of aquatic ecosystems. Preventive protection is better and more 

economical than repairing harmful consequences. Continuous monitoring of water includes monitoring 

of various physical, chemical, and biological parameters. Microbiological properties are a significant 

and valid indicator of water condition, i.e. quality. Various information technology tools and techniques, 

as well as data mining methods, are becoming an important part of monitoring water quality, enabling 

change prediction, and are important in the processes of sustainable water resources management [1]. 

Data mining (DM) involves automatic or semi-automatic research and analysis of large amounts of data 

in order to discover patterns and relationships hidden among the data [2]. These techniques and methods 

have been applied and validated as tools in monitoring microbiological quality indicators in aquatic 

ecosystems [3]. Therefore, the subject of this research is the application of selected tools of the SeLaR 

information system (IS) in the analysis and prediction of microbiological water pollution, i.e. the total 

number of bacteria (TNB). 
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2. Materials and Methods 

This research was performed using the SeLaR IS, which combines relevant data on reservoirs in 

Serbia and enable advanced methods of analysis. For the analysis of data, three reservoirs with different 

morphometric properties, trophic status and dominant microbial community Gruža, Grošnica and 

Bovan, intended for water supply, were selected. The material in this research are data sets standard 

routine and broader scientific hydrobiological tests from certain periods selected reservoirs. The data 

include physico-chemical, biochemical, microbiological, and other biological parameters. Gruža - data 

set 2 (VIII 1997 - X 1998), Grošnica - data set 1 (V 1997 - X 1998) and Бован - data set 2 (VI 2005 - 

XII 2006) was analyzed [4]. The units of measurement of all parameters are according to the standards 

of routine water testing and are given in section 5.1. Basic statistical overview and created models [4].  

IS SeLaR provides advanced data analysis methods, such as statistical analysis and DM. For the 

realization of the goal from the descriptive methods, the analysis of influencing factors and from the 

methods of forecasting, classification and scenario analysis, was used. The methods use different 

algorithms: a decision tree is used for classification, naïve bayes for key impacts, and logistic regression 

for scenario analysis [5]. 

 

3. Results and discussion 

 

3.1 Classification and analysis of key influencing factors 

Gruža - data set 2 has 172 objects. The existing values for TNB are classified into five classes. The 

review of the results of the analysis of influence parameters with relative impact excludes 50 as well as 

the review of the class with certain values which are in Table 1. 

 
Table 1. Key parameters and their impact on the values of the total number of bacteria (TNB) in the Gruža 

reservoir - data set 2 

 

Parameter Value Class TNB Relative influence of the parameter 

month  VI-VII < 289938 77 

chloride ≥ 11 < 289938 71 

heterotrophs < 800 < 289938 54 

Ciliata < 3 427092-630933 72 

temperature of water < 8.71 630933-796177 100 

ammonia < 0.05 630933-796177 98 

month II-VI 630933-796177 93 

Chlorophyll а 29.5-32.51 630933-796177 54 

proteolyzers < 329 630933-796177 50 

nitrogen fixers < 139 630933-796177 50 

Mn 0.1-0.22 ≥ 796177 100 

Fe 0.03-0.12 ≥ 796177 63 

phosphomineralizers < 147 ≥ 796177 57 

Copepoda ≥ 1706 ≥ 796177 53 

depth ≥ 19 ≥ 796177 50 

heterotrophs 1554-2522 ≥ 796177 50 

 

There are a small number of influential parameters (1 to 3) with a large relative impact for each 

class individually. Seasonal variation is the result of the mineralization of extinct phytoplankton, which 

is most abundant in autumn. Higher Ciliate values and higher ammonia concentrations cause the TNB 

to be lower. Higher Copepod numbers, higher depths, and nitrate concentrations are associated with 

higher TNB values and vice versa.  

Grošnica - data set 1 contains a total of 172 objects. The existing values for TNB are classified into 

five classes, of which the first three classes are the most important. An overview of the results of the 

analysis of impact parameters with a relative impact above 50, as well as an overview of classes with 

values for this data set is given in Table 2. 
 

Table 2. Key parameters and their impact on the values of the total number of bacteria (TNB) in the Grošnica 

reservoir - data set 2 
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Parameter Value Class TNB Relative influence of the parameter 

pH ≥ 8.22 < 3206895 100 

depth 3 < 3206895 98 

BOD5 ≥ 4.06 < 3206895 95 

DO ≥ 10 < 3206895 67 

Total chlorophyll  0.13-0.17 < 3206895 59 

Phosphatase activity index 3.90-4.86 3206895-4769531 61 

month II 4769531-6593695 91 

heterotrophs 800-1255 4769531-6593695 91 

ammonia ≥ 3.13 4769531-6593695 62 

Mn ≥ 0.42 6593695-9398500 100 

DO < 2.00 6593695-9398500 96 

depth 19 6593695-9398500 82 

Phosphatase activity index 2.94-3.90 6593695-9398500 82 

Fe 0.08 6593695-9398500 74 

heterotrophs ≥ 1255 6593695-9398500 70 

pH 7.18-7.55 6593695-9398500 61 

pH 7.55-8.00 6593695-9398500 60 

ammonia 0.06-2.61 6593695-9398500 60 

depth 19 ≥ 9398500 100 

depth 20 ≥ 9398500 90 

Total phosphate ≥ 0.246 ≥ 9398500 74 

Mn 0.17-0.24 ≥ 9398500 74 

ammonia 2.61-3.13 ≥ 9398500 54 

 

Bovan - data set 2 contains a total of 57 objects. All values are classified into five classes (Table 3). 

The analysis of influence parameters with relative influence above 50 as well as the overview of classes 

with values for this data set is given in Table 3. 

3.2 Scenario analysis for the Gruža and Grošnica data sets do not provide solutions that have a 

confidence level above 50 and are not presented as inadequate. Scenario analysis is presented for Bovan 

reservoir - data set 2 where the confidence level is 56.67. The results are given in Table 4 and refer to 

the location of dams, depths 3, 13, 24 m, in VI, VII, VIII and IX months, 2005. Due to the possible 

application in practice, dissolved oxygen (DO) was chosen as the influential parameter. If the goal is to 

reduce the total number of bacteria by 5%, DO concentrations should change their values (Table 4). 

Sometimes it is possible to mark: 1, and sometimes not -1. The analysis gives confidence 56.67. It is 

noticed that an increase in the concentration of DO leads somewhere to a decrease, and somewhere to 

an increase in the TNB. It is emphasized that by further increasing the concentration of DO, the direction 

in the movement of the number of TNB continues (if the TNB decreases, it continues to decrease, and 

if it increases, it continues to increase). 

 
Table 3. Key parameters and their impact on the values of the total number of bacteria (TNB) in the Bovan 

reservoir - data set 2 

 

Parameter Value Class TNB Relative influence of the parameter 

month I-III < 2187659 100 

nitrites 0.005-0.01 < 2187659 94 

heterotrophs < 3875 < 2187659 63 

nitrites < 0.005 2187659-3238331 97 

ammonia 0.15-0.38 3238331-4033012 100 

pH < 7.14 3238331-4033012 94 

Chlorophyll а ≥ 21.8 3238331-4033012 73 

conductivity 429-446 3238331-4033012 53 

Chlorophyll а < 13.2 4033012-4771063 100 

month VI-VIII 4033012-4771063 78 

depth 24 ≥ 4771063 100 

temperature of water 7.26-10.63 ≥ 4771063 50 
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Table 4. Scenario analysis for the Required goal and What if to reduce the total number of bacteria (TNB) in the 

Bovan reservoir 

 

Measured values Goal: for TNB  

-5% 

Recommended DO 

 

DO +5% 

TNB 

DO +10% 

TNB DO UBB 

8.7 4050000 -1 2.9 3715619 3652189 

5.1 4650000 1 0.9 2937868 2900685 

4.5 5250000 1 0.9 2693696 2660888 

7.2 4200000 -1 2.9 4457232 4404738 

2.3 4650000 -1 2.9 4651006 4634237 

2 5550000 1 0.9 4167414 4152832 

6.4 3150000 -1 2.9 4875087 4828426 

0.9 3750000 1 0.9 3045582 3039021 

0.95 5250000 1 0.9 4462779 4455853 

7.2 2100000 -1 2.9 3715619 4089672 

 

4. Conclusions 

The results of this research show that classification, analysis of impact parameters and scenario 

analysis can be used in monitoring the microbiological quality of water and can be used for predictions. 

The results indicate a clear classification of the values of the TNB. The impact parameters are different 

for distinct reservoirs. The scenario analysis could not be applied to the data sets for the Gruža and 

Grošnica reservoirs, but it was adequate for the Bovan reservoir. 
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Abstract: 

  

In this work we present computational model for intraocular drug transport using coupled 

convective-diffusive equations. Model can simulate drug transport using either injection or by state of 

the art implant devices. We are using Navier-Stokes equation for fluid flow in vitreous humor, and 

composite smeared finite element (CSFE) for convection in rest of the eye and also for diffusion within 

the whole model. CSFE takes into account blood vessel properties, such as hydraulic and diffusive 

components. User interface tool CAD for pre- and post- processing is constructed which enables 

generation of geometries for patient specific purposes. Computational model provides results in a form 

convenient for investigation of effects of the drugs on different diseases, such as diabetic macular 

edema, uveitis, etc. This computational platform has potentials to become a powerful tool for 

optimization of therapies and simulation of different drugs.  
 

Key words: intraocular drug transport, computational model, finite element analysis, CSFE, Kojic 

Transport Model. 

 

 

1. Introduction 

 

Eye is very complex organ and various numerical methods were applied in the past to investigate 

the intraocular drug transport. It is known that the effective drug delivery to internal ocular tissues must 

overcome significant barriers [1], and this knowledge is very important for understanding of different 

diseases, such as diabetic macular edema, uveitis, etc. [2]. Among the first models used in this area 

were classical pharmacokinetic (PK) models which are then replaced with physiologic-based 

pharmacokinetic (PBPK) models. Use of the computational fluid dynamics within PBPK models is 

proved to be powerful technic and can help in establishing safe and efficient drug delivery systems [2]. 

Abilities of this approach were shown by different authors in the past [1,2,3]. Since many additional 

aspects have to be explored there is a need for additional research in this area. There is also a need to 

develop simplified and robust computational approaches that adequately incorporate the main 

parameters of transport processes. In [4] we introduced a smeared modeling concept for gradient-driven 

mass transport and formulate a new composite smeared finite element (CSFE). For mass transport 

within tissue as a porous continuum filled with fluid, the governing laws are the Darcy velocity-pressure 

relationship for convection and Fick’s law for diffusion [4]. Therefore, CSFE is composed of two 

volumetric parts - capillary and tissue domains, and has four nodal degrees of freedom (DOF): pressure 

and concentration for each of the two domains. The domains are coupled by connectivity elements at 
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each node. A smeared modeling approach for large domains can effectively be used for transport in the 

capillary system and tissue. CSFE takes into account blood vessel properties, such as hydraulic and 

diffusive components, which are fundamental for transport within the cardiovascular system, and organs 

such as eye. 

In this work we present computational model where convection in vitreous humor is modeled using 

Navier-Stokes equations, while convection in the rest of the eye and diffusion in whole eye is modeled 

using Kojic Transport Model (KTM) which incorporates CSFE methodology. Additionally, we 

generated corresponding geometric model of the eye with physiological material properties and 

boundary conditions according to [3]. 

 

2. Methods 

 

In order to handle the FE model generation and results post-processing in an easy way, we have 

developed a graphical interface. This in-house graphical interface called CAD also provides a tool to 

be used in the investigation of different drugs and patient specific analysis. For the purpose of generating 

axial symmetric 2D eye model, we implemented algorithm for parametric model generation. This 

module within CAD enables reconstruction of lines from 2D eye images in form of curves and then 

enables generation of 2D mesh. For each of 7 domains within the eye we can specify physiological 

material characteristics and boundary conditions using CAD dialog presented in Figure 1b. Data for 

volumetric fractions of capillaries and diffusion coefficients used in our model is presented in Figure 

1b. 

 

Fig. 1. a) Dialog of CAD pre-processing tool for setting eye parameters, b) Parameters of volume fractions 

and diffusion coefficients used in our numerical simulation. 

 

Numerical simulations are performed using finite element method (FEM). Fluid flow in vitreous 

humor is represented with the continuity equation and differential Navier-Stokes equations [5]:  

 2 0l l l lv v v p               (1) 

0lv             (2) 

where lv  is the blood flow velocity, lp  is the pressure,   is the coefficient of dynamic viscosity of 

blood and   is the density of blood. 

The CSFE relies on the transformation of the one-dimensional (1D) constitutive relations (for transport 

within capillaries) into the continuum form expressed by Darcy’s and diffusion tensors. The CSFE is 

composed of two volumetric parts - capillary and tissue domains, and has four nodal degrees of freedom 

(DOF): pressure and concentration for each of the two domains. The domains are coupled by 

connectivity elements at each node. The fictitious connectivity elements take into account the surface 

area of capillary walls which belongs to each node, as well as the wall material properties (permeability 

and partitioning). The overall FE model contains geometrical and material characteristics of the entire 

capillary-tissue system, with physiologically measurable parameters assigned to each FE node within 

the model. The smeared concept is implemented into our implicit-iterative FE scheme and into FE 

package PAK [6]. Convective and diffusive transport within tissue, which is considered as a porous 

continuum, can be described by incremental-iterative FE systems of equations, which rely on Darcy’s 

and Fick’s laws. Additional details are given in [4]. For each of the domains, the FE incremental-

iterative equations of balance, for a time step t  and iteration i, can be written as [5] 
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where the matrices and volumetric nodal vector V
Q are given elsewhere (our references [4,5]);  ext

Q is 

the external effects nodal vector and 
t

 corresponds to start of the time step. 

 

 

3. Results and discussion 

 

Simplified 2D model of the eye is presented in Figure 2. FE mesh is consisted of 7 groups of 

elements, where each 2D group is connected with 1D connective elements representing membrane 

between compartments. Drug source can be applied with zone representing either implant or injection 

domain, where in this example we used implant source denoted as blue. Implant has initial drug 

concentration, where drug is releasing over time from implant and leaves the eye using clearance 

mechanism.  

 

Fig. 2. a) Two-dimensional FE mesh of eye model with drug implant in the middle of the eye, b) Eye model 

with compartments  
 

In Figure 3a we showed vectors of velocities while in Figure 3b we showed field of pressures. Field 

of drug concentrations for tissue and capillary domain of composite smeared finite element are shown 

in Figures 4a and 4b, respectively. 

 

Fig. 3. Results of FE simulation: a) velocity vectors [mm/min] and b) pressure field [mmHg] after 24h. 

 

Fig. 4 Concentration field after t = 140 min in a) tissue and b) capillary domain 
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4. Conclusions 

 

In this paper we presented computational tool for modeling intraocular drug transport. Our 

computational tool consists of in-house pre- and post-processing tool CAD, and finite element code 

PAK which is used for solving fluid flow and drug transport within the eye model. Finite element 

procedure consists of coupled fluid flow and drug transport, where drug transport is modeled using 

Kojic Transport model. This computational model has potential to be used in the future for investigation 

of clearance barriers and for improvement of drug therapies in the eye. 
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Abstract: 
Computational supramolecular chemistry offers an additional possibility to do some practical chemistry 

in a safe surrounding and with connections to topics beside chemistry together with pupils and 

undergraduate students. Some case studies including investigations of ion selectivity of cryptands, like 

Albrecht’s cryptand spaced by a C2H4-bridge, Beer Can or the isomers of [2.2.2], are presented. This 

report on the work of pupils and students during the past years, focuses also on the question of isomeric 

cryptands and cryptates.  

 

Key words: computational chemistry, educational chemistry, supramolecular chemistry 

 

 

1. Introduction 

 

As researchers we learn from three sources: i) our teachers ii) our peers and iii) our students, even if we 

often do not recognize this, we learn constantly from them. Being aware of this fact, why not include 

our students in our research projects? In Bavaria all chemistry syllabi for high schools contain one topic: 

“How do modern chemists work?” Research is one typical mission for chemists. Additionally, in 

secondary schools all pupils have to participate in a small scientific project to get the permission to 

perform the final tests allowing them to join a university. These projects should be clear, 

straightforward, manageable with the school knowledge and, whenever possible, new and of course 

interesting. Beside these pedagogi principles, the most important limitation is of course the safety and 

health protection of the pupils. A topic that limits the possible projects in chemistry significantly. A 
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possible absolute safe way to bypass this highly important topic, is to do computational chemistry with 

the pupils and train additional skills inside the education in chemistry, hardly trainable in normal 

chemistry lectures. Some of the most prominent examples are to recognize that molecules are three 

dimensional objects, the usefulness of classical and non-classical physical concepts (quantum 

mechanics and theory of relativity) outside physics, and that science is a topic open for every one 

curious and able to think independently (citizen science). [1] Beyond these additional topics, elementary 

basic skills can be trained like selecting appropriate data to answer particular questions, acquisition and 

visualization of data, or to assess the reliability of data.  

Of course, an absolute prerequisite for the success of such a scientific project is that the topic fits 

to the experiences and knowledge of young researchers. In the past years we learned that supramolecular 

chemistry offers a logical extension to the common chemistry and biology syllabi in Bavarian secondary 

schools, especially when selective ion complexation is addressed. Depending on the grade and type of 

school, enzymes and the lock and key model are known from biology or chemistry lessons, the typical 

interactions between (charged) metal centers and ligands were already discussed while teaching the 

solvation of ionic compounds, bond length and energetic of chemical reactions are usually included in 

every chemistry syllabus. 

Here we want to report on projects performed with high school students within our research 

program on selective ion complexation by supramolecular systems and parallel investigated isomeric 

cryptands. 

 

2. Results and Discussion 

2.1 Applied quantum chemical method and general approach to investigate selective ion complexation 

by quantum chemical methods. 

 

For all presented calculations we performed hybrid density functional calculations using the B3LYP 

functional and the LANL2DZ basis set with effective core potentials, augmented with polarization 

functions on non-hydrogen atoms. The performance of this level (denoted as B3LYP/LANL2DZp) has 

been documented by us and others, the obtained structures and energetic results in related studies agreed 

well with experimental available data. Structures were characterized as minima, transition structures, 

or higher-order saddle points by computation of vibrational frequencies. Relative energies were 

corrected for zero-point vibrational energy. The GAUSSIAN suite of programs was used.   

 

 Two criteria have been identified and successfully applied to investigate the ion selectivity of cage 

compounds computationally:  

 

1. The energetic criteria based on an appropriate model reaction’s complexation energy. The 

simple Equation 1 turned out to be simply understandable for scholars and models the 

experiment in an acceptable way. 

[M(H2O)6]m+ + Cryptand  [M  Cryptand]m+ + 6 H2O  (Equation 1) 

 

Generally, the alkaline earth cations demonstrate lower complexation energies compared to the 

alkaline metal cations. This can be attributed as an artefact of the method due to the dicationic nature 

of the alkaline earth ions. The charges receive extra stabilization in the larger supramolecule, provided 

by six water molecules.  

 

The comparison of metal cation-donor length in the investigated cryptate and an appropriate model 

compound, free of external hampering influences. Here again solvent complexes like [M(H2O)6]m+, 

[M(NH3)6]m+ or [M(pyridine)6]m+ are very useful and serve as didactic references. 

Comparing the bond distances, between the cryptands’ donor atoms and the endohedrally encapsulated 

metal cations, and as a reference the bond distances of the metal cations’ coordinated solvent molecules, 

e.g., water, pyridine and ammonia, can be drawn to investigate the selective ion complexation by a 

structural property. The validity of this method presumes that the donor atoms coordinating to the metal 

ions are the same and have the same formal hybridization. Therefore, comparison with [M(NH3)6]m+, 

[M(pyridine)6]m+, [M(H2O)6]m+, etc. are very effective. 
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2.2 The ion selectivity of Albrecht’s cryptand.  

 

Initially we investigated with our scholars, systems taken directly from our research program. 

Rooted in {2}-Lehn and {2}-Saalfrank type cryptands, we extended our work to {2}-cryptands 

investigated by the team of Markus Albrecht. (see Fig. 1) 

. 

 

 
 

Fig. 1 Calculated (B3LYP/LANL2DZp) Albrecht’s cryptand spaced by a C2H4-bridge 

 

As described in 2.1, we applied the two criteria (energetic and structural) to conclude the preferred ion 

selectivity. As depicted in Fig. 2a the preferred alkaline metal ions are K+ followed by Na+ and Rb+, in 

accordance with the experimental findings. Consequently, the best fitting alkaline earth metal ions are 

Sr2+ and Ca2+. This is also corroborated by the structural criteria (see Fig. 2b). Here the best fitting ions 

are K+ and Sr2+ followed by Ca2+ and Rb2+. The perfect fitting of the guests K+ and Sr2+ is impressively 

demonstrated as their values are part of bisecting lines, which means that the Mm+-O-interaction is 

identical with the Mm+-O-interaction in the reference system [M(OH2)6]m+. The ions above the line are 

too small and have elongated M-O-interactions compared to the reference systems, and for the ions 

below the bisecting ion? the cavity is too small.       

         
 

Fig. 2 a) Calculated (B3LYP/LANL2DZp) complexation energy according to Eq. 1 for Albrecht’s cryptand 

spaced by a C2H4-bridge against the ion radius. b) Comparison of Mm+-O in Albrecht’s cryptate vs. the distance  

in [M(OH2)6]m+. 

 

2.3 Beer Can.  

 

In 2018 Paul D. Beer and team designed the bis-triazacyclononane tris-pyridyl N9-azacryptand, 

also named as Beer-Can.(Fig. 3). 
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Fig. 3 Endohedral complexation of metal cations by Beer-Can. 

 

The quantum chemical examination of the energy-based criterion (equation 1) provided 

significant information for the prediction of the ion selectivity of the studied cryptand.  

 

 
Fig. 4 Calculated complexation energies (B3LYP/LANL2DZp) according to equation [Error! Bookmark not defined.] 

 

The largest complexation energies were calculated (equation 1) for the alkaline cations K+ and 

Na+ (Fig. 3), and in case of alkaline earth cations for Ca2+, Sr2+ and Ba2+. Competition experiments 

based on electrospray mass spectrometry previously reported,[Error! Bookmark not defined.] showed that Pb(II) 

fits best in the cavity of the Beer-Can cryptand. Applying the same equation to the heaviest non- 

radioactive tetrel dication releases -74.82 kcal/mol. This value puts [Pb  Beer-Can]2+ on the first place 

as the most stable from all up to now reported metal ions, of course with a different electronic state as 

in alkaline earth dication complexes. Of course, this finding is not surprising, as Pb2+ and Sr2+ have 

nearly identical ion radii. The small ions Li+ and Be2+ do not fit well into the cavity of the Beer-Can 

cryptand and result in very poor stabilization energies. Poor complexation energies are calculated in the 

case of the large alkaline metal cations as observed for Rb+ and Cs+ ions too, again a mismatch of the 

ion radii and the cryptand’s cavity are visible.  

Application of the structural criteria, here with solvent complexes of pyridine and ammonia, 

teaches the selective ion complexation by an additional property. As depicted in Fig. 5, the bisecting 

lines represent the systems in which the coordination will most probably occur, as the bond distances 

in [M  Beer-Can]n+ and the unstrained reference complexes, are identical. The ions above the line are 

somehow too small, whereas the ions below the line are too large for the studied cryptand cage. While 

the smallest ion coordinate in the crown of the Beer-Can to find stabilization, the larger ions coordinate 

in a very strained situation.  
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Fig. 5. Calculated (B3LYP/LANL2DZp) M-Nali and M-Narom distances in [M  Beer-Can]m+ plotted against the 

calculated (B3LYP/LANL2DZp) M-NH3 and M-Npyr distances, respectively.[Error! Bookmark not defined.] 

 

 

2.4 Bühl cryptand und TriPip222.  

 

 

While isomers are a topic in every school and undergraduate lecture dealing with organic chemistry, 

they are surprisingly not a topic in supramolecular chemistry. Two isomeric cryptands are 

dodeka(ethylene)octamine (Bühl’s cryptand) and Lehn’s [TriPip222]. When investigating isomers with 

quantum chemical methods, the first question always concerns their relative stability. Based on our 

B3LYP/LANL2DZp-calculations, [TriPip222] is 12.0 kcal/mol more stable than Bühl’s cryptand. 

Nevertheless, Bühl’s cryptand should be experimentally accessible.    

 

 
 

Fig. 6. Calculated complexation energies (RB3LYP/LANL2DZp), according to Equation 1 for [M  Bühl’s 

cryptand]m+ plotted against the ionic radius of Mm+ [Error! Bookmark not defined.] 

 

As shown in Fig. 6, based on Equation 1, the preferred selectivity in Bühl’s Cryptand is for Na+ and 

Ca2+. The smaller ones follow in the stability sequence, whereas Be2+ is much too small and has to find 

another coordination mode to stabilize, and has no O-symmetry as all other cryptates (Fig. 7). The 

cryptands including K+ and Sr2+ ions may be borderline cases, while all others are clearly too large.  
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Figure 7. Calculated (B3LYP/LANL2DZp) structure of [Na(Bühl’s cryptand]+ and [Ca(Bühl’s cryptand]2+ 
[Error! Bookmark not defined.] 

 

In the case of Bühl’s cryptand, the high O-symmetry of nearly all cryptates, leads to a very simple 

structural analysis, as only one M-N-interaction has to be considered and compared with [M(NH3)6]m+. 

 

 
 

Fig. 8. Comparison of the calculated (B3LYP/LANL2DZp) bond length M-NH3 in [M(NH3)6]m+ and M-

NDodeka(ethylene)octamine in [M  Bühl’s Cryptand]m+ [Error! Bookmark not defined.] 

 

Again Na+ and Ca2+ are clearly favored as for the energetic criteria (Fig. 8). For comparison in the case 

of [TriPip222], K+ would have been favored and Ca2+ would be equally favored with Sr2+.[Error! 

Bookmark not defined.] 

 

2.5 [2.2.2]-isomere. 

 

The most prominent cryptand surely is Lehn’s [2.2.2] cryptand. Thinking in terms of isomers, one 

comes immediately to structures best addressed as [3.2.1] and [4.1.1] (Fig. 9). While [3.2.1] is 

experimentally known, [4.1.1] was not synthesized up to now.   
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Fig. 9. Schematic visualizations of [3.2.1] and [4.1.1] [Error! Bookmark not defined.] 

 

According to Eqn. 1, the smaller cavities of the [2.2.2] and [3.2.1] cryptands are best suited for K+ and 

Ba+ cations. All others alkaline and alkaline earth cations are too small or too large. (Fig. 10) The larger 

cryptand [4.1.1] is perfectly suited to accommodate larger metal cations like Cs+ (-2.69 kcal/mol), the 

larger alkaline earth cations Ca2+, Sr2+ and Ba2+ show similar complexation energies of -10 to 1 kcal/mol. 

Different size O-Et-O-bridge arms of the investigated cryptands provide a great flexibility and 

adaptability of the host system to accommodate encapsulated metal cations, which is also documented 

in the structural data. 

 
 

Fig. 10. Complexation energies (RB3LYP/LANL2DZp) according to Eqn. (1), for cryptands [2.2.2], [3.2.1] and 

[4.1.1], plotted against the ionic radius of Mm+.[Error! Bookmark not defined.]   
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Fig. 11. Calculated (RB3LYP/LANL2DZp) M-O[3.2.1] and M-N [3.2.1] distances in [M  [3.2.1]]m+ plotted against 

the calculated (RB3LYP/LANL2DZp) M-OH2O and M-NNH3 distances. [Error! Bookmark not defined.]   

 

 

 
 
Fig. 12. Calculated (RB3LYP/LANL2DZp) M-O[4.1.1] and M-N [4.1.1] distances in [M  [4.1.1]]m+ plotted against 

the calculated (RB3LYP/LANL2DZp) M-OH2O and M-NNH3 distances. [Error! Bookmark not defined.]   

 

 
In the cryptand [3.2.1] the alkali cations K+, Rb+ and Cs+, and the alkaline earth metals Ca2+, Sr2+ and 
Ba2+ show the best fit to the references adopted from [M(H2O)6]n+ and [M(NH3)6]n+. The cations Li+, 
Na+, Be2+ and Mg2+ are too small, as expected due to the complexation energy. In the case of [4.1.1] the 
cations Cs+, Ca2+, Sr2+ and Ba2+ are very close to the references and all smaller ions do not fit anymore. 
We can see for these isomers a development from cryptands [2.2.2] to a system best addressed as a 
crown ether ([4.1.1]).  
 

3. Conclusions 

 

Computational and supramolecular chemistry offer a new and an alternative possibility to include 

pupils and undergraduate students into research projects, to motivate them for science and mathematics 

and show them how research works, without the possibility to harm themselves and in addition 

demystifying science and research. During the course, pupils apply the normal techniques used by 

scientists, like data analyses, designing graphical representations, etc., to train aspects learned in 

different classes and now applied in praxis. The presented examples, mainly published, show 

impressively that pupils and undergraduate students can be included in this research successfully and 

the time spent for tutoring is granted by sometimes unexpected results and good science. 
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Abstract: 
Although chlorogenic acid (5-O-caffeoylquinic acid, 5CQA) is a dietary phenol known for its 

pharmacological and nutritional properties, its structural features and mechanisms of oxidative action 

have not been completely elucidated. Clarification of the 5CQA structure was conducted by comparing 

the experimental and simulated IR, Raman, 1H-NMR, 13C-NMR, and UV spectra. For this purpose, a 

comprehensive conformational analysis of 5CQA was performed to reveal its most stable 

conformations in the gas-state and solution. Excellent agreement between all experimental and 

simulated spectra indicates correct arrangement of the atoms in the 5CQA molecule. In addition, the 

most stable conformation in solution coincides with that predicted with sophisticated NMR 

experiments. 

The quantum mechanics–based test for overall free-radical scavenging activity was applied for the 

investigation of antioxidative capacity of 5CQA relative to trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid, Tx) as a reference compound. Hydrogen atom transfer (HAT), 

radical adduct formation (RAF), sequential proton loss electron transfer (SPLET), and single electron 

transfer – proton transfer (SET-PT) reactions of 5CQA and Tx with HO and CH3OO radicals were 

examined in benzene, pentyl ethanoate, and basic aqueous solutions. In non-polar solvents 5CQA reacts 

with HO via HAT and RAF mechanisms, whereas HAT is the only reaction pathway with CH3OO. At 

physiological conditions 5CQA exists in the form of monoanion and dianion. Both anionic forms 

undergo only HAT mechanism with CH3OO. With HO, the anions conform to the HAT, RAF, SPLET, 

and SET-PT mechanisms. Because all reactions of dianion are diffusion controlled, its contribution to 

scavenging HO is comparable to that of more abundant monoanion. The calculated rate constant for 

overall reaction of 5CQA with HO is in perfect agreement with the corresponding experimental value. 

The order of reactivity toward selected free radicals is the same in nonpolar and polar solutions: in 

comparison to Tx, 5CQA is more reactive toward HO, but less reactive toward CH3OO. 

Very good agreement between the experimental and calculated results confirms the ability of 

contemporary density functionals to quantify subtle physico-chemical interactions. 
 

Keywords: conformational analysis, vibrational spectra, NMR spectra, UV spectrum, QM-ORSA, non-

polar solvents, basic aqueous solution, four antioxidative mechanisms, DFT calculations 
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1. Introduction 

 

It has been widely accepted that dietary antioxidants play a protective role against development and 

progression of pathological conditions related to oxidative stress. Epidemiological studies showed that 

consumption of fruits and vegetables is helpful in preventing some chronic diseases [1]. These foods 

are rich in natural polyphenols, whose antioxidative properties proved to exhibit protective role [2]. An 

important class of phenolic compounds are phenolic acids, known for their numerous biological roles 

[3]. One of the phenolic acids that is widespread in human diet is chlorogenic acid (Fig. 1). Chlorogenic 

acid (5-O-caffeoylquinic acid, 5CQA) is an ester of the caffeic and quinic acids. It exists in the form of 

white powder. Considering that the X-ray powder diffraction analysis for 5CQA has not been carried 

out yet, the exact structure of solid 5CQA is not known. 5CQA can be isolated from natural plants such 

as coffee, pears, plums, potatoes, tomatoes, carrots, and oilseeds. Like other dietary phenols, 

chlorogenic acid shows pharmacological and nutritional properties, such as antitumor, antidiabetic, and 

antihypertensive activities [4, 5]. It has been recognized that 5CQA can limit low-density lipoprotein 

oxidation, so it exhibits various antiatherosclerotic activities [6]. Furthermore, 5CQA possesses anti-

inflammatory, hypolipidemic, and antioxidative properties [7, 8]. Due to its high availability in the 

foods, the antioxidative potential of 5CQA is very accessible. However, the antioxidative activity of 

5CQA has not been theoretically examined. The aim of this paper is to fill these literature gaps. The 

results presented here are part of the doctoral dissertation of Dr. Jelena Tošović [9]. 

 

 
Fig. 1. Structural formula of 5-O-caffeoylquinic acid (5CQA). The atom labelling scheme is remained 

throughout the manuscript 

 

2. Results and discussion 

 

This manuscript reviews our investigations of structural and spectral features of 5CQA, as well as 

its antioxidative activity [10-15]. Particular attention is dedicated to thermodynamic and kinetic 

investigation of antioxidative mechanisms of 5CQA. For this purpose, several density functional 

methods were applied: B3LYP, B3LYP-D2, B3LYP-D3, M05-2X, M06-2X, and MN12-SX. Despite 

numerical differences, the results from all the functionals (except for B3LYP) led to mutually consistent 

conclusions. The M06-2X method showed robustness and best overall performance among the used 

density functionals. 

 

2.1 Conformational analysis of chlorogenic acid 

 

The first part of the investigation was devoted to determination of the most stable conformation of 

5CQA in gaseous phase and in solution by comparison of experimental IR, Raman, 1H NMR, 13C NMR, 

and UV spectra with the spectra simulated using density functional theory [11, 13].  

Detailed conformational analysis revealed that 5CQA exists as a mixture of several conformations. 

In both gas and solvated states, highly negatively charged O1 and O3 atoms build strong O8–H8···O1 

and O1–H1···O3 hydrogen bonds, which is manifested through their lengths (< 1.9 Å, Fig. 2). These 

strong hydrogen bonds influence the orientation of the hydroxyl groups of the quinic moiety, so that 

these four hydrogen bonds form the O–H···O chains in both conformations of 5CQA. In the gas-phase, 

the O–H···O chain ends in another strong hydrogen bond: O4–H4···O9’. In solution, the O–H···O chain 

ends in a weak O4–H4···O10’ hydrogen bond. The fact that 5CQA is much more stable and more 

abundant in nature in comparison to its structural isomers: cryptochlorogenic and neochlorogenic acids, 

can be attributed to the strong stabilizing effect of these directed hydrogen bonds [12]. As for the most 
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stable conformation of solvated 5CQA, our prediction is in perfect agreement with the finding of Forino 

et al., where the preferential conformer of solvated 5CQA was derived from the 1H NMR, 13C NMR, 

DQF-COSY, z-filtered TOCSY, ROESY, phase-sensitive HMBC, and HSQC experiments [16].  

 

 
Figure 2. Optimized geometries of the most stable conformers of chlorogenic acid in the gas-phase (left) and 

DMSO solution (right). The hydrogen bonds lengths are given in Å 

 

2.2 Spectral properties of chlorogenic acid 

 

The vibrational spectra of 5CQA are very complex with in total 123 spectral modes. The complexity 

of the vibrational spectra of 5CQA is a probable reason that the IR spectrum of this compound has not 

been a subject of earlier investigation. All vibrational modes of the IR spectrum of chlorogenic acid 

were examined for the first time [11, 13]. The most important vibrational modes of the compound, 

appearing in the region of 4000 to 400 cm-1, are collected in Table 1. Very massive and intense 

overlapping bands in the IR spectrum, which appear in the region of 4000–2000 cm-1, were assigned to 

the different modes of the O–H vibrations. The high frequency region is also characterized by the C–H 

stretching modes of acyclic chain and quinic moiety. The bands of the medium and strong intensities at 

1732 (IR) and 1690 cm-1 (IR) were assigned to the C–O stretching modes of the acyclic chain and quinic 

moiety. In addition, the bands of the medium and strong intensities at 1639 (IR), 1632 (R), 1604 (R), 

1602 (IR) and 1443 cm-1 (IR, R) were mostly assigned to the C–O stretching modes of the acyclic chain 

and benzene moiety. 

 
Table 1. Characteristic experimental and calculated wavenumbers () in the vibrational spectra of chlorogenic 

acid 

Mode assignment 
IR Raman 

Calc. / cm-1 
Exp. / cm-1 

OH stretching (b*) 3624 s#  3582 

OH stretching (q) 3473 s  3500 

OH stretching (q) 3348 s  3473 

CH stretching (a)  2984 w 2963 

CH stretching (q) 2953 w 2951 w 2929 

CO stretching (q) 1732 m  1742 

CO stretching (a) 1690 vs 1690 w 1638 

CC stretching (b, a) 1639 vs 1632 s 1571 

CC stretching (b, a) 1602 s 1604 vs 1541 

CC stretching (b, a) 1443 s 1443 m 1389 
* b, a, and q denote benzene moiety, acyclic chain, and quinic moiety, respectively 
# vs, s, m, and w stand for very strong, strong, medium, and weak vibrations 

The chemical shifts for the carbon and hydrogen atoms relative to TMS were calculated [11, 13] 

and presented in Table 2. A comparison between the experimental and calculated chemical shifts shows 

that the correlation coefficients for 13C-NMR and 1H-NMR are equal to 0.997 and 0.996, and the mean 

absolute errors are equal to 2.26 and 0.17 ppm, respectively. Deviation of the calculated chemical shifts 

from the experimental values is notable for some carbon atoms: C2’, C6’ and C8’. This occurrence is a 

consequence of facile rotation of the benzene moiety around the single C1’– C7’ bond. Very good 

agreement between the experimental and calculated chemical shifts in the 1H-NMR spectrum indicates 

decreased flexibility of the quinic moiety, which is a consequence of the directed hydrogen bonds. 

 
Table 2. Experimental and calculated NMR properties of chlorogenic acid in DMSO. Chemical shifts for the 

13C- and 1H-NMR spectra are given in ppm 
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C Calc. Exp. H Calc. Exp. 

7 172.62 175.07 7’ 7.535 7.420 

9’ 164.55 165.89 2’ 6.893 7.035 

4’ 148.87 148.50 6’ 6.967 6.985 

3’ 142.60 145.73 5’ 6.634 6.760 

7’ 149.92 145.10 8’ 6.152 6.150 

1’ 124.67 125.78 5[ax] 4.686 5.060 

6’ 131.22 121.51 3[eq] 4.223 3.919 

5’ 115.67 115.92 4[ax] 3.729 3.566 

8’ 112.03 114.96 2[ax] 2.027 2.060 

2’ 110.11 114.49 6[ax] 1.943 1.983 

1 74.05 73.67 6[eq] 2.293 1.895 

4 71.90 71.04 2[eq] 2.124 1.775 

5 69.30 70.59    

3 70.35 68.27    

6 37.52 37.39    

2 37.46 36.48    

 

 
Fig. 3. Experimental (blue line) and simulated (red line) UV spectrum of chlorogenic acid in methanol 
The experimental UV spectrum of 5CQA in methanol consists of four bands at 329, 298, 244, and 

218 nm. The UV spectrum of 5CQA was simulated using the TDDFT approach [11, 13]. The simulated 

spectrum shows absorption bands at 335 (HOMO→LUMO), 295 (HOMO-1→LUMO), 247 

(HOMO→LUMO+1), and 223 nm (HOMO-4→LUMO). Both spectra are depicted in Fig. 3. The most 

intensive absorption band corresponds to a * electronic transition. There is a large sharing region 

between the HOMO and LUMO of 5CQA, as both orbitals are delocalized over the caffeic moiety, and 

HOMO-LUMO gap of 0.13564 au is small. These facts explain the pronounced intensity of this band. 

Finally, very good agreement between all simulated and experimental spectra indicates correct 

arrangement of atoms in 5CQA obtained by conformational analysis. 

 

2.3 Antioxidative mechanisms of chlorogenic acid 

 

Following the computational methodology known as Quantum Mechanics-based test for Overall 

free Radical Scavenging Activity (QM-ORSA) [17], the antioxidative activity of 5CQA relative to 

trolox (Tx) as reference compound was examined. The applied methodology implies thermodynamic 

and kinetic investigation of all possible mechanisms: hydrogen atom transfer (HAT), radical adduct 
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formation (RAF), sequential proton loss electron transfer (SPLET), and single electron transfer – proton 

transfer (SET-PT). This approach also considers various effects that can influence on antioxidative 

activity of a compound. 

Firstly, investigation in nonpolar solvents was performed [14]. The results showed that both 5CQA 

and Tx react with HO via HAT and RAF mechanisms, whereas in the case of CH3OO HAT is the only 

favourable reaction pathway. 5CQA is more reactive toward HO, but it is less reactive toward CH3OO 

than Tx. 

The following step was investigation of antioxidative activity of 5CQA relative to Tx in aqueous 

solution at physiological conditions [15]. At pH = 7.4 5CQA exists in monoanionic (87 %) and 

dianionic (13 %) forms, whereas Tx dominant form is monoanionic (> 99 %). The reactions of 5CQA 

monoanion and dianion (Fig. 4), as well as of Tx monoanion, with HO and CH3OO were examined.  

 
Fig. 4. Possible antioxidative reaction pathways of 5CQA in basic aqueous solution; R = HO or CH3OO; Hin 

denotes quinone anion issued from 5CQA 

 

Both anionic forms of chlorogenic acid undergo only HAT reaction with CH3OO radical. With the 

HO radical 5CQA undergoes the HAT and RAF mechanisms. In addition, basic environment provides 

conditions for proton loss (4), which leads to the formation of 5CQA2. 5CQA2 spontaneously donates 

an electron to HO (5). The hydroxide anion takes a proton from so formed 5CQA (6). The sequence 

of these three reactions correspond to the SPLET and SET-PT mechanisms. The finding that 

chlorogenic acid and HO radical conform to the SET-PT mechanism at physiological conditions is very 

intriguing, because it is well known that SET-PT occurs very rarely. The finding that 5CQA2 does not 

exist in the presence of HO as it spontaneously transfers to 5CQA indicates that HAT and RAF 

mechanisms should be investigated as the reactions of 5CQA with HO. 

In the HAT and RAF reactions (7) and (8), where both reactants are doublets, the change in spin 

multiplicity along reaction coordinate occurs. Namely, the reactants 5CQA and HO form a triplet, 

whereas the respective products – Hin + H2O, as well as [5CQA-OH], are in the singlet states. For 

these specific reactions that occur on two potential energy surfaces, the phenomenon named two-state 

reactivity was examined. Dependence of total energy on corresponding scan coordinates was examined 

in the following way. As for HAT pathway, the HO–H3’ distance was selected as the scan coordinate. 

The moving of HO toward the active center was examined in the singlet and triplet states. Fig. 5 

demonstrates that the singlet state energy continuously decreases from reactants to products, whereas 

in the triplet spin states transformation of reactants to products occurs over energy barriers. Reactants 

are more stable in the triplet state, but products are far more stable in the singlet state. Thus, when 

5CQA and HO are far enough from each other they exist as the doublets. As they approach each 

other the energy slightly increases up to the spin crossing point. Here, almost degenerate singlet and 

triplet structures are of very similar geometries, which allows spin inversion to occur. Now, instead of 

passing over energy demanding triplet transition state, the reaction participants spontaneously transform 

into much more stable singlet products. Taking all these findings into account the HAT and RAF 

reactions of dianion with HO need to be characterized as diffusion controlled. 
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Fig. 5. Energy profiles for HAT pathways of 5CQA and HO in the singlet (blue line) and triplet (red line) 

states. Black line indicates suggested reaction path. SCP stands for the spin crossing point  

 

All antioxidative reactions of dianion are diffusion controlled. For this reason, its contribution to 

scavenging HO is of approximately equal importance as that of much more abundant monoanion. 

The calculated rate constant for the reaction of 5CQA with HO (4.83109 M-1s-1) is in perfect 

accord with the experimental value of 3.340.19×109 M-1s-1 [18]. Although the mechanisms of 

antioxidative action of 5CQA are quite different in polar and nonpolar solutions the order of reactivity 

toward selected free radicals is the same: in comparison to Tx, 5CQA is more reactive toward HO, but 

less reactive toward CH3OO radical. 

 

3. Conclusions 

 

The most stable conformation of 5CQA in the gas-phase and solution was determined by detailed 

conformational analysis and comparison of the experimental IR, Raman, 1H NMR, 13C NMR, and UV 

spectra with the spectra simulated using several density functionals. The quinic moiety of 5CQA is 

characterized with directed hydrogen bonds, with carboxyl hydrogen oriented toward proximate 

hydroxyl group, but not toward carboxyl oxygen. The most stable conformer in gaseous phase is 

characterized with O4–H4···O9’, whereas the most stable conformation in solution is characterized 

with O4–H4···O10’. All vibrational modes of the IR spectrum of 5CQA were examined for the first 

time. Very good agreement between all simulated and experimental spectra indicates proper 

arrangement of atoms in a 5CQA molecule, predicted by conformational analysis. 

The relative antioxidative activity of 5CQA in nonpolar and polar solvents was examined by 

applying the QM-ORSA methodology. Tx was used as a reference compound, and the HO and CH3OO 

radicals were selected to simulate antioxidative action. In nonpolar solvents both 5CQA and Tx 

conform to the HAT and RAF mechanisms with HO, and to the HAT mechanism with CH3OO.  

In a basic aqueous solution antioxidative mechanisms are far more complex. At pH = 7.4 5CQA 

exists in the form of monoanions (87 %) and dianions (13 %), whereas Tx exists in the form of 

monoanions (> 99 %). The reactions of 5CQA monoanion and dianion, as well as of Tx monoanion, 

with the selected radicals were examined. Both anionic forms of 5CQA undergo only the HAT 

mechanism with the CH3OO radical. Operative mechanistic pathways with the HO radical are HAT, 

RAF, SPLET and SET-PT. The finding that 5CQA and HO conform to the SET-PT mechanism at 

physiological conditions is very intriguing, because it is well known that this antioxidative mechanism 

occurs very rarely. 5CQA and HO can yield quinone anion and water, as well as [5CQA-OH], via 

the HAT and RAF pathways. Transformation of triplet reactants into singlet products occurs on two 
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potential energy surfaces. Namely, separate reactants exist as the doublets. As they approach each other 

they pass through the spin crossing point where spin inversion occurs, and reaction participants 

spontaneously transform into much more stable singlet products. Considering that all the reactions with 

dianion are diffusion-controlled, its contribution to scavenging HO is almost equal to that of more 

abundant monoanion. The calculated rate constant value for the reaction of 5CQA with HO is in perfect 

agreement with the corresponding experimentally obtained value. 

The order of reactivity toward selected free radicals is the same in polar and nonpolar solution. In 

comparison to Tx, 5CQA is more reactive toward HO, but less reactive toward CH3OO radical. 

In conclusion, we wish to discuss the usefulness and power of the density functionals applied. While 

B3LYP sometimes failed to reveal transition states, it predicted spectral properties perfectly. M05-2X 

required a lot of effort in locating transition states. MN12-SX proved to be the best in predicting the 

NMR spectrum, but failed to reproduce three absorption bands in the UV spectrum of 5CQA. We 

experienced great difficulty with undesired imaginary vibrations while using B3LYP-D2. The D3 

correction eliminated this problem. Our experience with B3LYP-D3 was very good. M06-2X showed 

best overall performance among the used density functionals. Either way, one is privileged to have at 

their disposal such sophisticated computational methods that can successfully quantify subtle physico-

chemical phenomena. 
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Abstract: 

Cytokines are small proteins that participate in many interactions between cells of the immune system 

as well as between many tissue cells including tumors. Currently, there is no universal classification of 

cytokines and they can be analyzed based on the cells that produce them or based on the type of activity. 

Cytokines have been studied for many years in medicine firstly in cancer patients in serum, but also in 

many other diseases including inflammation or other autoimmune diseases or other pathological 

conditions. Cytokines are still being discovered, and for many of them the structure, biological action 

and genes responsible for their regulation have already been determined. Bearing in mind that the 

development of technology has been developing enormously in the last period and those new methods 

of cytokine determination in various fluids and micro-concentrations are available to us. Here, the aim 

is to focus on the specific possibilities of determination and analysis of cytokine values in different 

tissues including cell culture supernatants, in individual cells as well as their genetic regulation. 

However, to understand their complex action in biological systems, including the pleiotropic effect of 

cytokines showing some time the overlap in the actions various models of analysis and interpretation 

of the obtained data are recommended today. This is especially complex and problematic in recent times 

of understanding the cytokine gene regulation and especially the possibility of their prediction. To 

resolve these problems, numerous databases have been created on the previously available experimental 

data, although their connection is not yet very clear. In addition, using integration of data, it is expected 

predict some models and systems in a specific situation, although it is still very difficult. So, aims are 

predict values in definitive situation and compare with some standards. Therefore, new methods of 

interpretation and new programs for analysis have been created. We expect that based on the new 

possibilities of analysis, better results will be achieved and that the role of these mediators for individual 

or personalized diagnosis or therapy in biomedicine will be determined. 

Key words: Biomedical Research, Cytokine, Methods, Biomedicine 

1. Cytokine definition and classification  

Cytokines are small glycoproteins discovered more than 50 years ago and they are produced by diverse 

cells of the immune system [1, 2, 3]. Cytokines act on other cells, and thus provide communication 

between various cell subpopulations regulated many of cell functions, including cell stimulation, cell 

activation, cell growth and cell differentiation [4, 5]. Cytokine research is still an interesting field in 

science as well as the discovery of new cytokines contributing to the modification and classification of 

certain groups of cytokines [6].  
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Figure 1. Cytokine mechanism of action. 

Cytokines exert their effect primarily on the corresponding cytokine receptors [7, 8]. If the receptor is 

located on its own cell, then it is called autocrine action; if the receptors are located on the surrounding 

cells, then it is a paracrine effect, and if it acts on distant receptors and is transmitted through the blood, 

then it is an endocrine effect [8, 9]. However, cytokines are completely different from hormones in their 

structure. After stimulation on the cell, cytokines are produced, then cytokines are secreted from the 

cell and bound to the corresponding receptors, and the function is performed, which achieves cellular 

communication (Figure 1). 

Cytokines can be divided into several groups and several options. There are classifications of cytokines 

according to the function they perform towards other cells of the immune system. The first cytokines 

originally described were associated with viral infections and classification was performed on type I of 

Interferon and type II of Interferon [1,2]. In addition, some cytokine are described as stimulatory 

cytokines, a typical example is interleukin-2 (IL-2), or as inhibitory cytokines that include; Interleukin-

4 (IL-4), Interleukin -10 (IL-10), Interleukin -23 (IL-23), Interleukin-35 (IL-35) and Transforming 

Growth Factor-β (TGF-β) [10, 11, 12, 13].IL-2 stimulates the proliferation and expansion of T cells as 

well as B cells and NK cells [14]. IL-12 is interesting cytokine because it can activate NK cells that 

further produce other cytokines including IFN-y, granzymes  and perforin to perform cytotoxic activity 

against tumor cells or virus infected cells [14, 15, 16, 17]. Cytokines that initiate inflammation as well 

as those associated with chronic inflammation include IL-1, IL-6 and TNF-α, and are associated with 

the migration and activation of the macrophages and dendritic cells [18, 19]. Between them, TNF-α 

have a significant role in different inflammatory processes and induce necrosis and apoptosis in 

appropriated cells [20, 21, 22 23].  

Cytokines usually act specifically on individual receptors [8, 24]. However, bearing in mind that the 

cytokine receptor family is really complex, individual cytokines can act on several receptors and 

individual receptors and their can transmit signals between similar cytokines, so that we obtain 

pleiotropic effects of individual cytokines [24]. That is why a new term cytokine network is being 

introduced today, in order to understand the complex action of cytokines [25]. Recently, a group of 

immunoregulatory cytokines has been singled out, which have the ability to modulate the immune 

response depending on the need or the state of the immune system [26, 27]. At the same time, it was 

observed that individual cell populations do not produce only one cytokine but a group of cytokines, 

and then cytokine divisions were performed according to cytokine-producing cell types and according 

to cytokine groups as Th1 and as Th2 immune response [28]. 

In oncology, a special group of cytokines that play a major role in the tumor-host relationship is also 

studied [29, 30, 31, 32, 33, 34]. Some of these cytokines help the processes of tumor proliferation or 

help the development of blood vessels and help the vascularization of the tumor progression or belong 

to the negative regulators of tumor growth [30]. These cytokine involved following mediators: 

Vascular Endothelial Growth Factor (VEGF), Transforming Growth Factor (TGFR), Epidermal 
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Growth Factor (EGF), several chemokines and others. Likewise, tumor cells produce cytokines 

that act on the surrounding tissue but also on the cells of the immune system, thus making a complex 

interaction of the microenvironment of the tumor tissue [29]. 

2. Possibility to cytokine measurements 

Interest in cytokine research did not only include their description, structure analysis, and function or 

characterization. There was a need to use cytokine values in clinical work, first in diagnosis and later 

in tumor therapy [31, 32, 34]. The first possibilities were used to determine cytokines in the serum of 

patients and to show whether they have any clinical and prognostic significance [32, 34]. This has also 

been shown for a large number of cytokines that have entered everyday clinical practice after a lengthy 

trial process. For individual tumors, in addition to the established clinical biochemical parameters, 

cytokines are also used to confirm the clinical stage and degree of tumor progression [32]. Each value 

varies depending on the location of the tumor, the size, type of tumor, contact with blood vessels, the 

presence of tissue necrosis or other parameters [30, 31, 35]. Clinical interpretation of data usually 

always compares values between healthy controls with the values obtained for individual diseases, and 

clinical interpretation depends on many factors. It is also possible to compare serum cytokine values 

between different subjects by classical statistical methods.At first, individual cytokines were 

determined with the help of the enzyme-linked immune sorbent assay (ELISA), but lately, the 

possibility has been developed to determine a larger number of cytokines with new techniques 

simultaneously and especially from a small sample [36]. There are various companies that use a 

multiplex system for cytokine analysis, but the systems also require special devices for reading values, 

which is different from the ELISA system, which required only a simple spectrophotometer to read at 

a certain wavelength [31, 32]. With the development of new techniques of molecular biology and 

immunology, in addition to determination in serum, cytokines can also be determined in cells, but under 

special conditions [37, 38]. First, a system for cell isolation and cell culture was developed, and then 

cytokines inside the cell itself were examined in-vitro [39]. In order to obtain cytokine production, it is 

first necessary to stimulate cells with mitogens in order to stimulate their production, and then to 

determine cytokine values in the cell culture medium [40]. 

 

Figure 2. Indicated possibility of the cytokine detection in different tissues. 
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Another possibility is that cytokines are determined in the cell itself. This requires a special technique 

and is now possible with the help of flow cytometry and intracellular staining of cytokines with the help 

of fluorescent monoclonal antibodies for intracellular staining [7, 18].The cells of interest are first 

labeled with antibodies on the surface, then the cells are permeabilized so that the stained compounds 

can penetrate inside the cell, and then the presence of cytokines within the cell is determined with the 

help of stained and fluorescent antibodies specific for individual cytokines [7]. However, this is limited 

and is indicated only as the percentage of cells capable of producing cytokines, but it is possible to show 

by mutual comparison whether increased production occurs in various samples. It is possible to compare 

the values before and after in-vitro stimulation in order to understand the function of cells, so that the 

method is generally accepted. 

3. Mathematic model for the cytokine analyses  

During the development of modern techniques and assays for the analysis of cytokines, cytokine genes 

or obtaining a large amount of data, there is a need for a better understanding of the obtained data and 

the performed correct interpretation of these data [41]. All this together for testing multiple cytokines 

at once as well as analyzing a lot of data at once require special processing, integration and storage [42]. 

This is especially important in clinical interpretation of data. Therefore, it is necessary to develop 

bioinformatics separately for the use of data and especially for forecasting.  

Data on the genetic regulation of cytokines that have been widely researched in recent times can usually 

be compared with a genomic database, such as existing databases [41]. However, the analysis of a large 

number of data requires new statistical programs in addition to classical statistical methods. For 

statistical analysis of micronet data, many packages are described such as Oligo (Bioconductor package 

for data processing), Biobase (which contained a standardized data structure), array QualityMetrics (for 

quality data) and various R software tools for drawing data [43]. Today, many results are processed and 

compared with the help of programs such as principle component analyzes (PCA) as well as data 

interpretation programs. One of the attractive forms for the presentation of a larger number of individual 

data and especially for the combination of several parameters as well as for a clearer presentation in 

recent times is the presentation of data with the help of heat maps. Since many processes in cells are 

not regulated by a single cytokine or a single cytokine gene, there is interest in grouping data and 

analyzing their association. Therefore, new methods of mathematical analysis are being developed that 

supplement the missing data with correlations or approximations through different algorithms, but many 

methods have also shown shortcomings.  

4. Conclusion  

Cytokines are very important cellular mediators in immune-oncology. From their discovery to clinical 

application, many issues remain unresolved. Continuous research with further understanding of new 

possibilities for clinical application, especially in individual therapy for patients, is expected to progress 

in tumor immunotherapy, which is very complicated and complex. 

References: 

[1] A. Isaacs, J. J. Lindenmnn, Virus interference. I. The interferon, Proc R Soc Lond B Biol Sci, 

147 (1957) 258-267. 

[2] E.F.Wheelock., Interferon-Like Virus-Inhibitor Induced in Human Leukocytes by 

Phytohemagglutinin, Science 149 (1965) 310–311. 

[3] D.C. Dumonde, R.A. Wolstencroft, G.S. Panayi, M. Matthew, J. Morley, W.T. Howson., 

Lymphokines: non-antibody mediators of cellular immunity generated by lymphocyte 

activation, Nature 224 (1969) 38–42. 

[4] L. Azzoni, O. Zatsepina, B. Abebe, I.M. Bennett, P. Kanakaraj, B. Perussia., Differential 

transcriptional regulation of CD161 and a novel gene, 197/15a, by IL-2, IL-15, and IL-12 in 

NK and T cells. J Immunol 161 (1998) 3493-3500. 



V. Jurišić, Possibilities of cytokine determination and their analysis in various tissues 

 

93 

 

[5] E.I. Buchbinder, D.F. McDermott., Interferon, interleukin-2, and other cytokines, Hematol 

Oncol Clin North Am, 28 (2014) 571-583. 

[6] V. Jurisic., Multiomic analysis of cytokines in immuno-oncology, Expert Rev Proteomics, 17 

(2020) 663-674. 

[7] K. Tominaga,  T. Yoshimoto, K. Torigoe, M. Kurimoto, K. Matsui, T. Hada, H. Okamura, K. 

Nakanishi., IL-12 synergizes with IL-18 or IL-1beta for IFN-gamma production from human T 

cells., Int. Immunol., 12 (2000) 151-160. 

[8] M.A. Caligiuri, A. Zmuidzinas, T.J. Manley, H. Levine, K.A. Smith, J. Ritz., Functional 

consequences of interleukin 2 receptor expression on resting human lymphocytes. Identification 

of a novel natural killer cell subset with high affinitreceptors, J Exp Med, 171 (1990) 1509-

1526. 

[9] N.W. Zwirner, C.I.Domaica., Cytokine regulation of natural killer cell effector functions. 

Biofactors, 36 (2010) 274-288. 

[10] Z. Li, L. Chen, Z. Qin., Paradoxical roles of IL-4 in tumor immunity, Cell Mol 

Immunol, 6 (2009) 415-422. 

[11] A.M. Vuletić, G.M. Konjević, A.K. Larsen, N.L. Babović, V.B. Jurišić, A. Krivokuća, 

K.M. Mirjačić Martinović., Interleukin-4-induced natural killer cell antitumor activity in 

metastatic melanoma patients. Eur Cytokine Netw, (2020) doi: 10.1684/ecn.2020.0449. 

[12] M. Teng, D. Andrews, N. McLaughlin, , B Scheidt , S. Ngiow, A. Möller, G. Hill, Y. 

Iwakura, M. Oft, M. Smyth., IL-23 suppresses innate immune response independently of IL-

17A during carcinogenesis and metastasis, Proc Natl Acad Sci, USA, 107 (2010) 8328-8333. 

[13] B. Olson, J. Sullivan, W. Burlingham., Interleukin 35: a key mediator of suppression 

and the propagation of infectious tolerance, Front. Immunol., 4 (2013) 315. 

[14] W. Liao, J. Lin, W. Leonard., Interleukin-2 at the crossroads of effector responses, 

tolerance, and immunotherapy, Immunity, 38 (2013) 13-25. 

[15] K. Mirjačić Martinović, N.L. Babović, R.R. Džodić, V. Jurišić, A. Ninković, G. 

Konjević., Beneficial in-vitro effects of interleukin-2, interleukin-12, and their combination on 

functional and receptor characteristics of natural killer cells in metastatic melanoma patients 

with normal serum lactate dehydrogenase levels, Melanoma Res, 26 (2016) 551-564. 

[16] A. Vuletić, I. Jovanić, V. Jurišić, Z. Milovanović, S. Nikolić, I. Spurnić, G. Konjević., 

IL-2 And IL-15 Induced NKG2D, CD158a and CD158b Expression on T, NKT- like and NK 

Cell Lymphocyte Subsets from Regional Lymph Nodes of Melanoma Patients, Pathol Oncol 

Res, 26 (2020) 223-231. 

[17] A. Vuletić, A. Jovanić, V. Jurišić, Z. Milovanović, S. Nikolić, N. Tanić, G. Konjević., 

In-vitro activation of natural killer cells from regional lymph nodes of melanoma patients with 

interleukin-2 and interleukin-15, Melanoma Res., 25 (2015), 22-34. 

[18] E. Hagiwara, F. Abbasi, G. Mor, et al., Phenotype and frequency of cells secreting IL-

2, IL-4, IL-6, IL-10, IFN and TNF-α in human peripheral blood, Cytokine, 7 (1995) 815–822. 

[19] V. Jurisic, T. Terzic, S. Colic, M. Jurisic., The concentration of TNF-alpha correlate 

with number of inflammatory cells and degree of vascularization in radicular cysts, Oral Dis, 

14 (2008) 600-605. 

[20] V. Jurisic, G. Bogdanovic, V. Kojic et al., Effect of TNF-alpha on Raji cells at different 

cellular levels estimated by various methods, Ann Hematol, 85 (2006) 86-94.  

[21] V. Jurisic, V. Bumbasirevic, G. Konjevic et al., TNF-alpha induces changes in LDH 

isotype profile following triggering of apoptosis in PBL of non-Hodgkin's lymphomas, Ann 

Hematol, 83 (2004) 84-91.  

[22]  V. Jurisić, G. Bogdanovic, T. Srdic et al., Modulation of TNF-alpha activity in tumor 

PC cells using anti-CD45 and anti-CD95 monoclonal antibodies, Cancer Lett, 214 (2004) 55-

61. 

[23] V. Jurisic, T. Srdic-Rajic, G. Konjevic, et al., TNF-α induced apoptosis is accompanied 

with rapid CD30 and slower CD45 shedding from K-562 cells, J Membr Biol. 239 (2011) 115-

122. 

[24] H. Li, B.S. Hostager, T. Arkee, G.A. Bishop., Multiple mechanisms for TRAF3-

mediated regulation of the T cell costimulatory receptor GITR, J Biol Chem, 297 (2021) 

101097. 



V. Jurišić, Possibilities of cytokine determination and their analysis in various tissues 

 

94 

 

[25] J. Chen, Y. Wang, W. Zhang, D. Zhao, L. Zhang, J. Zhang, J. Fan, Q. Zhan, NOX5 

mediates the crosstalk between tumor cells and cancer-associated fibroblasts via 

regulating cytokine network, Clin Transl Med, 11(2021) e472. 

[26] A. French, E. Holroyd, L. Yang, S. Kim, W. Yokoyama., IL-18 acts synergistically 

with IL-15 in stimulating natural killer cell proliferation, Cytokine, 35 (2006), 229-234. 

[27] T. Džopalić, M. Kostić, M. Kostić, G. Marjanović, J. Guzina, V. Jurišić, B. Božić 

Nedeljković., Effects of galectin-1 on immunomodulatory properties of human monocyte-

derived dendritic cells, Growth Factors, (2021) 1-12. 

[28] Y. Xue, K. Qian, Y. Sun, L. Xiao, X. Shi, Application of TGF-beta1, TIMP-1 and 

TIMP-2 small interfering RNAs can alleviate CCl(4)-induced hepatic fibrosis in rats by 

rebalancing Th1/Th2 cytokines, Exp Ther Med, 22(2021) 963. 

[29] G.M. Konjević, A.M. Vuletić, K.M. Mirjačić Martinović et al., The role of cytokines 

in the regulation of NK cells in the tumor environment, Cytokine, 117 (2019) 30-40.  

[30] A.K. Larsen, D. Ouaret, K. El Ouadrani et al., Targeting EGFR and VEGF(R) pathway 

cross-talk in tumor survival and angiogenesis, Pharmacol Ther, 131 (2011) 80-90. 

[31] V. Jurisic, T. Terzic, S. Pavlovic, N. Colovic, M. Colovic., Elevated TNF-alpha and 

LDH without parathormone disturbance is associated with diffuse osteolytic lesions in leukemic 

transformation of myelofibrosis, Pathol Res Pract, 204 (2008) 129-132. 

[32] V. Jurisić, M. Colović., Correlation of sera TNF-alpha with percentage of bone 

marrow plasma cells, LDH, beta2-microglobulin, and clinical stage in multiple myeloma, Med 

Oncol, 19 (2002) 133-139. 

[33] A. Lapeyre-Prost, M. Terme, S. Pernot, A.L. Pointet, T. Voron, E. Tartour, J. Taieb., 

Immunomodulatory Activity of VEGF in Cancer, Int Rev Cell Mol Biol, 330 (2017) 295-342. 

[34] T. Kondo et al., High expression of chemokine gene as a favorable prognostic factor 

in renal cell carcinoma, J Urol, 171 (2004) 2171–2175. 

[35] L.A. Hefl er, C. Grimm, S. Ackermann et al., An Interleukin-6 Gene Promoter 

Polymorphism Influences the Biological Phenotype of Ovarian Cancer. Cancer Res, 63 (2003) 

3066–3068. 

[36] A. Latosinska, K. Vougas, M. Makridakis., Comparative Analysis of Label-Free and 

8-Plex iTRAQ Approach for Quantitative Tissue Proteomic Analysis. PLoS ONE, (2015) 10, 

e0137048.  

[37] T.J . Chen, N. Kotecha., Cytobank: providing an analytics platform for community 

cytometry data analysis and collaboration. Curr Topics Microbiol Immunol, 377 (2014) 127–

57. 

[38] M.D. Linderman, Z. Bjornson, E.F. Simonds.,  CytoSPADE: high-performance 

analysis and visualization of high dimensional cytometry data. Bioinformatics, 28 (2012) 

2400–2401. 

[39] A. Gazagne, E. Claret, J. Wijdenes., A fluorospot assay to detect single T lymphocytes 

simultaneously producing multiple cytokines, J Immunol Methods,  283(2003)  91–98. 

[40] A. Schmittel, U. Keilholz, C. Scheibenbogen., Evaluation of the interferon-γ ELISpot-

assay for quantification of peptide specific T lymphocytes from peripheral blood., J Immunol 

Methods,  210 (1997) 167–174.  

[41] P. Kovarik, F. Ebner, V. Sedlyarov., Posttranscriptional regulation of cytokine 

expression, Cytokine,  89 (2017) 21–26.  

[42] Mc. Whorter, F.Y. Smith TD, T.U. Luu, et al., Macrophage secretion heterogeneity in 

engineered microenvironments revealed using a microwell platform, Integr Biol Quant Biosci 

Nano Macro,  8 (2016) 751–760.   

[43] L. Perez De Souza, S. Alseekh, Y. Brotman et al., Network-based strategies in 

metabolomics data analysis and interpretation: from molecular networking to biological 

interpretation, Expert Rev Proteomics, 17 (2020)  243-255. 

 
 



  

95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Applied science and technologies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

96 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 
doi:10.46793/ICCBI21.096I 

 

COMPUTATIONAL VS. IN VITRO APPROACH TO PREDICT AERODYNAMIC 

PERFORMANCE OF DRY POWDERS FOR INHALATION  
 

Jelisaveta Ignjatović1, Tijana Šušteršič2,3, Sandra Cvijić1, Aleksandar Bodić2, Jelena Đuriš1, 

Svetlana Ibrić1, Nenad Filipović2,3   

 
1 Department of Pharmaceutical Technology and Cosmetology,  

University of Belgrade-Faculty of Pharmacy, Vojvode Stepe 450, 11221 Belgrade, Serbia 

e-mail: jelisaveta.ignjatovic@pharmacy.bg.ac.rs, gsandra@pharmacy.bg.ac.rs, 

jelena.djuris@pharmacy.bg.ac.rs, ibric@pharmacy.bg.ac.rs 
2 Faculty of Engineering, 

University of Kragujevac, Sestre Janjić 6, 34000 Kragujevac, Serbia 

e-mail: tijanas@kg.ac.rs, aleksandarbodic.997@gmail.com, fica@kg.ac.rs  
3 Bioengineering Research and Development Center (BioIRC),  

Prvoslava Stojanovića 6, 34000 Kragujevac, Serbia 

e-mail: tijanas@kg.ac.rs, fica@kg.ac.rs 

 

Abstract: 

  

Computational fluid dynamics (CFD) coupled with discrete phase modeling (DPM) appeared as an 

alternative approach to the commonly used in vitro methods for the assessment of dry powders for 

inhalation (DPI) aerodynamic properties. The aim of this study was to compare the parameters that 

describe DPI aerodynamic performance, obtained computationally by CFD-DPM and in vitro by next 

generation impactor (NGI). The analyzed parameters included: emitted fraction (EF), fine particle 

fraction (FPF), mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD). 

The results showed that CFD-DPM simulated EF values were generally comparable to the NGI obtained 

values, but there were some differences between the results obtained by these two methods. On the 

other hand, CFD-DPM predicted MMAD values were almost twice bigger than the NGI determined 

values, while the predicted GSD values were lower than NGI obtained values. In addition, CFD-DPM 

predicted values indicated larger differences between MMAD for different formulations in comparison 

to the NGI results. The largest difference between CFD-DPM and NGI results was observed for FPF 

values. Namely, CFD-DPM predicted FPF values were markedly lower than the NGI determined values 

for four of five tested formulations. Overall, although the designed CFD-DPM model and NGI 

measurements provided comparable data on the DPI EF values, the other relevant parameters obtained 

by these two approaches largely diverged indicating the need for further refinement of computational 

models to fully capture DPI aerodynamic performance.  
 

Key words: computational fluid dynamics, next generation impactor, aerodynamic performance, dry 

powders for inhalation 
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Abstract 
  

The utilization of fish bioindicators has become of crucial importance for ecosystem contamination 

assessment. Bleak (Alburnus alburnus) is a widely distributed epipelagic fish species characterized as 

very active with fast metabolism which can lead to a high accumulation of pollutants in tissues. Bleak 

is easy to sample, identify in the field by morphological characteristics, and easy to work within the 

laboratory. This study deals with the bleak sensitivity in detecting the pressure of the potentially toxic 

elements (PTEs) in the large lowland Great Morava River. The Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, 

Pb, Se, Sn, and Zn were estimated in whole body composite (wbc) of bleak. The study was conducted 

at Great Morava River, near the city of Paraćin in Serbia. The highest concentrations of essential 

elements Zn and Fe were detected. The most toxic elements As and Hg were below detection limits. 

The metal pollution index (MPI) was 0.39. In large lowland rivers, point sources of pollution such as 

municipal wastewaters of smaller settlements usually have only local impact due to high dilution by the 

main watercourse. Since bleak is a site-specific species, results in this study indicated that this stretch 

of the Great Morava River is slightly affected by PTEs. None of the elements above the maximum 

permitted concentrations (MPC) in fish meat for use in the human diet, prescribed by the Official 

Gazette and European Commission Regulation, were not recorded. 
 

Key words: whole body composite, bioindicator, metal pollution index, Serbia 

 

1. Introduction  

 

Potentially toxic elements (PTEs) are, among different xenobiotics from multiple anthropogenic 

stressors, particularly important environmental pollutants since they are not degraded or eliminated 

from the ecosystem [1, 2].  

Bioindication with the employment of bioindicators has become of crucial importance for 

potentially toxic elements (PTEs) assessment. Fish normally occupy high positions in aquatic trophic 

webs, accumulating several kinds of contaminants in their tissues, including PTEs [3,4]. In Serbia, 

numerous fish species have been widely employed in studies dealing with PTEs in freshwater 

ecosystems, but only two studies deal with common bleak sensitivity in detecting the pressure with 

PTEs in large lowland rivers [5, 6]. The assessment of PTEs in water based on PTEs in fish as 

bioindicators can be challenging depending on the feeding strategy of selected species and migratory 

behavior. Common bleak (Alburnus alburnus) is an epipelagic, planctivorius fish species, widespread 

from medium to large rivers, and lakes across Europe and Asia [7, 8]. Very active and fast metabolism 

of common bleak can lead to a high accumulation of pollutants in tissues [9]. Characteristics such as 
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being easy to catch, handle, identify onsite, and work with make this species interesting for 

bioindication of water pollution with PTEs. Jovanović Marić [5] indicated that pollution of common 

bleak can be characterized as site-specific. 

The objective of this study was to estimate PTEs in common bleak sampled from the Great Morava 

River in Serbia. To avoid any differences in the concentrations of elements between different organs of 

the fish, we chose to analyze the whole-body composite (wbc) of the fish for elements. The response of 

common bleak on pollution was evaluated via condition factor (CF) and metal pollution index (MPI). 

The major objective was to estimate water pollution with PTEs of the Great Morava River based on 

bioindication with common bleak. 

 

2. Material and methods  

 

The Great Morava, as a typical lowland river, flows through the most densely populated area of 

Central Serbia, the Morava River valley, receiving untreated or incompletely treated wastewater from 

urban areas and animal farms, which leads to serious degradation of the water quality. Common bleaks 

were sampled at village Čepure, near the city of Paraćin in August 2016. Fishing was carried out using 

netting tools (gill nets with mesh size 0.5, 10–12, and 14–16 mm), and sampled common bleaks were 

transferred on ice in a hand-held refrigerator to the laboratory (17 specimens in total).   

In the laboratory, the fish were measured for their total body length (to the nearest cm) and weighed 

(to the nearest g). For each specimen, the CF was calculated using the formula [3]: 

                                                                                                                             (1) 

where W represents the weight (g) and L is the total length of the fish (cm). 

Each sample was grinded in a Sterilmixer Laboratory homogenizer (International P.B.I. S.p.A.) and 

the wbc samples were again weighed using an electronic balance (±0.1 g) and stored at −20 °C prior to 

analysis. Before digestion in microwave Christ Alpha 2-4 LD, Harz, Germany, samples are dried in a 

lyophilizer Christ Alpha 2-4 LD, Harz, Germany and measured one more time. The Al, As, Cd, Co, Cr, 

Cu, Fe, Hg, Mn, Ni, Pb, Se, Sn, and Zn concentrations were determined by inductively coupled plasma 

optical emission spectrometry (ICP-OES), using a Thermo Fisher Scientific iCAP 6500 Duo ICP 

(Cambridge, United Kingdom). The analytical procedure was performed according to Milošković et al. 

[10]. The muscle standard reference material (DORM-4; National Research Council of Canada) was 

digested in triplicate and analyzed to support quality assurance and control. Recovery ranged from 

89.8% to 106.3% for all of the elements investigated. The mean values and standard deviations were 

calculated for each group and the element concentrations were expressed as mg kg−1 wet weight (ww). 

The resulting concentrations of the PTEs were compared with the maximum permitted 

concentrations (MPCs) in fish meat for utilization in the human diet, established by the European Union 

and national legislation. According to EU legislation [11], the MPCs for Cd, Hg, and Pb are 0.05, 0.50, 

and 0.30 mg kg−1 ww, respectively. The MPCs for As, Cd, Hg, Pb, Cu, Fe, and Zn in fish meat are 2.0, 

0.1, 0.5, 1.0, 30.0, 30.0, and 100.0 mg kg−1 ww, respectively, as prescribed by national legislation [12]. 

The MPI was calculated to present the total PTEs content in the wbc of species, as well as in the 

sampling site using the following equation [13]: 

                                                                              (2) 

where cfn = concentration of the element n in the sample (mg kg-1 ww). 

 

3. Results and discussion 

 

The average weight of the specimens examined was 12.43 ± 0.97 g while the average length was 

13.67 ± 2.42 cm. The calculated CF was 0.056 ± 0.06. As Froese [14] stated, the condition factor is a 

measure of the general health of fish, and it reflects the recent feeding conditions and environmental 

quality. Since the CF decline was observed at highly contaminated locations and in our study value was 

0.56 (lower than one), it can be concluded that the general health of fish was poor.  

In Table 1 concentrations of PTEs in common bleak are shown. Prosi [15] stated that the type of 

chemical, metabolic properties of the tissues, and the degree of environmental pollution affect the 

bioaccumulation levels in fish. The highest concentrations of Zn, Fe, Mn, Al, and Cu were recorded. 
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Goyer [16] stated that the involvement of Zn and Fe in the regulation of key enzymatic detoxification 

processes may be the reason for the high concentrations of these elements in fish tissues. Bervoets and 

Blust [3] emphasized that the levels of Zn and Fe in the tissue were influenced by several chemical and 

physiological processes in addition to the environmental concentrations. On the other hand, the most 

carcinogenic As and Hg were below detection limits. The MPI (0.39) was affected with concentrations 

of PTEs, and the calculated value indicates that the Great Morava River is, according to Milošković et 

al. [10], slightly affected by PTEs.  

In large lowland rivers, point sources of pollution such as municipal wastewaters of smaller 

settlements usually have only a local impact due to high dilution by the main watercourse. Since bleak 

is a site-specific species [5], results in this study indicated that this stretch of the Great Morava River is 

slightly affected by PTEs. 
 

Table 1. The average PTEs concentrations and standard deviation in the wbc of common bleak from 

Great Morava River in mg kg-1ww 
Al As Cd Co Cr Cu Fe Hg Mn Ni Pb Se Sn Zn 

5.34 

± 

3.63 

nd 0.008 

±0.006 

0.001 

± 

0.001 

0.312 

± 

0.153 

2.33 

± 

1.72 

15.75 

± 9.5 

nd* 5.49 

± 

3.38 

0.021 

± 

0.020 

0.015 

± 

0.013 

0.52 

± 

0.12 

0.53 

±0.45 

50.5 

± 

32.88 
*nd – not detected 

 

Fish samples examined had no concentrations of PTEs above the MPC prescribed by the EU [11] 

and national legislation [12]. This information is useful but often very restricted because it does not 

consider the effect of intraspecific variations in the human population (exposure rate, human weight, 

meal size, etc.) or long-term exposure to pollutants [17], but it can be an early warning and the basis for 

future research. 

 

4. Conclusions  

 

The bleak is a site-specific species and results in this study indicated that this stretch of the Great 

Morava River is slightly affected by PTEs. Fish meat is safe for utilization in human diet. 
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Abstract: 

  

Rubber vulcanization is kinetically a complex process, since it consists of two simultaneous 

reactions: curing and degradation. To determine reaction kinetics, it is necessary to determine a kinetic 

model which describes the process adequately. Proposed kinetic model has six adjustable parameters. 

In order to determine kinetic parameters of the proposed kinetic model, commercially available rubber 

gum was used. Oscillating disc rheometer was used to investigate experimental dependence of torque 

on time, at six temperatures in the range from 130 to 180 °C, with a step of 10 °C. Matlab application, 

built via App Designer feature, was developed in order to fit the experimental data to the proposed 

kinetic model. Developed Matlab application, consisting of two tabs, enables user to upload raw 

rheometer data, perform manual fitting or automatic fitting (manual or automatic estimation of initial 

values of adjustable parameters), test the effect of constant values of some kinetic parameters on the 

overall quality of fit, visualize the dependence of kinetic parameters on temperature and to determine 

the values of Arrhenius expression for curing and degradation process. Both fitting methods were 

proven to be efficient; overall determination coefficient and MAPE value for automatic and manual 

fitting methods were >0.99 and <1%, and >0.999 and <1%, respectively. Arrhenius parameters were 

also determined with high accuracy (R2>0.98). Developed application enables simple and efficient 

determination of kinetic parameters by means of different fitting methods, simultaneous fitting of data 

on all temperatures, and testing the effect of constant kinetic parameters values on fitting results.  
 

Key words: rubber, kinetic, Matlab 

 

1. Introduction  

 

Vulcanization is a phase in rubber production process where rubber mixture, together with sulphur 

and additives, is heated in moulds of different shapes, which gives the product desired characteristics. 

On the chemical level, during the vulcanization process, isoprene crosslinking takes place, where 

sulphur forms polysulfide bonds between monomers. Important characteristics of vulcanization process 

are induction period time, curing rate and curing degree [1]. Curing process is not a rapid process. It is 

a gradual chemical reaction going through a several phases, namely: induction period, curing and the 

final phase, which can be marching, plateau or reversion (degradation) [2].   

Numerous kinetic models describing the curing process were developed. In general, these models 

can be divided in two groups: mechanistic models, where model describe series of chemical reactions 

occurring during the curing process leading to mathematical relations between reaction rate, curing time 

and temperature, and phenomenological (empirical) models, where series of experimental data are fitted 
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to a certain function, where equation's parameters are predicted by means of nonlinear numerical 

methods [3]. Most common form of empirical models for reaction kinetics is nth order reaction model, 

where reaction rate constant is usually modelled as an Arrhenius expression. This model is usually used 

for the curing stage of the process [4]. Other significant empirical models are Sestak Berggren [5], 

Kamal [6] and similar. Degradation kinetics is usually described with an nth order reaction model. 

Successful determination of vulcanization kinetics is a crucial step in optimization of the process. 

This is extremely significant in rubber industry, since the vulcanization is high energy-consuming 

process. The goal of this research is to develop a Matlab application, which can be used to determine 

vulcanization kinetics with high accuracy. Kinetic model found in literature was used, which describes 

both curing and degradation process, and has in total six adjustable kinetic parameters. It has been 

decided to build an app, since it will significantly facilitate the parameters fitting process and create a 

user-friendly environment capable of data visualization, interactive numerical procedure control and 

results display. 

 

2. Materials and methods 

 

Commercial natural rubber mixture, used in tire industry, was used for determination of rubber 

vulcanization kinetics. Rubber mixture was obtained from SR Edos Company from Zrenjanin. 

Experimental dependence of torque on time is investigated using oscillating disc rheometer (MDR-A 

Rotorless Rheometer, Beijing Rade Instrument co., LTD) at six temperatures in the range from 130 to 

180 °C, with a step of 10 °C. All experiments were performed for 2 hours, and data logging (torque 

[dNm] as a function of time [s]) was performed automatically each 0.6 seconds. Matlab software, with 

Matlab feature App Designer for app building, was used to analyse data. Least squares method was 

used for fitting, and goodness of the fit was determined via determination coefficient, R2, and mean 

absolute percentage error, MAPE. 

 

3. Results and discussion 

 

Kinetic model used in this paper was developed by Bera et. al. [7], and by this model, the 

vulcanization curve was divided in two parts, curing and degradation, and modelled separately. Since 

curing and degradation reactions occur simultaneously, and they have an opposite effect on curing 

degree, both models are incorporated in one general model: 

 
M(t)=M

v∞
-

Mv∞-M0

1+(k
v
t)

nv
-Md∞(1-e-kdt) (1) 

The proposed model has six adjustable parameters, Mv∞, M0, Md∞, kv, kd and nv, where Mv∞ is a 

curing torque after an infinitely long time, M0 initial torque, Md∞, torque drop caused by degradation, 

kv and kd vulcanization and degradation reaction rate constants, and nv reaction order. 

 In order to fit these parameters to experimental data, initial values of all parameters must be 

estimated, which is not an easy task. Taking into account the complexity of the problem, one could 

argue that even the standard Matlab curve fitting procedure might turn out to be difficult. Because of 

that, it was decided to build a user-oriented application via Matlab software and its App Designer 

feature, and to make this app easy to use, with high degree of automation and to give precise results. 

The application consists of two tabs, where the first one is used for data fitting, and the second one for 

results processing and display. The first tab is shown in Figure 1. 
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Fig. 1. Layout of the application's first tab, used for data upload and fitting 

 

Upload button enables the uploading of rheometer data, and plotting the data on the graph shown. 

Two manual fitting methods were proposed, where one method fits all the parameters at the same time, 

and the other method divides the curve on two parts, and fits the corresponding parameters separately. 

By adjusting the sliders on the left side, for a selected vulcanization temperature, user adjusts the initial 

parameter values, and at the same time, corresponding experimental curve and curve obtained from 

initial parameter values are plotted, which makes it easy to predict the correct values. Automatic fitting 

method was developed, which has a mechanism for prediction of all initial values, and processes all the 

curves successively. The fitting results, together with statistical parameters, are displayed in the first 

table. For each temperature, user can see experimental and fitted curve on the graph. Application also 

has an option for keeping some parameters constant during fitting. The second tab enables user to plot 

each parameter as a function of temperature, determine Arrhenius kinetic parameters by nonlinear 

fitting and display results. Vulcanization curves at different temperatures are shown in Figure 2, and 

the results of Automatic fitting are shown in Table 1. 

 

 
Fig. 2. Rheometer curing curves at various temperatures 

 

 

 

 

 

 

 



D. D. Balaban, J. D. Lubura, P. S. Kojić, J. M. Pavličević, B. B. Ikonić, O. J. Bera,  

Developing of Matlab application for determining the reaction kinetics of rubber vulcanization process 

104 

 

Table 1. Results of fitting with Automatic fitting method at all temperatures 

T [°C] M0[dNm] Mv∞ [dNm] Md∞ [dNm] kv [s
-1] kd [s-1] nv [/] R2 [/] MAPE [%] 

130 4.094 9.770 0.027 0.0010 1.044·10-4 3.251 0.999 0.730 

140 3.706 10.201 0.694 0.0016 1.284·10-4 2.780 0.998 0.861 

150 3.649 9.826 1.088 0.0032 1.743·10-4 3.225 0.999 0.274 

160 3.318 10.105 2.008 0.0057 2.817·10-4 2.949 0.997 0.342 

170 2.870 9.617 1.623 0.0103 6.393·10-4 3.279 0.995 0.335 

180 2.872 9.312 1.462 0.0166 13.01·10-4 4.290 0.985 0.895 

 

Based on the result shown in the table, it can be concluded that exceptional fitting was performed 

(determination coefficient >0,98, and MAPE less than 1%). Arrhenius parameters for both reactions, 

vulcanization and degradation, were obtained and the fitting results are shown in Table 2. Manual fitting 

methods performed even better, with average R2 > 0.999, and MAPE around 0.4%. Also, it was 

determined that constant reaction order of 3.3 could be used in this model, with no significant fitting 

error of the rest of the parameters. 
 

Table 2. Arrhenius kinetic parameters for both vulcanization and degradation reactions 

Eav [J/mol] Av [/] R2 [/] Ead [J/mol] Ad [/] R2 [/] 

8.641·104 1.527·108 0.999 1.102·105 5.958·109 0.988 

 

4. Conclusions 
 

Matlab application was built for determination of vulcanization kinetic parameters of the model 

found in the literature. Model is consisted of six adjustable kinetic parameters. Two fitting methods 

were used, where both methods gave high quality of the fit (R2>0.99 and MAPE <1%). Arrhenius kinetic 

parameters were also determined with great accuracy. It was determined that the value of the reaction 

order can be set to 3.3, without notable fitting error. Application enables user to upload raw rheometer 

data, evaluate obtained curves, choose between various fitting methods, predict initial values of 

parameters with high accuracy, perform the fitting and evaluate results. Application was proven to be 

user-friendly, fast and gave accurate results. 
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Abstract:  
 

The application of methods in the field of biophysics, such as the pulsating electromagnetic 

field (PEMP) to biological organisms, many studies are performed that indicate specific changes and 

efficient action on various biochemical processes of cells in plants. The obtained results do not depend 

only on the plant species, but also on the climatic conditions, agrotechnical measures and exposure time, 

intensity and nature of the fields used in the research. The aim of the study was the effect of stimulation 

of soybean seeds with PEMP. Soybean seeds are rich in quality proteins, oils and fats. The three-year 

research period 2013-2015 implied different agrometeorological conditions. Soybean seeds of the 

Valjevka variety were used. Soybeans were grown with different amounts of organic granular poultry 

manure (control - no fertilization, 750 kg.ha-1 i 1300 kg.ha-1). Seed stimulation was performed before 

sowing with PEMP low frequency 15 Hz and exposure of 30 minutes. Seed stimulation efficiency was 

very pronounced because it statistically significantly (p <0.01) increased grain yield by 4.85% and 

protein content in grain by 3.52%.  

 

Key words: soybean, biophysics, pulsating electromagnetic field, yield, proteins 
 

1. Introduction  
 

Reports on the beneficial effects of pulsating electromagnetic field (PEMP) on seed germination, 

morphological and productive properties of plants introduce the use of pulsating magnetic field as one 

of the environmentally friendly techniques that meet the requirements of organic agriculture [1]. Many 

authors conclude that when energy is introduced into cells, molecular transformations are created, 

which can lead to an increase in the electropotential of membranes [2], a faster process of photosynthesis 

and an increased content of pigments [3], intensive cell division, which leads to faster uptake of water 

and nutrients needed by plants [4], as well as to processes involving free radicals by stimulating the 

activity of proteins and enzymes [5]. Therefore, the aim of this study is to examine the stimulation of 

soybean seeds before sowing with a pulsating electromagnetic field of low frequency on grain yield and 

protein content in grain in different agroecological conditions. 

 

2. Material and Methodes 
 

The research was conducted in the open field, a demonstration property of the Institute of Field and 
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Vegetable Crops in Novi Sad, Vojvodina - Serbia region, according to a split plot system in 4 replicates 

with a randomized design. The research period was 2013-2015. Soybean seeds of the Valjevka variety 

were stimulated. For each subparcel, 500 grains were prepared, which were stimulated by a pulsating 

electromagnetic field. 

 

The three-factorial experiment consists of factor A, which consists of years of research, because 

climatic conditions affect the vegetative and generative growth of soybeans. Factor B is the amount of 

fertilizer: Ø (control), 750 kg.ha-1 and 1300 kg.ha-1. Factor C is the treatment of seed stimulation by 

pulsating electromagnetic field (PEMP), frequency of 15 Hz and exposure of 30 minutes, which was 

done immediately before sowing. Soybean seed stimulation was performed using a pulse generator and 

a strip applicator (maximum frequency up to 100 Hz and maximum duration up to 1 h), through which 

the process of pulsating alternating movement of electric and magnetic fields takes place. 

After harvest, the yield in kg.ha-1 was measured with a moisture content of 14%, while the protein 

content (%) was measured by chemical analysis using a DA-700 FLEXI-MODE NIR / VIS 

spectrophotometer. The results of the research were processed by statistical analysis of the variance of 

the three-factorial experiment, and the statistical significance of the differences tested by the LSD test 

at 5% and 1% (Statistical Program "Statistics 10.0"). The results are shown in a table. 
 

3. Results and Discussion 
 

Based on the results of the research, it was determined that the age factors and seed stimulation with 

PEMP had a highly significant effect on soybean grain yield, while the influence of the interdependence 

of the examined factors was not determined (Table 1). The average soybean yield was 3400,70 kg.ha-1. 

The highest yield was determined in 2014. In arid 2015, the lowest yield was determined, 48.99% lower 

than in 2014, and 44.66% lower than in 2013. Numerous studies show a strong influence of 

environmental factors on soybean grain yield. Fertilization did not statistically significantly affect the 

yield. Seed stimulation had a statistically significant effect. With seed stimulation, the average increase 

in yield was 4.85% than in the control variant. The impact of PEMP in years that are not favorable for 

soybean production is very significant. 
 

Table 1. Influence of testing on grain yield 

Year (A) 
Fertilization  

(kg ha-1) (B) 

Seed stimulation (C) 
AB A 

With out PEMP With PEMP 

2013 

0 2878,63 3063,33 2970,98 

2989,68 
750 2925,15 3059,99 2992,57 

1300 2978,01 3032,99 3005,50 

AC 2927,26 3052,10  

2014 

0 4984,51 5302,28 5143,39 

5145,80 
750 5065,34 5222,99 5144,16 

1300 5087,80 5211,92 5149,86 

AC 5045,88 5245,73  

2015 

0 1961,99 2174,59 2068,29 

2066,60 
750 1961,15 2144,48 2052,82 

1300 2038,72 2118,66 2078,69 

AC 1987,29 2145,92  

BC 

0 3275,04 3513,40 3394,22 

 

750 3317,21 3475,82 3396,52 

1300 3368,18 3454,53 3411,35 

C 3320,14 3481,25  

Average 2013 - 2015 3400,70 

 A** Bns C** ABns ACns BC** ABCns 

LSD 0,05 51,75 34,81 25,99 60,30 45,01 45,01 77,97 

LSD 0,01 60,88 47,70 35,09 82,62 60,79 60,79 105,28 
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 The obtained results are compatible with studies where PEMP frequencies were used on soybeans 

of 72 Hz for 60 minutes and 16 Hz for 30 minutes [6], then the influence of PEMP in the range of 10 to 

100 Hz of different duration and in other wheat plant species [7 ], cotton [8], lettuce [4]. 

On average for all three examined years, the average protein content in the grain was 39.28% 

(Table 2). Meteorological conditions, especially temperatures and precipitation, affect the protein 

content of soybeans. The favorable ratio of average air temperatures and the amount of precipitation in 

2014 had a positive effect on the protein content (39.85%), which is also higher by 1.19% than in 2013 

and 3.23% higher than in arid 2015. years. Different amounts of fertilization affected the variability of 

soybean protein, but the differences obtained were not at the level of statistical significance. The 

efficacy of seed stimulation with PEMP was very pronounced. Protein content during seed stimulation 

(39.96%) was 3.52% higher than without seed stimulation (38.60%). 
 

Table 2. Influence of testing on grain protein content 

Year (A) 
Fertilization 

(kg ha-1) (B) 

Seed stimulation (C) 
AB A 

With out PEMP With PEMP 

2013 

0 39,05 39,37 39,21 

39,38 
750 38,83 40,25 39,54 

1300 38,83 39,96 39,39 

AC 38,90 39,86  

2014 

0 39,06 40,02 39,54 

39,85 
750 38,65 41,26 39,95 

1300 39,18 40,95 40,06 

AC 38,96 40,74  

2015 

0 38,80 38,88 38,84 

38,60 
750 38,83 39,21 39,02 

1300 36,17 39,75 37,96 

AC 37,93 39,28  

BC 

0 38,06 39,43 39,20 

 

750 38,77 40,24 39,50 

1300 38,97 40,22 39,14 

C 38,60 39,96  

Average 2013 - 2015 39,28 

 A** Bns C** ABns ACns BC** ABCns 

LSD 0,05 0,70 0,83 0,64 1,43 1,10 1,10 1,90 

LSD 0,01 0,82 1,13 0,86 1,96 1,49 1,49 2,58 

 

In a multi-year study, applications with a 16 Hz PEMP frequency and exposure of 30 to 90 minutes 

led to an increase in protein yield of 2.18% to 6.78%, compared to the control [9]. Likewise, stimulation 

of seeds with low frequencies of 1.0 Hz PMF also leads to an increase in biomass, sugar, protein, phenol, 

flavonoids, and soybean grain alkaloids [10].  

 

5. Conclusion 
 

According to the obtained results, it can be concluded that the effects of the pulsating 

electromagnetic field have a positive effect on increasing the yield and protein content in soybean grain. 

The advantage of using electromagnetic treatments as biostimulators is the potential to change 

conventional plant production systems, to eliminate chemical inputs and toxic residues, which is 

positively correlated with new world trends in order to protect the environment and produce safe food. 

What is important to point out is the statistically highly significant influence on the examined 

parameters in the conditions of climate change when the water deficit is pronounced. 
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Abstract: 

  

Vibrations are oscillatory movements of the mechanical system, in which displaments of points are 

small compared to the dimensions of the system. Exposure to whole body vibrations reduces the comfort 

of passengers in the vehicles, causing stress, fatigue and discomfort. Vibrations can affect the lumbar 

spine, the gastrointestinal system, the peripheral veins and the vestibular system. In this study, one male 

subject was exposed to WBV while driving on the highway at a speed of 80 km/h. The movements 

recorded on the vehicle seat were transferred to a 3D spine model. Numerical results of Von Misses 

stress and deformation were presented. 
 

Key words: comfort, numerical analysis, spinal vertebrae, whole body vibration 

 

 

1. Introduction 

 

The vibrations of the human body represent a multidisciplinary field that includes knowledge of 

other disciplines, such as: ergonomics, engineering, mathematics, medicine and others. Vibration 

exposure in a vehicle is widely associated with various health risks. Prolonged exposure to vibrations 

causes harmful effects on the human musculoskeletal system, especially in the lumbar spine. It is 

associated with a number of problems, such as degenerative disorders of the spine, diseases and damage 

to the spine. The magnitude of this vibration depends on the road surface, vehicle speed, and is 

transmitted to the occupants through all points of contact between the passenger and the vehicle (the 

floor, the automotive seat, the steering wheel). The degree of whole-body vibration felt by occupants is 

evaluated as ride comfort. Many technologies have been developed in order to reduce whole-body 

vibration exposure while traveling by car [1], [2]. The chronic health problems, caused by prolonged 

exposure to vibration in the 0.5 - 80 Hz frequency range, include low back pain, spinal disorders, 

abdominal pain, vision problems, etc [3]. The human body’s perception of whole body vibration is a 

function of frequency, with greatest sensitivity to seated vertical vibration at frequencies between 4 and 

8 Hz [4]. Researchers have found that these subjective evaluation for the perception of vibration are 

related to the biomechanical response of the body to whole body vibration [5]. Typical vibration 

magnitudes in vehicles that occur during driving on asphalt roads are between 0.2 and 0.6 m/s² r.m.s in 

vertical direction [6]. According to standard ISO 2631, between 1 and 10 minutes, there is little effect 

of vibration duration on comfort. The standard does not provide a time-dependency for vibration 

durations less than 1 minute. Low back pain (LBP) is defined as pain, muscle tension, or stiffness of 

the lumbar spine [7]. Low back disorders (LBDs) are anatomical or neuromuscular changes that in some 
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cases can include the sources of LBP. Examples of LBDs are intervertebral disc herniations, spinal 

stenosis, osteoporosis, osteoarthritis, ankylosing spondylitis, and spondylolisthesis. Although a link 

between WBV and LBP is generally accepted, there is no consensus as to the mechanism of injury [8]. 

Moreover, methods of predicting which individuals are most susceptible to the effects of WBV remain 

elusive [9]. One mechanism by which WBV may lead to LBP is through changes in the system of spinal 

stability control. Such changes in the spine dynamics could lead to increased dynamic loads of the spine, 

increasing out-of-range compressive loads. In order to study the effects of WBV exposure, there is the 

need to quantify vibration characteristics of the human body. The two primary characteristics of 

vibration are frequency and amplitude, and both have been shown to affect the human body differently. 

Modern smartphones contain various sensors for measuring physical phenomena in their 

surroundings. Acceleration sensors placed into smartphones are increasingly being used in laboratories. 

In this study, using a mobile phone we measured the vibrations that occur in the body of the driver 

during driving on an asphalt road. After that, we modeled the 3D model of the human spine, according 

to real dimensions. Finally, we applied to mode a measured acceleration in order to study the Von 

Misses stresses and displacements of the human spine. 

 

2. Methods 

 

In this research was used vehicle Mercedes A170. Test driver was a man height 1.87 m and weight 

93 kg. The car is driven on asphalt, on the highway Kragujevac-Batocina (Fig 1a). All vibration 

measurements are carried out on the phone Hisence h30 in the position shown in Fig. 1b. 

Accelerometers used in this smartphone is highly miniaturised and measure the acceleration about three 

axis. It is a CMOS sensor type, resolution 10bit and sample frequency from 5.35 Hz to 1 kHz. 

Experiment included one driving speeds of 80 km/h. The next section will show the results of this 

driving mode. 

  

Fig. 1. a) Kragujevac Batocina highway, b) The position of the smartphone and 3 accelerometer axes 

The dynamic behaviour of a human body under whole-body vibrations has been simulated using 

developed human vertebral column, also known as spine. The finite element model of a human torso 

was developed using the CT scans. The high resolution CT data were read into Mimics 17.0 (Materialise 

Inc., Leuven, Belgium) visualization software, where the images were segmented by thresholding to 

obtain 3D model. In this paper, the lumbar part of the spine is of special interest, so only that part is 

analyzed. After creating a 3D model, the next step was to producting 3D mesh. Linear tetrahedron was 

used as the final element. Finite element mesh consists of four groups of elements: finite elements that 

represent cortical bone, finite elements that represent cancell bone, finite elements that represent 

nucleus and finite elements that represent anulus. Mechanical properties assigned to the each material 

are used from literature [10], [11]. The boundary condition was defined by setting the measured 

acceleration in the lower spine (Fig. 3), while on the upper surface of the model set the certain value of 

weight of the upper body ~ 5.5 kg (head + neck) [12]. Experimental measurements were performed 

over a period of 20min. 
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Fig. 3. R.M.S acceleration 

3. Results 

 

In this section, we present the results of numerical simulation. Numerical analysis of the impact of 

vibration on the human spine was carried out using the software package Ansys R18.1. The finite 

element mesh consists of 1095282 nodes and 746184 elements. It should be noted that the mean values 

are shown in all results. Fig. 4a show the total deformation along the lumbar spine exposed to vibration. 

It can be seen that the maximum displacement value is 3.06mm. It is noticed that the largest movement 

is recorded in the area of L4-L5 vertebrae, hence the explanation that drivers have the onset of pain in 

that region. The complexity of human lumbar spinal segment computations is obvious [13]. This arises 

from the geometry, constitutive properties of the materials (bones, ligaments etc.) and difficulties with 

acceptance of the all properties like for example viscosity of materials. Additionally, the simplifications 

in numerical models eg. in boundary definitions can strongly influence the results. Even the verification 

of the obtained values is not so easy by the experiments made on the living system which have rather 

qualitative and integrated character. The intervertebral disc and ligaments play the essential role in the 

motion of spine kinematics and in contribution to general stiffness of spinal segment. 

  

Fig. 4. a) Total deformation of the lumbar spine, b) Von Misses stress distribution along the lumbar spine 

intervertebral discs 

Fig. 4b show results of numerical simulation of Von Misses stresses. This figure shows the 

compression of the lumbar spine intervertebral discs. The greatest compression occurs with the L4 and 

L5 discs. The highest recorded of Von Misses stress value is 0.42MPa. The intervertebral discs, which 

separate joining vertebrae, are fastened to the roughened upper and lower surfaces of the bodies, and 

for that reason they suffer great burdens. 

 

3. Conclusions 

 

The work is focused on the aspect of intervertebral disc modeling to obtain its integrated properties. 

The FEA performed in this study demonstrated pattern of von Misses stress distribution and 

displacement through the human lumbar spine during driving. Using smartphone, we measured the 

vibration from asphalt and studied the impact on the modeled 3D model of human spine. Results of this 
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study, for the car speed of 80 km/h, showed that the displacement of lumbar spine is 3.06 mm, while 

the highest von Misses stress has a value 0.42 MPa.  

These results gives a clearer picture of the impact of vibrations on the human spine and its main 

parts. It would be interesting to see how the different types of road influence the behavior of the spine 

while driving. Our future research will go in that direction. 
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Abstract: 

  

In the past decade, the extensive research is focused to the structuring of novel thermoplastic 

segmented polycarbonate-based polyurethanes (PC-PUs) with a high range of potential application, due 

to their good biostability, biocompatibility, mechanical and thermal resistance, melt-processability and 

rubber like characteristics at the service temperature. In this work, a series of advanced polyurethane 

hybrid systems were prepared following one-step procedure and by varying the content (0, 1, 2, 5 or 10 

wt%) of alumina, titania and zinc-oxide nanoparticles. The influence of filler type (Al2O3, TiO2 or ZnO) 

and its content on thermal properties of obtained nanocomposites (glass transition temperature and 

melting of hard domains) were studied by differential scanning calorimetry. The obtained DSC results 

revealed that that the obtained elastomeric materials are very promising for their potential use in the 

condition of high service temperatures. 
 

Key words: Environmentally friendly polycarbonate-based polyurethanes, Al2O3, TiO2 or ZnO 

nanofillers, DSC, glass transition temperature, melting of hard segments.  

 

 

1. Introduction  

 

In the last decade, as an environmentally-friendly class of elastomers, PC-PUs have been 

intensively studied, due to their rubber like behaviour at the service temperature and melt-processability 

characteristics. These elastomers, as important engineering materials, have found various application in 

different fields as protective coatings, building and footwear materials, as well as materials used for 

tissue engineering and medical equipment. PC-PUs consist of soft segments, originating from microdiol 

of low glass transition temperature, enabling the flexibility of polyurethanes, and of hard domains 

(physical crosslinkers), which are made of diisocyanate component and chain extender and improve the 

mechanical strength of thermoplastic polyurethanes [1-2].  

The structuring of environmentally-friendly polycarbonate-based polyurethanes by using different 

nanofillers was a subject of increased research interest, due to positive effect of nanoparticles 

incorporation on various properties of PC-Pus such as optical, thermal and mechanical properties. Since 

segmented thermoplastic polycarbonate-based polyurethanes (PC-PUs) can be used in the condition of 

low or high service temperature, it is of a great interest to study the influence of inorganic nanofiller 

presence on their thermal characteristics (glass transition temperature, relaxation of soft segments and 

melting of hard segments that is assigned to disruption of physical crosslinking) [3-5]. 

In this work, a series of novel polyurethane hybrid systems were prepared following one-step 

procedure and by varying the content (0, 1, 2, 5 or 10 wt%) of alumina, titania and zinc-oxide 

nanoparticles. Their influence on glass transition region, relaxation of soft domains as well as melting 

of hard segments was studied and compared, using DSC data.  The obtained DSC results revealed that 

the melting region appears at remarkably higher temperatures in regard to pristine polyurethane 
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elastomer, which make these materials very promising for the potential use in the condition of high 

service temperatures. 

 

 

2. Materials and methods 

 

The soft segments, originating from the aliphatic polycarbonate diol with molecular weight of about 

1000 g/mol (PCDL T5651) is kindly provided by Asahi Kasei Chemical Corporation. The diisocyanate 

component (1,6-diisocyanatohexane), the chain extender (1,4-butanediol) and the catalyst 

(dibutyltindilaurate) were all supplied by Fluka Chemical Corporation. Hydrophilic alumina Alu C was 

obtained by Evonic Industries, Germany, with average nominal diameter of 13 nm and specific surface 

area in the range of 100 m2/g. Hydrophilic fumed titanium(IV) oxide nanoparticles (Aeroxide TiO2 

PF2) was obtained from Evonik Industries, Germany, with average nominal diameter of 20 nm and 

specific surface area in the range of 45 - 70 m2/g. Zink oxide hydrophilic nanoparticles (VP ZnO 20) 

was  produced by Evonik, Germany, with average nominal diameter of 22 nm and specific surface area 

of 22 m2/g. 

The one-step preparation technique, used for the preparation of pure and filled PC-PUs was 

described in details in the previous work [5]. The mass of starting components was calculated on the 

basis of equal ratio of hydrogen groups originating from chain extender and macrodiol, together with 

set condition concerning the slight excess of hexamethylene-diisocyanate (NCO/OHtotal = 1.05). 

Primary, three different types of nanoparticles (alumina, titania and zinc-oxide in different weight ratio 

(1, 2, 5 and 10 wt%) were left to be dispersed in the polycarbonate diol using magnetic stirrer for 2 h, 

and additionally ultrasonic bath for 20 minutes. The next synthesis steps to obtain the final pure and 

modified polyurethane elastomeric films are followed according to the chosen preparation procedure. 

The codes of prepared aliphatic -based polyurethanes refer to the amount of added oxide nanoparticle 

and its type (e.g., pure sample is coded as PU0, while the code PU1 – Al2O3 is referred to the sample 

with 1 wt% of alumina nanoparticles, 1.0 wt% and 2.0 wt% are coded by numbers 0.5, 1 and 2, 

respectively). 

 

 

3. Results and discussion 

 

DSC curve of pure polycarbonate-based polyurethane is shown in Fig. 1, with marked three 

registered DSC regions: glass transition region, relaxation of soft segments and multiple melting of hard 

segments. Obtained DSC data for three series of prepared polycarbonate-based polyurethane hybrids 

are summarized in Tables 1-3. 

 
Fig. 1. DSC thermogram of unfilled polycarbonate-based polyurethane elastomer. 

 
Table 1. The influence of different alumina, titania and ZnO and content on thermal properties of obtained 

polycarbonate-based polyurethane hybrid materials, obtained by DSC analysis (glass transition temperature, Tg, 
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temperatures and total enthalpy of multiple relaxation of soft segments, Trel1 and Trel2, respectively, and 

temperatures multiple hard segment melting, Tmel1, Tmel2 and Tmel3, respectively) 

 

Sample code 

Glass transition 

region 

Relaxation of 

soft segments 

Melting of hard 

segments 

 

Tg, °C Trel1; Trel2, °C Tmel1; Tmel2; Tmel3,ºC 

PU1 - Al2O3  -37 36; 51 121; 134; 152 

PU2 - Al2O3 -37 45 135 

PU5 - Al2O3 -37 46 139 

PU10 - Al2O3 -36 48 147 

PU1 - TiO2 -37 - 118; 135; 150 

PU2 - TiO2 -37 - 118; 137; 152 

PU5 - TiO2 -37 - 125; 170 

PU10 - TiO2 -37 - 152; 172 

PU1 - ZnO -37 46 130 

PU2 - ZnO -37 46 132 

PU5 - ZnO -36 46 141 

PU10 - ZnO -36 47 154 

 

Analysing DSC data given in Table 1, it can be seen that addition of all types of inorganic 

nanofillers does not affect glass transition temperature. The influence of inorganic fillers (Al2O3 and 

ZnO) on the relaxation of soft segments of PU-PUs is detected, while this region is not noted in DSC 

curves of elastomers containing titania nanoparticles. Addition of all types of inorganic nanofillers 

causes significant shifting of temperature of hard segments, which increases by increment of 

nanoparticles content. The highest delay of the melting of hard segments (physical disruption) is noted 

for the sample that contains 10 wt % of ZnO nanoparticles. 

 

4. Conclusions 
 

In this work, a three series of novel, environmentally-friendly PC-PU hybrid systems were prepared 

by addition of alumina, titania and zinc-oxide nanoparticles (0, 1, 2, 5 or 10 wt%), by following one-

step synthesis procedure and by varying the content of inorganic fillers It was shown that the presence 

of nanoparticles did not have significant influence on the Tg region, which is in accordance with the fact 

that it depends only on the soft segment type. Alumina and zinc-oxide nanoparticles shift the 

temperatures of soft segments relaxation to higher values, indicating the existence of the interaction 

between soft domains and nanoparticle. The addition of all three inorganic filler type caused the 

interaction with hard segments, positively affecting the increase of hydrogen bonding formation. The 

highest improvement (by about 35 ºC) is obtained for the polyurethane hybrid elastomer containing 10 

wt% of ZnO nanoparticles. The obtained DSC results revealed that the melting region appears at 

remarkably higher temperatures (by about 35 ºC in regard to pristine polyurethane elastomer) which 

makes these environmentally-friendly materials very promising for the potential use in the condition of 

high service temperatures. 
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Abstract: 

  

The rubber compounds are obtained by blending natural or synthetic rubber, reinforcing fillers, rubber 

extender oil and other additives. Choosing the best components for rubber compounding are essential 

in rubber industry. The main function of rubber process oil (extender oil) is to reduce viscosity and 

improve mobility of the rubber chains and thus enable better processing and dispersion of the filler 

particles. Mineral oils, particularly aromatic ones, were widely used as extender oil in rubber industry, 

however, due to their influence on environment and the toxicity, there is a demand for their replacement 

in rubber compounds.  One of the environmentally friendly extender oils with possible use in the 

compounding process as processing aids are epoxidized vegetable oils. In this study, influence of the 

epoxidizes soybean oil as extender oil on the properties of compound based on natural rubber was 

investigated. Characteristics of epoxidizes soybean oil as extender oil was experimentally measured or 

calculated. The experiments were performed on a laboratory internal batch mixer, at the constant 

temperature of 90°C and a rotor speed of 60 rpm. The hardness, tensile strength, elongation at break, 

modulus at 100 and 300% elongation, and rheological properties of rubber compounds were 

determined. Power consumption during rubber compounding mixing phase was calculated on the basis 

of experimentally measured voltage and amperage.  
 

Keywords: natural rubber, epoxidized vegetable oil, soybean oil 
 

 

1. Introduction 

 

In rubber compounding, proper selection of elastomeric blend components is important for obtaining 

finished rubber goods of desired properties [1]. Rubber compounding ingredients, beside raw rubber, 

are fillers, extender oil (rubber process oil) and other additives such as stabilizers, vulcanization agent 

and antioxidants which are used in low amounts [2,3,4]. The distribution and amounts of additives have 

great influence on mixing process and performances of finished products, especially referred to extender 

oil used in process [5]. Highly aromatic mineral oils were widely used in rubber compounding process 

as extender oil due to their compatibility with commonly used elastomers in rubber industry. Due to 

high content of polycyclic aromatic hydrocarbons (PAH), which are found to be toxic and carcinogenic, 

those process oils required a replacement in rubber production [6], according to European Union’s 

REACH Regulation [7].  

Although the use of other mineral oils such as paraffinic and naphthenic can be good replacement due 

to low PAH content, these extender oils are more expensive and also nondegradable [4]. On the other 

hand, vegetable oils as environmentally friendly, less costly and biodegradable could be sustainable 

replacement for aromatic oils in rubber industry [6]. Soybean oil (SO) is found to be one of those 
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vegetable oils that gave similar properties in rubber products as conventional petroleum oils, based on 

physical and heat aged properties of products [4].  

Vegetable oils can undergo different chemical modifications, for example epoxidation. During 

epoxidation unsaturated double bonds of oils are converted in oxirane rings [6]. Compared to untreated 

soybean oil, epoxidized soybean oil (ESO) contains epoxy rings in their chemical structure, and could 

behave in a more similar way to PAH-rich extender oils [6]. Epoxidized vegetable oils show better 

thermal stability and higher dispersibility in rubber compounding compared to unmodified vegetable 

oils [6]. In this study the influence of nature and amount of epoxidized soybean oil, on properties of 

natural rubber compounds were examined, as well as power consumption during mixing phase. Both 

rubber and mixing properties were compared to those obtained with virgin soybean extender oil. 

 

2. Materials and methods 

 

2.1 Materials 

 

Compounds used in this examination for mixing natural rubber (NR) based blends are commonly 

found in rubber industry. Formulations for rubber compounding are shown in Table 1 on the basis of a 

total 100 parts of natural rubber. Additives that act like active components for rubber vulcanization 

process, are N-cyclohexyl-2-benzothiazole sulfonamide (CBS) and sulphur. Other inactive rubber 

compounds that affect properties of product are rubber process oil, i.e. epoxidized soybean oil, N-

isopropyl-N'-phenyl-N-cyclohexyl-2-benzothiazole sulfonamide p-phenylenediamine (IPPD), carbon 

black, stearic acid and ZnO. The experiments were performed in a 0-30 phr range of the extender oil 

concentrations. Besides epoxidized soybean oil, virgin soybean oil was used as extender oils in rubber 

mixing experiments. 

 
Table 1. Natural rubber compounding formulations 

Ingredient Content (phr) 

NR 100 100 100 100 

Extender oil 0 10 20 30 

ZnO 5 5 5 5 

Stearic acid 2 2 2 2 

Carbon black 30 30 30 30 

IPPD* 1 1 1 1 

CBS** 2 2 2 2 

Sulphur 2.5 2.5 2.5 2.5 
 

2.2 Mixing process and properties 

 

Rubber mixing processes was conducted by a laboratory internal batch mixer (HAAKE Rheomix 

600 with HAAKE Rheocord EU – 5). Temperature and speed were kept constant during experiments, 

90°C and 60 rpm, respectively. Power consumption during active mixing phase in rubber compounding 

was calculated from experimentally determined voltage and amperage. 

 

2.3 Properties of epoxidized and virgin soybean oil, and rubber compounds 

 

Physical properties of epoxidized soybean extender oil were experimentally measured and 

compared to virgin soybean oil properties. The density and kinematic viscosity of extender oil were 

determined for a temperature range 20–100°C, using Anton Paar density meter 4500 M and Cannon-

Fenske viscometer. The rubber hardness, Shore hardness A, was measured by a durometer according to 

ISO 7619 – 1 standard.  

 

3. Results and Discussion 

 

Properties of extender oils used in this study, as relative density and kinematic viscosity, are highly 

dependent on temperature, which is presented in Figures 1a and 1b, respectively. Epoxidized soybean 



J. Blagojević, O. Govedarica, P. Kojić, O. Bera, M. Jovičić, S. Stojanov, J.Pavličević, D. Govedarica, Influence of 

epoxidized extender oil properties on rubber performances  

 

119 

 

extender oil had higher relative density than virgin soybean oil, for whole temperature range. Also, the 

kinematic viscosity both oils is significantly influenced by the temperature, especially below 50°C. The 

kinematic viscosity and relative density of epoxidized soybean oil is higher on all measured 

temperatures, which can imply that this process oil is less suitable for rubber compounding on 

temperatures under 90°C. Therefore, better dispersion in natural rubber compounding and diffusion 

between solid filler particles can be expected for virgin soybean oil. This vegetable oil can also be used 

for rubber mixing on lower temperatures.  

 

 
 Fig. 1. Dependence of the extender oil: a) relative density and b) viscosity on temperature  

 

The dependence of the Shore hardness A on the epoxidized soybean extender oil content compared 

to unmodified soybean oil is presented in Figure 2a, while power consumption of mixing phase for both 

extender oils and different contents is shown in Figure 2b. It is clear that addition of both extender oil 

used in study, in rubber compounding, decreases the rubber hardness. The rubber samples with 

epoxidized oil exhibited lower hardness for every oil concentration, where blends with content of 30 

phr gives the softest rubber.  

 

 
Fig. 2. Dependence of: a) the Shore hardness A and b) power consumption on the extender oil content 

 

The power consumption for both examined oils decreases with increasing amount of oil. As expected, 

epoxidized soybean extender oil shows higher power consumption during mixing phase than virgin 

soybean oil, for every oil content. Further analyzes of soybean oil should be done, and different methods 

examined for its mixing with rubber, to enable better incorporation of extender oil particles.  

 

3. Conclusions 

 

In this paper, the effect of epoxidized soybean oil on finished rubber hardness and power 

consumption were examined. It is concluded that epoxidized soybean oil can be used as extender oil in 

rubber industry, under certain conditions. Virgin soybean oil has better dispersion and mixing of rubber 

compounds on lower range of temperatures, which is why rubber compounding should be done on 90°C 

or above, for production of rubber with desired properties and to prevent the separation of unmixed 

extender oil from the finished products.  
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Abstract:  

  

Good selection of natural rubber compounds is substantial in rubber industry. Behavior of products 

based on natural rubber is determined by rubber blending components, especially nature of process oil 

and concentration of reinforcing fillers. Rubber process oil main purpose is to improve dispersibility of 

fillers and reduce the viscosity of the rubber compound, therefore enable better processing. Mineral oils 

are mostly used process oils in natural rubber compounding, but, due to their toxicity and new 

requirements for preservation of the environment, more and more well-known manufacturers have 

turned to the use of environmentally friendly process oils. In this study, influence of the hempseed oil 

as process oil on the products properties in natural rubber compounding was investigated. Properties of 

hempseed oil as process oil were experimentally determined or calculated. Blending of natural rubber 

was performed in a laboratory by internal batch mixer, at the constant temperature of 90°C and a rotor 

speed of 60 rpm. Main rubber properties such as hardness, tensile strength, elongation at break, modulus 

at 100 and 300% elongation, and rheological properties were determined. Also, voltage and amperage 

were experimentally measured for calculating power consumption during effective mixing phase in 

rubber blending. 

Key words: natural rubber, environmentally friendly process oil, hempseed oil 

 

1. Introduction 

 

Natural rubber elastomeric blends are widely used in rubber compounding due to their advanced 

physical properties, easy processing, and low production costs [1]. Proper selection and ratio of the 

components of the rubber mixture play a crucial role in obtaining a finished product that meets the 

requirements of the market [1]. Raw rubber is mixed in different amounts with fillers and processing 

aids such as extender oils (rubber process oils), carbon black, plasticizers and softeners [2,3]. Lower 

amounts of other additives such as stabilizers, vulcanizing agent and antioxidants are also added to the 

mixture [2,3]. The mixing of the reinforcing materials with natural rubber can be performed by different 

compounding methods depending on chosen mixture components, mainly filler and vulcanizing agent 

types [1]. The distribution and used amount of fillers and additives, especially process oil, has a 

significant influence on the properties of finished rubber products [4].  

Rubber process oil is used in rubber industry to lower viscosity of elastomeric blend and improve 

dispersion of fillers [4]. Aromatic mineral oils are highly compatible with natural rubber. However, 

because of the toxicity, their use is limited nowadays due to introduction of European Union’s REACH 

Regulation [5]. Since then well-known manufacturers have been shifting towards environmentally 

friendly process oils [6]. As biodegradable, non-toxic and widely available, vegetable oils are 

considered as environmentally friendly process oils [7]. Hempseed oil (HSO) produced from industrial 

hemp (Cannabis sativa L.) was used in this study as process oil for natural rubber compounding. The 
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aim of this study was to investigate the influence of hempseed oil amount on the properties of rubber 

compounds as well as on power consumption during the mixing process. The results were compared to 

those of rubber compounds obtained with commercially available mineral extender oils.  

 

2. Materials and methods 

 

2.1 Materials 

 

Natural rubber (NR) and other chemicals used in the rubber mixtures in this work are commonly 

used in rubber compounding. Formulation of rubber compounds shown in Table 1 are expressed on the 

basis of a total 100 parts of raw natural rubber (phr). In the rubber industry, parts per hundred rubber 

(phr) is used to identify mass proportions of the individual components in a recipe for rubber mixture. 

That component mass is based on 100 parts (by mass) of the base polymer (natural rubber). Carbon 

black, N-isopropyl-N'-phenyl-N-cyclohexyl-2-benzothiazole sulfonamide p-phenylenediamine (IPPD), 

stearic acid and ZnO were used as inactive components, together with extender oil, while sulphur and 

N-cyclohexyl-2-benzothiazole sulfonamide (CBS) were added as active fillers. Besides hempseed oil 

(HSO), three environmentally friendly mineral oils: residual aromatic extract (RAE), treated aromatic 

extract (TRAE) and naphthenic oil, were used as extender oils for rubber compounding. 

 
Table 1. Natural rubber compounding formulations  

Ingredient Amount (phr) 

NR 100 100 100 100 

Extender oil 0 10 20 30 

ZnO 5 5 5 5 

Stearic acid 2 2 2 2 

Carbon black 30 30 30 30 

IPPD 1 1 1 1 

CBS 2 2 2 2 

Sulphur 2.5 2.5 2.5 2.5 

 

2.2 Mixing process and mixing properties 

 

The experiments were performed by a laboratory internal batch mixer (HAAKE Rheo-mix 600 with 

HAAKE Rheocord EU-5). The mixing temperature and speed were constant, 90°C and 60 rpm, 

respectively. Power consumption during mixing phase in rubber blending was calculated from 

experimentally measured voltage and amperage. 

 

2.3 Properties of hempseed oil, mineral oils and rubber compounds 

 

The relative density of hempseed oil was determined using Anton Paar density meter 4500 M in the 

temperature range 20-100°C whereas the viscosity was determined using Cannon-Fenske viscometer in 

the same temperature range. The relative density and kinematic viscosity and of three mineral oils were 

determined in the temperature range 20-100°C according to ISO 3675 and ISO 3104 standards, 

respectively. Following ISO 7619-1 method, the rubber hardness was measured using a Shore A 

durometer. 

 

3. Results and Discussion 

 

Relative density and kinematic viscosity of all rubber process oils applied in this study were 

significantly influenced by temperature which is shown in Figures 1a and 1b, respectively. RAE had 

the highest relative density, whereas the naphthenic oil had the lowest relative density. The hempseed 

oil had lower relative density than RAE and TRAE, which can means that it will diffuse more easily 

between the filler particles of the rubber mixture and thus enable their better dispersion [3]. 
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 Fig. 1. Dependence of the extender oil: a) relative density and b) viscosity on temperature  
 

The kinematic viscosity of all investigated oils is significantly influenced by the temperature below 

50°C. RAE is the least suitable of examined extender oils for rubber compounding of due to the highest 

viscosity, especially at a temperature below 90°C where this difference is the most noticeable. The 

hempseed oil has the lowest viscosity of examined oils over the whole temperature range, up to 416 

times lower than RAE on temperatures below 50°C, and it is almost independent on temperature, which 

means that rubber mixing can be performed on lower temperatures. This also suggest that hempseed oil 

will efficiently disperse in between the phases in the elastomeric blend.  

The dependence of the rubber hardness (Shore hardness A) on the hempseed oil content compared 

to mineral oils is presented in Figure 2a. The incorporation of extender oil decreases the hardness, 

compared to natural rubber elastomeric blends without oil (phr 0). The samples with hempseed oil 

showed the lowest hardness for every oil content, where the softest rubber was obtained with the highest 

amount of extender oi (30 phr). When the lowest amount of extender oil (10 phr) is applied, the hardness 

of all rubber samples with mineral oil is almost the same, whereas the hardness in the case of hempseed 

oil is significantly lower.  

 
Fig. 2. Dependence of: a) the rubber hardness and b) power consumption on the extender oil content 

 

The dependence of the power consumption during the mixing phase of rubber compounding process 

on the oil content is shown in Figure 2b. For all applied oils, the power consumption decreases with the 

increase of extender oil content. It is noticeable that in the case of hempseed oil power consumption 

was the highest for every oil content. 

 

3. Conclusions 

 

This study analyses the influence of the hempseed oil content on the rubber hardness and power 

consumption during the rubber compounding phase. 

The findings from this study show that investigated hempseed oil with wide range of oil content can 

be used as reliable additive for the rubber compounding, although it shows slightly higher power 

consumption during rubber mixing phase. Compared to rubber compounds obtained with commercial, 

mineral process oils, the rubber compounds obtained with environmentally friendly hempseed oil had 

good mechanical properties. However, further analysis of mechanical properties is needed in order to 

approve application of this vegetable oil in rubber production.   
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Abstract: 
  

Targeted drug delivery is powerful tool which researchers use to achieve safer and more efficient 

therapy of many diseases, including various types of cancer. Many chemotherapeutics are poorly water-

soluble, so their encapsulation and targeted delivery remain quite challenge. Hydrogels based on 

poly(methacrylic acid) (PMAA) are widely investigated for targeted drug delivery due to their pH 

sensitivity, non-toxicity and biocompatibility. Still, due to the PMAA highly hydrophilic nature, PMAA 

can only be used for encapsulation and targeted delivery of water-soluble drugs. Our previous research 

was directed towards overcoming this limitation: PMAA was modified with amphiphilic protein – 

casein and poorly-water soluble model drug – caffeine – was encapsulated (PMAC). Present study is 

focused on investigation how variation of amount of one of the most important hydrogels network 

parameter such as crosslinker affect PMAC swelling properties and caffeine release. The group of 

hybrid hydrogels – PMAC – was synthesized with various amount of crosslinker: 0.4mol%, 0.8mol%, 

1.6mol% and 3.2mol% with respect to methacrylic acid. Swelling behavior of hybrid hydrogels and 

caffeine release was investigated in two environments which simulated human stomach and intestines. 

Obtained results showed that targeted delivery of poorly water-soluble model drug was achieved and 

that its release can be prolonged up to 24h. Also, kinetic of poorly water-soluble drug release can be 

easily modified only by changing crosslinker amount. PMAC hybrid hydrogels have huge potential for 

targeted delivery of poorly water-soluble active substances.     

 

Key words: poly(methacrylic acid), casein, crosslinking, hydrogels swelling, drug release 

 

1. Introduction  

 

Researchers are faced with a lot of challenges in their attempts to find new or to improve existing 

drug delivery systems to achieve safer and more efficient therapy of various diseases. This is especially 

significant in cancer therapy, since many anticancer drugs are poorly water soluble and have severe side 

effects [1]. Encapsulation and targeted delivery of these drugs can improve their bioavailability, 

decrease side effects and reduce the number of required therapeutic dosages. Hydrogels based on 

poly(methacrylic acid) (PMAA) are widely used for targeted drug delivery. These extraordinary 

materials are pH sensitive, biocompatible, non-toxic and their morphology is similar to human tissues 

[2]. Their highly hydrophilic nature, however, limits their application only to encapsulation and targeted 

delivery of water-soluble drugs. In our previous research, we overcome this limitation by modifying 

PMAA with amphiphilic casein, which enabled encapsulation of poorly water soluble model drug - 

caffeine (PMAC) [3, 4]. Casein is non-toxic, biocompatible, pH sensitive milk protein, which use is

mailto:mmarkovic@tmf.bg.ac.rs
mailto:vpanic@tmf.bg.ac.rs
mailto:jtadic@tmf.bg.ac.rs
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approved by Food and Drug Administration (FDA)[3]. This study is focused on the investigation how 

crosslinker amount affects swelling of these hybrid PMAC hydrogels and caffeine release, because 

degree of crosslinking of the hydrogels network are one of the most important parameters which affect 

the hydrogels properties and consequently drug release. 

 

2. Materials and methods 

 

2.1 Materials 

Methacrylic acid (99.5%) and caffeine were purchased from Merck (Germany). Sodium caseinate 

was supplied from Lactoprot Deutschland GmbH (Germany). The crosslinker N,N’-

methylenebisacrylamide (p.a.) (MBA) and sodium hydroxide (p.a.) were supplied from Aldrich 

Chemical Co. (USA). The initiator, 2,2’-azobis-[2-(2-imidazolin-2-yl)propane] dihydrochloride 

(99.8%) was purchased from Wako Pure Chemical Industries (Japan). Monobasic sodium phosphate 

(anhydrous) and dibasic sodium phosphate (anhydrous) was supplied from Centrohem (Serbia). 

Hydrochloric acid (37%) was supplied from Zorka Pharma (Serbia). All chemicals were used as 

received. 

 

2.2 Samples preparation 

The process of the samples preparation and characterization are described in details in our previous 

research [3, 4]. In this study we varied the amount of crosslinker. Briefly: after 4 ml of MAA and 0.2 g 

of caffeine dissolution in distilled water (see Table 1. for Feed composition), sodium hydroxide was 

added in order to completely neutralized MAA. Then, the temperature of reaction mixture was elevated 

to 60⁰C and during vigorously stirring of the reaction mixture 4 g of casein was added. After casein 

dissolution, a certain amount of crosslinker (Table 1.) was added and dissolved, followed by the addition 

and dissolution of the initiator (0.9 cm3 of 1wt% aqueous solution). Then, the reaction mixture was 

quickly poured in glass molds and left in the air oven at 60°C for 5h after which disc shaped samples 

were cut and dried at room temperature. Synthetized samples were denoted as PMAC-xM-0.2, where 

xM represents the amount of crosslinker (2M, 4M and 8M = 0.8mol%, 1.6mol% and 3.2mol% of 

crosslinker, respectively).  

 
Table 1. Feed composition  

Samples Distilled water (ml) Crosslinker amount (mol%*) 

PMAC-0.2 6.20 0.4 

PMAC-2M-0.2 3.30 0.8 

PMAC-4M-0.2 8.93 1.6 

PMAC-8M-0.2 8.81 3.2 

         *with respect to the MAA amount 

 

2.3 Samples swelling 

The experiments of the samples swelling were conducted at 37⁰C in two environments with 

different pH values: 0.1M HCl with pH of 1 (as simulation of human stomach) and phosphate buffer 

with pH of 6.8 - PB 6.8 (as simulation of human intestines). The mass of each sample was first measured 

(MO, g) and then each sample was immersed in each environment. At previously defined time intervals 

sample was removed from the environment, its mass was measured (MT, g) and then the sample was 

immersed again. The experiment was conducted until equilibrium state was reached (i.e. until mass of 

the sample did not change). The swelling degree (SD) was calculated according to the following 

equation:  

𝑆𝐷 =  
𝑀𝑇−𝑀𝑂

𝑀𝑂
         (1) 

 

2.4 Drug release from the samples 

The drug release process was investigated in the same environments and at the same experimental 

conditions as the process of the samples swelling. At predetermined time intervals 3 ml of the solution 

was colected and UV analyzed at 273 nm, after which the solution was returned back. Each experiment 
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was conducted three times and mean value of absorbance was used for further determination of 

concentration of drug released in the environment.   

 

3. Results and discussion  

 

Samples with various amount of crosslinker – MBA– were synthetized in order to investigate how 

the degree of crosslinking of samples network affect the process of samples swelling and drug release. 

The curves of the process of the samples swelling in two environments with different pH values – 0.1M 

HCl and PB 6.8 –  are presented in Fig. 1 a) and b). The values of equilibrium swelling degree (SDeq) 

of the samples are presented in Table 2.  

 
Fig. 1. The curves of samples swelling in: a) 0.1M HCl and b) PB 6.8 

As it can be seen in Fig. 1 a) and b), the samples swell more in PB 6.8 than in 0.1M HCl. The values 

of SDeq are around five times higher in PB 6.8 than in 0.1M HCl. This specific pH- dependent swelling 

behavior of the samples can be explained by deproteinization of the carboxylic groups in environments 

with pH value higher than pKa of PMAA and pI of casein (such as PB 6.8) [2, 5, 6]. Consequently, 

negative charges on polymeric chains are generated, which further leads to the repulsion between 

polymeric chains and samples swelling.   

Table 2. The values of equilibrium swelling degree (SDeq) of the samples  

Samples 0.1M HCl PB 6.8 

PMAC-0.2 12.4 23.9 

PMAC-2M-0.2 5.75 22.8 

PMAC-4M-0.2 2.44 13.1 

PMAC-8M-0.2 1.42 6.12 

 

Based on the swelling curves of the samples presented in Fig. 1. a) and b) and the results presented 

in Table 2. it can be concluded that the values of SDeq decrease with increase of crosslinker amount. 

These results are in accordance with the fact that hydrogels with higher degree of crosslinking of 

network have smaller pores and more rigid polymers chains [6]. 

The profiles of drug release from the samples in 0.1M HCl and PB 6.8 are presented in Fig. 2. a) 

and b), respectively. All samples release higher amount of drug in PB 6.8 than in 0.1M HCl due to the 

specific pH dependent swelling behavior. The profiles of drug release showed that increase of 

crosslinker amount led to decrease of the drug release rate. Increase of crosslinker amount led to the 

decrease of the diameter of the pores of the hydrogels network, which prolonged drug diffusion from 

the samples [7]. Drug amount which was released from the sample with 3.2 mol% of crosslinker 

(PMAC-8M-0.2) in PB 6.8 was around four times less than drug amount released from the referent 

sample with 0.4 mol% of crosslinker (PMAC-0.2).  
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Fig. 2. The profiles of drug release from the samples in: a) 0.1M HCl and b) PB 6.8 

 

4. Conclusions 

 

In this paper, the group of the samples based on poly(methacrulic acid) and casein with encapsulated 

poorly water soluble model drug – caffeine – were prepared. The amount of crosslinker was varied in 

order to investigate how the degree of crosslinking of the hydrogels network affect swelling behavior 

of the samples and drug release. The increase of the crosslinker amount led to the decrease of the 

samples swelling and consequently to the decrease of the rate of drug release. Presented results showed 

that drug release kinetics could easily be tuned just by changing crosslinker amount. Present study gives 

good fundamentals for future investigation of targeted delivery of certain poorly water-soluble drugs 

(such as chemotherapy agents) which is of great importance in cancer therapy.    
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Abstract:  
  

Selective laser sintering (SLS) is a rapid prototyping technique for the production of 3D objects through 

selectively sintering powder-based layers materials by combinations of energy from the laser beam and 

the heated chamber of the printer. The aim of the study was to investigate the effect of laser speed and 

formulation factors on printability and characteristics of SLS irbesartan tablets. Physical mixtures of 

hydroxypropylmethylcellulose (46-91%), Candurin® Gold Sheen (3%), colloidal silicon dioxide (1%), 

and irbesartan (5%) were prepared. Afterward, crospovidone (1-5%), Kollidon®VA 64 Fine (20%), 

and/or lactose monohydrate (20-45%) were added. Sintratec Kit SLS printer (Sintratec AG, 

Switzerland) was used for printing tablets. The decision tree model was applied to classify printability 

factors. Characterization of tablets was done in terms of physicochemical, mechanical and 

biopharmaceutical characteristics. Correlation between formulation factors, laser speed, and printability 

was obtained using decision tree model with an accuracy of 80%. FTIR results revealed that there was 

no interaction between irbesartan and applied excipients. DSC indicated that irbesartan was present in 

an amorphous form in printed tablets. It was observed that laser speed had a negative effect on weight. 

Tuning the drug release by laser speed was possible although lactose monohydrate reduced its impact 

because it was required higher energy for the sintering process. Results suggest that decision tree could 

be useful tool for predicting the printability of pharmaceutical formulations. Tailoring characteristics of 

SLS irbesartan tablets by laser speed is possible, however, it needs to be governed by the composition 

of the whole formulation. 

Keywords: printability, decision tree, SLS printing, irbesartan tablets 

 

1. Introduction  
 

Selective laser sintering (SLS) is a type of three-dimensional (3D) printing method where the material 

is being sintered layer by layer with combinations of energy from the laser beam and the heated chamber 

of the printer. The method is solvent free, does not require a filament form of raw material or 

photopolymerizable resin. In order to obtain the dosage form of the desired characteristics, it is 

necessary to understand the printing process from the choice of material to the characteristics of the 

final form [1,2]. The aim of the study was to investigate the effect of laser speed and formulation factors 

on printability and characteristics of SLS irbesartan tablets. 

1.1 Materials and methods 

1.1.1 Materials 

Irbesartan, a model active substance, was donated by Hemofarm (Serbia). Lactose monohydrate was 

purchased from Carlo Erba (France). Vivapharm®E3, (hydroxypropylmethylcellulose, HPMC) was 

obtained from JRS Pharma (Germany). Kollidon®VA 64 Fine (vinylpyrrolidone-vinyl acetate 

copolymers K28) was supplied from BASF, Germany. Crospovidone NF (Polyplasdone® XL-10) was 

obtained from GAF chemicals corporation (USA) and Aerosil®200 (colloidal silicon dioxide) were 

provided by Evonik (Germany).
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1.2 Methods 

1.2.1 Preparation of Powder Blends 

For all the formulations (Table 1), 150 g of a mixture containing drug and excipients were blended in a 

powder mixer (Farmalabor, Italy) for 9 minutes at 60 rpm, afterward, colloidal silicon dioxide (1% w/w) 

was added and the powder was mixed for additional one minute.  

Table 1 Composition (% w/w) of the initial formulations and parametres for SLS process  
FH1 FH2 FH3 FH4 FH5 FH6 FH7 FH8 

HPMC 91 90 89 86 71 46 71 69 

Candurin Gold Sheen  3 3 3 3 3 3 3 3 

irbesartan 5 5 5 5 5 5 5 5 

silicon dioxide 1 1 1 1 1 1 1 1 

crospovidon - 1 2 5 - - - 2 

Kollidon VA 64 Fine - - - - 20 - - - 

lactose monohydrate - - - - - 45 20 20 

Chamber temperature °C 140 140 115 140 115 130 140 140 

Surface temperature °C 155 155 120 155 120 140 155 155 

1.2.2 Selective Laser Sintering 3D Printing 

3D model of the printed dosage forms (a cylinder 6 mm diameter and 3 mm height) was designed with 

Autodesk Fusion 360 software (Autodesk Inc, USA) and exported as a stereolithography file (.stl) into 

the 3D printer software (Sintratec Central, Sintratec AG, Switzerland). The blend was filled in the 

modified powder reservoir compartment of the SLS printer (Sintratec Kit, Sintratec AG, Switzerland) 

equipped with a 2.3 W 455 nm laser. A powder batch of 100 g was used for each build cycle. Tablets 

were printed with the appropriate temperature (Table 1) and different laser speed: P1-100 mm/s, P2-

120 mm/s, P3-140 mm/s, P4-160 mm/s, P5-180 mm/s, P6-220 mm/s 

1.2.3 Decision Tree Modelling  

Toward better understanding printability of prepared HPMC physical mixtures RapidMiner Studio 

software version 9.9 (RapidMiner Inc, USA) was used. The decision tree model was run with a minimal 

leaf size of 2, a minimal gain of 0.01 to produce a split, and a maximal tree depth of 10. A confidence 

level of 0.1 was selected for the pessimistic error calculation of pruning. Accuracy was calculated as a 

percentage of correct predictions. The input data used to generate the decision tree were: laser speed, 

particle size, the content of crospovidone, HPMC, Kollidon®VA 64 Fine and lactose monohydrate. 

Printability (categorized as yes and no) was set as a target role. 

1.2.4 Determination of the Physical and Mechanical Properties  

Tablets (n=10) were weighed on analytical balance Sartorius BP 210D (Sartorius, Germany) and 

measured (diameter and thickness) using a digital calliper (Vogel, Germany). The breaking force of 

tablets (n = 10) was measured using a hardness tester Erweka TBH 125D (Erweka, Germany). 

1.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectra of raw materials and crushed tablets were recorded using Nicolet iS10 (Thermo 

Scientific, Waltham, MA, USA) FT-IR spectrometer, equipped with a single reflection ATR system 

(Smart iTR, Thermo Scientific, Waltham, MA, USA) with diamond plate and ZnSe lens. The spectra 

were collected as an average of 16 scans in the frequency range from 4000 to 650 cm-1, with a resolution 

of 2 cm-1. 

1.2.6 Differential Scanning Calorimetry (DSC)  

In this study, DSC was used to investigate the physical state of the drug in the formulations. DSC 

analyses were performed on a DSC 1 differential scanning calorimeter Mettler Toledo AG (Analytical, 

Zurich, Switzerland). Accurately weighed 5–10 mg of samples were placed in pierced aluminum pans 

and subjected to heating at 10℃/min in the range of 25–250℃ under nitrogen purge gas flow of 50 

mL/min. An empty pan was used as a reference. 

1.2.7 Dissolution 

Paddle apparatus (Erweka DT 600, Germany) with a paddle speed of 50 rpm and 500 mL of 0.1 M HCl 

at 37 ± 0.5℃ was used for the dissolution test (n=3). Samples were withdrawn at a predetermined time 

interval and the absorbance of dissolved irbesartan was measured UV spectrophotometrically (225 nm). 
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FH8 P1, P2 and P3 tablets exhibit floating characteristics and they were investigated in the basket 

apparatus in 500 mL 0.1 M HCl at 37 ± 0.5℃ with the rotation speed of 100 rpm.  

2 Results 

2.1 Decision tree  

Decision tree modeling was used to understand printability factors of physical mixtures with HPMC for 

SLS printing. It was observed that printability is affected not only by formulation but also by laser speed 

(Figure 1). The most important factor that affected printability was the content of crospovidone. If the 

content of crospovidone is greater than 3.5% formulation is printable. If the content is less than 3.5% 

then it is important to consider laser speed. If laser speed is faster than 150 mm/s then formulation is 

not printable. Otherwise, it is necessary to consider the content of HPMC. The method achieved an 

overall accuracy of 80.00%. Results suggest that a decision tree could be a useful tool in understanding 

the SLS printability of pharmaceuticals. Like most machine learning algorithms, the employed 

methodology is data-dependent. Further investigation with larger data sets could be a step forward in 

the optimization of formulation and process development of SLS printing.  

 

 

 

 

 

 

 

2.2 Physical and Mechanical Properties of Irbesartan Tablets 

Printed tablets are shown in Figure 2. It was observed that SLS tablets printed with a slower laser speed 

tend to be heavier because powder particles are subjected to higher energy input from the laser, empty 

spaces are reduced and there is more room for powder particles to be sintered [3]. This pattern could be 

observed in tablets from FH5, FH7, and FH8 powder blends, however, in others, it could not. For most 

of the SLS tablets breaking force was too low to be detected, especially for tablets with lactose 

monohydrate.  

2.3 FT-IR  

Crystalline irbesartan shows characteristic absorption bands at 1730 and 1620 cm−1, assigned to the 

carbonyl moiety of the carboxyl group and the C=N bond in the diazaspiro ring vibrations, respectively 

(Figure 3a). Therefore, the FTIR analyses indicated the absence of any significant interaction between 

the irbesartan and the excipients used. 

2.4 DSC 

The DSC curve of pure irbesartan exhibit single endothermic peaks at 185.67℃ designating the melting 

point of the irbesartan [4,5]. All evaluated formulations and physical mixtures (Figure 3b, 3c) showed 

broad endotherm near 75℃ corresponding to the water evaporation and polymer relaxation [3]. No 

endothermic peak near 185℃ was detected in tablets prepared with SLS 3D printing method (FH3 P2, 

FH5 P2 and FH8 P2) indicating that irbesartan is present in amorphous form.  

   
a b c 

Fig. 3 a) FTIR spectra b) DSC curves of SLS tablets and physical mixtures c) DSC curves of irbesartan and 

excipients 

2.5 Dissolution  

The effect of laser speed as a process parameter on drug release is shown in Figure 4. Increasing drug 

release with increasing laser speed was pronounced in tablets FH2 and FH3, but was also noticeable in 

FH1 and FH4 tablets. In these tablets, printed with 140 mm/s drug is released significantly faster than 

from tablets printed with 100 mm/s. However, FH5 (Kollidon VA 64 Fine 20%) was printable with 100 

 
 

Fig. 1. Decision tree Fig. 2. SLS tablets 
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and 120 mm/s and effect of laser speed was not significant. FH6 (lactose monohydrate 45%) was 

printable only with a laser speed of 100 mm/s. Complete release was reached in 30 min, but tablets had 

poor mechanical characteristics thus it was concluded that lactose monohydrate needs to be in a lower 

concentration. The effect of laser speed on drug release from FH7 tablets (lactose monohydrate 20%) 

was noticeable. However laser speed did not have a significant influence on the drug release from FH8 

P1, P2, and P3 tablets (lactose monohydrate 20% + crospovidone 2%) moreover they reached complete 

release in less than 30 min.  

    
Fig. 4 Drug release from Irbesartan SLS tablets produced with different laser speed  

 

3. Conclusion   

 

SLS is challenging in terms of material selection and process parameters. It was observed that the 

printability of pharmaceutical powder mixtures was influenced by formulation characteristics and 

process conditions. This study demonstrated that decision tree methodology could be useful in 

understanding SLS printability. Tailoring tablets’ characteristics in SLS printing might be achieved by 

formulations factors as well as process parameters although it need to be governed by the composition 

of the whole formulation. 
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Abstract: 

  

Plants are very important for proper human nutrition, so the content of essential elements was 

investigated in two poppy species. Essential elements such as Ca, Na, K, Mg, Fe, Cu, Co, Mn, Mo and 

Zn play a vital role in various biological processes. Samples of roots, stems, leaves and seeds of Papaver 

rhoeas L. and Papaver somniferum were acid dissolved and analyzed by inductively coupled plasma 

optical emission spectrometer (ICP-OES). The highest concentration of Ca was contained in leaf 

samples ML1 and ML2 with values of 38618.90 and 33320.15 mg/kg, the root of Papaver rhoeas L. 

had the highest concentration of Na with a value of 1651.07 mg/kg, while the leaf had the highest 

concentration of Mg of 4400.04 mg/kg. The leaf Papaver somniferum contains the highest 

concentration of K with a value of 61595.90 mg/kg, the root samples MK1 and MK2, both poppies had 

the highest Fe of 1254.21 and 1620.16 mg/kg. Seeds of both poppies, Papaver rhoeas L. and Papaver 

somniferum, contain the highest concentration of Cu with values of 30.57 and 22.20 mg/kg, Mn with 

values of 71.99 and 58.10 mg/kg and Zn with values of 76.99 and 82.09 mg/kg. The Co content in all 

samples was low. 
 

Key words: Papaver rhoeas L., Papaver somniferum, essential elements, ICP-OES, nutrition 

 

1. Introduction  

 

Wild poppy, meadow poppy, red poppy all are synonyms for the plant under the scientific name 

Papaver rhoeas L. Wild poppy is an annual plant from the poppy family (lat. Papaveraceae). Its tree is 

branched, and the stem and leaves are covered with trichomes [1]. The fruit pod can contain several 

hundred to a thousand small seeds, black, brown or gray in color. The only species from the 

Papaveraceae family that is grown as a field crop is Papaver somniferum, opium poppy. Papaver 

somniferum is an annual plant [1]. The poppy itself is grown for seeds under the control of the 

International Narcotics Control Board within the UN and World Anti-Doping Agency [2]. All parts of 

the plant are poisonous except for the seeds, which are used in the diet. One hundred grams of poppy 

seeds can contain 40.8 g of fat, 19.5 g of protein, 28.7 g of carbohydrates and 10 g of dietary fiber [1, 

3]. This seed is extremely rich in vitamin C, E and B complex vitamins (niacin, riboflavin, folic acid), 

which act as important cofactors in fat and carbohydrate metabolism [1, 3]. It is also rich in important 

minerals that are easy to use. The human body needs about 20 essential elements in order to function 

properly, and among them are the 10 metals determinated below. Based on today's knowledge, it has 

been concluded that metals such as Na, K, Mg, Ca, Fe, Mn, Co, Cu, Zn and Mo are very important 

elements for the proper development of living beings. Accordingly, appropriate amounts of these metals 

mailto:marinainka95@gmail.com
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must be entered [4]. In essence, any essential element can potentially be toxic if the dose is high enough 

[5, 6]. The role of these essential elements is diverse. Almost all biological polymers and 

macromolecules such as membranes, ribosomes, DNA, RNA, lipids, etc. are negatively charged. 

Accordingly, Na+, K+, Mg2+ can neutralize negative forms of biomolecules in vivo. Also, Ca2+ and Mg2+ 

participate in the process of bio-mineralization, because they interact with negatively charged phosphate 

residues in the double helix of DNA, and thus reduce the electrostatic repulsion between nucleotides. 

Some metals (Fe2+, Fe3+, Cu+, Cu2+, Mn2+, Mn3+, Mn4+, Mo4+, Co+, Co2+) play a role in redox reactions 

where electron transfer occurs [6, 7]. Zinc is a crucial metal that is part of many enzymes, such as: 

carboxy anhydrase, superoxide dismutase, alkaline phosphatase and others [8]. Manganese superoxide 

dismutase (MnSOD), glutamine synthetase, arginase, are enzymes that contain Mn [9]. There is no 

precisely defined recommended amount of these elements, as different authors and organizations define 

similar but different boundaries [10, 11]. The aim of this research work is to examine the roots, stems, 

leaves and seeds, opium and meadow poppies, for the content of essential major and trace elements. 

Various instrumental techniques can be used to determine the content of essential elements. ICP-OES 

(Inductively coupled plasma - optical emission spectrometry) is an instrumental technique that is often 

used to determine the elements in the seed, root, stem and leaves of a plant after digestion with strong 

acids.  

 

2. Materials and methods 

 

Plant material was collected during the summer period in Podgorac (Republic of Serbia). The plants 

were harvested whole, then washed with distilled and ultra-pure water. The samples were then delivered 

to the laboratory where individual plant parts (root, stem and leaf) were mechanically chopped with a 

scalper and dried for 96 hours at 60°C (Iskra Zemun S3, Serbia). After drying, the samples were milled 

to a fine powder in a ring mill (Herzog, Germany). After drying and milling, root, stem, leaf and seed 

samples (Table 1) were microwave acid digested (Ethos 1, Milestone) by USA EPA Method 3052, 

using nitric acid (67% HNO3, JT Baker) and hydrogen peroxide (30% H2O2, Marcon Fine Chemicals).  

 
Table 1. Laboratory code name of the analyzed poppy samples 

Papaver rhoeas L. Papaver somniferum 

MK1 Root MK2 Root 

MS1 Stem MS2 Stem 

ML1 Leaf ML2 Leaf 

MP1 Seed MP2 Seed 

 

ICP-OES (SPECTRO ARCOS, Germany) with an autosampler (ASX-500, Teledyne Cetac 

Technologies) was used for sample analysis. The lines with the most sensitive wavelength were used 

for the analysis.  

 

3. Results and Discussion 

 

In Table 2 are shown results of the total content of major (Ca, Mg, Fe, Na and K) and trace elements 

(Cu, Co, Mn, Mo, Zn) in individual parts of Papaver rhoeas L. and Papaver somniferum.  

The quantified essential elements varied depending on the species and parts of the poppy. 

According to the obtained results in the root MK1 and MK2, stem MS1 and MS2, the highest content 

of K was determined, while Co was the least represented. Seed samples contained the most Cu, Mn and 

Zn. Also, seed samples were rich in Ca and Na. The quantified amounts of essential elements in the 

examined poppy seed samples were similar to the results obtained in Senilas [12] and Özcans [13] 

research. If we compare the content of Ca, K, Mg in the seed samples, which we analyzed, with previous 

research [12, 13], it was noticed that the Ca content was significantly higher in the samples we analyzed 

and the same level of K and Mg concentrations. Seed samples of both poppy species that we analyzed 

had a lower Na content, but a higher Fe content compared to Senilas [12] and Özcans [13] studies. The 

Mn content in the seed samples is close to previous studies [12, 13], while the samples we analyzed 

contain more Cu and Zn. Both type of poppy seeds, samples MP1 and MP2, were richer in essential 

elements than Turkish poppy seeds analyzed by Azcan [14]. The observed differences in the amounts 
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of essential elements for these two poppy species can be attributed to various factors such as the 

bioavailable concentration of the elements in the soil, the genetic composition, the physico-chemical 

characteristics and the pH value of the soil. If we compare the obtained results with the results from the 

USDA database (United States Department of Agriculture, 2020-2021) [15], it could be seen that the 

samples MP1 and MP2 contained a higher concentration of Ca, Cu, Fe, Mn and Zn, while the content 

of Mg, K and Na in the analyzed samples was similar and lower. 

 
Table 2. Quantified concentration in mg/kg of dry mass ± standard deviation for the total content of major and 

trace elements in individual parts of Papaver rhoeas L. and Papaver somniferum 

 

4. Conclusions 

 

Based on the obtained results, different distribution of essential major and trace elements were 

observed in different parts of Papaver rhoeas L. and Papaver somniferum. Major essential elements 

dominated in the root and leaf samples. It can also be noticed that the seeds are richest with minerals in 

relation to other parts of the examined poppy species, also seeds contain the highest concentration of 

Cu, Mn and Zn. By comparing the obtained results with the RDIV [10] it can be concluded that 

consuming the seeds of both species of poppies satisfies the daily nutritional need for essential trace 

elements.  
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Abstract: 
  

Peat is a natural substrate for growth of microorganisms because it is rich in compounds that 

microorganisms can use as sources of carbon, nitrogen and growth factors.  Peat originating from 

Vlasina lake in Eastern Serbia is especially rich in organic matter.   The content of humic substances 

(humic acid, fulvic acid and humine) is almost twice that found in other peat-rich regions of similar 

origin and geochemical age.  Humic and fluvic acids are known to promote microbial growth.  In this 

work, humic and fulvic acids were first extracted from Vlasina lake peat and then added to minimal 

medium (synthetic, low ionic strength medium).  The humic substances were added separately and 

combined in a 1:1 ratio by mass to study their individual and combined effect on microbial growth of 

Escherichia coli ATCC 25922 (Gr–), Staphyloccocus aureus (Gr+) i Aureobasidium pullulans, strain 

CH-1.   

The microbial growth was measured microspectrophotometrically over a 24-hour period and 

growth curves were obtained for a range of acid concentrations between 25 µg cm3 and 100 µg cm3. 

It was found that both humic and fulvic acids promote the growth of all three microorganisms by up to 

a maximum of 40%-80% the extent of which varied with the concentration of the acid and the identity 

of the microorganism.  In general, humic acid was found to result in higher microbial growth (at highest 

concentrations, up to ~80% for all three microbial species).   
 

Key words: peat, microbial growth, humic acids, fulvic acid 

 

1. Introduction 

Peat is an organic-mineral fossil which is formed by the deposition of layers of sand, silt, clay and 

plant materials which undergo numerous chemical and biological transformations over centuries.  The 

resulting material is a heterogeneous mixture of plant materials such as cellulose and lignin as well as 

a small quantity of organic substances such as amino acids, carbohydrates, waxes and various microbial 

growth factors.  Peat from lake Vlasina is especially rich in organic matter and is located in an 

ecologically preserved environment where the level of radionuclides and toxic metals such as Hg, As, 

Cd, and Pb is lower than the allowed limit.   

The goal of this work was to extract humic substances from lake Vlasina peat and investigate their 

ability to promote microorganism growth. Humic substances have been shown to promote the growth 

of microorganisms [1].  

 

2. Materials and Methods 

 

2.1 Peat sample collection, chemical analysis, extraction of humic substances 

Eight samples of peat were collected from six different floating islands on lake Vlasina, East Serbia. 
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The total organic content and microelemental analysis were determined using Vario El III CHNS / 

O, Elemental Analyzer, GmbH Hanau instruments.  The content of free bitumen was determined by 

Soxhlet extraction.  The extracted bitumens were fractionated by column chromatography into saturated 

hydrocarbons, aromatic hydrocarbons and NSO compounds. 

The extraction of humic substances was performed in an inert atmosphere using an aqueous solution 

of 0.5 M NaOH and 0.1 M Na4P2O7 as an extraction agent.  

2.2 Microbial growth studies 

 Escherichia coli ATCC 25922 (Gr–), Staphylococcus aureus ATCC 25923 (Gr+) and a dimorphic 

organism, yeast-like fungus Aureobasidium pullulans, strain CH-1 were used as test microorganisms, 

all obtained from the Collection of microorganisms, Center for Chemistry, Institute of Technology and 

Metallurgy, Belgrade. The minimum substrate was an aqueous solution of pH = 5.5 containing KH2PO4 

(2.5 mM), MgSO4 (50 μM), CaCl2 (50 μM), FeSO4 (5 μM), CoCl2 (0.1 μM), Na2MoO4 (2 μM), H3BO3 

(0.5 μM), KJ (0.1 μM), ZnSO4 (0.5 μM), MnSO4 (0.1 μM), glucose 10 (g dm–3), asparagine (1 g dm–3), 

methionine 20 (mg dm–3), myoinositol (2 mg dm–3), biotin (2 mg dm–3), thiamine-HCl (1 mg dm–3) 

pyridoxine-HCl (0.2 mg dm–3).  The cell density of the examined microorganisms was 105 cm–3. A 90 

μL suspension of the test microorganism and 10 μl of the test substance solution (humic acid or fulvic 

acid or a 1:1 mixture of both) in double dilution relative to the previous site were applied in parallel in 

two rows to a 96-well microtiter plate. After 24 h, the absorbance at 595 nm of each individual site on 

the ELISA reader was read with distilled water as a blank.  An increase in absorbance was correlated 

to microbial growth and a growth curve showing percentage increase in growth as a function of the 

concentration of the added humic substance was obtained.  

 

3. Results and discussion 

 

The total organic content of lake Vlasina peat spans a range from 68.12% to 89.57% among eight 

samples collected from different floating islands and different depths measured from the top surface of 

the island.  The organic fraction of peat is expressed as mass% of dry peat and is shown in Table 1.   

 
Table 1. Chemical composition of peat samples (mass % with respect to dry substance)  

 

Sample 
Organic 

matter 
C H N S 

O (by 

difference) 

 mol H 

/mol C 

1 87.57 54.09 5.68 2.41 0.21 25.18 1.25 

2 68.12 55.75 7.18 3.35 0.15 1.69 1.54 

3 83.64 58.35 5.71 2.86 0.22 16.50 1.17 

4 86.45 57.76 6.28 2.96 0.21 19.24 1.30 

5 77.91 55.19 7.41 2.75 0.27 9.54 1.61 

6 89.57 55.43 6.20 2.58 0.77 24.59 1.34 

7 79.55 55.13 7.25 2.34 0.55 14.28 1.57 

8 87.33 57.51 6.40 2.63 0.55 20.21 1.34 

 

Table 1 also shows the elemental composition of the eight samples taken from different floating 

islands and various depths.  Samples 3, 4 and 5 were taken from the same island at different depths (3 

– top surface, 4 - 25-40 cm deep, 5 – bottom of island).  Samples 1, 2, 6, 7, and 8 were each taken from 

different islands with those corresponding to samples 1 and 2 being closest to the lake shore. 

Results of chromatographic analyses have shown that the organic matter contained in these samples 

consists of compounds of different classes including saturated and aromatic hydrocarbons as well as of 

NSO compounds.   

While total organic matter doesn’t vary considerably between samples taken from different islands, 

humic and fulvic acid are not as uniformly distributed among different samples. Content of humic and 

fulvic acid in Table 2 illustrates that samples 1 and 2 are considerably richer than the rest likely due to 

the fact that they were collected closer to the lakeshore. 
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Table 2. Content of humic and fulvic acids (mass %) in peat samples 

 

Sample 
Humic 

acid 

Fulvic 

acid 

1 28.87 11.70 

2 19.30 8.50 

3 3.10 1.90 

4 4.10 2.20 

5 3.03 1.80 

6 5.00 4.70 

7 10.00 8.50 

8 8.40 7.00 

  The effects of humic acid, fulvic acid and their 1:1 mixture on microorganism growth for 

Escherichia coli, Staphylococcus aureus and Aureobasidium pullulans are shown in Figures 1, 2 and 3.  

Humic acids isolated from lake Vlasina peat stimulate microbial growth at all concentrations and in all 

three microorganisms.  The dynamics of the growth differs among the three microorganisms.  Plateau 

region characteristic of the stationary growth phase was only observed for Escherichia coli.  

20 30 40 50 60 70 80 90 100 110

10

20

30

40

50

60

70

G
ro

w
th

 i
n

c
re

a
s
e

 (
%

)

Concentration of  humic acids (g/cm3)

 Aureobasidium pulluans, CH1 

 Escherichia coli (ATCC 25922)

 Staphilococcus aureus (ATCC 25923)

 

Fig. 1. Effect of humic acid concentration on microorganism growth 

 

Fig. 2. Effect of fulvic acid concentration on microorganism growth 
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Fig. 3. Effect of humic and fulvic acid concentration (combined in 1:1 ratio) on microorganism growth 

4. Conclusions 

 

It was found that humic and fulvic acids extracted from lake Vlasina peat can be used to stimulate 

the growth of microorganisms. In general, humic acid was found to result in higher microbial growth 

(60-70% increase depending on the microorganism).   
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Abstract: 

  

In this paper, the characteristics of phantoms from their origin to the latest species are considered. With 

the development of technique and technology, the characteristics of phantoms have also been improved, 

whose importance in monitoring human health is extremely important. 

The first species were adapted to certain nations and precisely constructed so that sizes such as the 

height and mass of the phantoms were appropriate and represented the real inhabitants of those areas, 

that is, the inhabitants of America and Japan.  

Later, female, children's phantoms were formed, as well as phantoms of pregnant women in different 

stages of pregnancy. The latest generations of phantoms, voxel, and mesh phantoms, represent realistic 

presentations of the human body and are applied in dosimetry and radiation protection in different areas, 

as well as in different irradiation conditions. 

The International Commission on Radiation Protection - ICRP continuously studies data on radiation 

doses and effects and issues appropriate protection recommendations and promotes phantoms that 

represent the human body and organs of great importance for the occurrence of cancer.  
 

Key words: radiology, medical physics, male and female phantom, voxels 

 

 

1. Introduction  

 

Phantoms are physical or virtual representations of the human body that are used to determine 

various physical quantities in radiation protection and dosimetry for organs and tissues, mostly the 

absorbed dose, to protect against ionizing radiation. Although it is not possible to make such a physical 

phantom or a mathematical model of a phantom that would accurately simulate the human body, it is 

possible to make phantoms or models that are used as approximate surrogates. The simplest phantoms 

are constructed from tissue material equivalent to tissue material with cavities in the organs to set up 

dosimeters for measurements (in situ). Such phantoms have a density corresponding to the lungs, 

muscles, or bone structure [1]. Recommendations for the design of human body models and phantoms 

used in radiation protection are given in ICRP89 [2]. These reports provide an overview of human 

anatomical, physiological, and metabolic characteristics, and suggest “typical” or reference values for 

phantoms. Each of the models includes a description of the model, a diagram or photograph, external 

dimensions, densities of the tissues considered, applications and references.
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The aim of this paper is to present the development of phantoms in radiation physics and dosimetry. 

 

2. The development of phantoms 
 

2.1. First phantoms 

 

In radiation protection, one of the first is the physical model of the Alderson-Rando phantom [3]. 

This phantom has the shape of a human body with a skeleton that is inserted into a material equivalent 

to tissue. 

 

2.1.1 Mird phantom 

 

Snyder et al. [4] introduced a mathematical phantom, in which the size and shape of bodies and 

organs are described by mathematical equations. This phantom was further developed in accordance 

with the recommendations in the ICRP and is known as MIRD5 (MIRD - Medical Internal Radiation 

Dose). It was initially intended to calculate the absorbed dose from internal irradiation and was later 

modified and applied to calculate the absorbed dose from external irradiation. 

The original MIRD phantom is hermaphroditic and includes gonads of both sexes and breasts for 

the female and was the basis for the development of future phantoms. 

 

 
Fig. 1. MIRD phantoms. 

 
The first pediatric models were developed in the Oak Ridge National Laboratory by proportional 

downsizing of the "adult phantom" model [5].  

 

 
Fig. 2. Oak Ridge phantom family. 

Later modifications were improved and considered knowledge of pediatric anatomy and growth. In 

the latest pediatric models, the organs are quite like the real ones. 

 

2.2 The ORNL phantom 

 

The ORNL series includes phantoms for newborns, individuals aged 1, 5, 10, 15 and phantoms of 

adult males [6]. The 15-year-old phantom represents both genders, male and female. Each phantom 

consists of three large sections: (1) the elliptical cylinder represents the torso and arms; (2) two fringed 

cones represent the legs and feet; and (3) a circular cylinder, together with an elliptical cylinder and half 

of the ellipsoid representing the neck and head. The female phantom is accompanied by breasts, which 

are represented by two ellipsoids.  
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Fig. 3. ORNL phantoms [7]. 

 

Three types of tissue were determined: soft tissue, lungs and the whole skeleton, densities (kg m-3): 

1040, 296 and 1400, respectively. The physical dimensions of the ORNL phantom are shown in Table 

1. 
Table 1. Physical dimensions of the ORNL series of mathematical phantoms  

Phantom Маss (kg ) Height (cm) Arms and core (cm) Transverse 

diameter (cm) 

Newborn 3.60 51.5 12.7 9.8 

1 y 9.72 75.0 17.6 13 

5 y 19.8 109.0 22.9 15 

10 y 33.2 139 27.8 16.8 

15 y 56.8 164 34.5 19.6 

A grown man 73.7 179 40.0 20.0 

 

2.4 Voxel and Mesh phantoms 

 

Voxel and mesh are the latest generation of phantoms. Voxel phantoms are used in many different 

simulations such as X-ray dose estimates, from internal irradiation, determination of conversion factors 

in microdosimetry, as well as when using other irradiation sources. 

Many shortcomings have been overcome by the introduction of so-called mesh phantoms. These are 

adult MRCPs (Mesh-type Reference Computational Phantoms) of male and female phantoms that are 

constructed starting from a voxel reference phantom [8] taking into account the micrometer dimensions 

of tissues and the high risk of these tissues for cancer. 

 
Fig. 4. Voxel (left) and mesh (right). 

 

Figure 5 shows voxel and mesh phantoms. Organs that can be identified by different surface colors are 

chest, bones, colon, eyes, lungs, liver, pancreas, small intestine, stomach, teeth, thyroid, bladder. Muscle 

and adipose tissue are shown as transparent [9]. 
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3. Conclusions 

 

In this paper, the characteristics of phantoms from their origin to the latest species are considered. 

As shown with the development of technique and technology, the characteristics of phantoms, whose 

importance in monitoring human health is extremely important, have also been improved. 

The first species were adapted to certain nations and precisely constructed so that sizes such as the 

height and mass of the phantoms were appropriate and represented the really real inhabitants of those 

areas, that is, the inhabitants of America and Japan. Later, female, children's phantoms were formed, as 

well as phantoms of pregnant women in different stages of pregnancy. 

The latest generations of phantoms, voxel, and mesh phantoms, represent realistic presentations of 

the human body and are applied in dosimetry and radiation protection in different areas, as well as in 

different irradiation conditions. 
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Abstract: 

  

The goal of this research is to determine the levels of natural and artificial radioactivity in 13 

different samples of commonly consumed foods from Serbian markets. A gamma spectrometry was 

used to measure the activity concentrations of 226Ra, 232Th, 40K, and 137Cs. The annual whole-body doses 

from 137Cs and natural radionuclides, due to the consumption of tea for an adult, are in the range of 2.3–

8.5 nSv for 137Cs, 14.1 - 21.7 nSv for 232Ra, 18.4 - 73.6 nSv for 232Th and for 40K 10.4 - 22.9 nSv. These 

doses are not harmful to the general public's health. 
 

Keywords: gamma spectrometry, radioactivity concentrations, daily food, tea 

 

 

1. Introduction  

 

Updating understanding and assessing the consequences of radiation exposure and associated 

hazards are critical nowadays. In Serbia, tea, flour, rice, powdered milk are often utilized, and their 

consumption is increasing. Radionuclides such as 40K, 232Th, 137Cs and 226Ra pose a threat if they are 

found in human cells [1]. The consumption of food items accounts for about one-eighth of the 

population's radiation exposure [2]. Chemical properties of radionuclides are similar to those of 

nutrients, and they are absorbed by plants together with the nutrients required for their growth [3]. The 

assessment of gamma radiation exposure from natural sources is critical since natural radiation provides 

most of the external dose to the global population [4]. 

The purpose of this study is to estimate the activity concentrations of 226Ra, 232Th, 40K, and 137Cs in 

13 different samples of regularly consumed products commercially available in Serbian markets, as 

well as to calculate the yearly whole-body dose of radionuclides for an adult who consumes herbal teas. 
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2. Material and methods 

 

2.1 Collection and preparation of samples 

 

Thirteen samples were purchased at a health food store and market. To make a homogenous powder, 

the samples were dried and crushed with a mill. The powder was filtered through a sieve. Then they 

were placed in Marinelli bakers where each baker was specially marked. During the final stages of 

preparation, the samples were hermetically sealed for a period of four-to-six-weeks to achieve a 

secular equilibrium between 226Ra and its short-lived decay products. 
 

2.2 Gamma spectrometry 

 

The activity concentrations of 226Ra, 232Th, 40K and 137Cs were measured using coaxial HPGe 

detector (GEM30-70, ORTEC) with a relative efficiency of 30 % and energy resolution (FWHM) of 

1.85 keV at 1.33 MeV (60Co). The detector was housed inside a 10 cm lead shield to reduce the 

background. To measure the activity, a timer was set to 172800 seconds and a background correction 

was made. Spectrum analysis was done by using the computer software MAESTRO 2. The activity 

concentration of 226Ra was obtained using the gamma lines of 214Pb and 214Bi (351.9 keV, 609.3 keV 

and 1764.5 keV). The specific activity of 232Th was estimated through the gamma lines at 338.3 keV, 

911.1 keV, and 583.0 keV (228Ac  and 208Tl). 137Cs activity concentration was estimated by observing 

the gamma line at the energy of 661.6 keV. The photopeak at 1460.7 keV was used for estimating 

activity concentration of 40K in samples. 
 

2.3 Activity concentration and annual effective dose of herbal tea 

 

Specific activity of radionuclides can be calculated as [5]: 

LN
AC

m t Pge
=

× × ×
,                                     (1) 

where: AC is the activity concentration (Bq kg-1) 

LN  the net area of the photopic  

m  is the sample mass (kg) 

e counting efficiency for a specific energy 

Pg
is the emission probability of the measured gamma-ray 

t is the counting time (s). 

 

 

The annual effective dose of herbal tea is calculated using equation [6]: 

 

ing ingE CHDF= ,                                     (2) 

 

where 
ingE  is the annual effective dose of tea intake (Sv year-1), C is the concentration of radionuclides 

in the product (Bq kg-1), H is the rate of tea consumption per year (kg year-1) and 
ingDF  is dose 

coefficient for ingestion (Sv Bq-1 (Sv Bq-1). 

 

3. Results and discussion 

 

Activity concentrations of natural radionuclides (226Ra, 232Th, and 40K) measured in food samples 

are presented in Fig. 1. 40K was present in all samples in a wide range of concentrations from 16 to 1250 

Bq kg-1 (with the highest levels being measured in tea herbs). On the contrary, activity concentrations 

of 226Ra and 232Th were rather low in all samples. Artificial radionuclide 137Cs was detected only in tea 

herbs in low levels (<1 Bq kg-1). 
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Fig. 1 Activity concentrations of natural radionuclides measured in food samples. The missing bars indicate that 

the radionuclide was not detected in the sample. 

 

The dissolution of 137Cs activity in tea products had been calculated as 60%. People in Serbia drink 

an average of two cups or 0.4 liters of tea a day [6]. The first column of Table 1 gives the recommended 

amounts of dried herbs for the preparation of herbal tea. In accordance with these data and equation (2), 

Table 1 shows the estimated activity concentrations of 137Cs and natural radionuclides in herbal tea 

samples and the values of the annual effective dose in the whole body due to the consumption of tea for 

an adult. Appropriate annual doses are in the range of 2.3–8.5 nSv for 137Cs, 14.1 - 21.7 nSv for 232Ra, 

18.4 - 73.6 nSv for 232Th and for 40K 10.4 - 22.9 nSv. 
 

Table 1. Estimated activity concentrations ( C ) and annual doses (
ingE ) of intake of natural radionuclides and 

137Cs due to the consumption of tea for an adult. 

 
137Cs 226Ra 232Th 40K 

Sample 
Amount 

(g) 

      

(mBq/ kg)

C
 

   

(nSv/ y)

ingE
 

      

(mBq/ kg)

C
 

   

(nSv/ y)

ingE
 

      

(mBq/ kg)

C
 

   

(nSv/ y)

ingE
 

      

(mBq/ kg)

C
 

   

(nSv/ y)

ingE
 

Mentha 

piperita 
2.5 4.5 8.5 24 21.7 2.6 18,4 8700 21.6 

Chamomile 2.5 1.5 2.8 22.5 20.4 6 49.1 9225 22.9 

Horsetail 2 4.2 7.9 19.8 17.9 5.4 44.2 7500 18.6 

Hibiscus  3 1.8 3.4 18 16.3 9 73.6 7650 19.0 

Pomegranate 2 1.2 2.3 15.6 14.1 2.4 19.6 4200 10.4 
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4. Conclusions 

 

The levels of natural and artificial radioactivity in thirteen selected commonly used foods in Serbia 

were examined by gamma spectrometry. As a result, the study shows that the tested samples have no 

noticeable specific radioactivity except for 40K. Based on the presented results of measuring 

radioactivity in food samples used daily, it can be concluded that radionuclides can be detected in the 

tested samples, but in very small quantities that do not pose a problem for human use.  
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Abstract: 

  

The food industry is a large consumer of energy that depends on fossil fuels, the combustion of which 

releases large amounts of CO2. The paper examines the possibility of reducing the use of non - 

renewable energy sources through a detailed energy audit and consideration of measures to increase 

energy efficiency and renewable energy sources in the ice cream craft industry. The cost-effectiveness 

of the proposed measures is observed for two scenarios. The first scenario covers the current situation 

in Serbia, in which there are no carbon taxes, and the price of energy is relatively low compared to other 

countries in Europe. The second "German scenario" implies carbon taxes in the amount of 55€/tCO2, 

which is expected to, with the same energy prices, significantly reduce the repayment period and affect 

the ranking of measures. The analysis is performed to consider how the carbon tax reflects on the 

motivation of craft producers to improve energy efficiency. 

 
 

Key words: food industry, energy efficiency, carbon tax, ECMs 

 

 

1. Introduction  

 

The major issue that has attracted increasing attention in recent decades concerns the ways to reduce 

harmful effects on the environment which does not diminish the quality of people's lives. As energy 

consumption is a crucial factor for the development of economies, it is necessary to explore all 

possibilities for the most efficient shift from current systems to innovative, advanced energy conversion 

systems. Globally, for achievable greenhouse gas savings, reductions in primary energy consumption, 

and a secure energy supply, improved energy efficiency is essential [1]. The food industry is a large 

consumer of energy that depends on fossil fuels, the combustion of which releases large amounts of 

CO2.  

A key role in reducing CO2 emissions, which make up two-thirds of all greenhouse gases, is the 

transition from fossil fuels to low-carbon solutions [2]. CO2 emissions in an industry are highly 

correlated with the production of that industry [3]. Since the article examines the improvement of 

production efficiency in the food industry, specifically in the ice cream industry, the basic steps in 

production are selection and processing of ingredients, dosage, mixing of components, pasteurization, 

maturation, freezing process, and conservation of ice cream. Within this production process, the critical 

phases are pasteurization and freezing of the raw product, as an enormous amount of energy is used in 

the form of steam and electricity, so most of the energy requirements of the industry arise from fossil 

fuels or electrical power [4].
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As one of the most cost-effective ways to reduce CO2 emissions and encourage the use of 

renewable energy sources, carbon pricing has attracted significant consideration. One way to apply 

carbon prices is a carbon tax, where the government states the tax rate and the sources that are subject 

to taxation [5]. At the company level, carbon taxes can be examined as a parameter for optimization 

[6].  

Per the above, the main goal of the paper, which presents a unique case study, is to determine the 

impact of the introduction of carbon taxes on increasing energy efficiency and the usage of renewable 

energy sources in the ice cream craft factory in Serbia. 

 

2. Materials and methods 

 

The subject of the examination is a small industrial plant for the production of craft ice cream, in 

which an energy audit based on ISO 50002 was conducted [7]. The essential characteristics and 

information about the plant were obtained by communicating to the technical staff and filling out a pre-

audit questionnaire during the visit to the company. Data covering energy consumption (such as 

electricity, heating, and water consumption), as well as data about the volume of production, were 

collected by reviewing the previous years' bills. Based on available data and the application of specific 

energy indicators, the following were determined: energy performance of the system, production 

dependence of energy consumption on the volume of production, and comparison of current system 

characteristics with systems of similar purpose in the world. In the dairy industry, and therefore in the 

ice cream industry, the most commonly used indicator of energy consumption is the amount of final 

energy per unit mass of the product (kWh/kg) [8]. Based on the literature data, it was ascertained that 

electricity consumption in the ice cream industry varies in the range of 0.13-0.64 kWh/kg [9]-[11]. 

Based on a detailed analysis of the collected data, measures to increase energy efficiency were proposed, 

a simple repayment period was determined for each of the measures, as well as a potential reduction in 

CO2 emissions. The following equation was used to calculate the simple repayment period: 

𝑃𝐵𝑃 =
𝐼𝐼𝑀

𝑁𝐴𝐶𝐼
                 (1) 

where: 

PBP [year] - payback period 

IIM [€] - initial investments 

NACI [€/year] - net annual cash inflow  

Net annual cash inflow can be calculated as: 

𝑁𝐴𝐶𝐼 = 𝐸𝑆 × 𝐸𝐶                 (2) 

where: 

ES [kWh/year] or [m3/year] – annual energy or water savings  

EC [€/kWh] or [€/m3] – energy or water unit cost 

CO2 emissions were calculated by applying conversion factors for the Republic of Serbia (Table 

1), obtained from the Manual for Energy Managers in the field of building energy [12]. To determine 

the impact of the introduction of carbon taxes in small enterprises, as a measure to reduce CO2 

emissions, for the necessities of examination, the so-called "German scenario" is introduced, which 

takes into account the price of the carbon tax of 55eur/tCO2. During the calculation, the average price 

of electricity in Serbia of 0.09 €c/kWh was used, while the adopted price of natural gas is 0.034 €c/kWh. 

 
Table 1. Specific CO2 emission for fuels 

Fuel Emission per energy unit 

Electricity 0,53 kg/kWh 

Natural gas 0,20 kg/kWh 

Distric heating 0,33 kg/kWh 

 

 

3. Results and discussions 

 

The analyzed production plant is located in Central Serbia and consists of two interconnected units. 

In the first part, there is an office space connected to the production hall by a corridor. There are two 
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separate cooling chambers next to the work area for storing products. Ice cream is stored in the chambers 

at temperatures of 4ºC and -24ºC. The plant is connected to the city water supply, sewerage, and 

electricity distribution network. There is one gas boiler in the plant, and the thermal energy is used only 

to heat the office and workspace during the heating season. Only electricity is used in the production 

process itself. Based on the bills, it was determined that about 2,700 kWh of electricity and 80m3 of 

water are consumed on an average monthly level. The increased water consumption is explained by the 

water cooling of the mixer and ice cream pasteurizer. During that process, the water is drained into the 

sewer and reused from the water supply system. The values of specific energy consumption indicators 

are shown in Table 2. 

 
Table 2. The values of performance indicators 

Electricity kWh/kg of ice cream 0,18 

Water l/kg of ice cream 5.33 

 

Further analysis of electricity consumption explicated that most energy is utilized in the production 

process for pasteurization, mixing, and cooling (67%), accompanied by the preparation of sanitary hot 

water (15%) and storage of products (8%). The lighting, which consists of fluorescent tubes with a unit 

nominal power of 36W and a light flux of 1620 lumens, uses 4% of the total delivered energy. 

Based on the conducted energy audit, measures for increasing energy efficiency were determined 

(Table 3.). For each measure, final energy savings, implementation costs, simple repayment period, and 

reduction of CO2 emissions were calculated. The mentioned parameters were calculated for the current 

energy situation in Serbia and for the hypothetical German scenario. 

 
Table 3. Summary of ECMs 

ESM 

 

Energy 

savings 

(kWh) 

 

CO2 emission 

reduction 

(tCo2/year) 

 

Implementation 

costs (€) 

PBP 

Current 

scenario 

German 

scenario 

1 PV solar system 10 402 5,5 6750 7,22 5,45 

2 Solar collectors for DWH 2880 1,53 2106 8,13 6,13 

3 
Change of existing 

lighting system 
691 0,37 48 0,77 0,58 

4 
Improvement of the 

building envelope 
9112 2,1 2628 8,48 6,18 

 

Based on the data presented in Table 3, it is noticed that all the proposed measures lead to a 

significant reduction in energy consumption. The implementation of this approach results in a reduction 

in national energy requirements, but also benefits for the business owner himself. Based on 

conversations with the owner and technical staff in the analyzed plant, it is concluded that the 

introduction of carbon tax collection measures would contribute not only to reducing CO2 emissions, 

but also to increasing the ambition to invest in environmental solutions, to save money. The benefit of 

these measures would have additional effects if, in addition to this type of collection, the price of energy 

also increased, in line with the average prices in the EU. It is noted that the authors of the paper, in 

addition to the measures shown in Table 3, also propose the installation of water reuse system, because 

this measure can achieve savings of as much as 88 liters of water per day. As the implementation of this 

measure does not lead to a reduction in CO2 emissions, it was not the subject of a financial analysis of 

the return on investment. 

 

 

4. Conclusions 

 

The introduction of measures, such as penalties for CO2 emissions, is a suitable incentive to switch 

to renewable energy sources, both in large companies and companies that maintain their production at 

the craft level. In addition to micro-benefits, which is shown in the paper, carbon taxes also contribute 
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to macro-benefits by stimulating sustainable economic growth and creating green jobs, which leads to 

less environmental pollution. 
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Abstract: 
 

To identify the best treatment technique for patients with left-sided breast cancer, we compared 

plans obtained with a hybrid intensity-modulated radiation therapy (hIMRT) and conventional three-

dimensional conformal radiation therapy (3D-CRT). Dosimetric indices for PTVs and OARs were 

calculated. Also, the dose coverage, homogeneity index, conformity index of the target, and the dose 

volumes of critical structures were analyzed. A sample of seven patients who were selected randomly 

treated in University Clinical Center Kragujevac between 2019 and 2020 was selected for the study. 

Therapy plans for both techniques were made with an ECLIPSE treatment planning system for each 

patient based on the same images and contours. The hybrid IMRT technique consists of two static 

opposed tangential fields and four optimized IMRT fields (dose ratio 70:30). For 3D-CRT planning, 

one isocenter with half-beam blocked tangential fields with wedges was used. All treatment plans were 

generated with 6 MV photon beam. Hybrid IMRT plans compared to the 3D-CRT resulted in better 

dose delivered to 95% (D95) of the planning target volume (PTV) and better heterogeneity HI and 

conformity CI. Protection for critical organs such as the heart, lungs, and contralateral breast is slightly 

worse than those obtained by 3D-CRT. 

 

Key words: breast cancer, three-dimensional conformal radiotherapy (3D-CRT), hybrid intensity-

modulated radiation therapy (hIMRT) 

 

 

1. Introduction 

 

Standard care for treating patients with early-stage breast cancer may include breast surgery 

combined with radiotherapy treatment [1, 2]. The conventional 3D-CRT technique uses two opposing 

tangential beams and allows adequate dose coverage of the breast tissue while minimizing the dose to 

critical structures (lungs, contralateral breast, and heart). Physical or dynamic wedges, field-in-field 

(FIF), or direct fields are added frequently to modify these tangential beams and develop the most 

homogenous possible plan. Unfortunately, these techniques do not provide adequate dose coverage of 

PTV. With the incorporation of IMRT beams into the conventional tangential plan, the hybrid-IMRT 

(hIMRT) was obtained. This hybrid technique provides the possibility for better optimization of 
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dosimetric outcomes. involves a certain percentage (from 80-60%) of the prescription dose delivered via 

open tangential beams. The remaining part of the dose (from 20-40% of prescription dose) is delivered 

through several IMRT fields that can be tangential with or without the addition of beams directed to 

PTV. hIMRT plan can be optimized to achieve increased homogeneity and superior target volume 

coverage [3]. In this study, the quality of the plans was assessed by quantifying the target volume 

coverage, homogeneity, and conformity index and dose to OARs. 

 

2. Method and results 
 

In this study, treatment plans of seven patients with left side breast cancer, who underwent surgical 

before radiotherapy treatment, were analyzed. Immobilization of patients was done with a Wing Board, 

made by CIVCO Medical Solutions, with appropriate head support. All of them were in a supine 

position with both arms placed above the head. Voluntary deep inspiration breath-hold (vDIBH) was 

used in all cases, so the heart was as much possible far away from the target. All the CT scans were 

made with the same vDIBH on GE Discovery MI PET/CT SCANNER with 2.5 mm slice thickness. 

The radiation oncologist delineated clinical target volumes (CTVhigh) for all patients. Those CTVs were 

cropped to 4 mm inside the body contour, called CTVhigh-crop, for optimization and evaluation. The 

radiation oncologist contoured organs at risk (OAR): contralateral breast (ClBreast), lungs, and heart. 

The prescribed dose was 50Gy in 25 fractions. The primary objective for the target was to achieve a 

95% of the dose to cover the 98% of the CTVcrop volume, i.e. that 98% of the CTV should receive at 

least 4750 cGy. Objectives for the heart were Dmean<400cGy and D5%<2000cGy, for lungs Dmean<700 

cGy. For ClBreast objectives were D5%<200cGy and Dmean<400 cGy. Treatment planning was performed 

with the Varian Eclipse version 15.6 treatment planning system (Varian Medical Systems). For 3D-

CRT planning, we had one isocenter with half-beam blocked tangential fields with wedges All beams 

had an energy of 6 MV. Gantry angles for tangential beams were chosen to protect the heart and 

contralateral breast. MLC margin was 2.5 cm anterior (for eventual breathing tolerance, 0.3 cm posterior 

toward lungs, and 0.6 cm in other two directions) (Fig. 1(left pane)). Plans were normalized on mean 

dose or to dose 95% of the dose to the volume of 95%. 

Hybrid IMRT planning is a technique that consists of two static opposed tangential open fields 

(70% prescribed dose) and 4 IMRT fields (30% prescribed dose). Two IMRT fields have the same 

gantry angle as the open fields, while the other two have gantry angles closer to the orthogonal axes by 

approximately 30 degrees (Fig. 1(right pane)). For open fields, there were 2.5 cm anterior margins for 

DIBH tolerance, 0.3 cm posterior margins toward lungs and, 0.6 cm on the other two directions. In 

those fields, we additionally protected the heart with MLCs. We had mono-isocentric treatment for both 

parts of hIMRT. 

 

Fig. 1. MLC position in treatment fields (left pane). Beam arrangement for IMRT of hybrid plan in one of the 

patients (right pane). 

Coverage of target, doses to OARs, indexes CI and HI were analyzed. The conformity index (CI) 

of radiation was calculated. It is defined as a ratio between the volume covered by the reference isodose 

which according to ICRU is 95% isodose and the target volume designated as planned target volume 

(PTV) CI=V95%isodse/VPTV . Perfect conformance is CI=1 while lower values of CI means poorer plan 

quality. The homogeneity index (HI) was calculated as HI=(D2%PTV-D98%PTV)/ D50%PTV, where Dx%PTV 

(Gy) is a minimal dose that is received by x% of the volume of the PTV. D2% is also known as Dnear-max, 

and D98% is Dnear-mean. D50%PTV (Gy) is the median dose of the PTV. Smaller values of HI indicate better 

dose homogeneity in the PTV. 3DCRT technique is superior to other techniques in low doses regarding 

normal tissue, duration, and treatment. But in plans obtained with this technique, many hot or cold spots 

appear which requires the application of additional fields. With the application of the hybrid technique 
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(hIMRT), the treatment planning process is simplified, shortened, and enabling measurable 

improvement of treatment plan quality and can deliver a highly conformal dose distribution. Dose 

distributions for hIMRT and 3D-CRT techniques for one of the patients in this study were shown in 

Fig. 2. 

 

Fig. 2. Dose distribution (a) for hIMRT and (b) for 3DCRT 
 

Results regarding coverage of target, CI, and HI index are shown in Table 1. 
 

Patient 
3D CRT hIMRT 

HI CI V95%PTV HI CI V95%PTV 

1 0.17 0.60 95.2 0.10 0.68 98.1 

2 0.13 0.79 94.8 0.10 0.78 97.8 

3 0.39 0.80 92.5 0.10 0.82 95.4 

4 0.12 0.72 97.2 0.11 0.77 96.3 

5 0.13 0.63 95.7 0.08 0.79 98 

6 0.14 0.74 94.1 0.08 0.78 98.2 

7 0.14 0.75 94.6 0.10 0.88 97.4 

 

Table 1. Results for heterogeneity index, conformity index and D95% for 3DCRT and hIMRT 

Hybrid IMRT plans resulted in better PTV dose parameters compared to the 3DCRT as better 

coverage (D95%), better heterogeneity HI, and conformity CI. Comparison of DVHs for both 

techniques confirms the superiority of the hybrid techniques in terms of target coverage (Fig. 3). 

 

Fig. 3. Comparison of DVH for 3DCRT and hIMRT. Triangle is results for hIMRT and square for 3DCRT 

A relatively small increase in exposure of organs at risk in hIMRT plans is noticed, but we were able to 

achieve protection of OAR within defined tolerance levels. In Table 2 comparison of the hIMRT vs 

3DCRT doses for critical organs the heart and lungs is shown. For all patients, hIMRT plans gave a 

higher mean dose and D5% on the contralateral breast.  
 

Table 2. Results for heart and lung obtained by 3DCRT and hIMRT technique. 

Patient 

Heart Lungs 

3D-CRT hIMRT 
3D-

CRT 
hIMRT 

Mean 

dose 

[cGy] 

D5%[cGy] 
V2000cGy 

[%] 

Mean 

dose 

[cGy] 

D5%[cGy] V2000cGy[%] 

Mean 

dose 

[cGy] 

Mean 

dose 

[cGy] 

1 365 2418.8 5.7 376 2711.2 6.3 476 545 

2 401.4 2416 6.1 388.6 999 1.1 330.9 357.9 

3 166.9 626.6 0.1 344.7 1010.3 3 392.2 497.9 

4 538.3 3234.9 10 475.7 1399.4 3.8 508.2 490.9 

5 149.7 366.3 0.7 337.9 827.9 1 363.2 353 

6 89.6 261.5 0.1 263.6 767 0 554 646.5 

7 259.7 993 1.5 449.4 2570 6.1 342.3 377.8 
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To achieve the planned results, it was necessary to use a larger number of MUs for hIMRT 

compared to 3DCRT (Table 3). Altering the ratio of dose, delivered through open beams and IMRT 

fields, allows the PO algorithm to get some simpler solutions. Less modulation utilizes fewer MUs. 

 
Table 3. Number of MU for 3DCRT and hIMRT. 

The 

Number 

of MU 

Patient 1 2 3 4 5 6 7 

3D-

CRT 
231 324 289 249 284 244 263 

hIMRT 945 1137 1029 1486 824 760 944 

 

 

3. Conclusions 

 

The main benefit of this hybrid IMRT technique is that coverage of the PTV was improved. At the 

same time, better homogeneity is achieved. Although, the results of OARs were relatively inferior to 

the 3DCRT, were within limits.  
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Abstract:  
Four 2-thiohydantoin derivatives were synthesized and their corrosion inhibition properties on mild 

steel (MS) in 0.5M HCl solution was evaluated using usual gravimetric and electrochemical methods 

(weight loss, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS). 

Morphology of the metal surface was characterized by scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). The study has shown that these compounds provide good protection for mild 

steel against corrosion in the acidic medium.  
 

Keywords: thiohydantoins, corrosion inhibition, mild steel, electrochemical measurements, surface 

analysis 
 

1. Introduction  
 

Corrosion is an issue that plagues many industries production-wise and cost-wise. Corrosion 

inhibitors have been shown to be the most convenient and cost-effective way of dealing with metal 

corrosion in aqueous environments [1]. Organic compounds with conjugated double bonds and 

heteroatoms such as nitrogen, sulfur and oxygen exhibit good inhibiting properties since they are easily 

adsorbed on metal surfaces, but a negative environmental impact has restricted their use. 2-

Thiohydantoins are sulfur analogues of hydantoins, a family of drug-based compounds known for their 

non-toxicity, biological activities and pharmaceutical applications [2]. Some hydantoin derivatives and 

2-thiohydantoin itself exhibited corrosion inhibition activities [3] as well as the molecules containing 

the Schiff base azomethine group [4]. In this study, four Schiff base 2-thiohydantoin derivatives were 

synthesized from cheap and commercially available substrates as candidates for environmentally benign 

corrosion inhibitors.   
 

2.   Materials and methods  

 

0.5 M HCl solution, prepared from 37% HCl solution (Fisher Chemical, USA) diluted with Milli-Q 

water, was used as the corrosive electrolyte. Four thiohydantoin derivatives were synthesized by 

previously reported procedure [5]. The test solutions (0.05 mM; 0.1 mM; 0.5 mM; 1.0 mM and 10 mM) 

were prepared by dissolving inhibitors in 0.5 M HCl. The experiments were performed in a three-

electrode Pyrex glass cell, with a saturated calomel electrode as the reference electrode, a platinum plate 

as the counter electrode and the cylinders of mild steel (Fe with C (max 0.17 wt.%), P (0.045 wt.%), S 

(0.045 wt.%), N (0.009 wt.%) as the working electrodes. For potentiodynamic polarization studies 
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EG&G PAR 2631A potentiostat/galvanostat controlled by Power Suite software (Princeton Applied 

Research, USA) was used. Potentiostat/galvanostat station (BioLogic SAS, SP-240, Grenoble, France) 

provided with corrosion and physical electrochemistry software was used for potentiostatic 

electrochemical impendance spectroscopy (PEIS) measurements. The PEIS data were fitted and 

analyzed using ZView® software. The morphology of the samples was studied using a scanning 

electron microscope (SEM) model JOEL JSM-IT300LV. The EDS spectra were recorded using the X-

ray spectrometer (Oxford Instruments) attached to the SEM using Aztec software. 

 

3.   Results and discussion  

 

Four 3-arylidene-2-thiohydantoin derivatives a-d (Table 1), containing the 2-thiohydantoin moiety 

as well as the Schiff base azomethine group, both of which exhibiting anticorrosion properties, were 

synthesized utilizing aromatic aldehydes and thiosemicarbazide. Their corrosion inhibition efficiency 

was investigated on mild steel (MS) in 0.5 M HCl solutions using different electrochemical techniques, 

potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). Potentiodynamic 

polarization curves (Fig.1) were moved towards lower current densities, indicating reduced corrosion 

rate in the presence of inhibitors a-d, which may be attributed to the adsorption of inhibitors onto the 

MS surface. The adsorption of an inhibitor blocks active sites on the metal surface providing protection 

of the MS surface against acid dissolution [6] indicating that the inhibition effect can be cathodic as 

well as anodic (mixed type inhibitors). Thus, the presence of thiohydantoins a-d inhibited the anodic 

metal dissolution reaction, but also controlled the mechanism of cathodic hydrogen evolution. On the 

basis of Tafel curves, the inhibition efficiency (ƞ%) was calculated from the equation (1)  
   

               ƞ% = (
icorr
0 −icorr

i

icorr
0 )  x 100                                                                                     (1) 

 

where icorr
0  and icorr

i  are corrosion current densities recorded without and with inhibitors a-d.  

 
Fig. 1. Polarization curves of MS working electrode recorded in 0.5 M HCl solution without and with different 

concentrations of inhibitors a-d ; v=1 mV s-1.  

 

The inhibition efficiency of all inhibitors increases with increasing concentration (Table 1). 

Anticorrosion ability may be associated with the structure of the inhibitors. Nonbonding electrons on 

the O atoms probably helped the adsorption of the inhibitor on the MS surface and protect the surface 

by occupying active sites. Inhibitor c, which has an additional O atom in its molecular structure, had 

the highest inhibition rate of 82%. The best performing concentrations of all inhibitors were chosen for 

further PEIS evaluation in order to characterize the various processes of corrosion and study the reaction 

mechanisms in the electrochemical interface (Fig. 2). The addition of inhibitors a-d causes an increase 

in the capacitive loops comparing to the reference solution. The Nyquist representations spectra consist 

of one single capacitive loop which is slightly depressed indicating that the charge transfer controls 

corrosion reactions on the inhomogeneous electrode surface. The electrochemical data was evaluated 

using a Randle’s equivalent circuit (Fig. 3) and inhibition efficiency (ηEIS)  (Table 1) was determined 

by equation (2) where Rs stands for solution resistance and Rct
0 and Rct are charge transfer resistances 

of inhibited and uninhibited solutions.  

 

 

𝜂𝐸𝐼𝑆 = (1 −
𝑅𝑐𝑡

0

𝑅𝑐𝑡
) × 100 (2) 

 



P.B. Stanić, N. Vukićević, V. Cvetković, M. Pavlović, S.B. Dimitrijević, B. Šmit, 

Electrochemical investigation of 2-thiohydantoin derivatives as corrosion inhibitors for mild steel in acidic medium 

 

159 

 

 
Fig. 2. Nyquist plot for MS electrode for different concentrations of the inhibitors a-d. 

 

 
Figure 3. Randle’s equivalent circuit employed for fitting all of the PEIS curves.  

 
 

Table 1. Inhibition efficiency for MS in 0.5 M HCl solution obtained from the potentiodynamic polarization 

curves and EIS without and with inhibitors a-d present in different concentrations. 
 

 
Inhibitor cinh (mM) ƞ%  ƞEIS%  

a 

 

0.05  59 - 

0.1  75 83 

0.5  72 - 

1.0  71 78 

10. 0  77 88 

b 

 

0.05  51 - 

0.1  50 - 

0.5  58 - 

1.0  58 53 

10. 0  - - 

c 

 

0.05  51 - 

0.1  75 72 

0.5  74 - 

1.0  82 84 

10. 0  74 63 

d 

 

0.05  51 - 

0.1  62 70 

0.5  75 72 

1.0  55 67 

10. 0  49 63 

 

Impact of various concentrations of the most potent inhibitor c on corrosion of MS in 0.5 M HCl 

was investigated using the weight loss method (Table 2). Inhibition efficiencies increase with increasing 

concentration, which may be attributed to larger coverage of the metal surface with inhibitor molecules. 

Corrosion rate (CR) and inhibition efficiency (ƞ%) were estimated by using equations (3,4) where, wI 

and wF are initial and final weights (mg), S (cm2) is the surface, t (h) is immersion time, and CR and CR0 

are the corrosion rates with and without inhibitor c, respectively.  
 

CR =
wI−wF

St
                 (4) 

 

 

 

ƞ% = (
CR0−CR

CR0
)  x 100                    (5) 

 

 

 

 

Rs CPE

Rct

Element Freedom Value Error Error %

Rs Free(+) 85.44 N/A N/A

CPE-T Free(+) 6.9294E-06 N/A N/A

CPE-P Free(+) 0.88829 N/A N/A

Rct Free(+) 4749 N/A N/A

Data File:

Circuit Model File: C:\Users\Miroslav\Desktop\LCO-LSCO\Model

i z view\VP_MMP.mdl

Mode: Run Fitting / All Data Points (1 - 1)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Table 2. The weight loss parameters obtained for MS in 0.5 M HCl solution with and without inhibitor c present 

in different concentrations. 
 

Medium cinh (mM) Corrosion rate (mg cm-2 h-1) ƞ% (%) 

Blank 0.5 M 0.659 - 

c 

0.1 0.268 59.3 

1.0 0.075 88.6 

10. 0 0.066 89.9 
 

Energy dispersive X-ray spectroscopy (EDS) associated with scanning electron microscopy (SEM) 

was used to obtain chemical identification of corrosion products (Fig. 3). SEM images of uninhibited 

and inhibited MS surfaces in 0.5 M HCl solution (Fig. 3) showed that the surface of the sample 

immersed in the solution with the inhibitor c was uniform and significantly less corroded and cracked.   
 

 

 

 

Fig. 3. SEM images without (left) and with the addition of inhibitor c (right). Table: Elemental composition of 

MS surfaces obtained by EDS analysis without (entries 1-4) and with inhibitor c (entries 5 and 6) 

 

4.   Conclusions 

The results showed that the thiohydantoin based inhibitor c has good inhibition and protects the 

surface from the effects of acid by the formation of the protective film on the metallic surface. 
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 O Si S P Mn Fe Cu Σ 
1 9.67    0.27 89.25 0.81 100.00 

2 3.58    0.33 96.09  100.00 

3 8.14   0.56 0.54 90.17 0.59 100.00 

4 6.52   0.27 0.36 92.28 0.57 100.00 

5 0.12 1.03 0.55   98.30  100.00 

6 0.0     100.00  100.00 
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Abstract: 

 

Software analysis of player’s motion tracking data during a football match became very important 

analytically-diagnostic mean for tracking of player’s functionality and efficiency in modern football. 

The aim of this study was to determine the intensity and structure of players’ motion during the 

qualification rounds for UEFA Europa League. 

To record the matches with the system BioIRC Tracking Motion. Algorithmic part of the software 

for video editing, i.e., for players’ motion tracking, was based on determining the level of similarity of 

the object’s color statistical distribution. The results of motion tracking analysis, were obtained using 

our self-developed motion tracking software. We compared our results with results of motion tracking 

analysis for players obtained during whole duration of the UEFA Europa League championship in 

seasons 2011/12 and 2012/13. Results of motion tracking analysis for FC Red Star’s players during the 

match FC Red Star - FC Bordeaux, have showed us that the extent of their motion during the game, 

significantly overcome average values in European competition. 
 

Key words: tracking motion, software, running, modern soccer, analysis 

 

1. Introduction 

 

Tracking motion analysis became a very important analytically-diagnostic mean for tracking player’s 

functionality and situation efficiency in modern football. Information obtained that way, are becoming 

more popular, both in analytics and diagnostics taken as a segments of sport science, as well as in daily 

trainings and competitions. Research implies analysis of structure, intensity and range of player’s 

movement during the football match. In this paper, general parameters of motion tracking analysis for 

FC Red Star players during the qualification rounds of UEFA Europa League 2012/13 have been 

discussed. Therefore, we undertook several science and research procedures to get better old and 

promote new training tools and methods (postulates). 

Another part of our analysis was dedicated to fitting of coupled parameters, which lead us to some 

interesting conclusions regarding differences in functional and motoric performances of players. We 

also emphasize that our software indirectly helps in determining metabolic profiles of training stimulus, 

in micro and macro periodization of training processes. Obtained results were in great accordance with 

motion tracking reports from various European Leagues and UEFA Champions League.

mailto:dididisport@yahoo.com
mailto:radun@kg.ac.rs
mailto:markovac85@kg.ac.rs
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2. Methods 

 

Object tracking process begins by its manual defining, i.e. marking the silhouette of the player. 

Next, on the basis of that region we define mathematical model in the form of probability density 

function of a underlying color (i.e. histogram). Next, we apply mean-shift procedure by determining 

"region of interest" on the subsequent video frame within which we define candidate model. Since 

Bhattacharyya coefficient [4], represents a normalized distance between the histograms of the reference 

and the candidate models, it is expected that its maximum, corresponds to the vector that is directed 

towards accurate object’s position on the current frame. A detailed description of the mean-shift 

algorithm is described in [1]-[3]. 

Processing video recording of football matches consists of several phases. For proper setting up of 

video equipment, it is necessary to take into account several parameters: technical characteristics of the 

recording equipment, number of cameras, their location, synchronization and so on. Inappropriately 

selected equipment, or inadequately mounted cameras, almost certainly lead to a not easy and hard to 

resolve problems that are reflected in the application of the algorithm for objects tracking. The basic 

requirement is that the selected cameras cover the entire surface of a football field; their field of view 

should always overlap to a small degree. Larger number of cameras allows simplification of applied 

algorithms for computer tracking of player motion and also reduces the time needed to process the video 

data. On the other hand, it increases the cost of the required hardware, it complicates the calibration of 

the system and also complicates the software needed to integrate data from multiple sources. 

In our independently developed system, named BioIRC MotionTracking, we used two identical 

video cameras Sony NEX-VG10 with full-HD resolution video recording. The software also has the 

possibility of manual correction of errors that can occur as a result of automatic tracking, or as a result 

of objective circumstances in the field: a temporary or permanent disappearing of players from the 

camera’s field of view, player occlusion for more than a few seconds, a significant change of the shape 

silhouettes of players (eg, due to his fall), and so on. In the most demanding situations, the software 

allows full manual tracking of players up to obtaining favorable conditions scene again. 

Analysis software tracks the movement of players in the whole football field, alternately analyzing 

recordings of both its halves in accordance with the current activities of the players.  

Algorithmic part of the software for motion tracking of football players is heavily based on the so-

called mean-shift algorithm. 

Recorded video files were compressed with XVID codec into MOV format with refresh rate of 30 

frames per second. Analysis software tracks the movement of players in the whole football field. 

An example of final results obtained using our motion tracking system is given in Figure 1. 

 

 
Fig. 1. Statistical results for movement of players. Statistical parameters are: total path length and time 

participation in the game. Presented data are valid for FC Red Star midfield player Srđan Mijailović. 

 

Software allows individual and whole team tracking and rendering, so trainers can obtain full 

information about current position and history movement of their own and opposing players in any 

moment or period of time of the analyzed football match. 

The primary goal of our experiment was to get absolute insight into structure, range and intensity 

of player movement in individual and in integral level. 

Some of the most important features of this application are: computation of total paths lengths of 

each player and interactively visualizing their movements at any moment or for any period of football 

game. In addition, other kinds of more detailed statistical analysis are under development. Some of 
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them are: a) detail statistics of player movement and their retaining at certain parts of the field, b) 

statistical parameters for each group of players (defense, midfield, forwards), c) kinematic performance 

of players (maximum speed, number of sprints and frequency), and the like. 

Our software is capable to present data in the numeric and graphic forms (Figure 1), both in absolute 

(e.g. meters) and relative (percent) values. Besides, software is capable to simultaneously visualize 2D 

trajectories (Figure 2 - left), various results of analysis of the overpast period and recorded video stream 

of the game (Figure 2 - right), for any number of players of both teams.  

 
Fig. 2. (a) 2D presentation of motion tracking software analysis during 1st half of the game.  

(b) The resulting player’s path (excerpt screenshot of the 1st half of the match FC Red Star vs. FC Bordeaux). 

 

3. Results  
 

BioIRC MotionTracking system has been tested successfully on several complete football matches, 

including the qualifying matches for the LE between FC Red Star and FC Bordeaux. 

Given the table 1, it can be seen that the total path length of all FC Red star players was 124 638 m. 

They achieved this length utilizing various running intensities. 

It can also be seen that midfield players (Mijailović, Milivojević) made evidently longer paths than 

the rest of the team players and that it is on the level comparable with the most prominent players from 

the top European teams. 

Average values of path lengths in season 2011/12 were 112 238 ± 2.311 m for UEFA Champions 

League and 109 497 ± 1.837 m for UEFA European League. These are average values for all 

competition phases: qualifications, group stage and elimination phase. 

 
Table 1. General parameters of FC Red Star player’s motion paths 

Player Position 1st half % 2nd half % 1st+2nd 

Boban 

Bajković 

goalkeeper 4099.393 51.0 3938.633 49.0 8038.026 

Nikola 

Mikić 

defense 5641.306 48.7 5949.867 51.3 11591.165 

 

For example, in the last season of UEFA Champions League, only three teams ran longer in total 

than FC Red Star did, and those results stand only for single games. These teams are: Borussia 

Dortmund (127.65 km), Bayer Leverkusen (126.43 km) and Ajax (124.71 km). In the UEFA European 

League, Club Atlético de Bilbao (125.12 km) and Club Atlético de Madrid (124.69 km) achieved better 

results too. 

 

4. Discussion 

 

Unfortunately, algorithm improvements and optimizations cannot compensate all hardware 

inabilities, ie. small number of cameras. Based on experiences of many other researchers and on a 

personal experience as well, we came to conclusion that two cameras, placed in the way it has been 

described in the introduction are minimum sufficient hardware resources for setting the scene and for 

successful execution of the task. BioIRC MotionTracking system essentially consists of two 
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components: Processing and Presentations. Processing component is composed of three modules: 

configuration, player model and tracking. Presentation component, aka Visualization & statistics, is an 

independent application designed only for presentations of tracking results. 

 

5. Conclusions 

 

We conclude that the BioIRC motion tracking software can be very valuable tool for the analysis 

of football matches: tactics, player performances, various comparisons etc. 

Based on the motion tracking results of players during football match between FC Red Star and FC 

Bordeaux in the 3rd qualification round of UEFA Europa League 2012/13, we find that the general 

parameters of their motion were above average results achieved in UEFA Champions League and 

UEFA European League. 
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Abstract: 

  

In this study, HPLC-DAD rapid analysis of phenols in wine samples was performed. The recording 

was performed at different wavelengths: phenolic acid (254nm), flavan-3-ols and stilbene (280nm), 

flavonoids (340nm) and anthocyanins (520nm). In selected wines, the concentrations of the following 

compounds were determined and expressed in mg/l of wine. The isolated derivatives were: 

hydroxybenzoic acids, derivatives of caffeic, ferulic, syringic, and vanillic acids, catechin (flavanol), 

rutin, myricetin and quercetin (flavonols), and the stilbene derivative-resveratrol. 

The properties and quantities of phenolic compounds in organic wines were investigated. The 

results show the content of phenolic compounds in organic wines do not differ qualitatively and 

quantitatively from those in conventional wines. 

Wine samples have shown good antioxidative activity according to both DPPH and FRAP analysis, 

which indicates the good antioxidative potential and high antioxidant concentration in tested wines. 

Cabernet Sauvignon wines have shown better radical scavenging activity than Merlot, especially when 

the DPPH test was considered. 

 

Keywords: Wine, HPLC, Phenols, Cabernet Sauvignon, Merlot 

 

1. Introduction 

Grapes contain phenolic compounds that are very important bioactive components with antioxidant, 

anti-inflammatory, anticancer, antimicrobial and antiviral properties. Their concentration represents 

one of the most important parameters of wine quality because they contribute to their organoleptic 

characteristics, especially colour, astringency and bitterness. They are divided into two groups. The first 

group, also called phenolic acids, specifically includes hydroxycinnamic acids (e.g., caffeic acid, 

coumaric acid, and ferulic acid), and the second group includes anthocyanins, flavonol (quercetin), and 

flavanol (catechin). The type and concentration of phenolic constituents in wine are mainly influenced 

by grape varieties and technological processes during production. Epidemiological studies show that 

phenolic compounds have a positive effect on human health because they reduce the incidence of 

coronary heart disease, platelet aggregation, antioxidant capacity and anticancer protection. High-

performance liquid chromatography (HPLC) is a common analytical separation technique that 

combines high resolution and simple automation with sampling requirements. In this paper, HPLC 

techniques were used to determine the chemical profile of investigated wines. Also, by DPPH test and 

FRAP analysis antioxidative effect of these wines was investigate.
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2. Material and methods 

 

Vanillic acid, caffeic acid, syringic acid, catechin, ferulic acid, rutin, resveratrol, myricetin, and 

quercetin were from Sigma-Aldrich (Steinheim, Germany). Stock solutions of standard phenols were 

prepared in methanol (1 mg/mL), stored in the refrigerator and used within 1 week. For fast phenol 

analysis, we used the HPLC-DAD system (Shimadzu, Kyoto, Japan) which consisted of DGU-20A3 

degasser, LC-20AT analytical pumps, 7,125 injectors and SPD-M20A diode array detector and CBM-

20A system controller.  

Separation was performed after injection of a 20 µL sample in a Supelco reverse phase column 

(Bellefonte, PA, USA) AquaQ C18 (150 mm × 4.6 mm, particle size 5 µm). LC Solution (Shimadzu) 

computer software was used to process the chromatographic data. Quantification of phenolic 

compounds was performed using DAD chromatograms of different wavelengths: 254nm for phenolic 

acids, 280nm for flavanols and stilbene; 340nm for flavonols; and 520nm for anthocyanins. Three 

repeated analyzes were performed for each wine variety, and samples were taken from three separate 

bottles. The DPPH and FRAP assays were performed according to the  procedures find in literature [1]. 

 

3. Results and discussion 

 

3.1. Phenol profile analysis 

 

The analysis was performed using a rapid HPLC-DAD technique with direct injection. The 

figure shows representative HPLC-DAD chromatograms of wine, determination of phenolic acids 

(254nm), flavan-3-ol and stilbene (280nm), flavonoids (340nm) and anthocyanins (520nm) were 

performed at different wavelengths. 

 
Fig. 1. HPLC/DAD chromatogram recorded at A) 254nm showing phenolic acids, B) 280nm, showing flavan-

3ols and stilbenes, C) 340nm, showing flavonols, D) 520nm, showing anthocyanins. 

Five classes of individual phenolic compounds were identified: phenolic acids, flavan-3-ols (as 

monomers), flavonols (as glycosides and aglycones), stilbene (monomeric aglycones) and anthocyanins 

(monomeric anthocyanins). Due to the importance of the influence of phenolic compounds as natural 

antioxidants on wine quality, additional analyzes were performed by HPLC to determine the profile of 

simple phenols, phenolic acids, flavonoids and anthocyanidins. Hydroxycinnamic acid derivatives 

caffeic, ferulic and vanilla acid; hydroxybenzoic acid derivative syringic acid; (flavonoids) catechin 
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(flavanol), rutin, myricetin and quercetin (flavonols); and the (stilbene) resveratrol derivative were 

analyzed in both wines. The level of phenols in wine obtained in this study is consistent with results 

published in the literature [2-4]. 

In most of these wines, the concentrations of total caffeic acid (5 out of 8) and flavonoids rutin 

(5 out of 8), myricetin (5 out of 8) resveratrol (5 out of 8) and quercetin (6 out of 8) were higher than 

those measured in conventional wines, the concentration of total measured phenols in organic wines 

also did not differ significantly from that found in conventional wines. Finally, the results indicated that 

the phenol profile of organic wines, produced without the addition of sulfur dioxide/sulfite, did not 

differ qualitatively and quantitatively from that of conventional wines. 

The obtained results confirm the variations in polyphenol content among the examined wines, 

due to their different grape varieties, geographical origin and wine colour, as expected. [5]. 

Three flavan-3-ol monomers were found in the studied wines: (+) - catechin, epicatechin and 

epicatechin-gallate. In almost all samples, epicatechin-gallate was the most common. 

Stilbene is a small group of phenolic compounds in wine, and resveratrol is the major stilbene. 

Trans-resveratrol, stilbene with multiple health benefits, was quantified, ranging from 1.81 to 6.99 mg/L 

in Cabernet wines and from 1.61 to 7.66 mg/L in Merlot wines. These quantities were comparable to 

the reported ranges for red wines [6-7].  

 

3.2. Antioxidative activity 

Nine commercial wines from Slovenia purchased on the local market were tested. The sample 

from Slovenia (Slovenian Istria), Cabernet Sauvignon (2015) had the highest radical activity against 

DPPH and amounted to 0,68%. On the other hand, the lowest value was recorded for wine Merlot (2016) 

from Slovenia (Belica) and amounted to 3.70%. As can be seen from FRAP analysis results that are 

given in Figures 2 and 3, the antioxidative potency of Cabernet wines is consistent across all the 

samples, while Merlot wines show more oscillations in values. 

 
Fig. 2. Comparing total and corrected FRAP values for Cabernet Sauvignon wines (1- Goriška brda 2016, 2- 

Vipava 1894 2015, 3- Slovenska ISTRA 2015, 4- Goriška brda II 2016, 5- Diva 2015, 6- Diva 2016, 7- Casa De 

Campo Chile 2015, 8- Impresija 2015, 9- Impresija 2016). 
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Fig. 3. Comparing total and corrected FRAP values for Merlot wines (1- Goriška brda 2016, 2- Mačkov podrum 

2015, 3- Deželno vino PGO 2015, 4- Impresija 2015, 5- Belica 2016, 6- Impresija 2016, 7- Rose 2016, 8- 

Vipava 1894 2015, 9- GARLING COLLECTION 1995 2016). 

 

4. Conclusions 

Organic wines are known for expressing good antioxidative activity, which is usually the result of 

the number and type of phenolic compounds present in the solution. By implementation of different 

HPLC methods, a number of different phenolic compounds was isolated from the range of Cabernet 

Sauvignon and Merlot wines. It was found that organic wines produced without additives show 

a similar chemical profile to conventional wines. Also, it was found that investigated wines show 

high-to-moderate antioxidative properties according to FRAP analysis and DPPH test.  
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Abstract: 

  

Electrospun systems can be applied to various areas, particularly in biomedicine for skin treatment. 

The fabricated nanofibers represent an interconnected three-dimensional network with a high surface 

area to volume ratio providing structural and morphological similarities with the extracellular matrix. 

Hence, facilitate the removal of exudates, promote gaseous exchange, conform to the contour of the 

treated area and in the case of drug-loaded nanofibers resulting in improved bioavailability. 

Polyvinylpyrrolidone was selected as a polymer carrier due to its biocompatible, hydrophilic nature 

with good chemical and mechanical properties, approved by the U.S. FDA (Food and Drug 

Administration) as a safe polymer for biomedical and food applications. Calendula officinalis or 

Marigold extract is one of the oldest medical plants with numerous proven pharmacological effects 

including anti-inflammatory, antibacterial/antifungal and wound healing activity related to the 

components of the flowers such as sesquiterpenes, saponins, triterpenes, flavonoids. Coenzyme Q10 

(CoQ10, Ubiquinone) is a naturally occurring oil-soluble antioxidant and anti-inflammatory agent that 

supports collagen production, mostly popularized as an anti-aging ingredient in skincare products for 

topical use. Novel Marigold extract and CoQ10–loaded polyvinylpyrrolidone nanofibers intended for 

skin treatment and wound therapy were developed using the electrospinning technique. The presence 

of functional groups on the nanofibrous surfaces was confirmed by FTIR analysis, the SEM images 

show the average size of the obtained nanomats and the thermal properties were investigated via DSC 

analysis. 
 

Key words: electrospinning, Calendula officinalis, nanobiomaterials 

 

1. Introduction  

 

Nanofibrous biomaterials similarities with extracellular matrix make them excellent skin and 

wound dressings and afford promotion of skin regeneration capable of cell attachment, proliferation 

and maturation. Electrospinning is a versatile technique for preparing ultrafine fibers having a diameter 

within the range of sub-micrometer to nanometer scale. Nanomaterials utilized by electrospinning have 

been attracting the attention of scientist owing to the three-dimensional arrangement bringing a unique 

property to the material, such as high porosity and large surface area to volume ratio. The main 

advantages of the electrospinning process are ease of materials combination with singular 
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morphological structures and fiber functionalization; hence the superiority of electrospun dressing 

materials over traditional wound dressings [1]. Bio-inspired architecture of these materials is highly 

desired and thus nanofibers made from biodegradable and biocompatible synthetic or natural polymers 

have been utilized to develop nanomats for skin treatment. Polyvinylpyrrolidone (PVP) is an excellent 

candidate for skin dressing material due to its biocompatibility and hydrophilicity, representing a 

convenient skin regeneration environment. A combination with bioactive components can overcome 

the lack of adequate functional groups in the structure of PVP and improve its cell affinity, enhance 

skin repair and also increase the bioavailability of the drug [2]. Marigold has been extensively studied 

for its various health benefits. The use of Marigold flower extract for the treatment of inflammation, 

soothing eczema and skin wounds in skin care products is promoted by its unique chemical composition 

[3]. Increasing age and everyday skin exposure to UV-irradiation leads to oxidative stress, notably 

reducing the level of Coenzyme Q10 (CoQ10) responsible for cellular energy metabolism and 

antioxidant effects [4].  

In this context, this study seeks to fabricate Marigold extract and CoQ10 loaded PVP electrospun 

materials intended for skin care and wound healing application and to characterize their morphology, 

thermal properties and chemical structure. 

 

2. Experimental Section 

 

2.1 Materials, preparation of electrospinning solutions and characterization of obtained nanomaterials 

 

Polyvinylpyrrolidone (PVP) with an average molecular weight Mw of 1 300 000 was purchased 

from Across Organics. Absolute ethanol was purchased from VWR Chemicals BDH, Marigold 

(Calendula officinalis) CO2 extract from Alekpharm and CoQ10 (Ubiquinone) from Sigma-Aldrich. 

The initial solution of pure PVP for electrospinning was obtained by dissolving in ethanol at a weight 

concentration of 10 wt%. The concentration of Marigold CO2 extract and CoQ10 was calculated on the 

weight of polymer (10 % and 5 % of PVP weight, respectively) added to the solution prior to 

electrospinning. The solutions were mixed under magnetic stirring at 400 rpm for 24 h to ensure 

homogeneity before electrospinning. The electrospun materials were stored in airtight sample 

containers. 

Electrospinning process was performed using Fluidnatek LE-10 (setup by BioInicia) after 

optimization under defined constant ambient conditions (relative humidity 40 ± 5 % and temperature 

25 ± 2 °C). The two solutions were loaded into a 20 ml plastic syringe fitted with a blunt stainless steel 

needle serving as the nozzle. The feed rate was adjusted in the range of 0.8-1 ml/h under a fixed applied 

electrical potential difference of 10-14 kV and nozzle to collector distance of 9 cm. 

The chemical structure of the samples was examined with Shimadzu IRaffinity-1s FTIR 

Spectrometer (MIRacle 10 ATR; Dia/ZnSe) measurement mode in the mid-region (4000 to 400 cm–1). 

The measurements were performed with a total of 60 scans and a spectral resolution of 4 cm–1. 

Thermal properties were investigated by differential scanning calorimeter, DSC TA 

Instruments Q20, under a nitrogen atmosphere (flow rate 50 cm3/min) with samples ( ̴ 3 mg) 

hermetically sealed in aluminium pans. All samples were heated in one cycle from 25 °C to 200 °C with 

a heating rate of 10 °C/min.  

Scanning Electron Microscopy allowed evaluating the morphology of the nanofibers using 

Hitachi Tabletop TM3030 (BioSense Institute, University of Novi Sad). Fiber mats of 0.5 cm x 0.5 cm 

were coated with a gold layer and placed of a conductive double-sided tape before the exposure to the 

electron beam of 12 kV. The average fiber diameters were calculated using ImageJ software from the 

micrographs by random selection of fiber segments. 

3. Results and Discussion 

The results, from the FTIR spectrum of pure active components, electrospun pure PVP, 

electrospun PVP modified with Marigold extract and CoQ10, are presented in Figure 1. Wide peak 

from 3700 to 3200 cm-1 originates from O – H stretching vibration in the structure of the pure PVP 

according to their hydrophilic nature and absorbed moisture during manipulation with the sample or 
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storing. Peaks appearing in the region around 2900 cm-1 are derived from C – H asymmetric stretching 

vibration, sharp peaks around 1660 cm-1 correspond to C = O stretching vibrations. CH2 bending 

vibrations are represented by peaks at 1440 cm-1 and C – N vibrations at 1290 cm-1. The peak at around 

1700 cm-1 in the spectrum of Marigold extract and modified electrospun PVP relates to C = O stretching 

vibrations suggesting terpenoid or flavonoid structures. As it can be observed from Figure 1., results 

are imlying the presence of the active components in the polymeric nanofibrous sample and their 

successful incorporation. 

 

Fig. 1. FTIR spectra of CoQ10, Marigold extract, electrospun PVP, electrospun PVP loaded by CoQ10 and 

Marigold extract 

At the macro level, the Marigold extract and CoQ10 influenced the color of the nanofiber mats 

to change from white for pure PVP to light yellow. The morphology of the nanomats was examined at 

two magnitudes (2000 and 5000X) and the diameters were determined. 

Figure 2. 1) shows SEM micrographs of the electrospun nanomats along with the corresponding 

fiber diameters. All examined samples have diameter sizes in the nanometer range with randomly 

oriented fibers. Nanofibers with smooth surfaces were developed with no irregularities in the form of 

drops or beads along the fibers. The addition of the active components into PVP affected the fiber 

diameter increase, for pure PVP the diameter ranges from 221 to 515 nm, while for modified PVP the 

values are up to 890 nm. 

Thermal properties were investigated in the range from 25-200 °C which covers the temperatures 

of the human body, the manipulation with the potential final product and transport conditions. At the 

examined heating cycle only endothermic peaks were observed concerning to the melting phase changes 

of the pure PVP and PVP loaded by Marigold extract and CoQ10. Melting points are determined as the 

onsets of the endotherms and the corresponding melting enthalpies were denoted. 
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Fig. 2. 1) SEM micrographs and fiber diameter distribution of: a) pure PVP (Mag: 2000X); b) PVP 

loaded by Marigold extract and CoQ10 (Mag: 2000X); c) pure PVP (Mag: 5000X); d)  PVP loaded by Marigold 

extract and CoQ10 (Mag: 5000X); 2) DSC thermogram of pure PVP and PVP loaded by Marigold extract and 

CoQ10 

Figure 2. 2) shows an overlap of the heating curves of the samples. For both examined samples 

the onset of melting of PVP occurs at 145 °C for the pure PVP and at 143 °C for the modified PVP. A 

low intensity endotherm which appears at 48 °C corresponds to the melting of CoQ10. At the 

investigated temperature interval, Marigold extract shows no phase changes. 

4. Conclusions 

Electrospun nanofibers combining the biocompatible nature of PVP, with the cell rejuvenating 

and healing potential of Marigold extract coupled with CoQ10 as a new prospective for suitable skin 

care and regeneration, were successfully developed. The nanomaterials were obtained via versatile and 

rapid electrospinning technique. The unique structure and porosity provide mechanical protection, 

allow gas exchange and maintain the moist environment. FTIR analysis confirmed the successful 

incorporation of the active compounds into PVP, good morphology with continuous network is proven 

by SEM and thermal properties are considered using DSC. These materials have promising potential to 

be used in the cosmetic industry, further investigations are however required. 
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Abstract 
  

This paper aims to investigate the effect of the addition of mineral oil and pyrolytic carbon black 

on crosslinking the natural rubber and the mechanical properties of the crosslinked products. A 

rheometer determined curing characteristics at a temperature of 150 °C. The mechanical properties of 

prepared vulcanized composites were determined. By adding mineral oil to rubber compounds, the 

vulcanization reaction starts later, and it takes slightly more time to achieve the optimal vulcanization 

time. The addition of mineral oil to the rubber mixture achieves better dispersion of pyrolytic carbon 

blacks in the matrix and thus increases the physical interaction between the filler and rubber. Pyrolytic 

carbon black (pCB) is obtained by recycling waste products and contains a higher proportion of 

impurities. Due to impurities, PCB has a smaller surface area for the physical adsorption of rubber 

molecules than standard carbon black, and it can be assumed that this has led to a decrease in the 

crosslinking density. The addition of mineral oil to rubber compounds results in a slight reduction in 

mechanical properties. The type of carbon black has a much more significant influence on the 

mechanical properties of vulcanized composites based on natural rubber. 

 

Key words: Natural rubber, Pyrolytic carbon black, Mineral oil, Cure characteristics, Mechanical 

properties 

 

 

1. Introduction 

 

The use of rubber products is very wide. The high prevalence is a consequence of its exceptional 

elasticity, insulating, and sealing properties. The problem that arises with applying these materials is 

their brief period of use so that large quantities of rubber products are quickly found in the waste. 

Therefore, the development process of recycling rubber products from waste is essential. One of the 

ways of recycling rubber products from waste is their thermal decomposition at high temperatures in 

the absence of oxygen. This pyrolysis process produces pyrolytic carbon black in addition to energy. In 

the rubber industry, the consumption of carbon black is immediately behind the consumption of rubber, 

so it is essential to get new rubber products in which the standard carbon black is replaced by pyrolytic.  

Softeners are also used as additives. Softeners containing surfactants form monomolecular 

adsorption layers of active substances on the surface of the filler particles. The polar groups of these 

substances face the surface of the filler particles, and the nonpolar ones face the rubber molecules. 

Therefore, the softeners improve the distribution of the filler in the rubber matrix and the bonding of 

the filler with the rubber. This paper aims to examine the influence of the addition of softener and 

pyrolytic carbon black on the process of crosslinking a rubber mixture based on natural rubber and the 
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mechanical properties of crosslinked products. The crosslinking process of the rubber mixture was 

monitored using an oscillating disk rheometer at a temperature of 150 °C. The following mechanical 

properties of crosslinked specimens were determined: modulus at 100 % and 300 % extension, tensile 

strength and elongation at break, and hardness. 

 

2. Experimental 

 

Commercial natural rubber SVR CV60, manufactured by Vietnam Rubber Group, was used as a 

starting precursor. A medium-effective crosslinking system was used to crosslink the mixture: a 

combination of N-isopropyl-N-phenyl-1,4-phenylenediamine (IPPD) and sulfur (S) with N-cyclohexyl-

2-benzothiazole-sulfenamide (CBS) accelerator and vulcanization activators zinc (II) oxide and stearic 

acid. All raw materials used in work are commercial and commonly used in the rubber industry. As a 

softener, mineral oil marked PU5 was used, with the following characteristics: relative density, at 20 ° 

C is 0.922; kinematic viscosity at 90 ° C is 12.78 mm2/s; refractive index at 20 °C is 1.5031; mean molar 

mass is 377.6 g/mol.  

Two types of active fillers were used for the preparation of rubber mixtures: standard commercial 

carbon black used in the rubber industry (N33, Nhumo, Mexico), average particle size around 28-36 

nm (data provided by the manufacturer), and pyrolytic carbon black obtained by the process of pyrolysis 

of rubber products generated as waste in the production process in the EDOS plant, with an average 

particle size of 15-30 nm. Table 1 shows the composition of rubber compounds. 

 

Table 1. Rubber compounds with different content of standard commercial and pyrolytic carbon black 

 

 NR/30phr 

CB 

NR/30 

phr pCB 

NR/30 phr 

pCB/PU5  
phr phr phr 

Natural rubber 100 100 100 

Zinc (II) oxide, ZnO 5 5 5 

Stearic acid 2 2 2 

Sulfur 2.5 2.5 2.5 

N-cyclohexyl-2-benzothiazyl sulfenamide, CBS 2 2 2 

Standard carbon black 30 0 0 

Pyrolytic carbon black 0 30 30 

Oil PU5 0 0 10 

N-isopropyl-N-phenyl-1,4-phenylenediamine, IPPD 1 1 1 

 

The rubber mixtures were mixed in a mixer system HAAKE Rheomix (model 600) manufactured 

by Haake, Germany, at a temperature of 90 C. During the first 6 minutes, the natural rubber is mystified. 

There is a rupture of molecular chains and a decrease in the viscosity of rubber. When this phase is 

completed, inactive components that do not participate in the networking process are added. The second 

phase lasts 5 minutes. Active components are added in the latter. After 2 minutes of adding the active 

ingredients, the mixing process is complete. The mixture's crosslinking characteristics and 

vulcanization properties were determined on an oscillator with an oscillating disk, MDR-A Rotorless 

Rheometer, manufacturer, Beijing Rade instrument co. LTD at a temperature of 150 ° C. The 

mechanical properties of crosslinked composites were tested on a universal testing machine RT5K-2, 

manufactured by Beijing Rade instrument co. LTD. The following mechanical properties were 

determined: modulus at 100 % and 300 % extension, tensile strength, and elongation at break. The 

hardness test was performed by indentation using a type A hardness tester, model Zvik 3100, 

manufactured by Zwick, Germany. 
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3. Results and discussion 

 

During the process of mixing the ingredients into the natural rubber, the changes recorded by the 

ammeter and voltmeter over time were monitored. In order to examine the influence of the softener on 

the mixing process, the obtained results were compared with the results of the system of identical 

composition only without the addition of softener. Based on Figure 1, it can be concluded that both 

curves have a similar trend of current change with time until the addition of inactive components. From 

the time of addition of the inactive components, there is an increase in the current in the sample with 

commercial carbon black compared to the sample NR/30 phr pCB/PU5 which contains mineral oil in 

its composition. Based on this, it can be concluded that the mineral oil added to the rubber mixture is a 

softener and that less power is required to mix the added components. The addition of PU5 mineral oil 

to rubber compounds increases the plasticity of rubber compounds and reduces internal friction, thus 

enabling easier processing.  

 

 
Fig. 1. Graphical change of current change with time for sample NR/30 phr pCB/PU5 (a) and sample 

NR/30 phr pCB (b) 

 

Table 2. Vulcanization properties of the rubber mixture determined on an oscillating disk rheometer: 

minimum torque - Mmin, maximum torque - Mmax and the difference between maximum and 

minimum torque - ΔM, scorch time - ts2, optimal crosslinking time - t90, crosslinking rate index – CRI 

 

Sample 
Mmin 

(Nm) 

Mmax 

(Nm) 

ΔM 

(Nm) 

ts2 

(s) 

t90 

(s) 

CRI 

(1/min) 

NR/30phr CB 3.29 14.08 10.79 149 235 47.62 

NR/30 phr pCB 2.99 10.93 7.94 203 274 84.51 

NR/30 phr pCB/PU5 2.85 9.3 6.45 238 303 92.31 

 

     An oscillating disk rheometer was used to determine the critical parameters of the crosslinking 

(vulcanization) process, table 2. The addition of mineral oil PU5 to the rubber mixture achieves better 

dispersion of carbon black particles in the system, better mixing occurs, and thus increases the physical 

interaction between the filler and rubber [1]. In the presence of mineral oil PU5, the values of Mmin 

decrease. The addition of PU5 mineral oil to rubber compounds significantly reduces the value of 

maximum torque, which once again confirms that PU5 mineral oil in the proportion of 10 phr reduces 

the viscosity of rubber compounds and facilitates the processing process [2]. Due to the higher impurity 

content, pyrolytic carbon black has a smaller surface area for physical adsorption of rubber molecules 

compared to standard carbon black, and it can be assumed that rubber mixtures with a higher proportion 

of pyrolytic carbon black have a lower crosslinking density, lower ∆M values. By adding PU5 mineral 

oil to the tested rubber mixtures, the vulcanization reaction starts later and it takes slightly more time to 

achieve the optimal crosslinking time for all tested compositions of rubber mixtures, table 2.  

     To determine the mechanical properties, samples were prepared which were obtained by the process 

of crosslinking rubber mixtures in a press at 150 ° C, for 15 minutes. The obtained results are shown in 

the table 3. Based on the results of mechanical analysis of crosslinked samples, we can conclude that 
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the addition of mineral oil PU5 to rubber mixtures leads to a slight decrease in mechanical properties, 

while the type of carbon black has a much more significant effect on mechanical properties [3]. 

 

 

 

Table 3. Mechanical properties of vulcanized rubber compounds 

 
Sample Modulus at 

100 % 

extension 

[MPa] 

Modulus at 

300 % 

extension 

[MPa] 

Tensile 

strength 

[MPa] 

Elongation 

at break 

[%] 

Hardness 

[Shore A] 

NR/30phr CB 2.68 13.07 17.52 343.6 64 

NR/30 phr pCB 2.35 8.61 12.85 362.0 60 

NR/30 phr pCB/PU5 2.08 9.14 12.09 374.6 57 

 

 

4. Conclusions 

 

The addition of PU5 mineral oil to rubber compounds increases the plasticity of rubber compounds 

and reduces internal friction, thus enabling easier processing. The vulcanization reaction starts later, 

and it takes slightly more time to achieve the optimal vulcanization time. The type of carbon black has 

a much more significant influence on the mechanical properties of vulcanized composites based on 

natural rubber. Due to impurities, pCB has a smaller surface area for the physical adsorption of rubber 

molecules than standard carbon black, and it can be assumed that this has led to a decrease in the 

crosslinking density and reduction in mechanical properties. The addition of mineral oil to rubber 

compounds results in a slight reduction in mechanical properties. 
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Abstract: 

  

Hyperbranched alkyds based on trimethylolpropane, dimethylol propionic acid and castor oil were 

synthesized. The process implied preparing the three samples with ZnO nanoparticles in an amount of 

0, 1, and 3 wt%. Commercial melamine resin was used as a crosslinking agent. Curing was carried out 

firstly in a drying oven at the 120 °C for half an hour, and afterward for seven days at room temperature. 

Thermal properties, physico-mechanical characteristics, and chemical resistance of cured coated were 

determined. An increasing amount of the ZnO nanoparticles in hyperbranched alkyd resins leads to the 

improvement of the properties of the cured coating. Based on the results, it was concluded that the 

hyperbranched alkyds with ZnO nanoparticles could be employed as binders in environment-friendly 

coatings due to lower viscosity (less content of organic solvent) compared to conventional alkyd resins. 
 

Key words: Hyperbranched alkyd resin, ZnO nanoparticles, Properties of cured coated.  

 

 

1. Introduction 

 

      The properties that coating should satisfy are excellent adhesion, fast and even drying, elasticity, 

wear resistance, impact resistance, and chemical stability. Polymeric materials are distinguished in good 

adhesion, elasticity, ease of handling, price, and the like. However, concerning the impact and wear 

resistance, it is necessary to introduce specific changes to improve these properties and expand the 

scope. Then the use of various fillers is resorted to, lately primarily nanoparticles. The critical reason 

nanoparticles are increasingly used is that they provide a large specific adhesion surface with a matrix 

in a small volume fraction while significantly improving the mechanical properties [1]. The properties 

of nanoparticles that can affect the properties of a polymer nanocomposite are their shape and size and 

concentration, and interaction with the polymer matrix [2]. 

      The application of hyperbranched resins, as binders in environment-friendly coatings, has an 

advantage due to less content of organic solvent and lower viscosity than conventional alkyd resins [3]. 

In this work, a hyperbranched resin based on trimethylolpropane, dimethylol propionic acid, and castor 

oil was synthesized. Resin mixtures were prepared by adding ZnO nanoparticles to the hyperbranched 

resin in proportions of 1 and 3 wt% relative to the total weight of the mixture. A nano particle-free 

sample was also prepared. Commercial melamine resin was used as a crosslinking agent. Thermal 

properties, physical-mechanical characteristics, and chemical resistance of coating films were 

investigated.
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2. Experimental 

 

2.1. Materials and sample preparation 

 

Trimethylolpropane (2-ethyl-2-(hydroxymethyl)propane-1,3-diol) from Perstorp Specialty 

Chemicals AB, dimethylol propionic acid (2,2-bis(hydroxymethyl)propionic acid) from Perstorp 

Polyols and castor oil were used to synthesize second-generation hyperbranched alkyd. The synthesis 

procedure is described in the paper [3]. Hexamethoxymethyl melamine resin (HMMM), in liquid form, 

manufactured by Cytec Industries Inc., was used for crosslinking of hyperbranched alkyd resins. The 

manufacturer's mark is Cymel 303. ZnO nanoparticles with a mean diameter of 22 nm and a specific 

surface area of 22 m2/g from Evonik were used as nanofillers. 

ZnO nanoparticles were dispersed in three samples in different proportions of 0, 1, and 3% by 

weight. Homogenization was performed on a magnetic stirrer at a constant temperature of 25 °C for 30 

minutes. After that, the mixture was additionally stirred in an ultrasonic bath for 10 minutes without 

heating. The prepared resin mixtures were applied to the sheet metal plates using an applicator that 

develops a 100 µm thick film. The developed film plates were dried at 120 °C for 30 minutes. After 

thermal crosslinking of the coating, the tiles were dried for seven days under atmospheric conditions. 

 

2.2. Methods 

 

The glass transition temperature (Tg) of the synthesized hyperbranched resin was determined by 

differential scanning calorimetry. A differential calorimeter DSC Q20 (TA Instruments, New Castle, 

Delaware, USA) was used. The measurement was performed at a temperature range from - 50 to 200 °C, 

with a heating rate of 10 °C/min. The thickness of the dry coating was determined using the Byko-test 

4500 (BYK-Gardner GmbH, Geretsried, Germany) device according to ISO 2178. The gloss of the film 

at an angle of 60° according to the ISO 2813 standard was measured (Glossmeters, micro-TRI-gloss, 

BYK-Gardner GmbH, Geretsried, Germany). The degree of adhesion of cured film was determined 

according to the standard ISO 2409 using a special cutting knife Cross-Cut Tester Kit (BYK-Gardner 

GmbH, Geretsried, Germany). The hardness of the coating was measured by Pendulum Hardness Tester 

König (BYK-Gardner GmbH, Geretsried, Germany) according to ISO 1522 standard. Impact resistance 

was determined according to the standardized method ISO 6272 (Impact Tester, BYK-Gardner GmbH, 

Geretsried, Germany). The chemical resistance of the coating was tested by measuring the resistance to 

methyl ethyl ketone (MEK test), following the standard ASTM D 4757. 

 

3. Results and discussion 

The thermal properties of the synthesized hyperbranched resin were investigated by differential 

scanning calorimetry at a heating rate of 10 °C/min. It is known that a large number of polar OH groups, 

as well as interactions with polar ester bonds, create bonds and a thermoreversible physical network 

[4]. Therefore, in the first DSC heating, very wide endothermic peaks appear, which originate from the 

rupture of hydrogen bonds and the physical network due to these interactions. This is the reason why 

the transition to the glassy state was determined from the third heating of the sample. Figure 1 shows 

the obtained DSC thermogram during the third heating. The transition to the glassy state occurs in the 

temperature range from -7 to 7 °C, and the turning point is at a temperature of 1.5 °C, which represents 

glass transition temperature. 
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Fig. 1. DSC curve of hyperbranched resin, third heating at 10 °C/min 

 

The results of determining the properties of coatings obtained by crosslinking a mixture of 

hyperbranched alkyd resin with the addition of ZnO nanoparticles and hexamethoxymethyl melamine 

resin in a weight ratio of 70:30 are given in Table 1. 

 
Table 1 Properties of coatings based on hyperbranched alkyds (HBA) and hexamethoxymethyl melamine resins 

(HMMM) with various amounts of ZnO nanoparticles (0, 1 i 3 wt%) 

 

Properties  
HBA/HMMM/0 

wt% ZnO 

HBA/HMMM/1 

wt% ZnO 

HBA/HMMM/3 

wt% ZnO 

Wet Film Thickness (µm) 100 100 100 

Dry Film Thickness (µm) 85 88 88 

Cross-Cut Adhesion 0 0 1 

Gloss on 60° (%) 108 80 81 

Pendulum Hardness by König (s) 184.8 196 206.5 

Impact Test (kg·cm) 8 13.3 15 

Measuring MEK Resistance >200 >200 >200 

 

    All tested samples have satisfactory degrees of adhesion. No significant changes in the values of the 

degree of adhesion with the addition of ZnO nanoparticles were observed, which is in line with 

expectations, considering that uniform mixing was achieved. Based on the values obtained for the film 

hardness of coatings measured by the König pendulum, it can be concluded that all tested coatings have 

extremely high hardness, which is a consequence of the hyperbranched structure and a large number of 

functional groups at the chain. An increasing amount of the ZnO nanoparticles in hyperbranched alkyd 

resins leads to improved hardness of the coating, Table 1. All tested coatings have good gloss values 

determined at an angle of 60°. The addition of ZnO nanoparticles reduces the gloss of the coating 

because light scattering occurs on the nanoparticles. However, all these coatings belong to those with 

high gloss because the measured values are above 80%. Based on the results obtained for impact 

resistance, it can be concluded that these coatings are not elastic, i.e., that they are extremely brittle. 

This brittleness is a consequence of a large number of short branches in the synthesized hyperbranched 

polymer, i.e., the absence of soft elastic segments. The addition of ZnO nanoparticles affects impact 

resistance, Table 1. 

The tested coatings have excellent resistance to methyl ethyl ketone due to the high crosslinking density. 

The addition of ZnO nanoparticles does not reduce the resistance of the coating to the action of methyl 

ethyl ketone. 
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4. Conclusions 

 

     A hyperbranched resin based on trimethylolpropane, dimethylol propionic acid, and castor oil was 

synthesized. Resin mixtures were prepared by adding ZnO nanoparticles to the hyperbranched resin in 

an amount of 0, 1, and 3 wt%. Commercial hexamethoxymethyl melamine was used as a crosslinking 

agent. An increasing amount of the ZnO nanoparticles in hyperbranched alkyd resins leads to the 

improvement of the hardness and impact resistance of the coating. The addition of ZnO nanoparticles 

reduces the gloss of the coating because light scattering occurs on the nanoparticles. However, all these 

coatings belong to those with high gloss (values of gloss on 60° are above 80%). The tested coatings 

have excellent resistance to methyl ethyl ketone due to the high crosslinking density. Based on the 

results, it was concluded that the hyperbranched alkyds with ZnO nanoparticles could be employed as 

binders in environment-friendly coatings due to lower viscosity (less content of organic solvent) 

compared to conventional alkyd resins. 
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Abstract: 

 

The standard procedure in treating rectum cancer is surgical intervention, but presurgical 

chemotherapy and radiotherapy lead to a lower rate of localized recidives. Our study compared the 

results obtained by two techniques of radiation treatment planning (RTP) in radiotherapy, which 

patients received in the preoperative course of rectum cancer treatment, Volumetric Modulated Arc 

Therapy (VMAT) and field-in-field three-dimensional conformal radiotherapy (FIF 3D-CRT). We 

analyzed better coverage of the planning target volume (PTV) and better protection of organs from risk 

(OAR): bladder, bowel, left femoral head, and right femoral head results and monitor unit (MU). Also, 

we analyzed the target volume coverage indicators included homogeneity index (HI), and conformity 

index (CI). Selected five patients were treated in University Clinical Center Kragujevac during 2020. 

The two types of techniques for making radiotherapy plans, mentioned above, were designed for each 

patient using the same CT scans. All plans were done on the treatment planning system ECLIPSE-

Version 15.6 (Varian). The prescribed dose for all patients was 50 Gy in 25 fractions. The first arc was 

planned in the clockwise direction and the second in the counter clockwise direction. FIF 3D-CRT plans 

were obtained by using fields from four different directions with the same isocenter. It was obtained 

that VMAT plans, compared to the FIF 3D-CRT, achieved better coverage of the PTV (D95%), better 

heterogeneity, and conformity. Protection for OAR such as the bladder, femoral heads, and small bowel 

is much better than that given by FIF 3D-CRT plans. However, the number of MU calculated by FIF 

3D-CRT is almost twice lower compared to VMAT. 
 

Key words: rectal cancer, radiotherapy, radiation treatment planning (RTP), VMAT technique, FIF 3D-

CRT technique. 

 

1. Introduction 

 

Rectal cancer is still one of the most common malignancies. Based on data downloaded from the 

Global Cancer Observatory website, that the number of diagnosed cases of rectal cancer in 2020. was
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1.931.590 (10% of all of the diagnosed cancer cases). The number of deaths was 935.173 (9.4%) [1]. 

The standard procedure in treating rectum cancer is surgical intervention, which implies a total 

mesorectal excision [2]. Application of presurgical chemotherapy and radiotherapy leads to a lower rate 

of localized recidives. Good optimization strategies can treat the target volume and, at the same time, 

reduce as much as possible the dose receiving by organs at risk (OAR). Protecting the small bowel is 

very important because the secondary effect associated with pelvic radiotherapy for rectal cancer is 

gastrointestinal toxicity [3]. 3D-CRT uses four fields (two laterals and AP/PA), MLC-s field-in-field 

techniques, and wedges. Due to the concave shape of the target volume, the application of this technique 

does not provide good enough protection for the bladder and small bowel. VMAT is a technique by 

which a certain dose of radiation is continuously delivered while the gantry of the linear accelerator is 

rotating. Given the method of delivery of the prescribed dose, it is expected that the VMAT technique 

will better spare OAR and gave better coverage and isodose conformation of the target volumes [4]. 

This study shows the plans comparison of FIF 3D-CRT and VMAT technique and the advantages and 

disadvantages of one technique compared to another by observing plans results. 

 

2. Methods and results 

 

All observed patients had locally advanced rectal cancers. CT simulation was performed in the 

pronation position with basic immobilization (CIVCO Medical Solutions). CT scans were made of CT 

GE Discovery with 2.5 mm of slice thickness. Patients are instructed to have a comfortably full bladder 

before the CT scanning and before receiving each fraction of radiotherapy treatment. In this way, the 

dose received by the bladder and small bowel is reduced. The oncologist delineated the clinical target 

volumes (CTV). CTV contains gross tumor volume (GTV) with the mesorectal region near the tumor, 

with a margin of 2–3 cm, pelvis' posterior wall, and internal iliac lymph nodes. PTV was generated by 

adding a 1 cm margin to the CTV. As organs at risk, the oncologist marked the bladder, small bowel 

and femoral heads. The small bowel was outlined to 1 cm above the PTV.  

The prescribed dose was 50 Gy in 25 fractions. The primary objective for the PTV volume was to 

achieve 95% of the dose to cover at least 98% of the PTV volume. The acceptability of plans is 

determined by respecting the OAR constraints: bladder (constraint V46˂80%), small bowel (constraint 

V40˂80% and V40˂150cc), and femoral heads (constraint V46˂80%). 3D–CRT plans were obtained 

by using four isocentric fields with different directions (270°, 0°, 90°, 180°) along with field-in-field 

technique (Fig. 1 (left pane)). 

 

Fig. 1. 3D-CRT (left pane) and VMAT (right pane) field arrangements. 
 

MLC margin was 0.6 cm for all of the fields. Dose distributions were calculated with 10 MV photon 

beams. Two full ARCs were applied in VMAT planning. Isocenter was positioned in the centre of the 

target volume (PTV). The size of the field and the angle of the collimator were adjusted with the option 

Arc geometry tool (Fig. 1 (right pane)). Dose Volume Histogram (DVH) of VMAT plans for patients 

were evaluated and compared to the DVHs of the corresponding 3D-CRT plans. The conformity index 

(CI) is a measure of target coverage and the conformity of the high dose region to the PTV, and it is 

defined as CI=V95%isodse/VPTV [5]. Perfect conformance is CI=1, lower values means poorer plan quality. 

The homogeneity index HI was calculated HI=(D2%PTV-D98%PTV)/ D50%PTV [6], Dx%PTV (Gy) is a minimal 

dose that is received by x% of the volume of the PTV. D2% is also known as D (near-max), and D98% is 

D (near-mean). D50%PTV (Gy) is the median dose of the PTV. Smaller values of HI indicate better dose 

homogeneity in the PTV. Dose distributions obtained with 3D-CRT and VMAT techniques for one of 

the patients in this study were shown in Fig. 2, where the superiority of the VMAT technique can be 

seen. The results of the VMAT plans show a highly significant improvement in the CI and HI and 

reduction in the D2% and D50% in PTV over 3D-CRT plans (Table 1). 
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Fig. 2. Dose distribution for 3D-CRT (left pane) and VMAT (right pane) plans. 

 

Table 1. Results of the calculated dosimetric parameters according to the delivery technique. 

 

Patient 

PTV 

FIF 3D CRT VMAT 

HI CI D2%[cGy] D50%[cGy] D98%[cGy] HI CI D2%[cGy] D50%[cGy] D98%[cGy] 
1 0,08 1,54 5.226,80 5.015,30 4.818,30 0,05 1,09 5.119,70 5.011,60 4.845,20 

2 0,08 1,54 5.271,60 5.103,20 4.852,70 0,05 1,11 5.109,50 5.009,50 4.863,00 

3 0,10 1,97 5.289,10 5.041,90 4.798,40 0,06 1,16 5.114,60 5.009,00 4.838,10 

4 0,09 1,70 5.273,30 5.077,90 4.835,00 0,05 1,12 5.112,50 5.007,40 4.866,50 

5 0,08 2,10 5.247,70 4.975,00 4.833,60 0,05 1,20 5.108,70 4.993,40 4.845,90 

 

Results showed that the maximum doses in VMAT plans were lower than in 3D-CRT for all 

patients. The volume covered by the 95% dose is approximately the same using both techniques. All 

the evaluated dosimetric parameters for OAR, except for the maximum dose for small bowel, were 

significantly different. These differences are shown in Fig. 3 for the bladder and small bowel. For the 

bladder, VMAT plans showed a mean reduction of 12.41 Gy in the mean dose and 53.94% in the V46 

parameter in comparison with 3D-CRT plans (Table 3). VMAT plans yielded a 6.39 Gy mean reduction 

in mean dose for the small bowel over the entire dose range and the mean reduction for the V40 

parameter of 19.22% and 22.36 cc. Mean Dose showed a decrease of the small bowel irradiated volumes 

over the entire dose range. 

 

 

 
 

 

 

Fig. 3. DVH comparison for OARs. Line with triangles is for 3D-CRT and squares are for VMAT. 

 

The femoral heads are the organs that showed the highest dose reduction when comparing 3D-CRT 

plans with VMAT plans. Mean reductions in the mean dose of 5.12 Gy in the right femoral head and of 

8.97 Gy in the left femoral head were obtained. OAR dosimetric parameters, obtained using both 

techniques, are given in Table 2. 

 
Table 2. Mean values across all plans of the dosimetric parameters of the OAR. 

 

 

Plan 

parameter 

3D-

CRT 

Mean 

(Gy) 

VMAT 

Mean 

(Gy) 

Difference 
Plan 

parameter 

3D-

CRT 

Mean 

(Gy) 

VMAT 

Mean 

(Gy) 

Difference 

Bladder 

Dmean 47,03 34,62 12,41 Left 

femoral 

head 

Dmean 35,55 26,58 8,97 

Dmax 52,65 51,58 1,07 Dmax 49,81 39,96 9,85 

V46 (%) 74,46 20,52 53,94 V46 (%) 20,18 0 20,18 

Small 

bowel 

Dmean 31,92 25,53 6,39 
Right 

femoral 

head 

Dmean 32,97 27,85 5,12 

Dmax 51,96 52,03 -0,07 Dmax 50,31 37,92 12,39 

V40 (%) 43,3 24,08 19,22 
V46 (%) 14,16 0 14,16 

V40(cc) 55,09 32,73 22,36 
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The number of MU for plans obtained with the 3D-CRT technique was (255, 244, 259, 271, 276), 

while the VMAT technique gave (583, 576, 600, 600, 599), the first numbers in both parentheses 

correspond to the first patient, the second for the second patient, and so on. The number of MU increased 

considerably in the arc therapy plans due to the continuous irradiation that characterizes this type of 

delivery. 

 

4. Conclusions 

 

We evaluated and compared dose parameters of the two different treatment planning processes, 3D-

CRT and VMAT, analyzed the target volume coverage indicators CI and HI. Plans made with the 

VMAT technique produced better dosimetric results, the coverage and isodose conformation of the 

target volumes, and the sparing of organs at risk (OAR) than 3D-CRT. 
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Abstract: 
  

Using data mining techniques, this study analyzes the influence and dependance of bacterial 

communities that are determined in routine monitoring of open water quality status, such as 

heterotrophic bacteria (psychrophiles and mesophiles). The SeLaR database was used, which, in 

addition to various studies of integrated data related to the reservoirs of Serbia, is the basis for advanced 

data analysis – utilizing statistical methods and data mining. Data for reservoirs with different 

morphometric qualities, different positions, trophic status, and dominant bacterial community were 

analyzed. In this research, classification, and analysis of influential parameters, as well as scenario 

analysis was applied. The results indicate that a designed data mining system can analyze the state and 

influence of bacterial communities with different parameters that are determined both in standard 

routine analysis, and in some more specialized studies. This study showed that designed data mining 

system can serve as flexible, effective, and practical tool for monitoring water quality using bacterial 

communities in reservoirs.  
 

Key words: data mining; reservoirs; bacterial community; heterotrophs; classification; influential 

parameters, scenario analysis. 

 

1. Introduction 

 

Water, the most widespread matter on the planet Earth, is one of the basic human needs and is a 

necessary condition of human life. The big problem of decreasing availability of drinking water in 

Serbia has led to the construction of water reservoirs for various purposes. The protection of these 

reservoirs is the most effective as preventive and continuous monitoring of water conditions. This 

includes monitoring various physical, chemical, and biological parameters. The microbiological 

properties of water are a significant and valid indicator of their quality. When observing water quality, 

classification, modeling, and interpretation of a large amount of data is an important step [1]. Various 

tools and techniques of information technology, as well as data mining methods, are becoming an 

important part of monitoring water quality status, enabling the prediction of changes, and are important 

in the processes of sustainable water resources management [2]. These techniques and methods have 

been applied and validated as tools in monitoring microbiological quality indicators in aquatic 

ecosystems [3].  

Therefore, the subject of this research is the application of sepcialiyzed data mining module of the 

SeLaR information system (IS) in the ecological analysis of bacterial communities, heterotrophs 

psychrophile (Hp) and heterotrophs mesophile (Hm), and prediction of microbiological water pollution 
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in reservoirs with different morphometric qualities, positions, trophic status, and dominant bacterial 

community. 

 

2. Materials and Methods 

 

This research was performed using the SeLaR IS, which combines relevant data on reservoirs in 

Serbia and enable advanced methods of analysis. For the analysis of data, two reservoirs with different 

morphometric properties, trophic status and dominant microbial community Gruža and Grošnica, 

intended for water supply, were selected. The material in this research are data sets standard routine and 

broader scientific hydrobiological tests from certain periods selected reservoirs. The data include 

physico-chemical, biochemical, microbiological and other biological parameters. Gruža - data set 3 (VI 

2003. - VII 2009) and Grošnica - data set 2 (V 1997 - X 1998) was analyzed [4]. The units of 

measurement of all parameters are according to the standards of routine water testing and are given in 

section 5.1. Basic statistical overview and created models [4].  

The SeLaR IS provides advanced data analysis methods, such as statistical analysis and data mining 

(DM). For the realization of the goal from the descriptive methods, the analysis of influencing factors 

and from the methods of forecasting, classification and scenario analysis, was used. The methods use 

different algorithms: a decision tree is used for classification, naïve bayes for key impacts, and logistic 

regression for scenario analysis [5]. 

 

3. Results and discussion 

 

3.1 Classification and analysis of key influencing factors 

Gruža - data set 3 has 1181 objects. The existing values for heterotrophs psychrophile (Hp) and 

heterotrophs mesophile (Hm) are classified into five classes each. The first classes of data are the most 

common for both bacterial community. The review of the results of the analysis of key influence 

parameters with impact over 50, as well as the review of the classes with values is in Table 1. It can be 

seen the primary impact groups facultative oligotroph (FO) for all classes Hp. This can be explained by 

the significant degree of positive correlation (0.87) between these bacterial community. Except this and 

other bacterial community numerically following number Hp. Low values of Hp were determined with 

1 to 2 influential parameters, while medium and high values, with a larger number. The spatial 

distribution of Hp related to depths and locations has been determined by the authors (Lobova et al., 

2007). For each class Hm, except for the fourth, there are a small number of parameters with high 

relative influences. FO and Hp do not clearly follow the abundance of Hm. The influence of the lowest 

values on the first class and higher values (but not the highest) on the V class is expressed. Locations 

on tributaries (22-27) and pH 7.93-8.23 are most influential according to the second class and somewhat 

less, to the III and IV class Hm. The spatial distribution of Hm is observed, which indicates that the 

increase in their number is under anthropogenic influences (agriculture, industry, tourism, etc.). 

Grošnica - data set 2 contains a total of 166 objects. The existing values for Hp and Hm are classified 

into five classes. All classes are represented equally for Hp, but for Hm, the most represented is the first 

class. An overview of the results of the analysis of key influence parameters with impact over 50, as 

well as the review of the classes with values is in Table 2.  

A significant influence of FO on all Hp classes was determined. This is the result of the existence 

of a high correlation (0.96) between these bacterial communities in the Grošnica reservoir. During 

March, if dissolved oxygen is in the highest values and with lower BOD5, Hp will be in class IV, ie in 

higher values. 
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Table 1. Key parameters and their impact on the values of the heterotroph (Hp and Hm) in the Gruža reservoir - 

data set 3  

 

 Heterotroph psihrophile (Hp) 

Parameter Value Class Hp Relative influence of the parameter 

facultative oligotroph (FO) < 2876 < 2872 100 

heterotroph mesophile (Hm) < 1418 < 2872 61 

FO 2876-13912 2872-9363 100 

FO 2876-27088 9363-20742 100 

depth 27 9363-20742 92 

total coliform ≥ 1500 9363-20742 78 

location 22-27 9363-20742 74 

Hm 1418-6997 9363-20742 60 

FO 27088-54152 20742-39809 100 

Hm 1418-6997 20742-39809 51 

FO 27088-54152 ≥ 39809 100 

nitrates ≥ 11.42 ≥ 39809 77 

Fe 0.39-1.16 ≥ 39809 71 

total coliform ≥ 1500 ≥ 39809 62 

FO ≥ 54152 ≥ 39809 61 

total phosphate ≥ 0.12 ≥ 39809 56 

 

Heterotroph mesophile (Hm) 
   

Parameter Value  Class Hm Relative influence of the parameter 

heterotroph psihrophile (Hp) < 2872 < 1418 81 

FO < 2876 < 1418 61 

total coliform ≥ 1500 1418-6997 100 

pH 7.93-8.23 1418-6997 68 

location 22-27 1418-6997 57 

Hp 9363-20742 6997-16363 100 

location 22-27 6997-16363 52 

Hp ≥ 39809 16363-24650 100 

Hp 9363-20742 16363-24650 88 

FO 13912-27088 16363-24650 60 

pH 7.93-8.23 16363-24650 57 

Hp 20742-39809 ≥ 24650 100 

FO 27088-54152 ≥ 24650 94 

 

There are a small number of influencing parameters with a high relative impact (total coliforms and 

FO). The lowest values of total coliform have the greatest influence on the occurrence of the lowest 

values of Hm, while their highest values force the second class of Hm. Apart from these two parameters, 

there is the only nitrite with a high influence on the appearance of the second and third class Hm. Lower 

nitrite values force lower Hm and vice versa. The relationship between total coliforms and Hm is in the 

optimal growth temperature, while FOs are inhabited in large numbers by oligotrophic, clean lakes as 

autochthonous microflora, which directly explains the small number of Hm at the same time. 

 

3.2 Scenario analysis for the Gruža and Grošnica data sets do not provide adequate solutions and 

have a confidence level under 50. Due to the possible application in practice, dissolved oxygen (DO) 

was chosen as the influential parameter. If the goal is to reduce the Hp or Hm by 5%, DO concentrations 

should change their values (0.2 to 0.47) which is not possible in practice. It is noticed that an increase 

in the concentration of DO leads somewhere to a decrease, and somewhere to an increase in the Hp or 

Hm. 
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Table 2. Key parameters and their impact on the values of the heterotroph (Hp and Hm) in the Grošnica 

reservoir - data set 2 

 

 

Heterotroph psihrophile (Hp) 

  

Parameter Value Class Hp Relative influence of the parameter 

facultative oligotroph (FO) < 1003 < 110 66 

FO < 1003 110-235 100 

total phosphate 0.01 235-490 100 

FO < 1003 235-490 75 

dissolved oxygen  ≥ 11.44 490-1190 100 

month III 490-1190 86 

FO 1003-2617 490-1190 86 

BOD5 2.35- 3.05 490-1190 60 

FO 2617-7470 ≥ 1190 53 

 

Heterotroph mesophile (Hm) 

  

Parameter Value Class Hm Relative influence of the parameter 

total coliform < 22 < 135 100 

facultative oligotroph (FO) < 1003 < 135 82 

total coliform ≥ 50 135-402 93 

nitrites 0.02-0.19 135-402 80 

nitrites 0.19-0.26 402-620 100 

FO 2617-7470 402-620 77 

FO 7470-10000 620-1050 100 

 

3. Conclusions 
 

The results of this research show that classification and analysis of key impact parameters data 

mining models can be used in monitoring the microbiological quality of aquatic ecosystems, like 

reservoirs. Scenario analysis for parameters Hp and Hm, and for chosen reservoirs do not provide 

adequate predictions. The results give a clear classification of the values for the Hp and Hm. The key 

impact parameters are very similar although the reservoirs are very different. 
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Abstract: 

The meta-analysis provides a unique scientific conclusion with precise statistical analysis of pooled 

data extracted from previously reported relevant studies. That gives a better insight into the current 

issue with more statistical certainty than any single study observation in biomedical research. 

Occasionally, meta-analyses don’t provide a precise time for each step of the search strategy. The 

complete meta-analysis procedure is usually time-consuming, with 6-18 months reported, but it depends 

on the numbers of collected articles manually reviewed by two or more researchers to prevent potential 

bias. The purpose of this paper was to present a part of meta-analysis research with a focus on a timeline 

manner for extraction procedure and suggestions for preparing the database of collected articles. 

PRISMA guidelines were followed, and Pub Med, Scopus, and ISI Web of Science for the search were 

used. EndNote reference manager v.7 and Microsoft Excel 2007 were used for base preparation. Results 

showed that the final reference number was 4918, and 99.88% of them were excluded. A month was 

necessary for the search of the electronic databases. For reading titles and abstracts and extracting the 

papers was needed the fourth month. A month was needed for an additional search of bibliographies of 

the eligible papers. Even with the dedication of the team of reviewers, it is hard to predict the exact time 

for conducting the meta-analysis, indeed. Our results could be applicable in planning the potential 

systematic reviews, with or without meta-analysis, and overcoming the obstacles in the single database 

preparation. 

Key words: Meta analysis, Systematic review, Biomedical Research 

1. Introduction 

Narrative reviews are usually subjective interpretations of available literature, and besides the high 

quality, might have a considerable certainty of conclusions. On the other side, a meta-analysis has 

powerful statistical tools for examining particular research results, the heterogeneity of the studies, or 

the potential bias [1-4]. Meta-analyses usually miss the detailed explanation for the preparation of a 

unique base of papers to be selected according to a specific scientific question, as well as the extraction 

procedure. A small number of studies reported the exact time for conducting the systematic review with 

meta-analysis [5-8]. This paper was addressed to users from the biomedical field for overcoming 

obstacles at the beginning of data preparation for conducting meta-analysis. We provided here 

approximate time for database preparation with brief instructions for overcoming the potential obstacles 

based on past experience [9, 10]
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2. Methods 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were 

used for our meta-analysis [11]. The three electronic databases, Pub Med, Scopus, and ISI Web of 

Science were used for the selection of published papers, according to predefined inclusion and exclusion 

criteria. Statistical analyses were performed with STATA software package v.15 (Stata Corp., College 

Station, TX). EndNote reference manager ver.7 and Microsoft Excel 2007 were used for the preparation 

of the base of papers. 

3. Results 

The searched results from publically available databases Pub Med, WOS, Scopus were inserted in 

EndNote reference manager, and after that, exported to Excel, by creating the database for a selection 

of the eligible studies. But every single step of that procedure had certain obstacles that we detected 

here and overcame. In the meta-analysis that we recently performed, the final reference number of 

papers to be extracted was 4918. Percent of the articles extracted firstly was 99.76%, with the final 

99.88% excluded articles. Based on Figure 1 provided by a single reviewer (J.O.) approximately two 

months were needed for the search of three electronic databases Pub Med, WOS, Scopus, and creating 

a base of papers. Three months were needed for reading titles and abstracts and selection of the eligible 

papers, and a month for an additional search of bibliographies of the eligible selected papers (precise 

dates are available upon request). 

4. Discussion 

Traditional reviews lack statistical certainty, and have a high level of bias, on the other side meta-

analysis has the potential to examine not just the scientific hypothesis, but to statistically examine the 

heterogeneity of the eligible included studies and potential bias in them [5, 12]. Good practice in this 

type of research is to follow clear PRISMA guidelines [6, 11]. It has precise checklist items with a clear 

presentation in the flow diagram of the study identification, screening, full-text articles assessed for 
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eligibility, full-text articles excluded, with reasons, and the included studies in qualitative, and 

quantitative-meta-analysis. That enhances transparency, certainty, quality of systematic review 

reporting [6, 11, 13]. Six to eight months is reported as the time to perform a complete systematic review 

by a team of reviewers, according to the Cochrane Collaboration. The others are more realistic and 

reported the 18 months for this process, but this is strongly connected to the available numbers of papers 

to read and the competence of reviewers to accurately manage the whole research [5-7, 13]. Since the 

time for the process of preparation of the data in most meta-analysis papers lacks [8, 14, 15], particularly 

the technical details in managing the selected papers, creating the datasheet, and extraction procedure. 

Concise instructions were present in this paper based on insight into our previous reports [9, 10]. For 

the accurate search performed, a careful examination of the instructions of particular database search 

criteria is needed. Each database individually has specific rules to be followed for the search query (Pub 

Med, WOS, Scopus, GWAS, etc.). Once settled, a search query for the Pub Med search might be 

adjusted for the other databases according to their recommendations. A Pub Med search was performed, 

and the search result was exported to EndNote, but exporting that EndNote library to Excel was 

challenging. The recommendation is to set a new output style. For ISI WOS use, one needs to be logged 

in by the Kobson portal (for researchers from Serbia), or a similar portal of a particular country. For 

Scopus usage in meta-analysis search, one needs to be logged in and to be a registrant. It provides only 

2000 references to be imported in EndNote. If there are more than 2000, it is exported as a .csv (comma-

separated values) file to be imported into the Excel document. For the importation of that file, a text 

wizard in Excel needs to be used. After all the adjustments, the search result was imported to EndNote, 

but unfortunately, it didn’t provide abstracts. For the EndNote version 7, manually were updated all the 

abstracts because of the lack of appropriate commands. EndNote version 8 and higher has this process 

automatic. It can be time-consuming. There is an automatic option to remove the duplicates in Excel 

and EndNote, and even performed, still references needed to be inspected and manually removed the 

duplicates. It also can be time-consuming since all of those processes are performed manually. 

5. Conclusion 

Application of the meta-analysis findings in biomedical research might be for fundamental researchers 

and health care professionals. The aim is to update knowledge, to improve therapy making decisions, 

or for funding agencies that support particular research, etc. So the systematic research with or without 

meta-analysis must have a rigorous statistical methodology for accurate and clear reporting of the 

evidence. Even with the true dedication of the team of reviewers, it is not possible to predict the exact 

time for each part of the process of collecting and extracting the data. These short instructions, and 

reported approximate time for each of the processes of collecting the papers, inserting in the unique 

database, extraction procedure, and examination of the eligibility, could improve future planning and 

conducting the potential systematic reviews. 
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Abstract: 

  

Oral cancer (OC) is among the top ten cancers worlwide, with more than 90% being squamous cell 

carcinoma. Despite diagnostic and therapeutic development in OC patients' mortality and morbidity 

rates remain high with no advancement in the last 50 years. Development of diagnostic tools in 

identifying pre-cancer lesions and detecting early-stage OC might contribute to minimal invasive 

treatment/surgery therapy, improving prognosis and survival rates, and maintaining a high quality of 

life of patients. For this reason, Artificial Intelligence (AI) algorithms are widely used as a 

computational aid in tumor classification and segmentation to help clinicians in the earlier discovery of 

cancer and better monitoring of oral lesions. In this paper, we propose an AI-based system for automatic 

segmentation of the epithelial and stromal tissue from oral histopathological images in order to assist 

clinicians in discovering new informative features. In terms of semantic segmentation, the proposed AI 

system based on preprocessing methods and deep convolutional neural networks produced satisfactory 

results, with 0.878 ± 0.027 mIOU and 0.955 ± 0.014 F1 score. The obtained results show that the 

proposed AI-based system has a great potential in diagnosing oral squamous cell carcinoma, therefore, 

this paper is the first step towards analysing the tumor microenvironment, specifically segmentation of 

the microenvironment cells. 
 

Key words: Artificial Intelligence, DeepLabv3+, Histopathology, Semantic Segmentation 

 

 

1. Introduction  

 

Oral squamous cell carcinoma (OSCC) is the most common histological neoplasm of head and neck 

cancers, and while it is located in an easily visible area and can be detected early, this usually does not 

occur [1]. OSCC frequently develops from pre-existing lesions of the oral mucosa, which have an 

increased risk of malignant transformation in cancer. This cancer type is distinguished by epithelial 

squamous tissue differentiation and aggressive tumor growth that disrupts the inner cheek basement 

membrane [2]. Clinical examination, conventional oral examination, and histopathological evaluation 

following biopsy are currently standard methods for detecting oral cancer (OC) and the gold standard 

which can detect cancer in the stage of established lesions with significant malignant changes [3]. The 

main issue with using histopathological examination for tumor differentiation, and similarly as a 

prognostic factor, is the subjective component of the examination. Using Artificial Intelligence (AI) 

algorithms to reduce inter- and intra-observer variability could have a direct impact on patient-specific 

treatment intervention by identifying patients' outcomes. Many AI algorithms demonstrated to be 
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successful in medical image analysis as well as other fields of science [4 - 7]. Medical image analysis 

is one of the fields in which histological tissue patterns are combined with computer-aided image 

analysis to aid in disease detection and classification. Using histopathological images for analysis 

Tabibu et al. (2019) showed how deep learning algorithms can be used to classify pan-renal cell 

carcinoma and predict survival outcomes. The proposed method proved to be the best performing 

method and resulted in 0.93 slide-wise AUC [8]. Sharma and Mehra (2020) proposed a deep learning-

based model for automatic multiclass classification of breast cancer based on histopathological images. 

Among the different combinations of classifiers, their proposed method resulted in the highest micro- 

and-macro average (0.93) [9]. 

 

The main contribution of this paper is an AI-based system for tumor segmentation on epithelial and 

stromal regions that can assist clinicians in discovering new informative features. It has a lot of potential 

in terms of quantifying qualitative clinicopathological features to predict tumor invasion and metastasis. 

Furthermore, in the case of semantic segmentation, a new preprocessing methodology based on the 

stationary wavelet transform is proposed to extract low-level features. This method allows for more 

accurate predictions and increases the overall robustness of the AI-based system. 

 

2. Materials and Methods 

 

2.1 Dataset Description 

 

Dataset of 322 histopathology images obtained through biopsy and reviewed by two pathologists is 

used to develop a diagnostic AI-based system. The formalin-fixed, paraffin-embedded oral mucosa 

tissue blocks of histopathologically reported cases of OSCC were retrieved from the archives of the 

Clinical Department of Pathology and Cytology, Clinical Hospital Center in Rijeka. Images were 

captured using the light microscope (Olympus BX51, Olympus, Japan) equipped with a digital camera 

and transmitted to a computer by CellF software. Furthermore, the segmentation masks were created 

by a health professional and validated by a second independent pathologist. 

 

2.2 SWT and DeepLabv3+ 
 

A feature extraction algorithm, Stationary Wavelet Transform (SWT), is used to achieve robust 

classification. A pre-processing approach like this can reduce the computational complexity of AI 

algorithms, resulting in a shorter training time and potentially better performance [10]. The SWT 

coefficient mapping function is used to enhance important features of an image, such an approach is 

proposed in [11]. 

 

Semantic segmentation refers to the process of assigning a semantic label to each part of an image. 

Due to Chen et al.’s (2018) paper, DeepLabv3+ without any postprocessing achieves a performance of 

89% mIOU on the PASCAL VOC 2012 dataset for semantic segmentation task [12]. Deeplabv3+ 

combines encoder-decoder pathway and Atrous Spatial Pyramid Pooling in order to achieve a more 

precise delineation of object boundaries. Moreover, it can use architectures such ResNet, MobileNet or 

Xception as backbones. 

 

3. Results and Discussion 

 

DeepLabv3+ with Xception_65 as backbone was used to perform semantic segmentation. Before 

training on the oral carcinoma dataset, the model was pre-trained on the Cityscapes dataset. Original 

images and SWT approximations were used along with corresponding ground truth masks as input to a 

model. In the case of semantic segmentation, data preprocessing is limited to a low-frequency subband. 

The predictions for the three cases of new and unseen data were made using data preprocessed with 

SWT at level one using a Haar wavelet function and a fully-trained DeepLabv3+ model, as shown in 

Fig.1.  
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Fig. 1. Semantic segmentation of histopathology images; The first column represents obtained samples of 

OSCC from KBC Rijeka, the second column is the corresponding ground truth mask while the third column 

represents samples after preprocessing. The last column shows the prediction for three cases where the black color 

represents stromal tissue and the red color represents epithelial tissue. 
 

DeepLabv3+, when combined with Xception_65 as a backbone, produced satisfactory results in 

multiclass semantic segmentation of tumor tissue. In terms of performance measures, low-frequency 

features obtained at SWT decomposition level one using Haar wavelet achieve the highest mIOU 

(0.879), F1 (0.955), and Accuracy (0.941) values. 

 

4. Conclusions 

 

This paper highlights the enormous potential of using image processing techniques in conjunction 

with Artificial Intelligence algorithms to achieve an accurate prognosis of OSCC and increase people's 

chances of survival. The authors demonstrate the integration of DeepLabv3+ and Xception_65 as 

backbone along with low-frequency subband. Based on the results of the proposed methodology, such 

an approach proved to be successful in terms of segmenting epithelial and stromal tissue and has a high 

potential for clinical application in predicting tumor invasion and outcomes in patients with OSCC. 
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Abstract:  
 

This paper presents the currently known records on the diversity of earthworm fauna on Šar 

Mountain. The Šar Mt. is located in the south part of Serbia and is a part of the Šar-Pindus Mountain 

system. The complete list of present taxa of the family Lumbricidae in the researches area was formed 

by reviewing data from old collections, relevant literary sources and by its own field research in the 

period from 2019 to 2020. The list comprises 24 taxa, belonging to 10 genera of the family Lumbricidae. 

The genera with the largest number of the registered taxa are Dendrobaena (7) and Aporrectodea (5), 

while the genera Bimastos, Eiseniella, Helodrilus, Octodrilus and Octolasion are represented by one 

taxon. With respect to the zoogeographical analysis, the majority of the recorded taxa belong to the 

group of peregrine species (12). The endemic species are represented by two taxa and belong to the 

genera Dendrobaena and Helodrilus. The Balkan endemic subspecies Helodrilus balcanicus plavensis 

(Karaman, 1972) and illyric Dendrobaena illyrica (Cognetti, 1906), were recorded on new sites from 

the Šar Mt., that represent the southernmost limits of the geographical range of these species at the 

moment. 
 

Key words: earthworms, Šar Mountain, zoogeography distribution 
 

1. Introduction  
 

The Šar Mountain is situated in the central part of the Balkan Peninsula, with the main ridgeline 

that is 85 km long, making the natural border line between Serbia in the North and North Macedonia in 

the South, partially between Serbia and Albania in the West. From the main plateau of Šar Mountain, 

having an average altitude of 2.000 to 2.100 m, 25 peaks are rising, reaching an altitude of more than 

2.500 m. The highest peaks are Titov vrh (2.747 m) and Bistra (2.651 m). Šar Mountain marks the 

beginning of a separate morphotectonic massif of the Dinaric Alps, known in classical geological and 

geomorphological literature as the Šar-Pindus Mountain system. This mountain is distinguished the 

complex paleo-geographical changes in the past, refugial character during the Ice Age, very complex 

floristic composition, as well as a combination of various ecological conditions changing in a small area 

[1]. In biogeographical terms, Šar Mt. belongs to Mediterranean Central European, boreal and Central-

South-European mountain region [2]. The earthworm fauna of Serbia is quite well-known. Stojanović 

et al. [3] recorded the presence of 77 lumbricid taxa in the country. It is worth mentioning that most of 

the earlier researches focused mainly on northern, western central and eastern Serbia [4-8], while only 

a few collecting expeditions were led to the areas of this mountain range.  
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 The aim of this paper is to present the results of the recent collectings as well as the unpublished 

and literature data on the earthworm fauna in order to document the lumbricid diversity of the Šar Mt. 

and zoogeographical distribution of the taxa. 

 

2. Material and Methodes 
 

Our researches were carried out in 2019-2020 on the Šar Mountain (42°05' N; 20°50'E). 

Earthworms were collected using the diluted formaldehyde method complemented with digging (0.4 x 

0.4 m2) and hand sorting as well as turning over rocks, debris and logs. Species identification was made 

according to the complex features provided in Mršić [9], Csuzdi & Zicsi [10] and Blakemore [11]. For 

each species in the list below, we represents distribution from literature data, unpublished data (name 

of collection/number in the collection, number of species, locality, habitat, date of sampling), author's 

data (number of species, locality, habitat, date of sampling) and zoogeographical distribution type as 

proposed by Csuzdi et al. [12]. 
 

3. Results and Discussion 
 

The present research resulted in reporting altogether 24 earthworm taxa from different parts of the 

Šar Mt. The genera Dendrobaena and Aporrectodea, represented by seven and five taxa respectively 

are the dominant faunal component of the earthworms from Šar Mt. The remaining registered taxa 

belong to the genera which shown in Table 1. Chronologically these species can be allocated to eight 

different types of zoogeographical distribution (Table 1). The earthworm fauna of the Šar Mt., is highly 

peregrine (12 taxa). In this area, the endemic taxa were represented by two taxa belonging to the genera 

Dendrobaena and Helodrilus. 
 

Table 1. List of the earthworm taxa from the Šar Mountain classified to zoogeographical distribution types 

 
Taxa Distribution Localities (Literature data, unpublished data from collection, author's data) 

Allolobophora chlorotica (Savigny, 

1826) 
Peregrine 

Uroševac (Šapkarev, 1975); CEKUS/214 2 exp., Dragaš 

(42°03′N,20°39′E), meadow, 01.05.1990; 

Allolobophora leoni Michaelsen, 1891 Trans-Aegean Uroševac (Šapkarev, 1975); 

Aporrectodea caliginosa caliginosa 

(Savigny, 1826) 

 
Peregrine 

 

Uroševac (Šapkarev, 1972); Prizren, Uroševac (Šapkarev, 1975); 

CEKUS/209 3 exp., Dragaš, meadow 01.05.1990; CEKUS/210 2 exp., 

Ljubovište, meadow 07.01.1992; CEKUS/211 3 exp., Dragaš, meadow 
01.05.1992; CEKUS/212 1 exp., Dragaš, arable land 01.05.1992; 

Aporrectodea caliginosa trapezoides 

(Duges, 1828) 
Peregrine 

CEKUS/213 1 exp., Ljubovište (42°03′N,20°45′E), 01.05.1990; 1 exp., 

Dublice (42°23′N,21°01′E), 05.05.2019; 

Aporrectodea georgii (Michaelsen, 
1890) 

Atlanto-Mediterranean Uroševac (Šapkarev, 1972); CEKUS/208 1 exp., Dragaš, 01.05.1990; 

Aporrectodea jassyensis Michaelsen, 

1891 
Trans-Aegean Uroševac (Šapkarev 1972); Prizren (1975); 

Aporrectodea rosea (Savigny, 1826) Peregrine 

Uroševac (Šapkarev 1975); CEKUS/201 5 exp., Dragaš, 01.05.1990; 
CEKUS/202 1 exp., Dragaš, 07.07.1990; 

CEKUS/203 2 exp., Dragaš, 08.07.1990; 

CEKUS/204 3 exp., Dragaš, 22.02.1992; 
CEKUS/205 1 вexp., Dragaš, 01.05.1990; 

CEKUS/206 2 exp., Dragaš, 22.02.1992; 

CEKUS/207 6 exp., Dragaš, 22.02.1992; 
1 exp., Viča (42°15′N,21°04′E), 12.03.2019; 

3 exp., Popovce (43°04′N,20°47′E), 05.05.2019; 

2 exp., Berevce, (42°14′N,20°01′E), 05.05.2019; 
2 exp., Štrpce (42°14′N,21°01′E), 05.05.2019; 

2 exp., Štrpce, 06.06.2020; 

Bimastos rubidus (Savigny, 1826) Peregrine 
Brezovica (Zicsi, 1972); Uroševac (Szederjesi, 2019); CEKUS/200 1 exp., 

Dragaš, anthropogenic biotope, 22.02.1992; 

Dendrobaena alpina alpina (Rosa, 

1884) 
Balkanic-Alpine Brezovica (Zicsi, 1972); 

Dendrobaena attemsi (Michaelsen, 
1902) 

Balkanic-Alpine Šar Mt. (Černosvitov, 1931); 

Dendrobaena byblica byblica (Rosa, 

1893) 

Circum-Mediterranean 

 

Šar Mt. (Černosvitov, 1931); Šar Mt. (Karaman, 1969, 1971); Ljuboten 

(Šapkarev, 1972); Ljuboten (Šapkarev, 1975); 

Dendrobaena illyrica (Cognetti, 1906) Illyric 2 exp., Viča, 12.03.2019; 

Dendrobaena jahorensis Mršić, 1991 Endemic Uroševac (Szederjesi, 2019). 

Dendrobaena octaedra (Savigny, 1826) Peregrine 
Šar Mt. (Karaman, 1971); Ljuboten (Šapkarev, 1972); 3 exp., Viča, 

12.03.2019; 
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Dendrobaena platyura (Fitzinger, 
1833) 

Central European CEKUS/218 2 exp., Ljubovište, 07.05.1992; 

Eisenia fetida (Savigny, 1826) Peregrine CEKUS/216 1 exp., Ljubovište, 01.05.1990; 

Eisenia lucens (Waga, 1857) Central European Ljuboten (Šapkarev, 1971, Šapkarev, 1972); 

Eiseniella tetraedra tetraedra (Savigny, 

1826) 
Peregrine CEKUS/217 1 exp., Ljubovište, 05.05.1990; 

Helodrilus balcanicus plavensis 

(Karaman, 1972) 
Endemic CEKUS/218 2 exp., Dragaš, 08.07.1990; 

Lumbricus castaneus (Savigny, 1826) Peregrine Ljuboten (Šapkarev, 1972); 

Lumbricus rubellus Hoffmeister, 1843 Peregrine 

Prizren (Szederjesi, 2019); CEKUS/219 2 exp., Ljubovište, 08.05.1990;  

CEKUS/220 1 exp., Dragaš, 22.02.1992; 

CEKUS/221 3 exp., Dragaš, 22.02.1992; 
CEKUS/222 4 exp., Dragaš,08.04.1992; 

5 exp., Viča, meadow 12.03.2019; 

2 exp., Štrpce meadow 06.06.2020; 

Lumbricus terrestris Linnaeus, 1758 Peregrine 12 exp., Viča, 13.10.2019; 

Octodrilus transpadanus (Rosa, 1884) Trans-Aegean 
Ljuboten (Šapkarev, 1972); CEKUS/223 3 exp., Dragaš, 08.07.1990; 

CEKUS/224 2 exp., Dragaš, 22.02.1992; 

Octolasion lacteum (Örley, 1881) Peregrine 

Prizren (Šapkarev, 1975); CEKUS/225 1 exp., Ljubovište, 08.07.1990; 

CEKUS/226 2 exp., Dragaš, 22.02.1992; CEKUS/1228 1 exp., Berevce, 

05.05.2019; 
CEKUS/1333 2 exp., Štrpce, 06.06.2020; 

 

According to Szederjesi [8], the Balkan endemic D. jahorensis has been found for the first time in 

Kosovo.and Metohija. Hence, the number of earthworm taxa present in Serbia is now 78. So far, Mršić 

[9] has found this species only at one locality in Bosnia and Herzegovina (Jahorina Mountain). 

According to Trakić et al. [13], D. jahorensis has a narrow geographical range in the Balkans. However, 

research conducted by Szederjesi [8] has shown that this species belongs to the group of broad-ranged 

Balkans taxa. Helodrilus balcanicus plavensis, is a broad-ranged Balkan endemic taxon, present in the 

western part of Montenegro as well as in the broader area of Serbia [3]. The new locality from the Šar 

Mt., represents the southernmost limit of the geographical range of this species at the moment. D. 

illyrica belongs to the Illyrian zoogeographical type. It is mostly represented in the north-western part 

of the Balkans. It is only sporadically registered in Montenegro and in the southwestern parts of Serbia. 

Namely, our findings extended its area of distribution to the south and currently represent the 

southernmost limit of the geographical range of this species (Fig. 1). 

 

Fig. 1. Distribution map of a. Helodrilus balcanicus plavensis and b. Dendrobaena ilirica in the Balkan 

Peninsula as well as the southernmost limits of the geographical range of these species in the south part of 

Serbia 

4. Conclusion 
 

Overall, the first list of known earthworm taxa in the area of Šar Mt. comprises 24 taxa with only 

two endemic taxa which are much lower in comparison to 28 endemic taxa distributed in Serbia. Even 

though our knowledge of the distribution of earthworm taxa in the Šar Mt., is far from complete, our 

study noted significant faunistic observations. So, we have found an extension of the known distribution 

of taxa H. balcanicus plavensis and D. ilirica to the south, in Serbia. If we consider the fact that the 

territory of the Šar Mt. represents glacial refugia in the Balkan Peninsula, we expect more species, 

particularly endemic taxa, in further research on this mountain.  
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Abstract:  
 

Đerdap National Park is located in the southeastern part of Europe, in the northeastern part of 

Serbia, on the border with Romania. This paper presents the currently known records on the diversity 

of earthworm fauna in Đerdap National Park. The number of species from family Lumbricidae known 

to be occurring in the studied region is 29 species from 11 genera. The genera with the largest number 

of the registered taxa are Dendrobaena (8) and Aporrectodea (7). A third of all species are peregrines 

(37.93%). Trans-Aegean species take part with 13.8%, followed by endemic, Central European, 

Balkanic-Alpine (10.34%). Then follow Illyric (6.90%) and slightly less Moesian, Circum-

Mediterranean, and Southern-Alpine (3.45%). Endemic species take a part with three taxa. Only one 

species (Allolobophora mehadiensis boscaiui (Pop, 1948)) is Dacian endemic. The obtained results 

indicate a diverse Lumbricidae fauna. It is certainly necessary to continue with intensive research in 

order to preserve the biological diversity of this area. 

 

Key words: earthworms, Đerdap National Park, Serbia, diversity, zoogeography 
 

1. Introduction  
 

It is known that Serbia as a hot spot of biodiversity in the Balkans is well studied [1]. This is 

confirmed by a large number of endemic and relict species, especially among invertebrates, including 

earthworms. However, there are still no data on these organisms of National parks in Serbia. Đerdap 

National Park is located in the southeastern part of Europe, in the northeastern part of Serbia, on the 

border with Romania. First data on earthworms in this area date from the end of the last century [1]. 

Further research in this territory was sporadic and conducted as part of the earthworm research of the 

former Yugoslavia [2] or in frame research of Serbia [3].  

National parks represent the highest level of protection of the natural area in our country. Đerdap 

National Park is habitat for over 150 birds’ species. The mammal fauna is also diverse and numerous, 

as are insects, especially diurnal butterflies. However, earthworms were neglected, for no reason. So 

we explored the area of Đerdap National Park. This paper presents the currently known records on the 

diversity of earthworm fauna, including literature data and new data from the field.
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2. Material and Methodes 

 

Đerdap National Park represent natural border between Serbia and Romania. The landforms are 

closely related to the geological composition and tectonic structure, which caused the heterogeneity of 

the landscape [4]. The largest part of the national park is the Đerdap Gorge, the morphological features 

of which show that it was formed by the successive incision of the Danube into the Carpathian Mountain 

massif. Watercourses belong to the Danube river basin. The climate is continental. Earthworms were 

collected using the diluted formaldehyde method complemented with digging (0.4 m x 0.4 m) and hand 

sorting as well as turning over rocks, debris and logs. Species identification and zoogeographic analysis 

were made according to the literature data [1, 5, 6, 7].  

 

3. Results and Discussion 
 

The number of species from family Lumbricidae known to be occurring in the studied region is 29 

species from 11 genera. The genera with the largest number of the registered taxa are Dendrobaena (8) 

and Aporrectodea (7). According to our zoogeographic analysis, a third of all species are peregrines 

(37.93%), followed by Trans-Aegean (13.8 %), endemic, Central European, Balkanic-Alpine (10.34%), 

Illyric (6.90%) and Moesian, Circum-Mediterranean, and Southern-Alpine (3.45%) (Table 1). 

 

Table 1. Classification of ecological categories and zoogeographic distribution type 

 

Species Habitat 
Ecological 

category 

Zoogeographic 

type 

Allolobophora leoni 

Michaelsen, 1891 
mesophil meadow (authors’ data) endogeic Trans-Aegean 

Allolobophora 

mehadiensis boscaiui 

(Pop, 1948) 

oak forest, meadow with a nut tree, orchard 

(Szederjesi, 2012) 
anecic Dacian endemic 

Allolobophora robusta 

 Rosa, 1895 

cave, beech, mixed and oak forests, orchard, 

fragment on a pasture (Mršić, 1991; Szederjesi, 

2012) 

anecic Moesian 

Allolobophora sturanyi 

sturanyi Rosa, 1895 
dry oak forest (Szederjesi, 2012) endogeic Illyric 

Aporrectodea 

caliginosa (Savigny, 

1826) 

mesophil meadow (authors’ data) endogeic Peregrine 

Aporrectodea 

cemernicensis Mršić, 

1991 

stream valley with young forest(Szederjesi, 

2012) 
endogeic Balkan endemic 

Aporrectodea 

handlirschi (Rosa, 

1897) 

limestone rocks and secondary forest, 

(Szederjesi, 2012) 
endogeic Trans-Aegean 

Aporrectodea 

jassyensis Michaelsen, 

1891 

valley meadow, mixed forest (authors’ data) endogeic Trans-Aegean 

Aporrectodea rosea  

(Savigny, 1826) 

cave, mesophil meadow, bech and oak forests 

(Mršić, 1991; authors’ data) 
endogeic Peregrine 

Aporrectodea 

sineporis (Omodeo, 

1952) 

stream valley with oak forest at the edge of the 

village, beech forest (Szederjesi, 2012) 
epigeic Balkanic-Alpine 

Aporrectodea 

trapezoides (Duges, 

1828) 

mesophil meadow, beech forest (authors’ data) endogeic Peregrine 

Bimastos eiseni  

(Levinsen, 1884) 

old beech forest, alder forest along a stream, 

(Szederjesi, 2012) 
epigeic Peregrine 

Bimastos rubidus  

(Savigny, 1826) 

stream valley, beech forest, alder forest along a 

stream (Szederjesi, 2012); beech and oak 

forests, mesophil meadow, cave (authors’ data) 

epigeic Peregrine 
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Cernosvitovia getica  

(Pop, 1947) 

banks of streams, cave (Mršić & 

Šapkarev, 1987; Mršić, 1991) 
epigeic Balkan endemic 

Dendrobaena alpina 

alpina (Rosa, 1884) 

oak and beech forests, alder forest along a 

stream (Szederjesi, 2012) 
epigeic Balkanic-Alpine 

Dendrobaena attemsi 

(Michaelsen, 1902) 
beech forest (Szederjesi, 2012) epigeic Balkanic-Alpine 

Dendrobaena byblica 

byblica (Rosa, 1893) 

stream valley with oak forest at the edge of the 

village (Szederjesi, 2012); beech forest 

(authors’ data) 

epigeic 
Circum-

Mediterranean 

Dendrobaena depressa  

(Rosa, 1893) 

stream valley with oak forest at the edge of the 

village, beech forest (Szederjesi, 2012) 
anecic 

Central 

European 

Dendrobaena 

hortensis (Michaelsen, 

1890) 

quarry (Szederjesi, 2012) epigeic Peregrine 

Dendrobaena illyrica 

(Cognetti, 1906) 
beech forest (authors’ data) epigeic Illyric 

Dendrobaena octaedra 

(Savigny, 1826) 

beech forest (Szederjesi, 2012); beech and oak 

forests, cave (authors’ data) 
epigeic Peregrine 

Dendrobaena veneta  

(Rosa, 1886) 
quarry (Szederjesi, 2012) epigeic Peregrine 

Eisenia lucens (Waga, 

1857) 

beech forest (Szederjesi, 2012); beech forest 

(authors’ data) 
epigeic 

Central 

European 

Eiseniella tetraedra  

(Savigny, 1826) 

mesophil meadow, beech and oak forests 

(authors’ data) 
epigeic Peregrine 

Lumbricus polyphemus 

(Fitzinger, 1833) 

cave, mixed beech forest (Mršić, 1991; 

Szederjesi, 2012) 
anecic 

Central 

European 

Lumbricus rubellus 

Hoffmeister, 1843 

cave, mesophil meadow, beech and oak forests 

(Mršić, 1991; authors’ data) 
epigeic Peregrine 

Octolasion lacteum  

(Örley, 1881) 

cave, beech forest, beech-alder forest with 

stream (Mršić, 1991; Szederjesi, 2012) 
endogeic Peregrine 

Perelia gestroi  

(Cognetti, 1905) 
mesophil meadow (authors’ data) anecic Southern-Alpine 

Proctodrilus 

opisthoductus Zicsi, 

1985 

meadow with a nut tree (Szederjesi, 2012) endogeic ? 

 
Out of the three endemic species, two are endemics of the Balkans (Ap.cemernicensis Mršić, 1991 and 

C. getica (Pop, 1947)) and one is Dacian endemic (All. mehadiensis boscaiui (Pop, 1948)). Species Ap. 

cemernicensis is an endemic of the central part of the Balkans peninsula. According to Szederjesi [2], 

Ap.cemernicensis has been found for the first time in Serbia, right in the National Park Đerdap. Another 

locality in Serbia is known, Prnjavor [8]. Species C. getica is an endemic, more widespread in the east 

Serbia and the southwestern part of Romania [9]. Dacian endemics are the most representative element 

in endemic earthworm fauna of the Romanian Carpathians [7]. Spreading widespread Dacian endemics 

occupy lower altitudes [8] and inhabit the Pannonian Plain between the Carpathians and the Danube, 

therefore, it is not surprising that All. mehadiensis boscaiui is present in this national park. Also, this 

species registered in east Vojvodina [11]. Species All. sturanyi sturanyi is belongs to the Illyrian 

zoogeographical type. The first time found in Đerdap 2013 [2]. This species occupies the northern part 

of the Western Balkans [1, 2, 11, 12]. Also, D. illyrica belongs to the same type, and it's sporadic 

registered in Montenegro and in the southern parts of Serbia [3]. In the Đerdap National Park, it was 

registered for the first time in our research. 

 

5. Conclusion 
 

The first list of known earthworm taxa in the research area comprises 29 taxa with only three 

endemic taxa. But, we cannot ignore the appearance of species with other types of distribution 

(Balkanic-Alpine, Illyric, Moesian) that indicate the autochthonous character of the earthworm fauna. 
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Based on our results, it is necessary to continue the intensive research in order to preserve the biological 

diversity of the area. 
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Abstract:  
  

The total quantity of metals (Mg, Ca, Ni, Fe, Mn, Zn, Cu) in soil samples and in sixteen different 

extracts from plant parts of Peucedanum oreoselinum (L.) Moench as well as the content of total phenols 

and flavonoids in plant extracts was determined. The contents of metals were determined by the atomic 

absorption spectrometer. Based on the average values of the metal concentration in the soil, they could 

be arranged in the following sequence: Fe > Ca > Mg > Mn > Zn > Cu > Ni. Soil concentrations of all 

tested metals were lower than the maximum allowed concentration. The results demonstrated that the 

analyzed plant extracts contained higher quantities of Ni and Ca. Although the studied species 

accumulate analyzed metals in different quantities, they are not hyperaccumulators of these metals. 

Total phenols were determined using Folin-Ciocalteu reagent and their amounts ranged from 1.94 to 

32.38 mg GA/g. The amounts of flavonoids in plant extracts were in range from 0.69 to 25.83 mg RU/g. 

We examined the correlation of metals and the phenolic compounds content in the extracts. According 

to our results the use P. oreoselinum  for tea preparation is safe to a great extent for people, because in 

spite of the determined metal absorption by plant organs, the tea does not contain dangerous quantity 

of heavy metals. Also, it is suitable for the preparation of teas and herbal extracts due to minimal content 

of toxic metal (Ni), phenols and flavonoids. 
 

Key words: P. oreoselinum, hyperaccumulation, phenols, flavonoids 

 

 

1. Introduction  

 

Plant life processes, morphology, anatomy, yield and distribution are influenced by the elements 

that make up their composition. Some of these elements are necessary for plants, some have a 

stimulating effect, and some are not an essential, such as heavy metals, which are toxic in higher 

concentrations [1].   

The genus Peucedanum is a flowering plant from the family Apiaceae. Genus is large, 

heterogeneous, and polygenetic, encompassing more than 120 species, and is widely distributed in 

Europe, Asia and Africa. Many plants from the genius Peucedanum have been used in folk medicine 

for treatment of various conditions, such as respiratory illnesses and rheumatism [9].   P. oreoselinum 

grows on dry meadows, shrub thickets, pastures, forest edges, light forests, and sandy terrains. Based 

on the ecological index of P. oreoselinum, is a xerophyte, semi-sciophytes, and neutrophyllous species. 

Species grows on soil that offers very low levels of N.  The aim of this study was to determine the total 
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quantity of metals (Mg, Ca, Ni, Fe, Mn, Zn, Cu) in soil samples and in sixteen different extracts from 

plant parts of P. oreoselinum as well as content of total phenols and flavonoids. 

 

2. Material and metods 

 

2.1 Plant material 

 

Plant material,speciments of P. oreoselinum and soil samples were collected in the Ovčar-Kablar 

gorge (435507 E; 201317 N). Dried underground and overground plant parts (flower, stem, leaves and 

root) were grinded and prepared for further analyzes.  

 

2.2 Analysis of heavy metals in samples of plant and soil 

 

The content of heavy metals (Mg, Ca, Ni, Fe, Mn, Zn, Cu) was analyzed in the soil, and 

underground and surface parts of plants. Plant material was subjected to wet digestion [11]. For the 

determination of heavy metals in the soil, a method was used, according to which the destruction of the 

soil was performed with nitric and perchloric acid [6]. The results were read on an atomic 

spectrophotometer.  

 

2.3 Determination of phenol and flavonoid concentrations in the plant extracts 

 

The concentration of phenols in plant extracts was determined spectrophotometrically as described 

by [7]. The concentration of flavonoids in plant extracts was determined spectrophotometrically as 

described by [8]. The absorbance was determined using spectrophotometer (Jenway UV/VIS 6105 with 

the resolution range 1 nm) at λmax = 725 nm. The samples were prepared in triplicate for each analysis 

and the average value was obtained. 

 

3. Result and discussion 
 

Based on the average values of the metal concentration in the soil, which are within the remediation 

ones [12], we can align them in the following sequence: Fe > Ca > Mg > Mn > Zn > Cu > Ni . 

Remediation value for Cu is 36-190 mg kg-1, for Zn 140-720 mg kg-1 and for Ni 35-180 mg kg-1. The 

results in Table 1 show that the soil on which the tested species grow has high levels of Fe (21 717.7 

mg kg-1). of other tested metals were lower than the maximum allowed concentration. Also, our results 

showed that the soil contains Ca in high concentrations (21 501 mg kg-1). The Fe content in plants can 

vary. The Fe accumulates in plants without any obvious harmful effects. In general, a sufficient 

concentration of Fe in the leaves, for most plants, is from 50-100 mg kg-1 of dry matter. Loss of green 

color is an indicator of Fe deficiency in the leaves [4]. Our results show that Fe, as an essential element, 

is present in large quantities (614.9 mg kg-1), but that this concentration does not harm the plant. 

Excessive amount of Cu reduces the growth of the plant, and this phenomenon causes symptoms of 

chlorosis that are similar to the symptoms of iron deficiency. Critical Cu concentration for plants is 15 

mg kg-1, and this metal is considered highly phytotoxic if it exceeds 30 mg kg-1. Optimal Cu 

concentrations in plants range from 2-15 mg kg-1 [3]. Our results show that Cu (11.5 mg kg-1) is lower 

than the maximum allowed concentration. Although it is not part of chlorophyll and protein, Ca is 

necessary for growth, development, and most of all for fruit quality. Ca is present in large quantities in 

the green parts of the plant, and the amount increases with age. 600-1000 mg kg-1 is optimal range for 

Ca in leaf [10]. Results show that Ca, as an essential element, is present in large quantities (24352.2 mg 

kg-1), but this concentration does not harm the plant. For instance, [3] reported that early signs of Ni 

toxicity were range from 10-100 mg kg-1, and optimal range of Ni is 0.1-5 mg kg-1. In our study, Ni is 

in the toxicity range (25.1 mg kg-1). Our results show that P. oreoselinum accumulate analyzed 

metals in different quantities and that they are not hyperaccumulators of Ca and Ni. 
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Table 1. The content of investigated metals [mg kg-1] in soil and P. oreoselinum 

 

Our results of the total amount of phenols in different plant parts, are shown in Table 2. The highest 

concentration of phenols was extracted with polar solvents - methanol (32.38 mg GA/g), and acetone 

(28.27 mg GA/g), and the lowest concentration of phenols was measured in extracts obtained with non-

polar solvent (ethyl-acetate) (1.94 mg GA/g). The highest amount of phenols was measured in the leaf, 

and the lowest in the root of P. oreoselinum.  

 
Table 2. The total amount of phenols determined in different P. oreoselinum extracts presented as 

equivalents of gallic acid [mg of GA/g extract]. 

 

 Flower Stem Leaf Root 

Methanol 21.16 ± 0.16 2.11 ± 0.48 32.38 ± 1.33 2.11 ± 0.5 

Acetone 28.27 ± 0.85 20.88 ± 0.53 19.94 ± 0.67 4.27 ± 0.75 

Ethyl-acetate  14.05 ± 1.45 5.83 ± 3.14 1.94 ± 1.7 4.61 ± 1.25 

Water 12.77 ± 1.82 14.66 ± 1.16 9.61 ± 0.5 3.55 ± 2.65 

 

Results concerning the amount of flavonoids in different parts (flower, stem, leaf, and root), are 

shown in Table 3. The highest concentration of flavonoids was extracted with polar solvents - acetone 

(25.83 mg RU/g) and methanol (18.85 mg RU/g), while the lowest concentration of flavonoids was 

measured in extracts obtained with non-polar solvent (ethyl-acetate) (0.69 mg RU/g). The highest 

amount of flavonoids was measured in the flower, and the lowest in the root of the P. oreoselinum. 
 

Table 3. The total amount of flavonoids determined in different P. oreoselinum extracts presented as 

equivalents of rutin [mg of RU/g extract]. 

 

 Flower Stem Leaf Root 

Methanol 18.85 ± 0.18 1.38 ± 0.95 11.9 ± 0.04 1.19 ± 0.32 

Acetone 25.83 ± 0.57 2.35 ± 0.43 10.07 ± 0.61 0.97 ± 0.73 

Ethyl-acetate  12.78 ± 0.28 1.33 ± 0.25 8.26 ± 0.14 0.69 ± 0.82 

Water 8.02 ± 12.41 8.42 ± 0.62 7.44 ± 1.37 2.76 ± 1.22 

Results of this study show that in different plant organs the content of phenols and flavonoids 

changes, depending on the type of solvent. Methanol and acetone solvent was most effective in 

extracting phenols and flavonoids, whereas ethyl-acetate was the least effective regardless of on which 

part of the plant it was used. These results can be explained by the better solubility of phenols 

and flavonoids in polar (methanol and acetone) than in non-polar (ethyl-acetate) solvents [2]. When 

comparing with a literature source [5], where plant species P. officinale, P. longifolium, P. 

aegopodioides and P. alsaticum were examined, the amount of phenols and flavonoids was much higher 

than in our research.  

 

4. Conclusions 

 

Based on the analysis of the content of metals Mn, Ni, Fe, Cu, Zn, Ca, Mg in the soil and plant 

organs of P. oreoselinum, we can conclude that the examined soil of the wild plant species is rich in 

iron and this tested metal was lower than the maximum allowed concentration. Although the studied 

plant samples accumulate analyzed metals in different quantities, they are not hyperaccumulators of 

 Soil Flower Stem Leaf Root 

Mn 335 ± 3.62 31.6 ± 0.39 32 ± 0.25 70.7 ± 0.29 65.8 ± 0.4 

Ni 29.5 ± 0.38 20.3 ± 0.3 9.8 ± 0.02 13.2 ± 0.3 25.1 ± 0.34 

Fe 21 717.7 ± 169.59 250.2 ± 3.24 369.9 ± 1.57 614.9 ± 20.05 569.7 ± 10.71 

Cu 47.4 ± 0.4 11.5 ± 0.2 8.1 ± 0.02 8.8±0.06 3.6±0.02 

Zn 71.9 ± 0.9 35.5 ± 0.36 31.9 ± 0.23 44.8 ± 0.57 58.7 ± 0.26 

Ca 21 501 ± 65 11336.7±45.58 10102.3±10.89 24352.2±45.63 13927.2±37.01 

Mg 12 193.4 ± 65.3 7488.9±17.97 3454.1±22.66 7753.8±41.23 4934.5±35.48 
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these metals. The highest concentration of phenols was detected in  methanol leaf extract, and the 

highest concentration of flavonoids was measeredin acetone flower extract. The use P. oreoselinum  for 

tea preparation is safe to a great extent for people, because in spite of the determined metal absorption 

by plant organs, the tea does not contain dangerous quantity of heavy metals. Also, it is suitable for the 

preparation of tea and herbal extracts due to minimal content of toxic metal (Ni), phenols and 

flavonoids. 
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Abstract: 

  

This research aimed to investigate the quality of drinking water from the rural area of village 

Pajsijević (Šumadija, central Serbia). The water is consumed as raw since it is not purified or chlorinated 

before consumption. The water was collected at three sampling points – in the spring of Kotlenik 

Mountain stream (W1 sample), in the local reservoir (W2 sample), and from the tap (W3 sample). Also, 

the sediment samples (soil and sand) were analyzed, too. The health risks related to the presence and 

concentration of some major and trace elements (Ca, Cr, Cu, Fe, Mg, Mn, Ni, Zn) and N, NO, NN3, 

NH4, P, P2O5, and PO4 were evaluated. Additionally, the presence and the number of total coliform 

bacteria and Escherichia coli (as an indicator of fecal contamination) were evaluated. The 

concentrations of analyzed major and trace elements in all water samples were below those at which 

toxic effects may occur. The exception was the concentrations of Fe (2.02 – 2012 mg/L), which were 

higher than is allowed. The origin of Fe in water is from sediment (soil and sand), which also showed 

high content of Fe (3006.0 mg/g and 2229.9 mg/g, respectively). The results of the Colorimetric test 

indicated the presence of coliform bacteria as well as the presence of E. coli in all water samples. Further 

research needs to include characterization of isolated coliform bacteria and serological investigation of 

E. coli strains in order to evaluate the risks of consumption related to waterborne illness.  

 

Key words: water quality, coliform bacteria, Escherichia coli, health risks, heavy metals 

 

1. Introduction 

 

Water is necessary for a normal life, but many people do not have access to clean, quality, and safe 

drinking water. Research by the World Health Organization [1] has shown that there are major 

challenges for people's water supply systems, which include constant population growth in big cities, 

growing shortages of clean water sources, excessive urbanization, and climate changes. The supply of 

households with clean and purified water is implied in large cities, but in rural areas access to clean 

water is often denied, and water-borne infections are common.  

The presence of heavy metals is an important parameter in drinking water because they pose a threat 

to human health. Humans are exposed to heavy metals primarily through the consumption of water that 

contains them, but a small number of heavy metals can bioaccumulate in the human body and cause 

certain diseases. Therefore, determining the levels of heavy metals in different water sources is 

important for the proper assessment of human health risks [1, 2]
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The aim of this investigation was to evaluate the potential health risks related to the consumption of 

raw water in rural area. These risks are associated with the presence of major and trace elements in 

water samples as well as with the presence of total coliform bacteria, with particular emphasis to the 

presence of Escherichia coli. 

 

2. Material and methods 

 

2.1. Sampling of water and sediment 

 

Investigated raw water samples were collected in the three target points in the village Pajsijevic 

(Sumadija area, central Serbia) during the autumn of 2020, in the dry period. The first target point is 

the mountain spring of stream (Kotlenik Mountain) (W1 sample), where the water passes through layers 

of small and large rocks (natural filtration) and goes into the pipes which transmit water into the 

reservoir in the village (W2 sample). There is no water purification and chlorination in the reservoir. At 

50 cm from the bottom of the reservoir, there is a pipe from, by natural fall transmit water into the 

households (W3 sample - the tap in the household).  

Water samples were collected in sterile glass bottles by directly dipping the bottles into the surface 

of the water. The water samples from the tap were collected directly into the sterile bottles, after letting 

the tap run for a minute. The samples were labeled properly and transported on ice to the laboratory for 

analysis.  

The sediment samples (soil and sand) were also investigated to determine the origin of major and 

trace elements in the water. Soil samples (3 replicates) were taken from the forest which is around of 

mountain spring coast. Sand samples (3 replicates) were taken directly from the mountain spring. A 

composite mixture of sand samples was air-dried at room temperature for 48 h before analysis.  

 

2.2. The total concentration/content of major and trace elements in water and sediment samples 

 

2.2.1. Instruments and apparatus: The flame atomic absorption spectrophotometer (FAAS) model 

Perkin Elmer 3300 with D2 lamp as a corrector was used for the determination of metals: Mn (λ = 279.8 

nm), Ca (λ = 422.7 nm), Mg (285.2 nm), Fe (248.3 nm), Zn (213.9 nm), Cu (324.8 nm), Ni (λ = 232.0 

nm), Cr (357.9nm). Standard solutions of the appropriate concentrations were used to prepare the 

calibration. The range of standard solutions was 0.5-2.0 mg/L for Cu, Zn, Mg, and 1.0-5.0 mg/L, for 

Mn, Fe, Ca. All samples were analyzed by FAAS using acetylene flame (2.0:10.0) for Cu, Zn, Mg, Mn, 

Fe, and (3.8:10.0) for Ca.  

 

2.2.2. Preparation of samples: In order to determine the total metal content in soil and sand, the samples 

were prepared by digestion with nitric acid and hydrogen peroxide according to EPA 3050B [3] in 

relation to HNO3:H2O2 = 5:1; The ratio of soil sample: digestive mixture was 1:12. A sample of water 

with a volume of 500 mL was evaporated to dryness, 3 mL of a mixture of HNO3 and HCl in a ratio of 

1 to 3 was added, evaporated to dryness, and then the dry residue was dissolved in 30 mL of distilled 

water. The solution was filtered in a normal vessel of 50 mL and the vessel was filled to the line. The 

metal concentration was determined from the obtained solution. The results are shown as a mean value 

of five repeated measurements.  

 

 In order to check the accuracy of the applied method, blank tests and standard reference materials 

were used: MEES-3 (Trace elements in sediments). The values obtained ranged in the range of ± 5% of 

the certified values.  

The concentration of total phosphorus (P), phosphate (PO4), phosphorus pentoxide (P2O5), total 

nitrogen (N), nitric oxide (NO), ammonium (NH4), and ammonia (NH3) were determined by the 

Photometer system AL400 Aqualytic, immediately after raw water samples were collected.  

 

2.3. Microbiological analysis 

2.3.1. Enumeration of total aerobic mesophilic bacteria and total coliform bacteria: The total 

aerobic mesophilic bacteria were evaluated as follows: 1 ml of water sample was aseptically transported 



M. Ž. Grujović, K. G. Mladenović, Z. Simić, S. Đuretanović, Consumption of raw water- the health risks related to the 

presence of heavy metals and Escherichia coli 

 

212 

 

in nutrient agar plates in two repetitions and plates were incubated at 37°C/24 h. After incubation, a 

total number of aerobic mesophilic bacteria were enumerated as follows:  

Number of bacteria (in ml) = number of colonies/V x 10n 

where V is the volume of inoculated sample and 10n is the dilution coefficient. 

The total coliform bacteria were enumerated by colorimetric test, which includes three types of 

tests. The first stage is called the Previous Colimetry Test and it is done as described below. The lactose 

Andrade peptone water (LAP) with Durham tubes is prepared in two concentrations: 

1. In one test tube with 50 ml of 2 x LAP is added as per 50 ml of water that we test 

2. In five test tubes with 10 ml of 2 x LAP is added as per 10 ml of water that we test 

These test tubes are incubated at 37°C/24 h. If there is a change in indicator color from light pink to 

dark pink and the Durham tubes have more than 1/10 of volume with gas, the test is positive.  

The second stage is called the Confirmatory Colimetry Test. In this stage, the sample from every 

positive test tube is aseptically transported onto endo-agar and the samples are incubated at 37°C/24 h. 

If there is an occurrence of purple colonies with metallic-green shine, the coliform bacteria are present 

in the water. To confirm the presence of E. coli, the specific colonies from endo-agar are inoculated 

into MacConkey broth with Durham tubes. One test tube is incubated at 37°C/24 h and the other one is 

incubated at 44°C/24 h. The gas production at 37°C confirms the presence of coliform bacteria, while 

the production of gas at 44°C indicated the presence of E. coli.  

The third stage is called the Final Colimetry Test. In this stage, the identification of E. coli, by gram 

straining, catalase and oxidase test, and other biochemical tests is done. The identification of Gram-

negative, catalase positive, and oxidase negative rods with specific biochemical characteristics confirm 

the presence of E. coli in water.  

The most probably number of coliform bacteria in 1 ml of a water sample is determined by results 

from the Previous Colimetry Test, by using tables by Swaroop. 

 

3. Results and Discussion 

 

3.1. The total concentration/content of major and trace elements in water and sediment samples 

 

 The results of the comparative analysis of the quantity of major and trace elements Ca, Cr, Cu, Fe, 

Mg, Mn, Ni, and Zn in the water and sediments samples are presented in Table 1. The mean value of 

the concentration of the analyzed elements in water samples was ordered in the following way: Ca ˃ 

Mg ˃ Fe ˃ Mn ˃ Zn ˃ Cu ˃ Ni ˃ Cr. The concentrations of Cd and Pb were under the detection limits 

in all water and sediment samples. The concentrations of analyzed major and trace elements in all water 

samples were below those at which toxic effects may occur. The exception was the concentration of Fe, 

which was higher than is allowed. However, the concentration of Fe is not of health concern, but it 

affects the acceptability of water for consumers. As it can be seen in Table 1, the origin of these elements 

in water is from sediment since they are present in it.  

The concentrations of total P, PO4, and P2O5 were in the optimum range for water, while 

concentrations of N, NO, NH3 and NH4 were under the range of detection in all water samples. In 

addition, the nitrogen and phosphorus contents are relatively low or under detection limits, which makes 

algae growth hardly. Therefore, there is a low risk of pollution to water quality, such as algae growth 

and reproduction [4]. 
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Table 1. The concentration/content of major and trace elements in water and sediment 
samples 

Origin of sample 
Water samples Sediment samples 

W1 W2 W3 Soil Sand 

Element/quantity mg/L mg/L mg/L mg/g mg/g 

Ca 10.68 ± 0.40 9.99 ± 0.06 9.88 ± 0.07 1356.24 ± 14.51 1130.6 ± 15.13 

Cr 0.005 ± 0.00 0.005 ± 0.00 0.005 ± 0.00 9.84 ± 0.08 5.29 ± 0.07 

Cu 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.05 5.15 ± 0.05 3.35 ± 0.06 

Fe 2.12 ± 0.03 2.02 ± 0.03 2.05 ± 0.05 3006.0. ± 4.59 2229.9 ± 11.81 

Mg 4.07 ± 0.05 3.73 ± 0.09 3.78 ± 0.04 1314.92 ± 4.13 927.9 ± 5.37 

Mn 0.06 ± 0.003 0.06 ± 0.003 0.05 ± 0.001 329.28 ± 1.49 302.7 ± 1.87 

Ni 0.003 ± 0.00 0.02 ± 0.01 0.003 ± 0.00 5.10 ± 0.07 4.19 ± 0.04 

Zn 0.01 ± 0.00 0.01 ± 0.001 0.03 ± 0.001 9.87 ± 0.05 5.09 ± 0.05 

P 0.11 ± 0.00 0.04 ± 0.00 0.08 ± 0.00 / / 

PO4 0.34 ± 0.00 0.12 ± 0.00 0.24 ± 0.00 / / 

P2O5 0.26 ± 0.00 0.90 ± 0.00 0.18 ± 0.00 / / 

N u.d. u.d. u.d. u.d. u.d. 

NO  u.d. u.d. u.d. u.d. u.d. 

NH3 u.d. u.d. u.d. u.d. u.d. 

NH4 u.d. u.d. u.d. u.d. u.d. 

The values are presented as mean value ± standard deviation; u.d. – Under detection limit; / - not evaluated 

 
3.2. Microbiological safety of examined water samples 

 

The total count of aerobic mesophilic bacteria was enumerated on the nutrient agar and ranged 

between 36 (W1 sample) and 78 (W2 sample) colonies in 1 ml of the water sample, which is in 

accordance with the regulation in Serbia. According to the Rules on hygienic drinking water [6], 300 

colonies of aerobic mesophilic bacteria in 1 ml of drinking water are allowed. 

The results of the Previous colorimetric test indicated the presence of coliform bacteria in water 

samples (MPN index between 2 and 5). The results of the Confirmatory and Final test showed the 

presence of Escherichia coli in all water samples since the purple colonies with metallic-green shine 

were detected on endo-agar plates and the gas was produced into MacConkey broth with Durham tubes. 

At 44°C and all biochemical tests indicated the presence of E. coli in tested drinking water, which is 

not allowed according to the Rules on hygienic drinking water [5].  

 

4. Conclusions 

 

The results of this paper indicated the need for monitoring of raw water used for drinking in rural 

areas since there is an increased danger for water-borne illness in humans. If the presence of E. coli is 

confirmed in drinking water, that water is epidemiologically dangerous and should not be consumed for 

drinking. Also, the presence and content of major and trace elements need to be evaluated before 

consumption.  
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Abstract  

 

Unlike the neurons in the CNS, the peripheral neurons have certain intrinsic regenerative capacity. 

After injury, peripheral neurons can switch to a cellular “state for growth”, with the expression profiles 

similar to early developmental stages.  

We looked at the changes of morphometric parameters induced in young peripheral neurons with 

treatments that in adult neurons have growth-stimulatory effect. The experimental treatments compared 

to control were: BpV (phen), an inhibitor of PTEN; and bFGF, basic fibroblast growth factor. The 

neurite growth was measured on cultured dissociated dorsal root ganglia neonatal neurons fixed 24h 

after treatment and immunostained with anti-neurofilament H (NF-H) phosphorylated antibody. FIJI 

Simple Neurite Tracer was used for morphometry of individual neurons. 24h post treatment, compared 

to control, total neurite length, length of primary and length of terminal branches, were increased by 

bFGF but not by BpV treatment. In all measured parameters related to the degree of branching, BpV-

treated neurons had small dispersion of values and small mean values, reminiscent of literature data 

stating that BpV treated neurons are elongated and less branched. However, the BpV did not have a 

positive influence on neurite elongation, as was reported on adult neurons. In contrast, bFGF stimulated 

elongation of young neurons in the manner similar to the effects described on the adult neurons. 

 
 

 

Key words: Elongation, Simple Neurite Tracer, Branching 

 

 

1. Introduction 

 

The obstacles to successful neurite regeneration are intrinsic to the very nature of the nervous 

system after the development is completed. Namely, mechanisms ensuring the stability needed for 

proper functioning of the nervous system are regeneration-inhibitive [1]. Peripheral nerves are usually 

considered to have a full outgrowth potential, but detailed studies suggested that their regeneration 

depends on the presence of the intact nerve encapsulating sheet, intrinsic neuronal and glial state and 

the presence of neuromodulators, among other factors [2]. We present the series of neuromorphometric 

measurements on the very young neurons, in the simple in vitro system for peripheral neurons: the 

dissociated cell culture from rat dorsal root ganglia (DRG). The animal age, postnatal day 2, was chosen 

as a time point of completed development, but still physiologically close to the growth state. The tested 

substances are well established to have stimulatory effects on the growth of adult neurons [3,4]
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2. Materials and Methods 

Neonatal (P2) rat dorsal root ganglia (DRG) dissociated cultures were plated on poly-D-Lysine-

laminin coated glass cover slips. Thirty min afterwards, media with appropriate treatment was added to 

final concentrations: BpV (phen) (in further text: BpV) an inhibitor of PTEN (Phosphatase and TENsin 

homolog) [5], (80 nM) and bFGF (basic Fibroblast Growth Factor) (50 µM). The concentration for BpV 

was selected to be twice EC50 for PTEN, in order to insure efficient inhibition. NGF was supplemented 

to all groups. Axon growth was measured on cell cultures fixed 24h after treatment and immune-stained 

with anti-neurofilament H (NF-H) phosphorylated antibody (only neurons were labeled). 

Images were acquired on fluorescent microscope; FIJI SNT plugin [6] was used for morphometry 

of individual neurons. The tracing and quantification was done only on the cells that were clearly 

separated. The final number of acceptable tracings for each group was: 13 (control); 8 (bFGF); 8 (BpV). 

ANOVA (with and without transformations) with post hoc testing, comparing to control group was 

used. The data is graphically presented as min-max with medians unless specified otherwise, and stated 

in the text as mean±SE.  

 

3. Results and Discussion 

 

There was the substantial variability in the neurite growth potential between individual neurons in 

dissociated culture, as expected.  

 
Fig. 1. The main length parameters, obtained from the analysis of traced images of neurons belonging to the 

control, bFGF-treated and BpV-treated group. A. Summed total lengths of the neurites in the cells. B. Lengths of 

primary branches (the processes originating in the soma). C. The longer dimensions of the cell rectangle field. D. 

Lengths of terminal branches (the processes ending with neurite tip). Min to max showing all points box plots 

with medians. 

Figure 1A shows the total length of all neurites (cable length), for each cell in the groups examined. 

Group values in µm (mean ± SE) were: 1995 ± 505 (control); 3718 ± 1395 (bFGF); 465 ± 146 (BpV, p 

=  0.0012). Similar to the total cable length, , the length of primary branches in µm (Fig. 1B) was larger 

(p= 0.01) in bFGF group (1394 ±  454), compared to control (211 ± 767), while BpV group was not 

(353 ± 131). Length of the terminal branches (Fig 2D) followed the same pattern.  

In contrast, BpV had the negative effect on the cell field height parameter (Fig. 1C). To summarize, 

data so far presented suggest that BpV is not ineffective on the young neurons: it acts in the direction 

of reduction of the area occupied by the cell. That could be the consequence of elongation inhibition or 

alternatively, could be caused by a decreased branching.  

The graphs representing the Numbers of branches (NoB) and branch points (NoBP) for each group 

are shown in Figure 2. In the bottom panels, representing the distributions of values, in bFGF group 

histogram, portion of neurons with larger NoBP can be seen, not present in the controls. BpV-treated 

neurons had small NoBP (mean  ± SE = 1.7 ± 0.6) compared to controls (13 ± 4), while bFGF-treated 
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ones had similar NoBP mean as the control group (15 ± 6) (Fig.2B).  

In Fig.2A, the trend of opposing effects induced by BpV and bFGF is more dinstinct. The average 

NoB (mean ± SE) were: 20 ± 5 (control group), 37 ± 14 (bFGF group), 7 ± 2 (BpV group).  The 

distribution of values (bottom panel) for the NoB in bFGF group is spread towards the increased 

numbers compared to control group ; The BpV group values are more uniform and tend to be smaller. 
 

 
Fig. 2. The parameters of branching, number of branches (NoB) and number of branch points (NoBP), 

obtained from the analysis of traced images of neurons belonging to the control, bFGF-treated and BpV-treated 

group. A. The number of branches (top panel, min to max showing all points box plots with medians) and the 

distribution of the obtained values (bottom). B. The number of branch points (top) and the distribution of number 

of branch points values (bottom). Note the presence of large branch/branch point numbers almost exclusively in 

bFGF-treated group, and reduced spread in BpV-treated group.  

 

The negative effect BpV has on branching is reminiscent of the effects described in the literature 

[7], with the important distinction that PTEN inhibition in adult neurons always induces growth 

stimulation in addition to a reduction of branching [3].  

 

4. Conclusions 

 

The neonatal DRG neurons in culture were growing less, when treated with BpV, PTEN inhibitor. 

This finding warrants for further investigation, in the context of contemporary attempts in a direction 

of clinical application of BpV in stroke and other neuronal injuries. The possible negative BpV effects 

on newly born neurons could have the profound consequences on memory and other neurogenesis-

dependent functions.  
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Abstract: 

  

Plants from the genus Scrophularia, family Scrophulariaceae have numerous biological activities 

such as antibacterial, antioxidant, antiprotozoal, antitumor, hepatoprotective, and antidiabetic. 

However, as far as we know, genotoxic and antigenotoxic effects of these two plant species remain 

unexplored. The present study aimed to evaluate possible in vivo protective effects of the methanol 

extracts of two plant species of the Scrophularia genus, Scrophularia canina L. and S. alata Gilib., 

against carbon tetrachloride (CCl4)-induced DNA damage in albino Wistar rat. A significant increase 

in total comet score has been shown in animals receiving CCl4 compared with the negative control. 

Treatment with either S. alata or S. canina extracts reduced CCl4 induced DNA damage as indicated by 

the percentage of reduction in total comet score with a value above 50%. 
 

Key words: Scrophularia canina, Scrophularia alata, comet assay, in vivo 

 

1. Introduction 

 

The genus Scrophularia, family Scrophulariaceae, consists of about 300 species commonly present 

in Asia, Europe, and North America [1]. Plants from the genus Scrophularia have been used in 

traditional medicine in the treatment of various diseases as fever, erythema, eczema, wounds, ulcers, 

abscesses, fistulas, allergy, rheumatics, and cancer, among other health problems such as mental, 

nervous, and gastrointestinal disorders [2,3]. Many of these plants have numerous biological activities 

such as antibacterial, antioxidant [4], insecticidal [5], antitumor, hepatoprotective, and antidiabetic [6], 

which are related to their richness in secondary metabolites. 

The insecticidal activity of aqueous, methanol, hexane and petroleum ether extracts of the aerial 

part of S. canina against the second and fourth-instar larvae and adult females of Culex pipiens molestus 

was investigated [7]. The highest toxicity was exhibited by the petroleum ether and hexane extracts 

against second- and fourth -instar larvae, respectively.   

The total antioxidant capacity and total phenolic and flavonoid levels of methanolic extracts from aerial 

part of S. alata and S. canina were evaluated by Šipovac et al. [8].  The higher amount of phenols and 

flavonoids was found in S. alata extract, while the methanol extracts obtained from aerial part of the 

plant S. canina exhibited higher antioxidant activity. According to Guarrera and Lucia [9] S. canina is 

a rich source of iridoid glycosides. This plant has been used in the traditional medicine to treat rhagades 

on the breast, wounds and haematomas, to bring out abscesses and fistulas [10]. It was used as an anti-
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inflammatory, antibiotic and antimalaric agent, while the plant was a generic febrifuge [11]. As far as 

we know, the antigenotoxic effect of these two plant species remains unexplored. This study was 

designed to investigate possible protective effect of the methanol extracts of the S. alata and S. canina 

against CCl4-induced DNA damage in albino Wistar rat via the comet assay. 

 

2. Materials and methods 

 

2.1 Plant material and extract preparation 

 

The aerial parts and roots of S. canina were collected in August 2011 around Sarajevo, along the 

road to Pale, Bulozi. The aboveground parts of S. alata were collected on the mountain Jahorina during 

August 2011. Plant materials were chopped into small pieces and air-dried in darkness at room 

temperature.  

Dried aerial parts and roots of S. canina and aboveground parts of S. alata were separately 

extracted three times with methanol at room temperature. The extracts were filtered and concentrated 

under vacuum at 40°C by using a rotary evaporator, and stored in darkness at 4°C until further analysis.    
  
2.2 Animals and study design 

 

Male albino Wistar rats weighing 220 ± 20 g used in this study were obtained from the Animal 

House of Military Medical Academy, Belgrade, Serbia and acclimatized for three days prior to the 

experiment. Maintenance was under a 12 h light-dark cycle, with food and water available ad libitum. 

All animal procedures were approved by the University Committee of the Ethics of Animal 

Experimentation, which acts in accordance with the relevant Serbian guidelines, including the 

Guidelines for the Care and Use of Laboratory Animals. 

Twenty male albino rats were equally divided into four groups consisting of five animals in each 

group and treated orally for seven days, as follow: the first group, which represents the negative control 

group, was daily given distilled water for seven days and then intraperitoneally 1 mL/kg body weight 

olive oil. The second group served as the positive control group, was orally given distilled water for 

seven days and then intraperitoneally a single dose of CCl4 (1 mL/kg body weight, 1:1 mixture in olive 

oil). The animals of the third and fourth groups received orally the methanolic extract of S. alata and S. 

canina at 200 mg/kg body weight, respectively. On the last day of the treatment, these animals received 

intraperitoneally a single dose of CCl4. Twenty-four hours after CCl4 injection, all of the animals were 

anesthetized with ethyl ether, sacrificed and liver samples were collected.   

DNA damage in liver samples was measured using the alkaline comet assay under alkaline 

conditions and dim indirect light according to Singh et al. [12]. Before analysis the images, the slides 

were stained with 75 μl ethidium bromide (20 μg/ml). 

 

2.3 Data scoring and photomicrographs 

 

Comets were visualized and captured with 400x objective lens of fluorescence microscope Nikon 

(Ti-Eclipse) attached to CCD camera. Comets without heads and those with almost all the DNA in the 

tail or with a very wide tail were excluded from the analysis, since they could represent dead cells [13]. 

The comets were analyzed by a visual scoring method as described by Collins [14].  A total comet score 

and the percentage reduction (%R) in the comet score in the treatments with extracts showing 

antigenotoxicity was calculated according to Manoharan and Banerjee [15] and Waters et al. [16]. 

    

2.4 Statistical analysis 

 

The data obtained were statistically analyzed using SPSS statistical software package (version 

13.0). Hypothesis testing methods included one way analysis of variance (ANOVA). The results were 

considered to be statistically significant at p < 0.05. 
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3. Results and Discussion 

 

The results of the comet assay in evaluating the S. alata and S. canina extracts, namely data on the 

total number of cells with damage and scores for rat treated with 200 mg/kg body weight, besides 

negative and positive control (1 mL/kg body weight CCl4) are presented in Table 1. 

In rats receiving only CCl4, marked DNA damage was measured in the liver compared to the control 

group. Analyzing the comet class distribution shown in Table 1 for the treatments with S. alata extract, 

it is clear that cells with classes 0, 1, and 2 (very low, low and medium damage, respectively) were most 

prevalent and that cells with classes 3 and 4 were rare. When rats were treated with the S. canina extract 

prior to CCl4, most of the cells examined on slides were in classes 0, 1 and 2, and very few showed a 

long DNA migration (class 3). 

 
Table 1. Detection of DNA damage using the comet assay in livers of rat pretreated with S. canina and S. 

alata extracts 

 
Comet class Total scorea % R 

0 1 2 3 4  

I 83.4±0.53 13.3±0.2 3.3±1.01 0.00±0.00 0.00±0.00 19.9±1.42†  

II 6.07±0.81 30.3±0.62 42.4±0.31 18.2±0.12 3.03±0.3 181.82±1.45*  

III 52.7±0.23 18.4±0.32 15.8±0.41 10.5±1.02 2.6±1.1 91.9±0.23*† 55.5 

IV 45.3±0.11 34.2±0.43 17.8±0.6 2.7±0.4 0.00±0.00 77.9±0.95*† 64.2 

I-Control group; II-CCl4 1 mL/kg; III-S. alata 200 mg/kg+CCl4; IV- S. canina 200 mg/kg+CCl4. 
aValues represented mean ± SEM from three independent experiments; n = 5 rats per group 
*p < 0.05 when compared with the negative control group  
†p < 0.05 when compared with the CCl4 group. 

 

A statistically significant reduction in the extent of DNA damage was found in the group of animals 

treated with 200 mg/kg body weight of the S. alata and S. canina extracts (55.5 and 64.2%, respectively) 

to those treated only with CCl4.  

Both extracts at the dose of 200 mg/kg body weight presented protective activity, since the results 

were statistically different from those obtained from the positive control group. Although, the total score 

were intermediate between obtained in the untreated control group and the group treated with the CCl4, 

statistically, the comet scores were not reduced to the levels of the untreated control. 

 

3. Conclusions 

 

The presented results demonstrated that methanolic extracts of S. alata and S. canina had 

antigenotoxic activity. Treatment with extracts prior to treatment with the CCl4 revealed statistically 

significant protection attributable to the extracts with percentage reduction in comet score of 55.5 and 

64.2%, respectively. These effects can be explained due to the presence of phenols and flavonoids. 

Further investigation is in progress in order to isolate the mentioned compounds and to determine their 

biological activities. 
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Abstract: 

The noble crayfish is one of the three autochthonous species that inhabit the freshwater ecosystems 

of Serbia, along with stone and Danube crayfish. The noble crayfish has a complex historical and 

genetic status shaped by geological events, habitat loss, pollution, translocations, and reintroductions 

of both autochthonous and allochthonous crayfish species. That led to the disruption of the species 

genetic structure, mixing, and loss of populations across Europe. According to recent data, its 

populations in the freshwater ecosystems of Serbia are significantly reduced, so it has the status of a 

"strictly protected species". The genetic structure of the species must be known for endangered species 

conservation. Unfortunately, there is lack of such data for the territory of Serbia, which due to its 

position on the Balkan Peninsula, was an important refuge during the glaciation period. In this paper, 

the genetic structure of seven crayfish populations in freshwater ecosystems of Serbia was examined. 

Analyzes were performed on the COI and 16S rRNA genes of mitochondrial DNA. The study results 

showed a significant diversity of COI and 16S rRNA haplotypes compared to already described 

haplotypes. Three haplotypes were detected, of which Hap26 is the most common and was detected in 

five studied populations. Haplotypes Hap47 and Hap49 were detected in one and two populations, 

respectively. The results obtained in this study, together with previously published morphometric data, 

represent a good starting point for further genetic and population research, which are the basis for the 

proposal of conservation measures. 

 

Key words: crayfish, phylogeography, Balkan Peninsula, mtDNA 

 

1. Introduction 

 

The freshwater crayfish are significant components of biodiversity, known as key species for the 

normal functioning of the food chain [1, 2] and with an important ecological role in the proper 

functioning of a freshwater ecosystem [3, 4].  

The noble crayfish (Astacus astacus, L. 1758) is a native European species with a large range of 

distribution. During the last century, its populations diminished or became extinct [5, 6] due to climate 

change, pollution, habitat loss, but also because of translocations and reintroductions of both 

autochthonous and allochthonous species [7, 8], but also due to parasites and diseases carried by non-

native species [9]. For the territory of Serbia, its area of occurrence decreased more than 65% between 
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1960 and 2006 [10]. Previous phylogeographic studies reported significant genetic diversity in south- 

eastern Europe, with most divergent ones in the southern part of the Balkan Peninsula [11, 12, 13, 14, 

15]. The objective of this study was to examine the phylogeny of noble crayfish on the territory of 

Serbia, considering Serbian central position on the Balkan Penninsula, one of the biodiversity hot spot 

areas and refugium during the Pleistocene [16]. 

 

2. Materials and Methods 

 

A total of 53 noble crayfish specimens from seven ecosystems on the territory of Serbia (Table 1) 

were collected by hand or trapped by baited LiNi traps. From each specimen, one pereiopod was taken 

and preserved in 96% ethanol, while specimens were released after sampling. 

Genomic DNA was extracted from the pereiopod muscle tissue using the Sigma GenElute 

Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, USA) following the manufacturer’s 

protocol. Mitochondrial COI and 16S rRNA were amplified as in Gross et al. [15]. Purification of PCR 

products and sequencing were performed by Macrogen Service Centre (Amsterdam, Nederland).  

Sequences were manually edited in SEQUENCHER 5.4.6 (Gene Codes Corp., USA) and aligned 

with AliView 1.27 [17]. The genealogical relationships among haplotypes were presented as a Median-

Joining network [18] created in PopArt (http://popart.otago.ac.nz/). For the construction of the network, 

in addition to the ones from this work, 75 reference sequences from Schrimpf et al. [12] and Laggis et 

al. [13] were included in the analysis. The genetic variability of the sample set was estimated by the 

haplotype (Hd) and the nucleotide (Pi) diversity [19] using the program DnaSP v6 [20]. 

 
Table 1. Sample locations with a summary of COI and 16S rRNA haplotype frequencies and number of 

samples (N) 

Population Drainage Coordinates N Hap26 Hap47 Hap49 

Kačer River Sava/Danube 
44.222N 

20.280E 
9 - - 9 

Kozeljska River Sava/Danube 
44.211N 

20.366E 
2 - - 2 

Resnički stream Great Morava/Danube 
44.090N 

20.937E 
5 5 - - 

Petrovačka River Great Morava/Danube 
44.052N 

20.878E 
12 11 1 - 

Korenica Reservoir Great Morava/Danube 
44.228N 

21.413E 
7 7 - - 

Gazivode Reservoir Great Morava/Danube 
42.942N 

20.648E 
9 9 - - 

Grlište Reservoir Timok/Danube 
43.812N 

22.232E 
9 9 - - 

Total 53 41 1 11 

 

3. Results and discussion 

 

Sequencing of concatenated COI and 16S rRNA provided readable sequences of 768 bp.  

Among 53 individuals originating from seven sampling sites, a total of three haplotypes were 

revealed (Table 1). Haplotype Hap26 was the most frequent, occurring on five out of seven localities, 

followed by the Hap49, recorded on the two localities. On each locality, one haplotype was recoded, 

except the Petrovačka River, which harbors, besides specimens characterized with Hap26, one 

specimen with Hap47. 

The haplotype diversity within the whole sample set was 0.365, while the recorded value of the 

nucleotide diversity was 0.00181. Haplotype diversity values can be characterized as moderate 

comparing to populations from the Black Sea basin (Hd = 0.851), Adriatic Sea basin (Hd = 0.576), and 

the North and Baltic Seas (Hd = 0.316, Hd = 0.276) [12].  

In the MJ network (Fig. 1), haplotypes were grouped within four already described lineages [12] 

and two groups [13]. Haplotypes Hap26 and Hap47, from this work, were within Lineage 3, with two 

http://popart.otago.ac.nz/
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mutational steps separating them. The third recorded haplotype from the territory of Serbia, Hap49, was 

within Lineage 2. It was separated with eight mutational steps from the Hap26 and ten mutational steps 

from Hap47. 

 

 
Fig. 1. Median-Joining network based on COI and 16S rRNA sequences. Detected haplotypes are represented by 

colored circles, which size is proportional to haplotype frequencies in the overall sample. The numbers of 

variable sites are indicated with hatch marks 

 

4. Conclusions 

 

The present study's results could aim in maintaining the initial step for future effective conservation 

plans and management strategies for protecting the genetic diversity of A. astacus populations on the 

territory of Serbia. 
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Abstract:  

 

Lipid droplets (LDs) are small mobile organelles conserved in all eukaryotic cells. We wanted to 

test if the LD movement can be muffled by an incomplete inhibition of mitochondrial respiration, 

induced by treating hyphae of filamentous fungus Phycomyces blakesleeanus with 0.5 mM sodium 

azide. Nitrogen starved hyphae were used, in order to obtain LDs in larger sizes and numbers. The data 

obtained unequivocally showed: 1. Sodium azide treatment dramatically reduces the LD velocity and 

the distances LDs travel; 2. LDs in both controls and in azide-treated hyphae oscillate in a small 

confined space instead of travelling through the cell; 3. Azide-treated LDs oscillate less frequently and 

in smaller confinement than controls.  
 

Key words: Sodium azide, Phycomyces blakesleeanus, In vivo microscopy, Nile Red 

 

 

1. Introduction 

 

Lipid droplets (LDs) are ubiquitous, highly phylogenetically conserved and seemingly simple 

organelles that are increasingly getting recognized as central coordinators of lipid metabolism between 

various cellular organelles [1]. LDs are often small and fairly mobile, found to form functional 

interactions with other cellular compartments [2]. During our filamentous fungi live microscopy 

investigations of LDs, the need has arisen to define a set of experimental conditions that will result in 

slowing down the LD movement just enough, to be able to perform colocalization studies in vivo. We 

present the results obtained by using a low concentration of sodium azide, the inhibitor of mitochondrial 

respiration. The azide effect and dose response on the model system fungi used in this study were 

previously measured in our lab [3]. 

 

2. Materials and Methods  

 

Model organism was wild-type strain of the unicellular oleaginous filamentous fungus Phycomyces 

blakesleeanus (Burgeff) (NRRL 1555(−)), grown in lighted stationary plates from the spore stock as 

previously described [3]. In order to get larger LDs and possibly easer observe the movement of LDs, 

fungi were grown in nitrogen starvation conditions with the amino acids omitted from the standard 

medium. Live hyphae were stained with Nile Red. A drop of fungi culture was placed in custom built 

closed cover glass holder to be fitted on the microscope stage. The hyphae in the azide treated (0.5 mM) 

group were imaged by Two Photon Excitation (TPEF) microscopy with the time interval of 60 s. The 
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TPEF of Nile Red dye was excited by 1040 nm, 200 fs pulses from Yb KGW laser and the signal was 

collected through 400-700 nm band pass filter with the use of 40x1.3 objective. The details of the 

Nonlinear Laser Scanning Microscopy set-up can be found in [4]. The control group was imaged from 

independent hypha batch, cultured in the same conditions as the azide-treated group. Images for controls 

were taken on Zeiss Axiovert fluorescent microscope equipped with camera (Xenon lamp illuminated, 

DsRed filter, 20 X 0.8 NA objective), with image acquisition time interval: 1 s. LD movement was 

measured by the mTrack plugin of ImageJ freeware [5] from time lapse Nile Red image sequences. All 

parameters quantified were readily available from mTrack analysis, except mean frequency which was 

derived in the following way: for each LD tracked, the total path length was divided by the mean 

displacement from the starting point. The results are reported as mean ± SE at 95% confidence level. 

One way ANOVA or nonparametric rank sum (Mann Whitney) test was used for statistical testing. 

 

 

 2. Results and Discussion 

 

Nile Red -stained LDs were imaged from nitrogen-starved hyphae with and without 0.5 mM azide 

(azide-treated and control group, respectively). The representative starting images of the time sequences 

are shown in Figure 1.A. It can be seen that images obtained by TPEF are much clearer, and probably 

represent true optical section of hypha, while in fluorescent microscope image, the various fainter 

structures around LDs are present, degrading the contrast of the image as expected. Since we were able 

to reliably identify LDs from both types of images, the LD movement analysis was not undermined 

with those differences in the image quality. The second methodological issue that could decrease the 

accuracy of the measurement is the possible occurrence of substantial bleaching of the dye, caused by 

the repeated illumination during the acquisition of image sequences.  

 
Fig. 1. Images of Nile Red -stained hyphae. A. Fluorescent microscopy image of hypha from the control 

group (left panel) and TPEF microscopy image of hypha from the azide-treatment group (right panel). The 

brightest small round features, visible on both images, represent the lipid droplets. B. Stability of Nile Red 

signal in images acquired in time sequence, quantified as mean normalized (to the intensity in first image of the 

sequence), intensity of randomly selected bright features in control and azide-treated group (n = 3 and n = 7 

respectively). 

 

As demonstrated in a graph shown in Figure 1B, the Nile Red signal intensity was stable during the 

time needed for sequence acquisition. At the end of the image sequence, the intensity was at 90 ± 2% 

from the starting values in the control group sequences, and at 92 ± 7% in the azide group, under the 

conditions used. 
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Fig. 2. The movement parameters obtained from LD tracking image analysis. A. The length of LD paths 

(µm). All obtained values from control and azide-treated hyphae are displayed; B. Distribution of LD path 

lengths, presented as a relative frequency histogram. C. Maximal displacement of LDs from the starting point, 

showing that most of LDs stayed close to the starting point throughout the imaging time. 

 

All obtained LD path length values from control hyphae (mean: 4 ± 3 µm), from 12 s image 

sequences and azide-treated (mean: 0.9 ± 0.6 µm) from 11 min, are displayed in Figure 2A. Even 

measured on such different time frames, the control total path length values (movement in 12 s) were 

significantly larger than from azide-treated (movement in 11 min); Mann-Whitney test, p< 0.0001. 

Literally all of the visible LDs (in both groups) displayed oscillatory movement and were not 

transported further from the location occupied at the beginning of the image series. Maximal 

displacement from the starting point for each LD was pulled and mean value calculated for each 

experimental group: maxD2Scontrol= 1.3 ± 0.2; maxD2Sazid = 0.5 ± 0.1 (in µm); p = 0.004.  

 
Fig. 3. The speed and frequency of LD movement were significantly lowered by azide treatment compared to 

control A. The mean speed of LD movement (µm / min) (p< 0.0001). B. The frequencies of LD oscillatory 

movement (mHz) (p = 0.0333). 

 

Therefore, it can be concluded that LDs, under the conditions used, travelled just a few microns or 

less during acquisition. The average speed of LD movement (in µm / min) was dramatically reduced by 

azide-treatment: Vcontrol = 0.3155 ± 0.034; Vazide = 0.084 ± 0.01. p< 0.0001 (Figure 3A). 

Since the vast majority of the imaged LDs displayed oscillatory movement during the observation 

time, we expressed the LD movement as minimal oscillation frequency, in order to acknowledge the 

possibility of the presence of higher frequencies, outside of the frequency range of our observations. 

The minimal frequency of LD oscillatory movement (Figure 3B) was significantly lowered by azide 

treatment: fcontrol = 558 ± 52 mHz compared to fazid = 363 ±31 mHz (p = 0.0333).  

It is possible that, due to the repeated illumination, LD transport was slowed down due to 

phototoxicity. Since the transport to more remote locations could not be observed even in the starting 

portions of image sequences, before the eventual photoxicity could take place, we concluded that 
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phototoxicity does not seem to be of importance for the phenomena observed.  

Recent imaging study with extended spatial and temporal resolution of LDs in mammalian cells 

under control conditions also have shown that during the experiment LDs displayed mainly oscillatory 

movements, with short intermittent contacts with mitochondria [6]. There are two main types of LD 

movement described in the literature: oscillatory in confined space [7] and directional in short or long 

trajectories [8]. In addition, it would be expected that during autophagy processes, the periods of contact 

between LDs and mitochondria would be more frequent and/or of longer duration [9], possibly causing 

somewhat stationary LD behavior that we have observed. 

 

4. Conclusions 

 

LD movement in sodium azide-treated hyphae is significantly slowed down. The in vivo 

colocalization studies are feasible, if conditions used are replicated. The purely oscillatory movement 

and relative immobilization of LDs in controls should be investigated further. 
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Abstract: 

The genus Cernosvitovia consists of nine species in the whole world. Out of the nine species, 

eight species are with primary distribution in the eastern part of the Balkan Peninsula (except 

Cernosvitovia schweigeri). In the Lumbricidae fauna of Serbia, seven species from this genus have been 

registered. Among them, 6 taxa are endemic. The aim of this paper is to present new data of the endemic 

species Cernosvitovia dudichi Zicsi & Šapkarev, 1982, based on the current taxonomic status of species, 

literature data, and our unpublished data. In this paper, we have summarized the knowledge on the 

geographic distribution, biology, and habitat C. dudichi in Serbia. Our recent investigations have 

revealed new records for C. dudichi in Central Serbia. After 30 years, this species was found in another 

place in this area, in Goč Mt. New locality suggests that C. dudichi possess a wider range than it was 

previously thought. 

Key words: earthworm; endemic species; Cernosvitovia dudichi; Serbia 

1.  Introduction 

 

The species from genus Cernosvitovia are distributed on the Balkan Peninsula, in the Southern 

Carpathians and Asia Minor [1, 2]. Genus Cernosvitovia is a typical endemic genus with a total of nine 

species that have been described so far (eight are from the Balkans and one species from the Marmara 

region of Asia Minor). According to the literature Stojanović et al. [3], it seems that the species diversity 

from genus Cernosvitovia is the highest in Serbia.  Out of the seven species, six are endemic, most 

widespread along with the Serbo-Macedonian tectonic plate. It spreads primarily throughout the 

Rhodope (Balkan) tectonic plate. The high number endemic of Cernosvitovia species in Serbia is 

obvious even in comparison with neighboring zones, where recent studies serve as a comparison [3].  

Cernosvitovia dudichi Zicsi & Šapkarev, 1982 was the first described in Serbia, Jastrebac Mt. 

[4] and, has not been reported another place so far. C. dudichi  belongs to the endemic species [5], 

distributed in a southeast part of the Balkan Peninsula. Until now, the southernmost limit of the species 

is the central part of Serbia [4-7]. Our recent investigations have revealed new records for C. dudichi in 

Serbia. After 30 years, this species was found in another place in central Serbia. A new investigated 

locality (Goč) could contribute to better insight into the spread of this species. 

The objective of this paper is to analyze the whole list of records of C. dudichi to present a 

general overview of its distribution on the Balkan Peninsula. Additionally, our study records an 

extension of the known distribution of C. dudichi to the northwest. 
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2.  Material and methods 

 

We used data on species obtained from the old Institute's collection (from Faculty of Science, 

Kragujevac, Serbia) that relate to undetermined material collected in the central part of Serbia. All 

published and unpublished data currently known were included. Earthworms were collected by the 

formalin method, digging (0.4 x 0.4 m) and hand sorting (as well as by turning over rocks, debris, and 

logs. The earthworms were killed in 70% ethanol, immediately fixed in 4% formalin solution, and later 

stored in 90% ethanol. The collected species were identified in the laboratory of the Faculty of Science 

in Kragujevac, Serbia. Species identification was made according to the complex features provided in 

Šapkarev [8], Zicsi [9] Mršić [6], Csuzdi & Zicsi [1] and, Blakemore [10].  

 

 

3.  Results and Discussion 

 

Cernosvitovia dudichi Zicsi & Šapkarev, 1982 
Cernosvitovia dudichi Zicsi & Šapkarev, 1982: 181. 

Cernosvitovia dudichi: Karaman 1987: 71; Trakić et al.  2016: 259; Stojanović et al. 2018: 135. 

Cernosvitovia (Zicsiona) dudichi: Mršić & Šapkarev 1987: 71; Mršić & Šapkarev 1988: 13; Mršić 1991: 

149; Csuzdi 2012: 97–99. 

 

Description of the species 

Body cylindrical, the length of body 82-132 mm, and consisting of 173-191 body segments. The 

prostomium is epilobous. The first dorsal pore is in intersegmental groove 8/9. The male aperture 

openings on the 26th segment. The distance between the hetae in the precliteral part is 2bc = aa; bc = 

3ab and in the postclitheral part ab = 1.5bc; ab = cd. Glandular papillae surround setae ab on 12th, 

15th, 17th or 12th, 15th, 18th, 20th and 34th or 13th, 15th, 17th, 22nd and, 23rd segments. The clitellum 

extends from the 23-32 segment. The tubercula pubertatis is located on the 24-31 segment (Fig. 1). The 

septa are thickened from 5/6 to 8/9. Four pairs of seminal vesicles in the 9th to the 12th segment. Lateral 

hearts 6-11. The crop occupies segments 15-16 and the gizzard is in 17-19. Testes and sperm funnels 

in 10 and 11 segments, free. Two pairs of spermathecae in the 11th and 12th segments. The calciferous 

glands have lateral tubercles in the 9-12 segment.  

 

 
Fig. 1. Anterior part of the body of species Cernosvitovia dudichi  

source [6] 

 

Ecology: Cernosvitovia dudichi inhabits meadows and oak forests [5,11]. It belongs to the endogeic 

species. 

Distribution in Serbia: Jastrebac, 1 exp., oak forest, 25.11.1979. [4-7]. 

Old Institute collection: Goč, 3 exp., oak forest, 13.04.2009.; 1 exp., meadows, 18.04.2009. (Fig. 2). 

General distribution: Cernosvitovia dudichi is an endemic species, recorded in the central part of 

Serbia [3]. 

Remarks: Analysis of a very old Institute collection has shown that C. dudichi is also present at one 

place in the central part of Serbia. 
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Fig. 2. Distribution of Cernosvitovia dudichi in Serbia  

(UTM 10 x 10 km) 

 

The geomorphology of the Balkan Peninsula, a somewhat warmer climate, and its position in 

relation to most of Europe have enabled the Balkan Peninsula, including the territory of Serbia, to 

become one of the most important refuge centers of European fauna, which is the reason for great 

biodiversity. The largest number of endemic species, in Europe, is represented in the Balkan and Iberian 

Peninsula and to a lesser extent in the Carpathians and Caucasus [12,13]. The cause of this wealth lies 

in the specific geographic location of Serbia, on the border between two biogeographical regions 

(Pannonian and Balkan). So far, recorded 77 taxa from 13 genera [3], with as many as 25 endemic taxa. 

Among the endemics, there are several typical ones that exclusively occur in the Balkan Peninsula. 

Such are the endemics from the genus Cernosvitovia, which is classified in the archaic group. These 

are archaic (old) species that, with their adaptability to specific conditions, have survived to this day. 

Archaic species are now present in the Balkans, the Pyrenees and the Apennine Peninsula, the 

northwestern part of Africa (Maghreb), the southern part of France, Sardinia, Corsica, the southern parts 

of Switzerland and the Czech Republic, Turkey, and the central parts of Asia. Today, these archaic 

species are relics or endemic forms that possess more of certain adaptive properties than the relic 

elements (Cernosvitovia biserialis, C. crainensis, C. dudichi, C. getica). Based on the number of 

endemic Cernosvitovia species in the Balkans, it is clear these areas are the most important centers of 

diversity of this genus. So far, C. dudichi has been found at high altitudes from 1000 to 1,500 m a.s.l. 

These data together with our results indicate that the habitat of C. dudichi is mainly in the high 

mountains. Considering en extension of the distribution of C. dudichi to the northwest, it is possible to 

assume that the species of this genus are mostly spread along with the Serbo-Macedonian tectonic plate. 

 

4.  Conclusion 

 

Despite our intensive search, C. dudichi has not been found in other regions of the central parts of 

the Balkans. Nevertheless, the very fact that C. dudichi has occurred in the new locality, gives us the 

right to expect further expansion of a greater number of individuals into Serbia. Our knowledge of the 

distribution and abundance of C. dudichi, is still imperfect.  However, new findings greatly expand the 

known range of the species and genus. Therefore, our study serves as a guideline and stimulus for 

further work on its improvement and revision. 
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Abstract: 

  

Simulation of blood flow in this paper is analyzed using two-equation turbulent finite element 

model that can calculate values in the viscous sublayer. Implicit integration of the equations is used for 

determining the fluid velocity, fluid pressure, turbulence, kinetic energy, and dissipation of turbulent 

kinetic energy. These values are calculated in the finite element nodes for each step of incremental-

iterative procedure. Developed turbulent finite element model, with the customized generation of finite 

element meshes, is used for calculating complex blood flow problems. Analysis of results showed that 

a cardiologist can use proposed tools and methods for investigating the hemodynamic conditions inside 

bifurcation of arteries. 

 

Key words: Artery flow, Turbulent flow, Finite element, Simulation, k   model 

 

 

1. Introduction 

 

Blood as the basic fluid in human body carrying nutrients, oxygen, drugs, and so on is a complex 

medium, and in computational models certain approximations have to be adopted. When considering 

blood as a homogenous viscous incompressible fluid, the flow in large vessels can be described by the 

Navier–Stokes equations of balance of linear momentum, and by incompressibility equation as the mass 

balance equation [1]. 

The development of turbulent finite element model in this paper is based on Finite Element Method 

(FEM) [2]. Afterwards Reynolds equations and k   turbulent model are coupled together within the 

FEM [3], [4]. For calculation of the basic physical quantities that characterize the fluid flow implicit 

integration of equations is applied for description of the problem. In each step of incremental-iterative 

procedure, determination of the fluid velocity, field of pressure, turbulence kinetic energy and 

dissipation of turbulent kinetic energy is done for all finite element nodes [2].  

In this research, we used coronary artery geometries obtained from radiological scans of several 

anonymous patients. In this paper, we chose one which is best suited to demonstrate the capabilities of 

the implemented technique. The methodology of generating a quality finite element mesh is described 

below. In order to speed up the process of model generation, the STL2FEM software was developed 

[5], based on the volumetric model obtained by radiological imaging, generates a block topology for 

generating finite elements by the multiblock method [5]. Finally, for the particular patient, we show 

fluid velocity, pressure field and shear stress, which doctors can use to assess the state of the patient’s 

carotid artery.
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2. Mathematical model 

 

2.1 Basic equations of turbulent k-ω model 

Turbulent model k   is one of the standard two-equation models used for modeling the turbulent 

problems. This model was referred for the first time in the papers of Wilcox [6], [7]. Since then, this 

model was not significantly modified. Turbulent model consists of equations for the kinetic energy of 

turbulence and specific dissipation of the kinetic energy of turbulence. A model can be integrated in the 

entire viscous sub-layer and do not require additional wall logarithmic functions for defining the flow 

close to the walls [6]. The kinetic energy of the turbulence k  is represented following [6] by equation: 

 *

j T k k

j j j

k k k
v P k

t x x x
      
      

               

, (1) 

where 
kP  represents the effect of kinetic energy of turbulence and is defined as: 

ji i

k T

j i j

vv v
P

x x x


  
  
   
 

, (2) 

Specific dissipation of the kinetic energy of turbulence   is variable characterizing the scale of 

turbulence and it is calculated by using the following equation: 

  2

j T k k

j j j

v P
t x x x k



   
     
      

               

, (3) 

In equations (1) and (3) constants * ,  , 
 , 

k ,   and * have following values [7]: 

* *5 3 9 1 1
1, , , , ,

9 40 100 2 2
k k           , (4) 

 

2.2 Finite element formulation of RANS equations and k-ω model 

The finite element velocity of fluid can be written over the velocity vector v  in each finite element 

node as: 

1

, , 1, 2, 3; 1,2,....,
N

I I

i I i I i

I

v h V h V i I N


    v = HV , (5) 

where kh  are the interpolation functions, I

iV  the components ( , ,x y z ) of the velocity vector for the 

node I  and N  is the total number of nodes of the finite element. The above governing equations for 

k   model ((1) and (3)) can be transformed into the FE equations of balance for a single finite element 

by implementing a standard Galerkin weighting method [2]. Applying a Galerkin method to equations 

(1) and (3) and implementing the interpolation functions for fluid velocity, pressure of fluid, kinetic 

energy of turbulence and specific dissipation of the kinetic energy of turbulence we have: 
I

Ik h k , (6) 

I

Ih  , (7) 

Turbulent model k   finite element equations are derived from equations (1), (3) and formulated 

as: 

               K VK MK βk VV1 SK2
M k K K K k K V F , (8) 

             K VK Mω βω VV2 Sω
M ω K K K ω K V F , (9) 

If RANS equations are coupled with equations (8-9) we have the following system of matrix 

equations [8-9]: 

vv vt vp v s

T

vp

0 00 0 0

0 0 0 00 0 0 0

0 00 0 0

0 00 0 0

        
       
        
          
       

             

V

VV1 VK MK βk SK2K

VV2 VK Mω βω SωK

K K K F FM VV

K PP

K K K K FM kk

K K K K FM ωω

 (10) 
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3. Results and discussion 

3.1 Simulation results of fluid flow in coronary artery bifurcation 

The simulation of blood flow through the blood vessel was performed on the real bifurcation of the 

coronary artery of the selected patient [5]. PAK software was used for the calculation of blood flow 

[10]. The calculation was performed in 100 time steps in an interval of 0.008s. Finite element model of 

coronary artery has 20237 3D elements (Fig.1).  

 
Fig. 1. Finite element model of coronary artery bifurcation 

 

One cardiac cycle (systole and diastole) was used in the calculation for the velocity field as a time 

function [11]. The following boundary conditions are applied to the fluid domain: 

a) a parabolic velocity profile is set at the input and 

b) on the surfaces on the output branches of the model there is resistance that occurs because the 

blood flow continues through other blood organs. Fluid domain or blood, if it is considered as Newton's 

fluid, have following material characteristics: density 31050 /kg m   and dynamic viscosity 
33.675*10 /kg ms  . From literature and experimental sources we found that average value of inlet 

fluid velocity in coronary artery is 23 /Tv cm s . The results shown below are fluid flow velocity and 

pressure field (Fig. 2.a) and shear stress distribution on the wall (Fig. 2.b). 

 

  
a) b) 

Fig. 2. Results of simulation at a maximum of systole: a) Velocity field and pressure field, c) Shear stress 

distribution, front view and back view 

4. Conclusion 

 

In the calculation of the basic physical quantities that characterize turbulent flow, implicit 

integration of equations is used for the problem description. Two-equation turbulent finite element 

model is used because it can be integrated across the viscous sublayer, meaning that the usage of wall 

function is unnecessarily. This finite element model is also implemented in our multipurpose software 

package PAK. FE mesh of the artery is generated by in-house software STL2FEM directly from the 

geometry. Further research could go in the direction of varying FE mesh in order to obtain more precise 

results of the velocity field and in the development of other turbulent models using finite element 

method.  
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Abstract: 
  

Biophysical muscle models, often called Huxley-type models, are based on the underlying 

physiology of muscles, making them suitable for modeling non-uniform and unsteady contractions. 

This kind of model can be computationally intensive, which makes the usage of large-scale simulations 

difficult. To enable more efficient usage of the Huxley muscle model, we created a data-driven surrogate 

model, which behaves similarly to the original Huxley muscle model, but it requires significantly less 

computational power. From several numerical simulations, we acquired a lot of data and trained deep 

neural networks so that the behavior of the neural network resembles the behavior of the Huxley model. 

Since muscle models are history-dependent we used time series as an input and we trained a recurrent 

neural network to produce stress and instantaneous stiffness. The real challenge was to get the neural 

network to predict these values precisely enough for the numerical simulation to work properly and 

produce accurate results. In our work, we showed results obtained with the original Huxley model and 

surrogate Huxley model for several muscle twitch contractions. Based on similarities between the 

surrogate model and the original model we can conclude that the surrogate has the potential to replace 

the original model within numerical simulations.    
 

Key words: Recurrent Neural Networks, Surrogate Modelling, Huxley muscle model 

 

 

1. Introduction  

 

To analyze muscle behavior via in silico analysis we model biophysical processes on multiple 

spatial and temporal scales. We perform multi-scale simulation in which continuum muscle mechanics 

is modeled using the finite element method and material characteristics of muscle at the microscopic 

scale are defined by Huxley’s muscle contraction model [1]. During transient finite element simulation, 

we use Huxley’s model to calculate stress and instantaneous stiffness, given the muscle activation, 

stretch, and other material parameters and properties [1]. These finite element simulations can be quite 

computationally intensive. The most time-consuming part of these simulations are calculations carried 

out at a microscale. To lower the computational requirements of the simulations, we create a 

computationally more efficient surrogate model to replace the real Huxley muscle model. Huxley 

muscle model was implemented in finite element solver Mexie, developed at Faculty of Science, 

University of Kragujevac [1].
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2. Materials and methods 

 

We run multiple muscle contraction simulations with various muscle activation functions 

prescribed and collected the data. Inputs to our surrogate model consist of (1) activations at current and 

previous time steps, (2) stretches at current and previous time steps, (3) stresses at previous time steps 

and (4) instantaneous stiffness at previous time steps. As surrogate outputs, we define muscle stress and 

instantaneous stiffness at the current time step of the simulation. Since we have time series as inputs, 

recurrent networks are suitable for this prediction task. 

Recurrent neural networks are a class of neural networks that allow previous outputs to be used as 

inputs while having hidden states. These neural networks are hard to train because they are especially 

susceptible to the exploding and vanishing gradient problem. There are several improvements of the 

basic recurrent neural networks, that try to solve vanishing gradient problems. While the standard long 

short-term memory unit solves the vanishing gradient problem by adding internal memory, and the 

gated recurrent unit attempts to be a faster solution than the long short-term memory unit by using no 

internal memory, the nested long short-term memory goes in the opposite direction of the gated 

recurrent unit by adding additional memory to the unit [2]. The idea here is that adding additional 

memory to the unit allows for more long-term memorization. 

 

Fig. 1. Nested long short-term memory unit [3] 

 

3. Results and discussion 

 

We run 45 numerical experiments with the Huxley muscle model and collected the data. We used 

data collected from 30 numerical experiments as training data, data collected from 10 numerical 

experiments as validation data, and the rest was used as test data. In all of these experiments, muscle is 

activated, so it contracts, and then the muscle is slowly deactivated. A nested long short-term memory 

neural network was constructed with a depth of 6 and 128 neurons per depth. Rectified Adam optimizer 

was used to minimize the Huber loss function with a delta value of 0.01. The trained neural network 

was built into our finite element solver, Mexie, and we run numerical experiments with the trained 

neural network as a material model. The network achieved good similarity to the original Huxley muscle 

model in all of the 45 numerical experiments. In figure 2 we showed muscle stresses produced during 

the numerical experiment from the training data set. We also showed calcium concentration function, 

which was converted into muscle activation. We can see that stresses between the original and surrogate 

models are very similar. During twitch contraction experiments, muscle stress rises, the muscle 

contracts, then the stress declines and the muscle returns to the initial position. Similarly, we showed 

stresses produced during numerical experiment from the validation set in figure 3, and stresses obtained 

during numerical experiment from the test set in figure 4. Muscle is activated differently in all three 

cases, and here we can see that the surrogate model behaves well even with the muscle activation that 

it wasn’t trained on.    
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Fig. 2. Muscle stresses produced during the numerical experiment from the training set 

 

Fig. 3. Muscle stresses produced during the numerical experiment from the validation set 

 

Fig. 4. Muscle stresses produced during the numerical experiment from the test set 

 

4. Conclusions 

 

In this paper, we presented the surrogate model of the Huxley muscle model based on recurrent 

neural networks. We collected data from multiscale finite element simulation and trained the network 

to produce stress and instantaneous stiffness. The data are collected for all the integration points within 

the model and it consists of material characteristics during finite element simulation such as muscle 

activation, stretch in the direction of the muscle fiber, muscle stress, and instantaneous stiffness. These 

data were used as a time series to predict stresses and instantaneous stiffness for the current time step 

of the simulation. Once the neural network was trained, the surrogate was built into finite element 

simulation, as a material model, and we compared the stresses obtained from the original and the 

surrogate model. We showed that the surrogate model produces similar outputs as the original model 



B. Milićević, M. Ivanović, B. Stojanović, N. Filipović, Huxley Surrogate Model for Twitch Muscle Contraction 

 

242 

 

on the train, validation, and test numerical experiment. We can conclude that the surrogate model has 

the potential to replace the original model within finite element simulation.   
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Abstract:  

 

Bladder cancer is one of the most common malignancies of the urinary tract. It is characterized by high 

metastatic potential and a high recurrence rate, which significantly complicates diagnosis and treatment. 

In order to increase the accuracy of the diagnostic procedure, algorithms based on artificial intelligence 

are introduced. This paper presents the principle of selection of convolutional neural network (CNN) 

models based on a multi-objective approach that maximizes classification and generalization 

performance. Model selection is performed on two standard CNN architectures, AlexNet and VGG-16. 

Classification performances are measured by using ROC analysis and the resulting AUC value. On the 

other hand, generalization performances are evaluated by using a 5-fold cross-validation procedure. By 

using these two metrics, a multi-objective fitness function, used in meta-heuristic algorithms, is 

designed. The multi-objective search was performed using a Genetic algorithm (GA) and a Discrete 

Particle Swarm (D-PS) algorithm.  From obtained results, it can be noticed that such an approach has 

resulted in CNN models that are defined with high classification and generalization performances. 

When a GA-based approach is used, fitness values up to 0.97 are achieved. On the other hand, by using 

the D-PS approach, fitness values up to 0.99 are achieved pointing towards the conclusion that such an 

approach has provided models with higher classification and generalization performances. 
 

Keywords: Convolutional neural network, Discrete particle swarm algorithm, Genetic algorithm, 

Urinary bladder cancer  

 

 

1. Introduction  
 

Bladder cancer is one of the most common malignancies of the urinary tract [1]. It is characterized by 

high metastatic potential and a high recurrence rate, which significantly complicates diagnosis and 

treatment [2]. In order to increase the accuracy of the diagnostic procedure, algorithms based on 

artificial intelligence are introduced [3-6]. In all papers presented, an emphasis is given on the aim of 

increasing the classification performances, without the increase in generalization performances. This 

paper presents the principle of selection of convolutional neural network (CNN) models based on a 

multi-objective approach that maximizes both classification and generalization performances.  

mailto:ilorencin@riteh.hr
mailto:klara.smolic@gmail.com
mailto:dean.markic@medri.uniri.hr
mailto:josip.spanjol@medri.uniri.hr


I. Lorencin, K. Smolić, D. Markić, J. Španjol, A Meta-Heuristic Multi-Objective Approach to the Model Selection of 

Convolution Neural Networks for Urinary Bladder Cancer Diagnosis 

 

244 

 

2. Methodology 
 

2.1 Data set 

 

The data set used in this research consists of 2525 images of urinary bladder mucosa obtained with 

confocal endomicroscopy during cystoscopy. Images are divided into four classes: healthy mucosa, 

low-grade cancer, high-grade cancer, and carcinoma in-situ (CIS). 

 

2.2 Description of GA and D-PS 

 

GA represents one of the standard meta-heuristic algorithms, that is used for solving a variety of 

problems in science and engineering [7,8]. For the purposes of this research, a GA that consists of three 

different crossover methods and one mutation method is utilized. A detailed description of this 

algorithm is provided in [9]. GA is executed with populations of 5, 10, and 20 chromosomes 

 

D-PS algorithm used in this research is based on a discretized version of a standard particle swarm 

optimization algorithm.  Such an algorithm is based on particle movement through generations. Each 

particle is defined as: 

 

𝑃 = {𝒗, 𝐹, 𝒑𝒙, 𝒈𝒙, 𝒗𝒙} (1) 
 

where v represents a vector of hyper-parameters, F represents a fitness value achieved with these hyper-

parameters contained in x, px represents the vector of hyper-parameters of the particle that has achieved 

the highest fitness value, gx represents the vector of hyper-parameters that has achieved the highest 

fitness value in the swarm and vx represents the velocity of a particle that can be calculated as: 

 

𝒗𝒙𝟐 = 𝒗𝒙𝟏 + 2𝑎(𝒑𝒙 − 𝒙) + 2𝑏(𝒈𝒙 − 𝒙), (2) 

 

where a and b represent random floats between 0 and 1. The new vector of hyper-paramaters is 

calculated as: 

𝒙𝟐 = 𝒙𝟏 + 𝒗𝒙. (𝟑) 

 

D-PS is executed with swarms of 5, 10, and 20 particles. 

 

2.4 Multi-objective fitness function 

                             

As stated in the introduction, the aim of this research is to increase both classification and generalization 

performances of CNNs for urinary bladder cancer diagnosis. For this reason, a fitness function based 

on information obtained with a 5-fold cross-validation procedure is introduced. This fitness function 

can be defined as:  

𝑃(𝑚) = Ψ̅(𝑚)|1 − σ(Ψ(𝑚))|, (4) 

where Ψ̅(𝑚) represents the mean AUC value achieved with the model with the hyper-parameter vector 

m, while σ(Ψ(𝑚)) represents the standard deviation of AUC values achieved with the model with the 

hyper-parameter vector m. 

 

 

3. Results 
 

For the case of both algorithms and CNN architectures, the highest performances are achieved by 

using populations or swarms of 20 chromosomes or particles. The models that are achieving the highest 

performances are presented in Table 1, for the case of each algorithm and CNN architecture. 
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Table 1. Models with the highest classification and generalization performances for each algorithm and 

CNN architecture 

 

Algorithm CNN Epochs 
Batch 

size 
Solver 

Learning 

rate 

Decay  

rate 

Decay 

steps 

Averag

e AUC 

STD 

(AUC) 

GA 
AlexNet 10 2 RMSp 0.01 0.86 1000 0.97 0.005 

VGG-16 16 8 Adam 0.001 0.90 10000 0.96 0.05 

D-PS 
AlexNet 13 4 Nadam 1e-05 0.96 10000 0.99 0.0005 

VGG-16 14 16 AdaΔ 1e-o5 0.98 10000 0.99 0.001 

 

When the change of fitness value through generations is observed, it can be noticed that by using D-PS 

algorithm, higher fitness values are achieved. Furthermore, it can be noticed that by using D-PS 

algorithm, fitness values are achieving higher fitness values in earlier generations, as presented in Figure 

1. Such a property is pointing to the conclusion that by using D-PS approach to model selection, faster 

convergence is achieved. 

 

 
Fig. 1: Change of fitness value through generations 

 

4. Conclusions 
 

From the presented results, it can be noticed that by using a meta-heuristic multi-objective approach, 

high classification and generalization performances of CNNs for urinary bladder cancer diagnosis are 

achieved. Higher performances are achieved when the D-PS approach is utilized. In this case, AUC 

values up to 0.99 are achieved, while by using the GA-based approach, AUC values do not exceed 0.98. 

When generalization performances are observed, it can be noticed that by using D-PS, higher 

generalization performances are achieved. This conclusion could be derived from the fact that in the 

case of D-PS, lower standard deviations in AUC values are present. 
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Abstract: 

  

Patient routing is a key tool for ensuring the availability and quality of cancer care, ensuring early 

detection of pathology and timely treatment. Mathematical and simulation modeling methods allow to 

predict the bottlenecks of patient flows and plan the optimal distribution of healthcare resources. Goal 

to optimize patients’ pathways for oncology care using the simulation modelling methods. Materials 

and methods Patient routing was presented in the logic of discrete events, the average resource 

utilization, the patient's stay time were described, the bottlenecks of the system were determined. 

Simulation modeling methods were used to build the optimal organization of oncology care services in 

the region. Results The average waiting time at the pre-hospital stage was 10 days, the average 

hospitalization time for X-ray therapy was 24 bed days, the throughput of the X-ray therapy room was 

6 patients per week, the average duration of the X-ray therapy session per patient was 10 minutes. With 

the help of simulation modeling methods, a multimodal system of oncodermatology care was created 

and put into practice, which allowed to reduce the patient's waiting time for treatment to 0.7 days, 

increasing the throughput of the entire system. 

Conclusion The multimodal oncodermatological care was created based on the mathematical modeling 

and aimed to reduce the average time of the patient's stay in the system, therapy waiting time, increasing 

the throughput of the oncology dispensary. The obtained calculated results of the simulation model fully 

correspond to the real performance indicators of the dispensary. 
 

Key words: oncology, patient pathway, simulation modelling, discrete-event simulation, patients’ 

routing. 

 

 

1. Introduction  

 

Malignant neoplasms is one of the most significant health problems in terms of high morbidity, 

disability and mortality in the population, and in terms of growing financial costs and burden on the 

health care system.  

In most European countries the cost of treating cancer patients is around 7% of the health care 

budget and is constantly growing [1]. The solution to the problem of ensuring the quality and 

accessibility of oncological care should be comprehensive, including new approaches and models for 

organizing medical care.  

Patient routing is a key tool for ensuring the availability and quality of cancer care, ensuring early 

detection of pathology and timely treatment. Mathematical and simulation modeling methods allow to 

predict the bottlenecks of patient flows and plan the optimal distribution of healthcare resources.
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Simulation modeling is the process of creating and analyzing a digital prototype of a complex system 

for studying its functions and dynamics, predicting the future development of the system [2] [3]. 

AnyLogic is a simulation environment developed by the AnyLogic Company [4]. The environment is 

equipped with a modern graphical interface and a built-in Java programming language. 

 

2. Materials and methods  
 

Patient routing was presented in the logic of discrete events, the average resource utilization, the 

patient's stay time were described, the bottlenecks of the system were determined. Simulation modeling 

methods were used to build the optimal organization of oncology care services in the region. The 

AnyLogic simulation was used to design the referral patients pathways. The following results of a 

discrete-event model are: resource utilization, the time spent by the agent in the system or a certain part 

of it, queue lengths, waiting time, system bandwidth and bottlenecks. 

 

3. Results 

The Sverdlovsk region (Ural Federal District, Russian Federation) has developed the local regional 

program "Fight against cancer in the Sverdlovsk region for the period 2019 - 2024" [5]. The main goal 

of the program is to reduce mortality from malignant neoplasms by the end of 2024 to 208.9 cases per 

100 thousand population, which can be achieved through: early detection of neoplasms, increase the 

accessibility to the high-technology treatment methods, improve the professional qualifications of 

medical stuff, introduce into the practice a multidisciplinary approach, increase the efficiency of heavy 

equipment use.  

Skin cancer is an important problem for the Sverdlovsk region. The incidence of skin melanoma 

in the Sverdlovsk region is maximum in the Ural Federal District (UFD) - the absolute number of cases 

in 2019 was 412 people (41.8% of all in the Ural Federal District) ─ 160 men and 252 women [5]. The 

incidence of other types of skin cancer (non-melanoma skin cancer, NMSC) in 2019 was 2240 (35% of 

all cases in the UFD), of which 788 were men and 1452 were women. Improvement of the skin cancer 

health service in the region can be considered as a priority task in the fight against cancer.  

In accordance with the Regulation, patients from district oncologists are referred to the outpatient 

department of "SROD", which is designed for 650 visits per shift. The primary admission of patients is 

carried out in the outpatient departments of general oncology and the department of head and neck 

pathology, where the initial examination of patients with suspected skin cancer, dermatoscopy and, if 

necessary, biopsy are carried out. Both departments are located in the main building of the dispensary. 

In case of need for the lymph nodes ultrasound, patients are re-scheduled for an appointment. This delay 

causes the late treatment start. After verification of the diagnosis, the patient can be hospitalized for 

therapy in the general oncology department, designed for 30 beds (main profile - malignant neoplasm 

of the breast, soft tissues, bones, skin) or in the department of head and neck pathology, also designed 

for 30 beds. However, due to the high workload of departments for other nosologies, patients with skin 

cancers are referred usually for surgical excision (skin cancer resection) at the place of residence. This 

makes it difficult to control the time frame for the treatment and patient adherence. 

If it is necessary to conduct a course of radiation therapy (RT), patients are sent to another building 

where radiotherapy departments are located, both for 50 beds (the main profile is cancer of the prostate 

gland, rectum, breast, head and neck, esophagus, lungs, skin). Routinely patients are referred to the X-

ray therapy (Xstrahl300). Taking into account the limited bed capacity with high requirements for 

radiation therapy for other nosologies, the throughput of the departments for patients with skin cancer 

was less than 4 patients (2 in each department) per week, which also increased the time to specific 

treatment from the moment of pathomorphological verification.  

As seen from Table 1, most of the patients with non-melanoma skin cancer (NMSC) are treated in 

the radiological site of the “SROD” ─ 1077 patients were treated there in 2019 with the superficial X-

ray therapy. Given the high demand for X-ray therapy and the presence of various modalities of 

radiation therapy in the radiological building, the possibility of supplementing the functionality of the 

building with surgical, chemotherapy and PDT modalities was considered. 
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Table 1. Non-melanoma skin cancer patients distribution by treatment methods and by sites at 

Sverdlovsk oncology dispensary 

 Chemotherapy Radiotherapy 

(X-ray therapy) 

Surgery PDT 

“SROD” main site 13 - 471 500 

Radiology site - 1077 - - 

Affiliate in N. Tagil 10 98 90 - 

Affiliate in K. Uralsk 1 182 111 - 

In order to improve referral patients pathways and its compliance with the needs of patients in 

accordance with best practices [6], in order to fulfill the indicators of the regional oncological program, 

the current logistic risks of diagnosis, treatment and patients follow-up with skin cancer were analyzed, 

taking into account two main factors ─ “space ”and“ time of delivery of medical care”. 

 The average waiting time at the pre-hospital stage was 10 days, the average hospitalization time 

for X-ray therapy was 24 bed days, the throughput of the X-ray therapy room was 6 patients per week, 

the average duration of the X-ray therapy session per patient was 10 minutes.  

In order to achieve the target oncology indicators of the region, the following tasks were set:  

1. Reduce the period for starting specialized medical care for patients from the date of histological 

verification down to 8 days (according to Oncology order №915n it requires no more than 10 

days);  

2. Move closer the outpatient-polyclinic to the hospital to facilitate the rapid hospitalization of the 

patient, if necessary;  

3. Availability of all diagnostic manipulations within one polyclinic office (ultrasound, 

dermatoscopy, fluorescence diagnostics); 

4. Availability of several treatment modalities within one inpatient unit (surgery, superficial X-

ray therapy, photodynamic therapy, external beam therapy, chemotherapy, topical drugs); 

5. Use a personalized approach to the choice of a treatment method. Make a treatment decision 

together with the patient. Choose the therapy which best suits the patient’s needs in terms of 

the schedule and duration, requirements for a cosmetic result, pain threshold of patients, etc 

 With the help of simulation modeling methods, a multimodal system of oncodermatology care was 

created and put into practice, which allowed to reduce the patient's waiting time for treatment to 0.7 

days, increasing the throughput of the entire system.  

 To implement the plans, it is necessary to improve the structural and resource support of the Center, 

change referral patients pathways and system of appointments arrangements, increase the efficiency of 

using heavy equipment, improve the processes of pathomorphological diagnostics, train medical stuff 

to work on several modalities, introduce algorithms for communication with patients based on the 

principles value-based health care. In addition, as part of the implementation of value-based approach 

programs, it is planned to introduce an assessment of the quality of life, improve the algorithms for 

making decisions about treatment together with patients, and measures to improve the comfort of 

treatment. 

 

4. Conclusions 

 

This new approach to the skin cancer treatment is aimed to achieve a synergistic effect in the 

healthcare system due to the maximum concentration of competencies with a minimum use of human 

and other resources. The organization of resources in accordance with patient’s needs contribute to 

improve the quality and accessibility of medical care and increase patient adherence. To achieve the 

targets it is necessary to monitor key oncology indicators together with operational efficiency. The 

model has a potential to be recommended for use in other regions.  

Modeling is one of the ways to solve practical problems, including in healthcare. Changing the 

routing of patients, building new medical facilities, transferring and purchasing new medical equipment 

require careful planning and justification of changes. Simulation methods allow  to find a solution to 

the problems of organizing medical care and optimizing it without destroying the existing infrastructure. 
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Simulation modeling, which implies a transition to a certain level of abstraction, allows us to solve this 

problem, and therefore can be used in healthcare. 
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Abstract: 

 

Electrospinning is highly used technique in the tissue engineering field, particularly in biomedical 

application [1]. The constricted concepts of this process are based on generate nonwoven nanofibers. 

The method involves high voltage electricity which is applied to the liquid solution and a collector, 

which lets the solution force out from a nozzle forming a jet. The jet formed fibers under influence of 

electrostatic forces concentrated and deposited these on the collector. Main objective of this study was 

to fabricate gelatin scaffolds with micro/nano-scale for successful wound dressing. Gelatin can mimic 

the chemical composition, physical structure and structure of the native skin extracellular matrix 

(ECM). However, the first and main principle in this study is the optimization of parameters of the 

electrospinning process. The used parameters have a crucial role in obtaining suitable fibers for further 

cell seeding and cell growth in vitro. With the use of series of various biocompatible polymers and 

solvents, solutions were tested in various electrospinning settings in order to produce microscale fibers. 

The scaffolds were analysed with scanning electron microscope images for fiber diameter measurement. 

 

Keywords: electrospinning, gelatin, biomedical application, nanofibers, tissue engineering 

 

1. Introduction 

  

One of the most active and important research areas nowadays in the field of tissue engineering is 

the designing of new biomaterials. The key point is to develop materials that should mimic the 

micro/nano-structure and chemical composition of the native extracellular matrix (ECM), which plays 

an important regulatory role in cell attachment, adhesion, growth, migration and differentiation, as well 

as the formation of new tissues [2]. 

In electrospinning process, it is essential that the produced scaffold meets desired characteristics and 

is capable surface for cell seeding. Using electrospinning as the development method, this study focuses 

on advancing this process for ideal scaffold production. As polymer-based fibers are the product of 

electrospinning, the aim is to optimize the fiber formation for the best possible scaffold development. 

Microscope analysis was used to determine the success of the fibers produced. It is also aimed that fiber 
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functionality within a scaffold to be assessed with pH measurement test. The fiber response is heavily 

dependent on the materials used and the parameter settings in the electrospinning stage, hence 

optimization of this process is mandatory. 

  
The aim of this study is to determine relations between properties of applied scaffold materials and 

scaffold production parameter settings. 

 

2. Materials and methods 

 

2.1 Materials 

 

Gelatin (Ge) from porcine skin was purchased (gel strength ̴ 300g Bloom, Type A, G1890-500G) 

from Sigma - Aldrich. Dimethyl sulfoxide (DMSO, 99.99%) from Fisher Chemical, D/4121/PB17. 

Acetic acid glacial (99.8%) was purchased from Fisher Chemical (A/0400/PB17). In this study, all 

chemicals were used without further purification. 

 

2.2 Methods 

  

2.2.1 Preparation of electrospinning solution 

  

The examined solutions were prepared by dissolving the gelatin in the combination with acetic acid 

and dimethyl sulfoxide (mixed in the volume ratio 95:5). The range concentration of gelatin solutions 

was 17-27%. The concentration of acetic acid was 60%, and the concentration of dimethyl sulfoxide 

was 9%. After the preparation, solutions were stirred at 700 rpm for 30min at room temperature. After 

that, the solutions were completely dissolved and ready for the electrospinning process. Solutions were 

placed in the 5 mL syringes with 20G needle. The applied voltages and flow rates depend on viscosity 

of solutions. Duration of the process was 30minutes for each run. Aluminium plate was used as collector 

for obtained nanofibers.  

 

2.2.2 Electrospinning 

  

In this study, selected method for scaffold development was Electrospinning. The reason for that 

was the fact that fiber production can be influenced by different combination of parameters in use. 

Fibers are formed from a polymer and solvent solution, and the influence properties of the fibers 

produced. The solution is passed through a positive needle electrode toward a negative collector 

electrode, with a large electric field between the two. 

 

3. Results and discussion 

 

Our conclusion is that solutions with concentrations up to 21% produce thin extracellular matrix 

similar fibers (Figure 1). On the other hand, by using these concentrations we use less force in the 

pumping process and lesser voltages. Concentrations lower than 17% produced poorly spinnable fibers 

that are relatively hard to manipulate with. 
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Fig 1. Representative micrographs of various polymer concentrations 

 

Table 1 presents the parameters of electrospinning technique. It is important to analyse all 

parameters regarding the optimal fiber formation. 
 

Table 1. Parameters for electrospinning process for polymer solutions 

 

C (%) Diameter[µm] T [°C] Q [mL/h] U [kV] t [min] 

17% 0.91 25 1 12 30 

18% 0.82 25 1.2 12 30 

19% 0.96 25 1.2 15 30 

20% 0.89 25 1.5 15 30 

21% 0.91 25 1.5 15 30 

22% 0.93 25 1.8 15 30 

23% 0.84 25 1.8 18 30 

24% 0.97 25 2 17 30 

25% 0.94 25 2 20 30 

26% 0.93 25 2.2 19 30 

27% 0.9 25 2 17 30 

 

4. Conclusion 

 

Optimization of many experimental parameters for creating a scaffold that can be used in tissue 

engineering is a demanding process. Scaffolds made with desired properties will be used for cell seeding 

prior to creating primitive tissues in vitro. We analysed fiber diameter parameters for many gelatin 

solutions. With a suitable scaffold, cell seeding can take place and develop artificial tissue. Our 

conclusion is that 17 to 27% gelatin solutions are optimal for production of the most suitable and 

extracellular matrix (such are fibers) for seeding cells. 
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Abstract: 
  

The purpose of this research was to investigate the possibility of blood flow modelling in LS-DYNA 

using its SPH solver and SPH-FEM coupling. SPH and FEM methods are both based on the continuum 

mechanics, and SPH uses Lagrangian material framework, while FEM can use both Lagrangian for 

solid, and Eulerian formulation for fluid analysis. SPH implementation is mesh-free giving it the 

capability to model very large deformations without mesh distortions. However, this comes at a high 

computational price, so the number of SPH particles needs to be significantly lower in comparison to 

the number of FEM elements in the Eulerian analysis of the same fluid domain. In the case of combined 

SPH-FEM analysis, the blood vessel wall is modelled with FEM shell elements, while the blood inside 

is modelled with SPH particles. The contact between the two is done using nodes to surface algorithm, 

while if we use the SPH only, there is no need for the specific contact definition. The Lagrangian 

framework of the SPH method means that we need to generate particles at one end, and to destroy them 

on the other, in order to generate a continuous fluid flow. To do this we used activation and deactivation 

planes, which is a solution implemented in the commercial LS-Dyna SPH solver. In the results section 

of the paper, the velocity field of blood obtained by implementation of described modelling 

methodology is shown. SPH-FEM coupling offers greater possibilities to study the effects of wall 

deformations, tracking of movement of solid particle inclusion, or mixing two different fluids, but it 

requires elaborate contact definition, and prolonged analysis time in comparison to the FEM CFD 

analysis.  
 

Key words: SPH, FEM, Lagrangian formulation, Eulerian formulation, Fluid structure interaction 

 

 

1. Introduction 

 

Smoothed Particle Hydrodynamics (SPH) is a mesh-free numerical method [1], based on the 

continuum mechanics, i.e. continuum is divided into sub-domains called pseudo-particles [2] that 

describe a certain section of material, which can be fluid or solid. It was originally designed for solving 

astrophysical problems [3,4]. Its purpose was later extended to Computational Fluid Dynamics (CFD) 

problems, governed by the Navier–Stokes equations [5], and finally solid mechanics, by adding the 

strength of materials into SPH equilibrium equations [6]. SPH is also based on the Lagrangian material 

framework, meaning that the motion of the particular material section is observed [1]. On the other
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 hand, when used for CFD analysis, FEM implements Eulerian spatial formulation which observes a 

fixed volume through which the fluid flows [7].  

Although fluid structure interaction is commonly studied using coupled SPH-FEM with fluid 

modelled with SPH particles and thin walled structure (aircraft fuselage or ship hull) modelled with 

FEM shell elements [2], these simulations are not done within the continuous fluid flow, which is 

required for blood flow analysis, the issue that we will address in this paper.  

In the section 2 of this paper a brief retrospective of SPH fundamentals is given, along with the 

calculation of stress in viscous fluid. In the section 3 we will discuss flow generation in LS-Dyna [8], 

and all of the problems we have encountered. This section also contains a practical implementation of 

the previously described methodology, demonstrated on hemodynamic analysis of carotid bifurcation 

and results discussion. Conclusion summarizes outcomes shown in this paper and points out ways to 

improve the continuous flow analysis using SPH which will be the focus of our further research. 

 

2. SPH approximations and fluid model 

 

SPH formulation uses kernel approximation and particle approximation [1] to model continuum 

matter for both solids and fluids. Conservation laws of continuum mechanics [1] are expressed in the 

form of partial differential equations which are transformed into integral equations by interpolation 

function that gives "kernel estimate" of the field variables at point [1]. The exact value of the function 

 f x  in integral form is given with (1): 

     f f d



   x x x x x ,                                        (1) 

where  f x  is a function of position vector x  defined in the domain   and  
1

0



  



x x
x x

x x
 is the 

Dirac delta measure [1]. Replacing   x x  with bell-shaped kernel function  ,W hx x  where h is 

the smoothing length, gives us a kernel approximation [1] of function  f x : 

     ,f f W h d



   x x x x x .                                        (2) 

The integral form given in Eq. (2) is not practical for numerical implementation because analysed 

continuum is divided into a finite number of particles which carry individual mass and occupy 

individual space, so Eq. (2) is converted to a discrete form of summation over all particles within the 

support domain [1]. The infinitesimal volume d x  is replaced by finite volume of the particle 

j j jV m    where 
jm  and 

j  are particle mass and particle density [1].  With the summation of all 

particles within support domain implemented in Eq. (2) we get particle approximation of a function 

 f x  for particle i: 

         
1 1

, ,
NNP NNP

j

i j i j j j i j
jj j

m
f f W h dV f W h


 

    x x x x x x x .                                      (3) 

where NNP is the number of nearest neighbouring particles. 

Total stress tensor   in the viscous fluid [2] consists of the hydrostatic pressure p  and viscous 

stress 
visc

 : 

viscp       .                                        (4) 

Viscous stress [1] can be calculated as: 
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,                                        (5) 

where   is the coefficient of dynamic viscosity and   is the strain rate tensor [1]: 
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   v .                                        (6) 

 

3. Results of the SPH analysis of fluid flow in the Carotid Bifurcation using LS-DYNA 

 

Commercial LS-Dyna numerical solver package [8] is primarily used for crash simulations and 

dynamic analysis, while continuous fluid flow in SPH is not the main focus of research and 

development. For Incompressible Computational Fluid Dynamics (ICFD) LS-Dyna has a specific ICFD 

solver used for aerodynamics, hemodynamics, free-surface problems, ship hydrodynamics, etc. This 

solver uses an Eulerian formulation where incompressibility constraint may be applied. However, in 

this paper, we will focus on SPH solver of LS-Dyna package and its potential bioinformatics 

implementation. There are no examples, or published papers in which LS-Dyna SPH solver was used 

to simulate blood flow. However, in the manual [8] there is a description of keywords 

BOUNDARY_SPH_FLOW and CONTROL_SPH (BOXID) that are used for activation and 

deactivation of SPH particles [8], which we used to create the continuous fluid flow shown in Fig. 1. 

 

Fig. 1. Achieving SPH flow in LS-DYNA 
 

This makeshift solution implies initial set up of all of the particles which will be the part of the 

blood flow. To speed up the analysis, these particles move with the prescribed velocity and are excluded 

from the calculation until they pass through activation plane. On the other hand, when a particle passes 

through deactivation box, it’s velocity and other state variables are no longer updated, and particle 

continue to fly away with a constant velocity, instead of getting completely deleted, which is a drawback 

of this solution. Inlet or outlet velocity for carotid bifurcation are prescribed according to the cardiac 

cycle value once particle coordinates are within the prescription box. 

 Actual model consists of 5180 SPH particles representing the blood, and 7692 shell FEM elements 

representing blood vessel. In the Figure 2 we can see particle velocities after 0.1 sec and we can also 

see the paths that particles 34737 and 34810 had travelled until the current moment. 

 

Fig. 2. Velocity magnitude inside of carotid bifurcation, LS-Dyna SPH results 
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4. Conclusions 

 

SPH method coupled with FEM, is often used in engineering to predict fluid-structure interaction 

between vessels and surrounding water, but it is rarely used in bioinformatics because hemodynamic 

analysis requires modelling of a continuous fluid flow. Elaborated prescription of boundary conditions 

in LS-DYNA is used to mimic such behaviour, however, this requires initial modelling of all SPH 

particles which will flow through blood vessel, and on the outlet of modelled vessel, deactivated 

particles continue to fly away with constant velocity, ever increasing simulation space. Execution time 

is also significantly longer for SPH-FEM analysis. SPH coupled with FEM can be used for tracking of 

movement of solid particle inclusion, deformation of blood vessels or mixing two different fluids which 

will be the focus of our future research. 
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Abstract: 

 

Further technological advances are in great need for improving our understanding about critical 

biological and fundamental pathological processes, such as tissue development and cancer progression, 

or for the discovery and screening of novel pharmacological drugs. Preclinical experimentation 

demands for highly reliable and physiologically-relevant systems capable of recapitulating the complex 

human physiology. Traditional in vitro models, albeit widely employed, fail to reproduce the 

complexity of the native scenario with cells displaying aberrant gene expressions. Similarly, in vivo 

animal models, such as mice, poorly mimic the human condition and are ethically questionable. During 

the last decades, a new paradigm in preclinical modelling has emerged aiming to solve the limitations 

of the aforementioned methods. The combination of advanced tissue engineering, nanotechnology, and 

cell biology has resulted in the development of cutting-edge microfluidics-based models with an 

unprecedented ability to recreate within a microfluidic device the native habitat of cells within a 

microengineered chip. A diverse variety of micro- and bio-fabrication techniques is available for the 

development of microfluidic devices. Among all them, UV-photolithography and soft lithography is the 

considered the gold-standard method for the fabrication of chips due to its simplicity, versatility, and 

rapid prototyping. In this work, we describe the step-by-step fabrication procedure of a microfluidic 

chip by UV-photolithography and replica molding and discuss about their potential applications in the 

biomedical field. 

 

Keywords: microfluidics, lab-on-chip, microfabrication, UV-photolithography, replica molding 

 

Introduction 

Despite their inherent limitations, biomedical experimentation continues to use traditional 

tissue culture dishes or flasks to culture cells and tissues. These reductionist preclinical in vitro models
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hamper our understanding about important physiological processes, the etiology of diseases, and the 

discovery of new drugs [1]. Similarly, in vivo animal models, besides being ethically controversial, they 

poorly mimic the human condition and cannot accurately predict the efficacy of drugs. In this regard, 

pre-clinical experimentation demands for highly reliable and physiologically-relevant systems capable 

of recapitulating the complex human physiology [2]. During the last decade, the combination of 

advanced tissue engineering principles, nanotechnology tools, and cell biology methods has resulted in 

the development of a new generation of microfluidics-based in vitro models capable to recapitulate the 

fundamental units and functions of a human tissue or organs. These biomimetic devices termed organ-

on-a-chip (OoC) have become a promising approach that have been applied to a multitude of research 

fields and it is starting to draw the attention from physicians due to their unprecedented predictive 

capacity and their compatibility with existing technologies, such as optical microscopy, screening 

techniques, or biosensor probes [3,4]. A large variety of micro- and bio-fabrication methods have been 

employed for the development of these microfluidic OoC devices containing miniaturized features 

(chambers, microchannels). Traditionally, this type of devices has been fabricated by UV-

photolithography and soft lithography methods, such as replica molding, due to its simplicity and 

efficacy [5]. 

In this work, we present a step-by-step protocol describing the fabrication of a microfluidic 

chip by UV-photolithography and replica molding (Fig. 1), starting with its computer-assisted design 

and discussing its uses for biomedical applications. 

 
Fig. 1. (A) Chip design by computer-assisted design (CAD) software. (B) Fabrication of the photomask 

displaying the same features. (C) Spin-coating of a photosensitive resin (photoresist). (D) UV exposure using 

the photomask to replicate the features on the photoresist. (E) Replica molding using an elastomer (typically, 

PDMS). (G) Bonding of the chip replica on a glass slide (typically, oxygen plasma). (H) Connection of the 

microfluidic tubing. (Reproduced from [3]) 

 

Fabrication of microfluidic chip system 

 

Figure 1 shows the overview of the typical steps used for the fabrication of a microfluidic device 

by UV-photolithography and replica molding. First, the microfluidic chip is designed by computer-

assisted design (CAD) software (Fig.2A). The features of interest, such as chambers and microfluidic 

channels, are precisely delineated to reproduce the desired microenvironment or biological event under 

study. Then, the design is reproduced (i.e., printed) in an acetate or chromium photomask (Fig.2B). 

 
Fig.2. (A) CAD design. (B) Photomask. (C) Spin-coating. 

 

The fabrication process starts using a clean, dried (for 15-30 min at 95 ºC) silicon-based wafer. 

The surface of the wafer is activated in the O2 plasma reactor to improve the adhesion of the photoresin 
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(alternatively, it can be coated with a silane primer, such as hexamethyldisilazane – HMDS). Next, SU-

8 photosensitive resin is spin-coated at a specific angular velocity is done to obtain a completely flat 

resin layer with a well-controlled thickness (Fig.2C); the manufacturer of the photoresin provides the 

detailed information about the spin-coating speed as a function of the desired thickness. Other resins 

are also available for UV-photolithography; however, SU-8 is widely employed for micromachining 

due to its high chemical and thermal stable characteristics, among other properties.  

Next, the photoresin-coated silicon wafer is pre-baked to stabilize (pre-/post-baking times and 

temperatures can also be found in the manufacturer instructions). After this, the wafer and photomask 

are placed in the mask aligner for UV exposure. The photomask containing the features of the 

microfluidic chip device is deposited upside-down in contact with the photoresin. Then, the SU8-coated 

wafer is irradiated at a specific dose and time to cross-link the exposed regions (the irradiation dose is 

provided by the manufacturer of the photoresin from which the exposure time is calculated) (Fig.3A). 

After UV exposure, the wafer with photoresin is post-baked (at 65ºC and 95ºC), again, for a 

specific amount of time as determined by the manufacturer instructions. The non-exposed regions are 

removed using a solvent-based developer (Fig.3B). Recommended development times are given in the 

instructions. Following development, the substrate is typically rinsed with isopropyl alcohol to identify 

non-developed regions, and finally, dried with a gentle flow of nitrogen. 

 
Fig.3. (A) Mask aligner. (B) Developing of the substrate. (C) PDMS. (D) Mold. 

 

Replica molding is next used to replicate the master. Typically, a biocompatible and optically 

transparent polymeric material, such as polydimethylsiloxane (PDMS), is used. PDMS is an elastomer 

obtained by mixing the pre-polymer and the cross-linker (Fig.3C) in a 10:1 ratio (w/w or v/v), and 

poured over the mold (Fig.3D). Then, the PDMS is degassed for 1 h and cured in the oven at 70 ºC for 

about 4 h. After curing, the PDMS replica is gently peeled off and cut into appropriate sizes and shapes. 

The inlet/outlets are drilled out for tube connection. Finally, and O2 Plasma reactor is used for bonding 

the PDMS chip replica to a standard microscopy glass slide, cover glass, or to another PDMS piece 

(Fig.4A and 4B). 

 
Fig.4. (A) Plasma reactor for chip bonding. (B) Final Microfluidic chip device. 

 

Finally, cells can be seeded within the fabricated microfluidic chips, and connected by microfluidic 

tubes to external pumping sources, such as a syringe or peristaltic pump, for supplying the cells with 

culture media. 
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Discussion  

The described methodology allows the fabrication of complex structures up to 200-300μm. This 

engineered microfluidic chip systems allow maintaining the viability of the cells over long periods, 

typically several weeks [6]. The replicated microstructures are seeded with cells (recapitulating the 

native organ physiology or pathophysiology), and perfused with cell culture medium (or other 

physiological fluids). For better cell adhesion, proteins of the ECM, such as fibronectin, can be used for 

coating the microstructures and channels. Finally, one of the main advantages of fabricating 

microfluidic devices using UV-photolithography and PDMS replica molding is its simplicity, fast 

procedure, and low-infrastructure cost. In contrast, the mass production and automation aspects are 

limited. 

 

Conclusions 

We anticipate that microfluidic devices, and in particular organ-on-a-chip systems, will provide a 

revolution in biology and pharmacy research in the near future. Importantly, microfluidic devices can 

be combined with existing technologies, such as optical microscopy, screening techniques, or biosensor 

probes. This provides microfluidic platforms with advanced capabilities that are very attractive for the 

healthcare and pharmaceutical sectors. 
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Abstract: 

  

The fact that Artificial Intelligence (AI) based algorithms exhibit a high performance on image 

classification tasks has been shown many times. Still, certain issues exist with the application of 

machine learning (ML) artificial neural network (ANN) algorithms. The best known is the need for a 

large amount of statistically varied data, which can be addressed with expanded collection or data 

augmentation. Other issues are also present. Convolutional neural networks (CNNs) show extremely 

high performance on image-shaped data. Despite their performance, CNNs exhibit a large issue which 

is the sensitivity to image orientation. Previous research shows that varying the orientation of images 

may greatly lower the performance of the trained CNN. This is especially problematic in certain 

applications, such as X-ray radiography, an example of which is presented here. Previous research 

shows that the performance of CNNs is higher when used on images in a single orientation (left or 

right), as opposed to the combination of both. This means that the data needs to be differentiated before 

it enters the classification model. In this paper, the CNN-based model for differentiation between left 

and right-oriented images is presented. Multiple CNNs are trained and tested, with the highest 

performing being the VGG16 architecture which achieved an Accuracy of 0.99 (+/- 0.01), and an AUC 

of 0.98 (+/- 0.01). These results show that CNNs can be used to address the issue of orientation 

sensitivity by splitting the data in advance of being used in classification models. 
 

Key words: artificial intelligence, machine learning, orientation detection, RTG imagery 

 

1. Introduction 

 

Convolutional Neural Networks (CNN) are a specific type of artificial neural networks (ANNs) that 

utilize filter kernels applied to the multi-dimensional input to compress and extract information from it. 

This shape makes them perfect for an important application in modern bioinformatics – image 

processing. Lorencin et al. (2021) [1] demonstrate the use of multiple CNN architectures in the problem 

of automatic evaluation of infection severity levels for the COVID-19 patients. The CNNs used to show 

good performance, achieving high precision when classifying patients into one of the four severity 

groups. Musulin et al. (2021) [2] demonstrate the utilization of CNNs for the segmentation of 

histopathological images of epithelial and stromal tissue. The results of the research show that an 

extremely high precision can be achieved in the performed tasks. Chen et al. (2020) [3] demonstrate the
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improvement of the performance of CNNs for bioinformatic-themed problems through feature 

selection, concluding that such an approach can provide great improvements in the performance of 

CNNs. Kothari et al. (2021) [4] demonstrate the improvement of CNN performance by the application 

of grayscale normalization. The authors demonstrate that such an approach does improve the 

performance, suggesting it be used in the pre-processing stage of the image data classification when 

CNNs are used. Lorencin et al. (2021) [5] demonstrate another use of CNNs as the basis of a generative 

neural network, which uses CNNs as a base for both generation and discrimination of generated images. 

The results of this paper show that data generated by such a CNN-based approach can achieve an 

improvement in result generalization when classification is performed via other CNN architectures. 

While the performance of the CNNs is generally shown to be extremely high, a curios problem is 

exhibited by them. The orientation of the image can have a high influence [6]. This is caused by the 

shape and orientation of the filter kernels inside the architectures [7]. This means that the performance 

can differ between two sets of the same, but rotated image data. 

This paper explores the possibility of using CNNs to combat this issue. By separating the data based 

on the orientation of the image before classifying it using a CNN the performance of the subsequent 

CNN could be improved. The data separation would make it possible to create a pipeline that will select 

a different CNN model depending on the image orientation. For this purpose, three different CNN 

architectures have been tested to determine their performance in the given task. 

 

2. Methodology 

 

This section of the paper will briefly present the data set, tested architectures, and the evaluation 

method. 

 

2.1 Dataset 

 

     The dataset used in the research consists of 2000 radiographical tomography (RTG) images of 

different patients, focused on the knee area. The images were collected from the database of patients at 

the University Hospital of South West Jutland, Denmark. For this research, the data set is split into two 

classes – left and right knees. The dataset is balanced, having 1000 images in each of the classes, which 

is important as non-balanced datasets can have a negative influence on the classification performance 

[6,8], 

 

2.2 Used CNN architectures 

 

     Three networks have been tested – VGG16, ResNet50, and Alexnet. All of the three network 

architectures have been developed with the goal of image classification, and have shown high 

performance in bioinformatic related tasks, and otherwise [9]. 

     To achieve the optimal performance of the tested CNNs a grid search is performed with various 

hyperparameters. Hyperparameters are internal parameters of the neural network which have an 

extremely high influence on their performance. Three different hyperparameters have been adjusted: 

the number of epochs, batch size, and solver. Solver is an algorithm that performs the forward and 

backpropagation training process of the neural network, adjusting the filter kernels within the CNN 

architecture. Epochs represent the number of training iterations. Too few training epochs will result in 

poor performance, while too many will result in overfitting – the CNN architecture being too adjusted 

to training data. This issue is countered with cross-validation procedure, mentioned in the subsequent 

subsection. Batch size depicts the number of images that the solver algorithm uses for training before 

adjusting the kernels. Larger sizes can improve training times, shortening them significantly – but 

smaller ones can result in a regularization effect improving performance [10]. The possible 

hyperparameter values tested for each of the networks are given in Table 1. 
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Table 1. Possible values for each hyperparameter 

 
Number of Epochs Batch Size Solver 

5 1 Adam 

10 5 Adamax 

50 10 Nadam 

100 25 - 

200 50 - 

 

2.3 Model evaluation 

 

      Models are evaluated using Area Under the Receiver Operating Characteristic Curve (AUROC or 

AUC). AUC is a common classification metric, which calculates the area under a curve defined by True 

Positive Rate (TPR) and False Positive Rate (FPR) of classification results [11]. Accuracy is also used 

as an additional metric, which simply represents the percentage of the data correctly classified [12]. 

      To assure the robustness of models 10-fold cross-validation is performed. In this process, the dataset 

is randomly split into 10 parts. Then, the process of training and testing is repeated 10 times, where a 

different fold of the dataset is used as a testing set each time. The results are then presented as the mean 

of the results across ten folds, and the standard error across the folds. This process is performed to 

determine the performance of architectures on different sets of data [6, 13].  

 

3. Results and Discussion 

 

The best results achieved, along with hyperparameters of the scored architecture, per each tested 

CNN are shown in Table 2. 

 
Table 2. Achieved scores 

 
CNN Accuracy (+/-) AUC (+/-) Number of Epochs Batch Size Solver 

Alexnet 0.96 (0.02) 0.94 (0.03) 20 5 Adam 

VGG16 0.99 (0.01) 0.98 (0.01) 20 5 Adam 

ResNet50 0.96 (0.05) 0.92 (0.11) 100 1 Adam 

 

     The results show that the best-performing architecture is VGG16. Both it and Alexnet used a 

relatively small batch size (5) and a low number of epochs (20). ResNet50 also showed high 

performance, but the standard error across folds shows the importance of using cross-validation, as it 

shows that the results are extremely unstable across folds when compared to the results of other 

networks. In addition to that, the higher number of epochs and lower batch size for ResNet50 suggests 

the network had trouble converging to a more stable solution. All of the best-achieved solutions across 

architectures use the Adam solver.  

 

4. Conclusion 

 

The achieved results clearly show that CNNs can be used to determine the image orientation with 

relatively high performance, achieving Accuracy scores above 0.99, even when cross-validation is 

performed. A relatively low number of epochs and batch-size of the best-achieved solution suggest that 

the problem was easily convergent for the used CNN architectures, indicating its low complexity, 

meaning a similar approach may be valid for similar problems. Such performance is satisfying enough 

to be used as a pre-processing step in a classification pipeline to determine the orientation of an image 

before classification. 
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Abstract: 

  

Stent implanation is one of the clinical treatments of stenotic arteries. This clinical procedure 

requires careful planning that considers the geometry of the artery of the particular patient. The 

numerical simulation can be very useful to analyze the state of the arterial wall during and after this 

intervention. The numerical model considered within this paper simulates the expansion of the stent 

and subsequent deformation of the arterial wall using finite element method. This model was validated 

in literature against clinical data. Within the implementation, the tetrahedral finite elements were used. 

But, this type of elements can cause inaccuracies and instability during simulations. Within this paper, 

the stent implantation software was improved by implementing hexahedral finite element mesh and 

applying an additional remeshing technique in order to ensure better prediction of forces exerted on 

stent and stress within arterial wall. The benefits of these additions are demonstrated on the simulation 

of stent implantation with patient-specific coronary artery. This software can be used to analyze quickly 

the effect of different stent size and position on the state of the arterial wall after the intervention. It 

represents a valuable and reliable tool for the clinicians that can help them determine the outcome of 

the stenting intervention and thus improve the patient-specific pre-operative planning process.  
 

Key words: stent implantation, finite element method, tetrahedral mesh, hexahedral mesh, remeshing 

 

 

1. Introduction  

 

Formation of plaques, i.e. stenosis, within human blood vessels is the consequence of 

atherosclerosis, an inflammatory disease of the cardiovascular system. This change of the shape of the 

arterial wall causes disturbances in blood flow and blood supply of organs and tissues. Thus it is very 

important to treat it adequately. One of the clinical treatments is the implantation of an endovascular 

prosthesis called a stent that ensures the expansion of the stenosed blood vessel. In order to improve 

this treatment, there are many parameters that could be analyzed. In order to perform such analyses, it 

is necessary to perform numerical simulations using patient-specific geometries. The stent position and 

length could be varies in such simulations in order to ensure highest possible restoration of the original 

shape of the vessel. Simulations could also be used to predict the state of arterial wall after stent 

implantation and thus prevent possible complications. 
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There are several numerical models proposed in literature that deal with stent implantation [1-3]. In this 

paper, a numerical model that was presented in literature [3] is used to simulate the process of stent 

implantation. This model was extensively validated using a clinical data set containing geometries of 

patient-specific coronary arteries, both at baseline and follow up. In this study, the implementation of 

this numerical model is further improved, to ensure better stability of the numerical solution and also 

more accurate prediction of the quantitative parameters of the arterial wall. 

 

2. Numerical model and its improvements 

 

The numerical model for stent implantation considered in this study has three segments. The first 

one considers the behavior of the stent, the second one considers the behavior of the arterial wall and 

the third one deals with the interaction of these entities and combining them into a single coupled 

mechanical system. The stent is modeled as a mesh of nodes and the motion of these nodes in time is 

governed by an internal expanding force. The force that causes the motion of the nodes of the arterial 

wall is interpolated from the surrounding stent nodes. The deformation of the arterial wall caused by 

the stent causes an internal force, with which the arterial wall opposes this deformation. The internal 

force is calculated using the finite element method [4]. The tetrahedral finite elements were used within 

the implementation of the stent implantation software. But, this type of elements can cause inaccuracies 

and instability during simulations [5,6]. Within this paper, the stent implantation software was improved 

by implementing hexahedral finite element mesh and applying an additional remeshing technique in 

order to ensure better prediction of forces exerted on stent and stress within arterial wall. During 

simulations of stent implantation in highly stenosed arteries, with very complex and irregular 

geometries, it can occur that the elements of the mesh become highly distorted and the simulation cannot 

be continued in such conditions. This was the reason for the introduction of the remeshing. The 

remeshing technique ensures that after a predefined number of iterations, the coordinates of the internal 

nodes of the arterial wall are recalculated, to ensure that the distortion of the mesh caused by the large 

deformation and movements does not cause inaccuracies and instability of the numerical solution. 

 

3. Results and Conclusions 

 

In order to analyze the benefits of the improvements mentioned in Section 2, a numerical simulation 

of stent implantation is performed using a patient-specific geometry obtained from the EVINICI 

database that was accessed within the H2020 project – SMARTool. The considered geometry belongs 

to a 58 years old female patient and includes proximal and mid segments of the right coronary artery. 

The initial stenosis was 84.5% of the lumen area. Three different cases were considered. Case 1 

represents the simulation using the tetrahedral mesh; case 2 represents the simulation using the 

hexahedral mesh without the remeshing procedure, while case 3 represents the simulation using both 

the hexahedral mesh and the remeshing procedure. Figure 1 shows the results of simulations with 

plotted distribution of internal Von-Mises stress within arterial wall. As it can be observed from the 

shapes of the artery before and after stent implantation, the final shape of the artery is similar for all 

three cases. The distribution of internal stress clearly shows that the use of hexahedral mesh is more 

than beneficial. The use of tetrahedral mesh can cause inaccuracies and the hexahedral mesh provides 

more reasonable results. Also, as it was expected, the internal stress is less concentrated at the most 

deformed elements, when the remeshing procedure is used. Figure 2 shows the plotted distribution of 

force with which the stent is acting on the arterial wall, for the three considered simulations. Again, as 

expected, the exerted force is greater with the tetrahedral mesh, but the differences are less observable 

than in the case of internal stress. This can be reasonated by the fact that the different type of finite 

elements (hexahedral over tetrahedral) influences more the calculation of internal stress, while the stent 

forces are more influenced by the expansion force from the stent. 
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Fig. 1. Results of stent implantation simulation - distribution of Von-Mises stress within the arterial wall, 

for the three considered cases 

 

It is evident from the presented results that the included changes represent additional improvements 

to the software for stent implantation. This software can be used to quickly analyze the effect of different 

stent size and position on the state of the arterial wall after the intervention. It represents a valuable and 

reliable tool for the clinicians that can help them determine the outcome of the stenting intervention and 

thus improve the patient-specific pre-operative planning process. 
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Fig. 2. Results of stent implantation simulation - distribution of stent force acting on the arterial wall, for 

the three considered cases 
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Abstract: 
  

Cytoreductive surgery (CRS) combined with hyperthermic intraperitoneal chemotherapy (HIPEC) 

has become an essential part of the management of peritoneal carcinomatosis [1,2]. HIPEC is a cancer 

treatment procedure that involves filling the abdominal cavity with chemotherapy drugs that have been 

heated (also known as “hot chemotherapy”). HIPEC is performed after the surgical procedure of 

removing tumors or lesions from the abdominal area. In the past 30 years, the approach of combining 

CRS with minimal residual disease and intraperitoneal (IP) chemotherapy emerged as one with a 

potential for long-term survival. Multiple strategies have been employed to measure the functional 

peritoneal surface area and determine the required perfusion volume. For that purpose, we have 

developed a novel computational model (consisted from peritoneal cavity with immersed organs, 

generated from STL files), with precisely calculated functional peritoneal surface area and cavity 

volume (for each patient). Using finite element procedure, we have managed to model a heat transfer 

inside the cavity, coupled with fluid flow. Further, we summarized solutions for velocity and 

temperature field, obtained using our software package PAK accompanied by the visualization in-house 

CAD software. Aim is to develop a novel protocol to calculate optimal volume of perfusion that could 

be easily integrated into the preoperative procedure and to help surgeons to deliver a precise dose of 

chemotherapy to the peritoneum cavity.  
 

Key words: hyperthermic intraperitoneal chemotherapy, heat transfer, fluid flow, computational model, 

finite element method  
 

1. Introduction 

 

Recent study of 1822 patients who received combined CRS/HIPEC, compared with patients who 

received other high-risk surgical oncology procedures, overall 30-day mortality was lower in 

CRS/HIPEC (1.1%) compared with other procedures (2.5 - 3.9%) [3]. Regarding this information and 

common use of invasive procedures to calculate peritoneal surface area authors had an idea, first to
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calculate peritoneal membrane surface area and cavity volume, and then (based on files obtained by 

segmentation) to create computational finite element model in order to simulate heat transfer inside 

cavity which depends on fluid flow. This would help clinicians to better understand and have an insight 

in HIPEC procedure, and also to contribute to the perspective of clinical trials and possible potentials 

of drug delivery in HIPEC therapy. 

 

2. Methods 

 

In this section, we summarize fundamental equations for heat conduction and fluid flow 

(represented in differential form and in the finite element (FE) format used in computational models 

and PAK software).  

 

2.1 Modeling of heat transfer and fluid flow  

 

Heat energy is present in any mechanical system and living organisms. It is related to temperature; 

which transfer is governed by the temperature field. Change of temperature is driven by the temperature 

gradient, and it has the form (known also as Furrier’s law) 

 
,        i i

i

T
q k no sum on i

x


 


 (1) 

where T [K] is temperature, qi [Jm-2s-1] is heat flux in coordinate direction xi, and kik [Wm-1K-1] is the 

heat conduction tensor. The fundamental equation is the heat energy balance which must be satisfied at 

each elementary volume of the medium where heat conduction occurs, which, in case of moving 

medium, as fluid, can be written in the form [4,5] 
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where ρ is density [kg/m3], c is specific heat [Jkg-1K-1] and vi are velocity components of the medium. 

The governing equations for fluid flow are the Navier-Stocks equations of balance of linear momentum 

and continuity [5] 
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where p  is the fluid pressure [N/m2],   Pa s     is coefficient of dynamic viscosity, and 3/Vif N m 
 

 is 

volumetric force. 

3. Results 

Computational model that demonstrates whole idea and manner of heat transfer coupled with fluid flow 

within peritoneal cavity inside human body consists of following domains: Peritoneal cavity, Liver, 

Stomach, Spleen, Jejunum, Ileum (Figure 1, left panel). Geometry is obtained using the segmentation 

procedure within MeshLab software. Input to the segmentation procedure were DICOM images 

(exported from CT scanner), provided by Houston Methodist Hospital, Texas. Numerical solutions are 

obtained using our FE code PAK [6] with the corresponding CAD interface (developed at R&D Center 

for Bioengineering- BIOIRC) used for pre-processing and visualization of the results. FE mesh of 

computational models is obtained in CAD from STL files using [7]. 

Material parameters for heat transfer model are: specific heat (for water)- 4.187 [J/g⋅˚C], conduction 

coefficient- 0.69 [J/(mm⋅s⋅˚C)], initial temperature of body- 37 [˚C], number of inflow/ outflow points- 

4/6, fluid flow rate– Qinn= Qout= 1500-2000 [ml/min], viscosity coefficient (used for water)- 0.001 

[g/mm3], density (used for water)- 0.000997 Pa*s. During the experiment, inverted Y shaped catheter 
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(tube) is placed into superior abdomen part of body, which is represented by ten control points in our 

computational model (some of them visible on Figure 1, left panel); 4 inlets (to simulate fluid inflow 

into peritoneal cavity) and 6 outlet points (for simulating outflow of fluid). Prescribed conditions are: 

temperature at inflow/ outflow points, and velocity, also at inflow/ outflow points. Results for 

temperature and velocity field are presented on Figures 1(right panel) and 2. 

 

Fig. 1. Left panel- FE mesh generated by the CAD software, with immersed organs and some of the inflow 

and outflow points; Right panel- Temperature field with cavity represented by finite element mesh, anterior 

view. 

 

 
 

Fig. 2. Field of velocity vectors inside the peritoneal cavity. Dashed rectangular lines mark inflow/ outflow 

points, with enlarged regions of near the outflow points (Details A and B) 

 

4. Conclusions 

 

In this study we have introduced a novel method in order to calculate optimal perfusate volume and 

concentration of chemotherapeutics, formulating computational model of heat transfer coupled with 

fluid flow inside peritoneal cavity. Regarding other procedures that commonly use invasive methods to 

calculate peritoneal surface area and have low computing power available for simulations, this method 

offers accuracy as well as a prediction method for rationalization of clinical trials and personalized 

intraperitoneal chemotherapeutic drug delivery for each of the patients included in therapy. 
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Abstract  
 

Myrtus communis L., Myrtaceae, known as true myrtle, is a widely distributed evergreen shrub native 

to Mediterranean regions. This medicinal plant, used worldwide, possess a broad spectrum of 

phytochemical, pharmacological and therapeutic effects, mostly due to a large number of up to now 

detected, or isolated, essential oil components, considered the main biologically active ones. 

Multifarious secondary metabolite content, dependent on a geographic region, season of harvest and 

the length of distillation, depicts the variability of the essential oil composition obtained in general from 

its leaves, branches, fruits and flowers. Herein, we present the results of meticulous analyses of the 

essential oil (2.2%, w/w) constituents obtained from M. communis leaves, collected during the summer 

period from the coastal regions of peninsula Luštica, Montenegro. Detailed GC-MS analyses enabled 

the identification of 66 constituents, among which 1,8-cineole (28.4%), linalool (18.4%), α-pinene 

(16.6%), geranyl acetate (6.6%), α-terpineol (6.3%) and linalyl acetate (4.2%) were the major ones. 

Together with the secondary metabolite profile, determination of the Montenegro true myrtle essential 

oil agricultural plant protection potential is also estimated, by assessing mycelia growth of 

Colletotrichum acutatum J.H. Simmonds C.A.2 isolates, causative of strawberry antrachnose, in vitro. 
 

Keywords: Myrtus communis L., essential oil, antifungal activity 

 

 

1. Introduction  

 

Myrtle (Myrtus communis L., Myrtaceae) is a Mediterranean essential oil bearing shrub used worldwide 

in traditional medicine for the treatment of various disorders. Traditional claim on the M. communis 

antifungal activity was supported by the existence of the numerous reports against many fungal species, 

such as C. albicans, A. flavus, A. fumigatus, P. variotii, A. niger, T. mentagrophytes, E. floccosume, 

Rhizoctoniasolani Kuhn. In this work we present the composition of the essential oil of M. communis, 

from the coastal regions of peninsula Luštica, and the evaluation of it’s antifungal activity against 

Colletotrichum acutatum J.H. Simmonds, a plant pathogen infecting both the root and crown of 

strawberries (Fragaria × ananassa Duchesne, Rosaceae) causing necrosis and significant production 

losses worldwide, with the aim of finding new natural bactericides and fungicides.
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2. Material and methods 

 

Aerial parts (300 g) of Myrtus communis L. originating from peninsula Luštica, Montenegro were 

collected in the blooming stage, air dried and further subjected to hydrodistillation for 2.5 h using a 

Clevenger-type apparatus yielding ca 2.2%, (w/w, based on dry weight) of pale yellow highly fragrant 

oils. Mass spectra were recorded on a Hewlett-Packard 6890N gas chromatograph equipped with a 

fused silica capillary column DB-5MS (5% diphenyl, 95% dimethylpolysiloxane, 30 m × 0.25 mm, film 

thickness 0.25 µm, Agilent Technologies, Lexington, USA) and coupled with a 5975B mass selective 

detector from the same company. The injector and interface were operated at 250 °C and 300 °C, 

respectively. Oven temperature was raised from 70 to 290 °C at a heating rate of 5 °C/min; the heating 

program ended with an isothermal period of 10 min. As carrier gas helium, He, at 1.0 mL/min was used. 

The samples, 1 µl of the appropriate solutions in diethyl ether (1 mg/mL) were injected in a splitless 

mode. MS conditions were as follows: ionization voltage of 70 eV, acquisition mass range 35-650, scan 

time 0.32 s. The constituents of the essential oil were identified by using their retention indices (using 

the generalized equation by Van Del Dool) and comparing their mass spectra with those obtained from 

authentic samples and/or the MS library (Wiley 7N and NIST/NBS libraries). 

In this experiment, the used isolate of C. acutatum J.H. Simmonds (C.A.2) was obtained from Fragaria 

× ananassa (Weston) Duchesne ex Rozier, Rosaceae grown in Serbia. The isolate was determined based 

on morphological, pathogenic and molecular characteristic, and maintained on a potato-dextrose agar 

(PDA) at the temperature of 25 °C. The antifungal activity of essential oil was tested on PDA in Petri 

dishes 90 mm in diameter. The oil was applied in the form of drops placed on the inside of the lid of 

the Petri dish at concentrations of 0.02, 0.04, 0.08 and 0.16μL/mL of air. Exposure of the isolate to the 

vapors of the studied oil lasted seven days at 25 °C. The assay was performed in four replicates for oil 

concentration. The isolates grown on the medium with added fungicide Method 480 SC (a.m. captan, 

Galenika phytopharmacy) were used as the positive control variant. The negative control variant, fungi 

isolates grown on PDA were used under identical conditions without the described treatment.  

 

3. Results and discussion 

 

3.1 Chemical composition of the essential oil 

Detailed GC-MS analyses of the M. communis essential oil enabled the identification of 70 constituents, 

which made up 98.7% of analyzed e.oil, where monoterpenes were the dominant ones (93.2%). Among 

the 74.1% of identified oxygenated monoterpenes, 1,8-cineol (28.4%), linalool (18.4%), geranyl acetate 

(6.6%) and α-terpineol (6.3%) prevailed indicating, according to previous reports which regarded them 

as ones underlying antimicrobic activity, that e.oil in our hands can possess antifungal activity. α-

pinene, another major constituent represented by 16.6% was also previously reported as antifungal. 

Sesquiterpenes occupied a minor portion (3.4%) of the analysed e.oil, among which α-humulene (1.1%) 

and humulene epoxide II (1.0%) were the dominant ones, Table 1. 

 
Table 1. Percentage composition of M. communis essential oil 

RIa Compound 
Contentb 

[%] 

Compound 

classc 

Identification 

methodd 

832 Furfural tr O MS, RI, CoI 

846 (E)-2-Hexenal 0.2 O MS, RI 

901 Heptanal tr O MS, RI, CoI 

902 Isobutyl isobutyrate 0.6 O MS, RI, CoI 

922 α-Thujene 0.2 MT MS, RI 

935 α-Pinene 16.6 MT MS, RI, CoI 

949 Camphene 0.1 MT MS, RI, CoI 

953 Thuja-2,4(10)-diene tr MT MS, RI 

980 β-Pinene 0.3 MT MS, RI, CoI 

999 Myrcene 0.5 MT MS, RI, CoI 
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1002 Isobutyl 2-methylbutanoate tr O MS, RI, CoI 

1014 δ-3-Carene 0.2 MT MS, RI, CoI 

1017 α-Terpinene 0.1 MT MS, RI, CoI 

1026 p-Cymene 0.3 MT MS, RI, CoI 

1038 1,8-Cineole 28.4 MT* MS, RI, CoI 

1043 Camphene hydrate tr MT* MS, RI 

1046 (E)-β-Ocimene 0.4 MT MS, RI 

1059 γ-Terpinene 0.4 MT MS, RI, CoI 

1072 cis-Linalool oxide (furanoid) 0.4 MT* MS, RI, CoI 

1090 trans-Linalool oxide (furanoid) 0.7 MT* MS, RI, CoI 

1106 Linalool 18.4 MT* MS, RI, CoI 

1107 trans-Hotrienol 0.2 MT* MS, RI 

1116 endo-Fenchol 0.1 MT* MS, RI, CoI 

1118 trans-Sabinene hydrate tr MT* MS, RI 

1125 α-Campholenal 0.1 MT* MS, RI 

1130 cis-p-Mentha-2,8-dien-1-ol tr MT* MS, RI 

1140 trans-Pinocarveol 0.1 MT* MS, RI, CoI 

1148 Camphene hydrate 0.1 MT* MS, RI 

1152 Nerol oxide tr MT* MS, RI 

1161 Pinocarvone tr MT* MS, RI, CoI 

1166 δ-Terpineol 0.2 MT* MS, RI, CoI 

1177 Terpinen-4-ol 0.5 MT* MS, RI, CoI 

1185 p-Cymen-8-ol 0.2 MT* MS, RI, CoI 

1194 α-Terpineol 6.3 MT* MS, RI, CoI 

1198 Estragol 0.7 MT* MS, RI, CoI 

1208 Verbenone 0.1 MT* MS, RI, CoI 

1219 trans-Carveol 0.1 MT* MS, RI, CoI 

1227 Nerol 0.3 MT* MS, RI, CoI 

1241 Carvone tr MT* MS, RI, CoI 

1254 Linalyl acetate 4.2 MT* MS, RI, CoI 

1284 Isobornyl acetate tr MT* MS, RI, CoI 

1298 trans-Pinocarvyl acetate 0.1 MT* MS, RI 

1321 Methyl geranate tr MT* MS, RI, CoI 

1323 Myrtenyl acetate tr MT* MS, RI, CoI 

1339 exo-2-Hydroxycineole acetate 0.3 MT* MS, RI 

1348 α-Terpinyl acetate 1.8 MT* MS, RI 

1351 Dehydro-ar-ionene 0.2 O MS, RI 

1356 Eugenol 0.1 MT* MS, RI, CoI 

1361 Neryl acetate 0.9 MT* MS, RI, CoI 

1382 Geranyl acetate 6.6 MT* MS, RI, CoI 

1392 Phenethylisobutyrate tr O MS, RI, CoI 

1403 Methyl eugenol 3.2 MT* MS, RI, CoI 

1420 (E)-Caryophyllene 0.4 ST MS, RI, CoI 

1440 Aromadendrene tr ST MS, RI 

1449 Geranyl acetone 0.1 O MS, RI, CoI 

1454 α-Humulene 1.1 ST MS, RI, CoI 

1461 allo-Aromadendrene tr ST MS, RI, CoI 

1483 β-Ionone tr O MS, RI, CoI 

1492 2-Tridecanone 0.1 O MS, RI, CoI 

1516 

5-Hydroxy-2,2,6,6-tetramethyl-4- (2-

methylprop-1-en 

-1-yl)cyclohex-4-ene-1,3-dione 

0.8 O MS, RI 

1578 Spathulenol 0.1 ST* MS, RI 
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1581 Caryophyllene oxide 0.5 ST* MS, RI, CoI 

1600 Humulene epoxide I 0.2 ST* MS, RI 

1608 Humulene epoxide II 1.0 ST* MS, RI 

1623 Dill apiole 0.1 O MS, RI 

1628 Humulene epoxide III 0.1 ST* MS, RI 

Total identified (%)                             98.7 

Number of components                                                                    70 

                                                MT – Monoterpenes                                           19.1 

                                                MT* – Oxygenated monoterpenes                     74.1 

                                                ST – Sesquiterpenes                                           1.5 

                                                ST* – Oxygenated sesquiterpenes                      1.9 

                                                O – Others                                                           2.1 
a) Linear retention indices (RI) determined experimentally on the DB-5MS column relative to a series of 

C7 – C32 n-alkanes. b) Values are means of the individual analysis; tr, trace amounts (< 0.05%). 
c)Compound identification: RI, retention indices matching with literature data; MS, mass spectra 

matching. 

 
3.2 Antifungal activity; Effect of volatile phase of essential oil on the growth of Colletotrichum acutatum 

isolates 

 

M. communis essential oil inhibited the growth of C. acutatum mycelium and the percentage of the 

inhibition was concentration dependent. To be exact, inhibition of mycelial growth was observed at 

concentrations of 0.02μL/mL of air, and higher. The minimum inhibitory concentration (MIC) of the 

tested EO, Figure 2, was at the concentration of 0.02μL/mL of air, while the minimal lethal 

concentration (MLC) was at the concentration of 0.08 μL/mL of air. Inhibition of mycelial growth by 

M. communis essential oil varied from 24%, (0.02μL/mL of air) up to 60% (0.16μL/mL of air). 

 

3. Conclusions 

 

In this work, we present the secondary metabolite composition of the essential oil of M. communis and 

the evaluation of its agricultural plant protection potential in the in vitro antifungal activity assessment 

against plant pathogenic fungus Colletotrichum acutatum J.H. Simmonds C.A.2 isolates.  M. communis 

essential oil had observable antifungal activity at concentrations of 0.02 μL/mL of air, and lower, and 

the mechanism of fungicidal and fungistatic action should be yet clarified. 
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Abstract  
  

Bacterial biofilm is a complex community of bacterial cells enclosed in a polymer matrix and 

attached to a biotic or abiotic substrate. In this living form the bacteria are more resistant to 

antimicrobial agents than in the form of planktonic cells. Biofilm is a common cause of chronic 

infections in humans, so due to the growing resistance to antibiotics, alternative methods for controlling 

infections using medicinal plants have been proposed. In this study, the antibiofilm activity of ethanol 

and acetone extracts of plants Lamium album, Achillea millefolium and Agrimonia eupatoria against 

eight clinical isolates of human pathogenic bacteria was examined. Inhibition of biofilm formation was 

demonstrated using the crystal violet test and the effect on metabolic activity was confirmed by the use 

of resazurin dye test. Ethanol extract of L. album showed the greatest activity against P. aeruginosa 

(PA9) at a concentration of 20 mg/ml (> 80% of inhibition), while acetone extract acted at a 

concentration of 5 mg/ml (≥ 18%) against Klebsiella sp. (K9). At a concentration of 10 mg/ml, the 

ethanol extract of A. millefolium was effective against E. coli (E16) and P. aeruginosa (PA8) (> 70%), 

while the acetone extract was effective at 2.5 mg/ml (> 80%) against E. coli (E16). Ethanol and acetone 

extracts of A. eupatoria were effective at a concentration of 10 mg/ml (> 50%) against E. coli (E16). 

The antibiofilm activity of the tested plant extracts on certain clinical isolates indicates their great 

potential in the treatment of infections caused by biofilm-producing bacteria.  

 

Key words: biofilm, antibiofilm activity, plant extracts, Lamium album, Achillea millefolium, 

Agrimonia eupatoria 

 

1. Introduction  

 

Bacterial biofilm is a complex community of bacterial cells enclosed in a matrix of self-

produced extracellular polymeric substances. This matrix allows the interaction and communication 

between microbes and serves as a reservoir of metabolic substances, nutrients and energy [1]. 

Bacterial biofilm is a serious public health problem. Approximately 75% of bacterial infections 

are caused by biofilms. The cells in the biofilm have the ability to adhere irreversibly on a wide variety 

of surfaces, including living tissues. In this living form, the bacteria are up to 1,000 times more resistant 

to antimicrobial agents, than in form of planktonic cells. The increased biofilm resistance to 

conventional treatments enhances the need to develop new control strategies. One promising alternative 

is the search for natural compounds of plant origin capable of blocking biofilm formation and/or its 

eradication [2]. Plant extracts and other biologically active compounds isolated from plants have gained 

wide spread interest for the treatment of bacterial biofilm [3]. 

Considering the above and based on previous results, in the present study we propose to 

evaluate the antibiofilm effect of ethanol and acetone extracts of plants Lamium album, Achillea 

millefolium and Agrimonia eupatoria against eight clinical isolates of human pathogenic bacteria.
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2. Materials and Methods 

 

2.1 Preparation of samples for testing 

 

Aerial parts of Lamium album, growing wild in Ravna Reka, Central Serbia, were collected in May 

2020, while Achillea millefolium and Agrimonia eupatoria, were supplied from the commercial source 

(Institute “Dr Josif Pančić”, Serbia). Dried, ground plant material was extracted by maceration with 

ethanol and acetone.  

 

2.2 Bacterial strains and antimicrobial susceptibility 

 

In this study, eight clinical isolates of human pathogenic bacteria Escherichia coli (E16, E17), 

Pseudomonas aeruginosa (PA8, PA9), Klebsiella sp. (K6, K9) and Proteus sp. (P17, P18) were used. 

All strains were collected during 2020 from the Microbiological Laboratory of Paraćin’s Hospital, 

Serbia. Antimicrobial susceptibility of the isolates was tested by Kirby Bauer disc diffusion method [4]. 

The antibiotics tested were: alfacet, amoxiclav, ampicillin, bactrim, ciprocinal, gentamicin, levomax, 

nitrofurantoin and pancef. 

 

2.3 Inhibition of biofilm formation 

 

The effect of plant extracts on biofilm formation was evaluated with a modified crystal violet 

assay [5]. The tested concentration range was from 40 mg/ml to 0.625 mg/ml. The optical densities 

(OD) were measured at 550 nm wavelength using a microplate ELISA reader (RT-2100C, Rayto, 

Shenzhen, China). The percentage of biofilm inhibition [6] was calculated using the following formula: 

   

 
 

2.4 Effect on metabolic activity of biofilm 

 

The effect on metabolic activity was tested by using resazurin dye test [7]. Resazurin is a blue, 

nonfluorescent redox dye that can be reduced by metabolically active bacteria to the highly fluorescent 

pink resorufin. After incubation, the lowest concentration of tested plant extracts that prevent resazurin 

color change from blue to pink was determined as inhibitory concentration. 

 
3. Results and Discussion  

 
3.1 Antimicrobial susceptibility 

 

The antimicrobial susceptibility of eight strong biofilm forming isolates were determined. It 

was clearly observed that two isolates Klebsiella sp. (K6) and Proteus sp. (P17) showed a high 

resistance pattern against all tested antibiotics, all isolates were resistant to ampicillin and only one 

isolate E. coli (E17) was sensitive to all tested antibiotics. 

 

3.2 Inhibition of biofilm formation 

 

Ethanol extract of L. album showed antibiofilm activity against almost all isolates except E. 

coli (E17) and the highest percentage of inhibition was against P. aeruginosa (PA9) (> 80%) (Fig 1).  
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Fig. 1. Antibiofilm activity of ethanol extracts                   Fig. 2. Antibiofilm activity of acetone extracts 

 

Ethanol extract of A. millefolium was the most effective against E. coli (E16) and P. aeruginosa 

(PA8) (> 70%), while ethanol extract of A. eupatoria showed inhibition against E. coli (E16) (> 50%) 

and P. aeruginosa (PA8) (> 37%) (Fig. 1). Acetone extract of L. album showed the highest activity 

against P. aeruginosa (PA8, PA9) (> 50%), while acetone extract of A. millefolium showed the highest 

activity against E. coli (E16) (> 80%). Acetone extract of A. eupatoria showed inhibition against E. coli 

(E16) and P. aeruginosa (PA8) (> 50%) (Fig. 2). 

The results have confirmed that tested extracts of selected plants have significant antibiofilm 

activity, but it depended on tested isolates. Ethanol extract of A. millefolium was explored by Kryvtsova 

(2020) and extract solution lowered the process of biofilm formation of S. aureus by 96% [8]. 

Muruzović (2016) showed that acetone extract of A. eupatoria had antibiofilm activity against P. 

aeruginosa and Proteus mirabilis, while water extract showed no effect on tested concentrations [9]. 

 

3.3 Effect on metabolic activity of biofilm 

 

 Ethanol extract of L. album reprsesed metabolic activity of biofilm at concentration of 20 

mg/ml against P. aeruginosa (PA9), and at concentration of 40 mg/ml against all the rest isolates except 

E. coli (E17) (Fig 3).   
 

Fig. 3. Effect of tested plant extracts on metabolic activity 

  

At a concentration of 10 mg/ml, ethanol extract of A. millefolium was effective against E. coli 

(E16) and P. aeruginosa (PA8), while metabolism of other bacterial strains biofilms was inhibited at 

40 mg/ml (with exception of E. coli (E17) isolate, which was not susceptible at all). Ethanol extract of 

A. eupatoria was effective against E. coli (E16) and P. aeruginosa (PA8) at concentrations of 10 mg/ml 

and 20 mg/ml, respectively (Fig. 3). On the other hand, the most notable activities of acetone extracts 

were as follows: extract L. album acted at concentration of 5 mg/ml against Klebsiella sp. (K9), extract 

of A. millefolium at 2.5 mg/ml against E. coli (E16), while extract of A. eupatoria showed activity at 

concentration of 10 mg/ml against E. coli (E16) (Fig. 3). 
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The results of the resazurin dye assay confirmed that the extracts of selected plant species 

significantly inhibited metabolic activity of the biofilms formed by human pathogenic isolates.   

4. Conclusions 

 

Biofilm is a widespread form of life of microorganisms and a common cause of chronic 

infections in humans, so due to the high resistance to antibiotics, it is necessary to find alternative 

methods of treatment. The results of this study demonstrated that ethanol and acetone extract of selected 

plant species, especially ethanol extract of L. album and ethanol and acetone extract of A. millefolium 

have significant antibiofilm activity against tested human pathogenic isolates. The study results also 

confirmed the effect on metabolic activity of biofilm. Further investigation of plant extracts will show 

more of their potentials as antibiofilm agents. 
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1. Introduction 

 

Ziprasidone is an atypical antipsychotic drug with an affinity to the adrenergic (α1), histamine 

(H1), serotonin (5-HT2), and dopamine (D2) receptors [1]. The first quantitative HPLC analysis of 

ziprasidone and its five main impurities (I-V) (Figure 1) was developed and validated by our research 

group [2]. The main aims of the presented chemometric study were to develop the Quantitative Structure 

Retention Relationship (QSRR) model for the prediction of the chromatographic retention of the other 

ziprasidone derivatives, or metabolites. 

 

 
Figure 1. Chemical structures of the dominant forms of ziprasidone and its main impurities at 

pH 2.5   
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2.1. Materials and Methods  

 

            The minimum energy conformations of the analyzed compounds were obtained by the 

Molecular Orbital PACkage/Parametric Method Vs.3 (MOPAC/PM3). Molecular descriptors were 

computed for the optimized molecular models with use of the MarvinSketch 5.1.5.0 program, the 

Chem3D Ultra 7.0.0 program, CS Gaussian 98 program [3] using the B3LYP hybrid functional. The 

QSRR study was performed with use of the Soft Independent Modeling of Class Analogy SIMCA P+ 

12.0 program [4], for the Partial Least Square (PLS) Regression analysis [5]. 

 

2.2. Results 
 

           The retention times (tR) of ziprasidone and its impurities (obtained with the developed HPLC 

gradient method) [2], and the computed molecular parameters of the examined compounds were used 

to build the QSRR models. Descriptors with the highest Variable Importance in the Projection (VIP) 

values were selected for PLS-QSRR model building. Optimal combination of the most relevant 

descriptors (MS, SAS, LogP, LogDpH 2.5, LogDpH 1.5 and LogDpH 4.0) for PLS models building were 

chosen on basis of the R2, Q2, Root Mean Square Error of Prediction (RMSEP) values of the obtained 

PLS models. The obtained statistical parameters of the PLS-QSRR model (r2=0.913) pointed out to a 

good prognostic capacity of the developed QSRR model (Table 1). 

 
Table 1. Molecular parameters of ziprasidone and its five main impurities, and the predicted retention time (tR) 

values obtained with use of the developed QSRR-PLS model (2 significant components) 

 

STRUCTURE SAS MS LogD pH 1.5 LogD pH 2.5  

Imp I 399.318 205.444 -2.02 -1.31 

Imp II 578.710 331.072 0.71 1.41 

Ziprasidone 649.768 359.486 0.17 0.71 

Imp III 892.016 567.532 -0.53 0.57 

Imp IV 390.659 197.267 2.55 2.55 

 Imp V 770.858 444.459 2.24 2.84 

STRUCTURE LogD pH 4.0 LogP 

Experimental tR 

[min] 

Predicted tR [min] by 

PLS-QSRR model 

Imp I -1.03 2.21 3.651 2.5409 

Imp II 2.64 4.83 7.290 10.4748 

Ziprasidone 1.35 4.30 7.860 8.6666 

Imp III 1.89 7.75 10.197 9.7429 

Imp IV 2.55 2.55 12.573 11.9067 

 Imp V 3.49 6.43 16.056 14.2951 

r2, obs vs. pred    0.91315 

MSEP*      2.62946 

RMSEP      1.62156 

* Mean Square Error of Prediction 
 

 

The developed PLS-QSRR model was used to predict separation of ten (TS1-TS10) ziprasidone 

derivatives (organic impurities, metabolites and potential degradation products) in RP-HPLC system 

(Figure 2). 
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Figure 2. Chemical structures of the dominant forms of the ziprasidone derivatives (TS1-TS10), 

impurities and/or metabolites, at pH 2.5. 

 

Based on the obtained results, the PLS-QSRR model proposed two structures (TS1 and TS5) as potential 

for unknown impurity (tR: 11.270 min) in the test solution [2] (Table 2), and one of them (TS1) was 

confirmed by Ultra-High-Pressure Liquid Chromatography-tandem Mass Spectrometry (UPLC-MS-

MS) study [6,7]. 

 
Table 2. The predicted retention time (tR) values of the remaining ziprasidone derivatives (TS1-TS10), obtained 

with use of the developed QSRR-PLS model. 

Ziprasidone derivatives 

(impurities/metabolites) 

Predicted tR [min] by  

 PLS-QSRR model 

TS1 12.055 

TS2 2.211 

TS3 6.523 

TS4 13.881 

TS5 11.780 

TS6 8.402 

TS7 9.045 

TS8 6.665 

TS9 8.815 

TS10 6.302 

Unknown impurity,  

experimental tR 11.270  

 

3. Conclusion 

 

           The high agreement between LC-MS results and the QSRR prediction have confirmed good 

prognostic potential of the created QSRR models. Furthermore, the predicted tR values for TS1-TS10 

basically differed from those for ziprasidone and its impurities (I-V) which indicates that the developed 
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QSRR model can be successfully used for the separation of ziprasidone from the other ziprasidone 

derivatives. 
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Abstract 
 

Suppression of cell movement is an imperative in the effectiveness of future generations of 

chemotherapeutics. Frizzled 7 receptor (FZD7), as the first protein of Wnt/β-catenin signaling cascade, 

plays a significant role in regulation of cell differentiation, proliferation, and cell migration. This study 

aimed to investigate the potential effects of platinum (IV) complex: [PtCl4 (dbu-S, S-eddp)] - C1, and 

its corresponding ligand - L1 on cell movement, as well as the FZD7 expression and localization after 

treatments on two human colorectal carcinoma cell lines (HCT-116, SW-480). A Wound healing assay 

was used to examine cell migration, while FZD7 protein expression was examined by 

immunofluorescence. Chemical compounds, especially L1, reduced cell motility of both tested cell 

lines. They showed a particularly good effect on HCT-116 cells, increasing protein expression of the 

antimigratory marker FZD7 whose localization was observed on the cell membrane of HCT-116 cells. 

Suppression of cell movement was significantly lower in SW-480 cells after treatments, when compared 

to HCT-116, with an obvious decrease of FZD7 receptor expression and its localization in the cytoplasm 

of these cells. Our results indicate that among the examined treatments, the ligand showed more 

significant results in the suppression of HCT-116 cell movement, most likely through the stimulation 

of differentiation, which is indicated by the promotion of FZD7 expression. 
 

Keywords: immunofluorescence, cell migration, Wnt signal pathway 

 

1. Introduction  

 
The first step in metastasis formation is the acquisition of cell motility and formation of invasive 

phenotype. Consequently, these processes result in unwanted metastatic progression that presents a 

major problem in colorectal carcinoma (CRC) treatment [3]. Deregulation of highly conserved 

canonical Wnt signal pathway and its components, such as Frizzled receptors (FZD) and β-catenin, can 

initiate carcinogenesis and influence development of CRC [4]. Frizzled proteins are Wnt signaling 

pathway receptor proteins, activated by different Wnt ligands [5]. In mammalian intestinal epithelium, 

FZD7 mRNA expression is restricted to crypt progenitor stem cells. Key role of FZD7 is in signaling 

for differentiation, cell proliferation, establishment of homeostasis and three-dimensional architecture 

of intestinal tract tissue [6]. FZD7 mRNA was found in lung, esophagus, stomach, and colon cancers 

[7], while in histologically normal colonic epithelium FZD7 expression was not detected [6]. Ueno et 

al. [8] showed that CRC cell lines express FZD7. FZD7 expression, as well as activation, largely 

depends on the cellular microenvironment [9].  
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CRC treatment implies application of platinum-based drugs, yet their numerous undesirable effects, 

such as neurotoxicity and nephrotoxicity, are well known [10]. Therefore, synthesis of improved 

platinum-based complexes that are able to exert lower toxicity on healthy cells and better effect on 

cancer cells is main focus of recent studies. When compared to platinum (II), platinum (IV) complexes 

possess stability during their relocation to the site of cancer and are proved to have weaker toxic side-

effects. Most of studies imply evaluation of their cytotoxic activity while potential regarding inhibition 

of migration of cancer cells is poorly investigated [11]. This study aimed to investigate the potential 

effects of platinum (IV) complex: [PtCl4 (dbu-S, S-eddp)] - C1, and its corresponding ligand - L1 on 

cell motility and expression and localization of FZD7 on two human colorectal carcinoma cell lines 

(HCT-116, SW-480). 

 

2. Material and methods  

 
2.1. Cell cultivation  

Colorectal cancer cell lines HCT-116 and SW-480 were obtained from the American Type Culture 

collection (ATCC, Manassas, VA, USA) and cultured in complete media (GIPCO, Invitrogen, USA 

according to the standard procedure (5% CO2, 37ºC, humidity).  

2.2. Cell migration assay (Wound healing assay) 

Migratory properties of tested cancer cells (1×106 cells/well seeded in 6-well plates) were assessed 

24 h after treatment with two selected doses of chemicals (10 and 50 μM) using Wound healing assay, 

as previously described in Kosanić et al. [12].  

2.3. Immunofluorescent staining for determination of protein expression 

The detection of FZD7 receptor protein in tested cancer cells (5×104 cells/well seeded on a cover 

slips in 6-well plates) 24 after treatment with two selected doses of chemicals (10 and 50 μM) was 

performed by immunofluorescence method, according to already described protocol [13]. Micrographs 

were obtained using Nikon inverted fluorescent microscope (Ti-Eclipse) at 600x magnification. 

Fluorescence quantification was assessed using ImageJ software package and the results were presented 

as relative fluorescence per cell [14].   

 

3. Results and discussion 

 
Wingless/Frizzled (Wnt/FZD) signaling is essential in the processes of differentiation, migration, 

proliferation. Irregularities in Wnt signaling have been implicated in the development of many diseases, 

including cancer [15]. Activation of the Wnt/β-catenin pathway depends on binding of the Wnt ligand 

to the membrane FZD receptor, resulting in inhibition of GSK3β whose role is phosphorylation of free 

β-catenin [5]. Unphosphorylated β-catenin remains free in the cytoplasm and translocates to the nucleus 

where it regulates the expression of over 20 target genes, among which are the proteins responsible for 

proliferation and cell movement [15]. 

Wound healing assay results indicate a difference in the migratory potential of control (untreated) 

cells of these two examined colorectal cancer cell lines (Fig.1a). Namely, HCT-116 cells exerted a 

higher migratory potential when compared to SW-480 cells, which is also confirmed by the literature 

data [15]. This is as expected given that the HCT-116 cell line is stage IV colonic carcinoma, whilst 

SW-480 cells are stage II colonic adenocarcinoma [16]. Our results showed higher expression of FZD7 

in untreated SW-480 cells, compared to HCT-116 cells, indicating that this cell line has a basic lower 

migratory potential, which correlates with previous results [15].  

Our results of Wound healing assay show that the tested chemical compounds reduced cell motility 

of the examined colorectal carcinoma cell lines. They showed a particularly strong effect on HCT-16 

cells after 24 h, while the cellular response of SW-480 cells was weaker. These results are in correlation 

with the literature data for the examined cell lines [8]. Treatments induced a significant increase in 

FZD7 expression in HCT-116 cells, while the expression of this protein was decreased in treated SW-

480 cells. Various concentrations of the tested chemical compounds slightly reduced FZD7 expression 

in these cells, and the lowest values were detected in the treatment with ligand (Fig. 1b).  

Also, the overexpression of FZD7 could be a consequence of activated Wnt signaling in HCT-116 

cells [8], which could be related to the low cytotoxicity shown by L1 in our previous study [11]. 
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Moreover, Ueno et al. [8] showed that the level of FZD7 expression in CRC cells was in correlation 

with the cell differentiation rate, which was furthermore inversely proportional to the migratory 

potential of cells [8,17]. Since HCT-116 cells are poorly differentiated cell lines [8, 17] with lower 

expression of FZD7 in control cells, the tested treatments in our study could result in the promotion of 

differentiation by FZD7 increase, and consequent reduction of their migratory potential. A higher level 

of FZD7 expression in control SW-480 cells compared to HCT-116 cells was consistent with their 

moderately good differentiation and lower migratory potential [7,8]. The decrease of FZD7 expression 

induced by treatments may be due to a change in β-catenin expression, since the expression of FZD7 is 

controlled by the Wnt/β-catenin signaling, while β-catenin/TCF4 (T-cell factor- 4) is main regulatory 

complex responsible for FZD7 gene expression [6,7].  

 
Figure 1. Migration potential (a) and Frizzled-7 protein expression (b) in control and treated HCT-116 

and SW-480 cells. Migratory potential measured by Wound healing assay. Nuclei were colored blue (DAPI), 

FZD7 red (secondary antibody conjugated with NorthernLights™ NL557) 

 

4. Conclusions  

 

The tested chemicals significantly suppress migratory potential of HCT-116 and SW-480 cells with 

the promotion of differentiation and increase of FZD7 receptor protein expression in HCT-116 cell. 

 

Acknowledgments 

 

The study was supported by Grant (Agreement No 451-03-9/2021-14/200378) funded by the 

Serbian Ministry of Education, Science and Technological Development. 

 

References  

 

[1] E. Altobelli, F. D’Aloisio, P.M. Angeletti., Colorectal cancer screening in countries of European 

Council outside of the EU-28, World Journal of Gastroenterology, 22 (2016) 4946-4957.  

[2] C. Lange, P.J. Bednarski., Evaluation for synergistic effects by combinations of photodynamic 

therapy (PDT) with temoporfin (mTHPC) and Pt(II) complexes carboplatin, cisplatin or oxaliplatin 

in a set of five human cancer cell lines, International Journal of Molecular Sciences, 19 (2018) 

3183.  

[3] Y. Zhang, S. Zhang, J. Yin, R. Xu., MiR-566 mediates cell migration and invasion in colon cancer 

cells by direct targeting of PSKH1, Cancer Cell International, 19 (2019) 333.  

[4] N.M. Samaei, Y. Yazdani, R. Alizadeh-Navaei, H. Azadeh, T. Farazmandfar., Promoter methylation 

analysis of WNT/β-catenin pathway regulators and its association with expression of DNMT1 

enzyme in colorectal cancer, Journal of Biomedical Science, 21 (2014) 73. 

[5] B.T. MacDonald, X. He., Frizzled and LRP5/6 receptors for Wnt/β-catenin signaling, Cold Spring 

Harbor Perspectives in Biology, 4 (2012) 12.pii: a007880. 

[6] T.D. King, W. Zhang, M.J. Suto, Y. Li., Frizzled7 as an emerging target for cancer therapy, Journal 

of Cell Signaling, 24(4) (2012) 846-851. 



D. S. Šeklić, M. M. Jovanović, N. N. Milivojević, M. N. Živanović, Platinum(IV) complex and its corresponding ligand 

suppress cell motility and promote expression of frizzled-7 receptor in colorectal cancer cells 

291 

 

[7] E. Vincan, D.J. Flanagan, N. Pouliot, T. Brabletz, S. Spaderna., Variable FZD7 expression 

incolorectal cancers indicates regulation by the tumour microenvironment. Developmental 

Dynamics, 239(1) (2010) 311-317. 

[8] K. Ueno, M. Hiura, Y. Suehiro, S. Hazama, H. Hirata, M. Oka, K. Imai, R. Dahiya, Y. Hinoda., 

Frizzled-7 as a potential therapeutic target in colorectal cancer, Neoplasia, 10(7) (2008) 697-705. 

[9] M. Quante, J. Varga, T.C. Wang, F.R. Greten., The gastrointestinal tumor microenvironment, World 

Journal of Gastroenterology, 145(1) (2013) 63-78. 

[10] M.U. Rehman, I.A. Rather., Myricetin abrogates cisplatin-induced oxidative stress, inflammatory 

response, and goblet cell disintegration in colon of wistar rats, Plants (Basel), 9 (2019) 28.  

[11] D.LJ. Stojković, V.V. Jevtić, G.P. Radić, D.S. Đačić, M.G. Ćurčić, S.D. Marković, V.M. Đinović, 

V.P. Petrović, S.R. Trifunović., Stereospecific ligands and their complexes. Part XII. Synthesis, 

characterization and in vitro antiproliferative activity of platinum(IV) complexes with some O,O '-

dialkyl esters of (S,S)-ethylenediamine-N,N '-di-2-propanoic acid against colon cancer (HCT-116) 

and breast cancer (MDA-MB-231) cell lines,  Journal of Molecular Structure, 1062 (2014) 21-28.  

[12] M. Kosanić, D. Šeklić, M. Jovanović, N. Petrović, S. Marković., Hygrophorus eburneus, edible 

mushroom, a promising natural bioactive agent, EXCLI Journal, 19 (2020) 442-457.  

[13] D.S. Šeklić, M.S. Stanković, M.G. Milutinović, M.D. Topuzović, A.S. Štajn, S.D. Marković., 

Cytotoxic, antimigratory and pro/antioxidative activities of extracts from medicinal mushrooms 

on colon cancer cell lines, Archives of Biological Sciences, 68 (2016) 93-105.  

[14] C.A. Schneider, W.S. Rasband, K.W. Eliceiri., NIH Image to ImageJ: 25 years of image analysis, 

Nature Methods, 9 (2012) 671-675.  

[15] T. Valenta, G. Hausmann, K. Baslera., The many faces and functions of β-catenin. The EMBO 

Journal, 31(12) (2012) 2714-2736. 

[16] F. Islam, M.H. Haque, S. Yadav, M.N. Islam, V. Gopalan, N.T. Nguyen, A.K. Lam, M.J.A. 

Shiddiky., An electrochemical method for sensitive and rapid detection of FAM134B protein in colon 

cancer samples, Scientific Reports, 7 (2017) 133. 

[17] H. Ueno, E. Shinto, Y. Kajiwara, S. Fukazawa, H. Shimazaki, J. Yamamoto, K. Hase., 

Prognosticimpact of histological categorisation of epithelial-mesenchymal transition 

incolorectal cancer, British Journal of Cancer, 111 (2014) 2082-2090. 



 

292 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 
doi:10.46793/ICCBI21.292C 

 

EXPLORING THE POTENTIAL OF Α-ARBUTIN AS THE INHIBITOR OF 

NEURODEGENERATIVE DISORDERS 
 

Ilija Cvijetić1, Petar Ristivojević1, Maja Krstić-Ristivojević1, Dušanka Milojković-Opsenica1 

 
1 University of Belgrade - Faculty of Chemistry, Studentski trg 12-16, Belgrade, Serbia 

email: ilija@chem.bg.ac.rs, ristivojevic@chem.bg.ac.rs, krstic_maja@chem.bg.ac.rs 

, dusankam@chem.bg.ac.rs  

 

Abstract (250 words): 

 

Tyrosinase is an enzyme involved in generation of dopamine-quinones, which has an important role 

in oxidative stress associated with the Parkinson’s disease. It is also a common molecular target for the 

design of novel anti-melanogenic agents. The inhibition of tyrosinase might be responsible for the 

experimentally observed intracellular antioxidant activity of α-arbutin. Moreover, intrinsic radical 

scavenging capacity of α-arbutin should also be considered. 

The binding mode of α-arbutin into the active site of Bacillus megaterium tyrosinase is predicted 

using AutoDock Vina 1.1. To map the thermodynamic feasibility of HAT and SET-PT mechanisms of 

the intrinsic antioxidant capacity α-arbutin, bond dissociation enthalpies (BDEs) and ionization 

potential (IP) are calculated using DFT with B3LYP functional and 6-31+g(d,p) basis set.  

α-Arbutin fitted well into the active site of tyrosinase, with the calculated binding affinity of  

-17.5 kcal/mol. The phenolic moiety is located deep into the binding pocket, interacting with His 

residues around Cu2+ ion. The binding mode of α-arbutin is stabilized via HBD interactions with His231, 

His42, His60, Arg209, Gly216, and Asn205, HBA interaction with Arg209 at the outer part of active 

site, and hydrophobic interactions with His208, Val218 and Ala221. The calculated IP of α-arbutin is 

175.18 kcal/mol, and BDE of phenolic group is 79.85 kcal/mol. The spin densities of radical-cation and 

hydroxyl radical are delocalized on the aglycone moiety. The results of this study provide valuable 

structural insights into the molecular mechanisms of biological action of α-arbutin, and might be 

exploited for the design of more potent analogues.  
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Abstract 
Four Pt(II) complexes of the general formula [Pt(L)(5,6-epoxy-1,10-phen)], where L is anion 

of malonic (mal, Pt1), 2-methylmalonic (Me-mal, Pt2), 2,2-dimethylmalonic (Me2-mal, Pt3) or 1,1-

cyclobutanedicarboxylic (CBDCA, Pt4) acid while 5,6-epoxy-1,10-phen is bidentately coordinated 

5,6-epoxy-5,6-dihydro-1,10-phenanthroline were synthesized and characterized by elemental 

microanalysis, IR, UV-Vis and NMR (1H and 13C) spectroscopic techniques. In vitro anticancer activity 

of novel platinum(II) complexes have been investigated on human and murine cancer cell lines, as well 

as normal murine cell line by MTT assay. The obtained results indicate that studied platinum(II) 

complexes exhibited strong cytotoxic activity against murine breast carcinoma cells (4T1), human 

(HCT116) and murine (CT26) colorectal carcinoma cells. Complex Pt3 display stronger selectivity 

toward carcinoma cells in comparison to other tested platinum(II) complexes exhibiting beneficial 

antitumor activity mainly via the induction of apoptosis, as well as inhibition of cell proliferation and 

migration. Further study showed that Pt3 complex also carry significant in vivo antitumor activity in 

orthotopical 4T1 tumor model without detected liver, kidney, lung, and heart toxicity. All results imply 

that these novel platinum(II) complexes have a good anti-tumor effect on breast and colorectal cancer 

in vivo and in vitro and the affinity to become possible candidates for treatment in anticancer therapy. 
 

Keywords: mononuclear platinum(II) complexes, malonic acid derivatives, cytotoxicity, apoptosis 

 

 

1. Introduction  

Platinum complexes play an important role in the chemotherapy of various malignancies. The 

first generation of platinum drug is cis-diamminedichloroplatinum(II), cis-[PtCl2(NH3)2] (clinically 

know as cisplatin), which is historically the first and the best studied of the platinum-based drugs used 

in clinical practice. The second generation of platinum drug is carboplatin, [cis-diammine(1,1-

cyclobutanedicarboxylato)-platinum(II)] which was develop in the 1980s for use in the treatment of 

ovarian and small cell lung cancer. In comparison with cisplatin which containing chloride ligands, 

carboplatin has cyclobutanedicarboxylate (cbdca) as ligand which hydrolysis slower than two chloride 

ligands and thus toxicity of platinum complexes is smaller. Because of that chemical property, 

carboplatin is the most widely used platinum drug for the treatment of cancer [1]. The 1,10-

phenanthroline (1,10-phen) is a planar and classic chelating ligand for transition metal ions and is one 

of the most widely used ligands in modern coordination chemistry. The 5,6-double bond in 1,10-

phenanthroline is most susceptible to electrophilic attack and even epoxide derivatives can be formed 

such as 5,6-dihydro-5,6-epoxy-1,10-phenanthroline [2]. As a continuation of investigation in this field 

we report the synthesis of four new Pt(II) complexes general formulas [Pt(L)(5,6-epoxy-1,10-phen)] 

mailto:andjela.franich@pmf.kg.ac.rs


A.A. Franich, M. Dimitrijević Stojanović, S. Rajković, M. Jovanović, M. Jurisević, N. Gajović, N. Arsenijević, I. Jovanović, 

M.D. Živković, In Vitro and in vivo antitumor activity of platinum(II) complexes with malonic acid on breast and colorectal 

carcinoma cell line 

294 

 

where L is bidentate coordinated anions of malonic (mal, Pt1), 2-methylmalonic (Me-mal, Pt2), 2,2-

dimethylmalonic (Me2-mal, Pt3) and 1,1-cyclobutanedicarboxylic (cbdca, Pt4) acids, and 5,6-epoxy-

1,10-phen is bidentately coordinated 5,6-epoxy-5,6-dihydro-1,10-phenanthroline (Fig.1). In the present 

study we decided to also examine the antitumor potential of these complexes. In vitro assays were 

performed to explore cytotoxic, pro-apoptotic, and anti-proliferative effects of these complexes toward 

murine breast carcinoma cells (4T1), human (HCT116) and murine (CT26) colorectal carcinoma cells. 

In vivo antitumor activity of Pt3 complex was investigated. 

  

2. Results and discussion 

 

2.1 Synthesis and characterization of Pt1-Pt4 complexes 

 

According a slightly modified procedure published in the literature [3], we have synthesized 

four new mononuclear platinum(II) complexes of the general formula [Pt(L)(5,6-epoxy-1,10-phen)], (L 

is bidentate coordinated anions of malonic (mal, Pt1), 2-methylmalonic (Me-mal, Pt2), 2,2-

dimethylmalonic (Me2-mal, Pt3) and 1,1-cyclobutanedicarboxylic (cbdca, Pt4) acids, and 5,6-epoxy-

1,10-phen is bidentate coordinated 5,6-epoxy-5,6-dihydro-1,10-phenanthroline) (Fig.1). The 

platinum(II) complexes (Pt1-Pt4) have been characterized by elemental analysis, UV-Vis, IR and NMR 

(1H and 13C) spectroscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. The structural formula of the investigated platinum(II) complexes (Pt1-Pt4) 

 

2.2 In vitro assays 

 

The MTT assay procedures were used to evaluate the in vitro cytotoxicity of new synthesized 

platinum(II) complexes (Pt1-Pt4) on a mouse and human carcinoma cell line (CT26, 4T1, HCT116). 

The listed cell lines were treated with Pt1-Pt4 complexes for 48 hours in concentrations range of 3.9–

500 µM. The investigated platinum(II) complexes exhibited dose-dependent cytotoxic activity toward 

colorectal and breast cancer cells (Table 1). Importantly, cytotoxic effects of Pt3 complex toward 

murine colorectal CT26 cells, breast cancer 4T1 cells and human colorectal HCT116 cells were higher 

compared to other synthesized complexes (Pt1, Pt2, and Pt4). Based on the IC50 values, Pt3 complex 

was used for further analysis.  

 
Table 1. IC50 (µM) of Pt1-Pt4 on 4T1, CT26, and HCT116 cells, as determined by the MTT assay. The data 

are presented as the mean values ± SD (standard deviation) from three experiments. 

Complex 
IC50 ± SD (µM) 

4T1 CT26 HCT116 

Pt1 351.135±4.29 205.415±4.17 202.66±5.7 

Pt2 291.883±3.49 365.14±6.26 233.165±5.4 

Pt3 35.645±0.28 45.255±0.69 25.31±0.03 

Pt4 60.215±1.9 73.4165±1.92 45.04±1.2 
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The capacity of Pt3 complex to induce apoptotic death was determined by flow cytometric analysis 

of treated cells stained with Annexin V FITC and Propidium iodide. As shown in Fig. 2(a) and 2(b), the 

majority of 4T1 cells after 24 hours treatment with Pt3 complex were in late apoptosis. Furthermore, 

the majority of CT26 cells after 24 hours treatment with Pt3 complex were in early apoptosis compared 

to untreated cells (Fig. 2(d)). Markedly higher percentage of HCT116 cells treated with Pt3 for 24 hours 

was in late apoptosis in comparison with untreated cells (Fig. 2(f)). Results indicate that complex Pt3 

after 24 hours induce the apoptotic death of murine breast cancer, murine colorectal and human 

colorectal cells.  

 
Fig. 2. Pt3 complex induce apoptosis of breast and colorectal cancer cells. 

 

Next aim of the study was to examine the toxicity associated with treatment of Pt3 in vivo using 

biochemical and histopathological analyses. All mice survived until the end of the study, without signs 

of severe general toxicity. Until day 30, administration of Pt3 slightly reduced tumor growth in 

comparison with vehicle treated animals, but the difference did not reach statistical significance. After 

that time point, tumor growth in Pt3 treated mice was significantly slower to the end of experiment (Fig. 

3(a)). In addition, the histopathological changes in the target organs, including liver, kidneys, lungs, 

and heart were estimated. The serum levels of AST, ALT, urea, and creatinine were slightly lower in 

Pt3 treated mice after the inoculation of breast cancer cells in comparison with vehicle treated mice 

bearing breast cancer (Fig. 3(b)). These results implicate that the treatment with Pt3 complex did not 

induce the hepatotoxicity and nephrotoxicity effects of treated animals. 

(a)
(b)

(d)

(f)

(c)

(e)
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Fig. 3. Evaluation of antitumor activity of Pt3 in orthotopic 4T1 tumor model and systemic toxicity 

caused by i.p. application of Pt3 complex. 

 

3. Conclusions 

 

In summary, we have synthesized new platinum(II) complexes. The results of in vitro MTT assay 

recommend that Pt3 showed strong cytotoxic activity against 4T1, HCT116 and CT26 cells lines 

displaying stronger selectivity toward carcinoma cells in comparison to other tested platinum(II) 

complexes. Pt3 complex exhibited beneficial antitumor activity mainly via the induction of apoptosis, 

as well as inhibition of cell proliferation and migration. This experimental study indicated that Pt3 

complex possess significant in vivo antitumor activity in orthotopical 4T1 tumor model without detected 

liver, kidney, lung and heart toxicity. Therefore, all results indicate that this novel platinum(II) complex 

(Pt3) has a good anti-tumor effect on breast and colorectal cancer in vivo and in vitro and has the affinity 

to become possible candidates for treatment in anticancer therapy. 
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Abstract: 

The discovery that palladium complexes possess a wide range of biological activities (from 

antitumor, -viral, -malarial, -fungal to antimicrobial activities) encourages further research in this 

scientific field. Herein we describe the synthesis and characterization of a novel palladium (II) complex, 

using [Pd(dien)Cl]Cl and 2-(azidomethyl)cyclopropane-1,1-dicarboxylic acid (azmcpda) as a ligand. 

[Pd(dien)Cl]Cl was selected as a starting material taking into consideration its importance as a model 

for the investigation of the substitution reactions in coordination chemistry and a deeper understanding 

of the biological activities of some structurally similar compounds. The ligand compound was 

synthesized by the procedure described in the literature. It is noteworthy to mention that 2-

(azidomethyl)cyclopropane-1,1-dicarboxylic acid presents the precursor for the synthesis of 2-

(aminomethyl)cyclopropane-1,1-dicarboxylic acid, as an example of the constrained γ-amino 

dicarboxylic acids. The synthesis was achieved by the conversion of the ligand compound into the 

corresponding sodium dicarboxylate salt and subsequent treatment with [Pd(dien)Cl]Cl (pH maintained 

between 6-7). The IR and NMR spectra, as well as elemental analysis have confirmed that the 

Na[Pd(dien)(azmcpda)]. H2O species was formed and that coordination of the ligand compound to the 

metal ion was established through carboxylate oxygen donor atom.  
 

Keywords: palladium, cyclopropane, azide, dicarboxylic acid 

 

1. Introduction 

 

The discovery of the cis-platinum has prompted scientific efforts toward the design and synthesis 

of other metal-based chemotherapeutic agents that have ability to interact with DNA [1]. The structural 

similarity of platinum and palladium, as well as the fact that palladium complexes could enable 

complementary modes of the biological behavior, places them into the focus of the recent scientific 

studies. To acquire the desired chemical and biological properties of the metal complexes, the proper 

choice of the organic ligand is the crucial step.  

Derivatives of γ-amino acid and analogues have demonstrated huge potential to serve as drugs 

(such as GABA), as well as to be implemented into small peptides. Due to their significant 

pharmacological importance, it could be of interest to explore their potential as ligands for the 

coordination to transition metal ions.  

Herein we describe the synthesis and characterization of the palladium(II)-2-

(azidomethyl)cyclopropane-1,1-dicarboxylic acid complex.  
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2. Instructions 

 

The ligand compound 1 (2-(azidomethyl)cyclopropane-1,1-dicarboxylic acid) was prepared 

according to the our previously published procedure (Scheme 1) [2]. 
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Scheme 1. The synthesis of the ligand 1 

 

 It is noteworthy to mention that it presents the precursor for the synthesis of 2-(aminomethyl) 

cyclopropane-1,1-dicarboxylic acid, as an example of the constrained γ-amino dicarboxylic acids. For 

the coordination, the [Pd(dien)Cl]Cl 2 was selected as a starting material taking into consideration its 

importance as a model for the investigation of the substitution reactions in coordination chemistry and 

a deeper understanding of the biological activities of some structurally similar compounds. Considering 

the nature of the donor atoms in ligand 1, the coordination with metal ion could be established through 

oxygen from carboxylic groups or through the nitrogen from azido group. The coordination through N3 

group is less likely due to the labile bonds that azido group forms with metal centers and consequent 

nitrogen loosing, so the synthesis of complex compound was performed by the conversion of the ligand 

compound into the corresponding sodium dicarboxylate salt and subsequent treatment with 

[Pd(dien)Cl]Cl (pH maintained between 6-7), as depicted in the Scheme 2.  
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Scheme 2. The synthesis of the complex compound 3 

 

The characterization of the obtained complex compound was achieved by the comparation of the 
1H NMR and IR spectra of the ligand compound and obtained complex compound, as well as by 

elemental analysis. The Table 1 consist of the 1H NMR chemical shifts for the protons from the ligand 

and complex compounds, as well as IR peaks for these two compounds.  

 
Table 1. 1H NMR chemical shifts for the ligand protons and protons in complex-compounds in D2O 

 

Ligand structure  Chemical shifts from ligand compound 
 

Chemical shifts from complex 

compound 
     

 

 

δ = 1.35-1.4 and 1.45-1.53 (two dd from Hd 

and He) 
 δ = 1.65 (dd, J = 10Hz); δ = 1.73 

(dd, J = 10Hz) Hd and He 
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δ = 1.92-2.10 (m from Hc)  δ = 2.1-2.3 (m from Hc) 

 

δ = 3.30-3.60 (two dd from Ha and Hb)  
 

δ = 3.52 (dd, J = 12Hz); δ = 3.74 

(dd, J = 12Hz) Ha and Hb 

    

δ = 3.04 (t, J = 8Hz); δ = 3.17 

 (dd, J = 8Hz) 

    

(protons from Pd-dien part of the 

complex) 

 

 

As it can be seen from the data given in Table 1, the NMR chemical shift for the protons that are near 

the carboxylic groups are much more shifted than the protons near azido group. Also, the IR spectra of 

the complex compound (Figure 1, b) have confirmed that azido group has maintained the structural 

integrity and position as in starting ligand compounds (Figure 1, a) (as a confirmation that coordination 

was established through carboxylic oxygen). The existence of the water molecule in the complex 

formula was confirmed from the elemental analysis, as well as by the comparison of the IR spectra of 

ligand and complex compounds where the presence of strong OH vibration stretch at 3434 cm-1 
undoubtedly confirms its presence in the complex (Figure 1, b). 

 

 

 
Fig. 1. IR spectra of the ligand (a) and complex compound (b) 

 

3. Conclusions 

 

In this paper we described the synthesis of the novel palladium complexes with 2-

(azidomethyl)cyclopropane-1,1-dicarboxylic acid as a ligand. The used ligand represents the precursor 

for the synthesis of 2-(aminomethyl) cyclopropane-1,1-dicarboxylic acid, as an example of the 

constrained γ-amino dicarboxylic acids, and its incorporation into complex compounds could enable 

some interesting new features. Taking into consideration the huge potential of the palladium complexes 

as pharmaceutical agents, this study represents small contribution toward their synthesis and 

characterization with vision for their further biological screening.  
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Abstract: 

 

Third Harmonic Generation (THG) microscopy was employed as a method of choice for lipid 

droplet (LD) measurements and quantification of the effect of selenite on LDs. 

Nonlinear laser scanning microscopy (NLSM) employs ultra-short laser pulses for imaging. THG 

microscopy is the modality of NLSM. Strong THG signals can only be observed from regions with non-

uniformities with respect to their refractive index. Such regions in biological samples are lipid-water 

interfaces, and by far the brightest features in cells are LDs. For that reason, THG microscopy is the 

appropriate method for imaging of LDs from live unfixed cells, without the need for additional labeling.  

The biological effects of spore- to- end- of- exponential- phase duration (27 - 30 h) of exposure to 

1 mM selenite were monitored in vivo on the cells of filamentous fungi in liquid culture. We measured 

the lipid droplet density and size distribution in a model fungi Phycomyces blakesleeanus. The in-house 

built microscope frame complemented with Yb KGW laser (1040 nm, 200 fs pulses) was used, while 

detection was enabled in the transmission arm by PMT through the Hoya glass UV filter (peak at 340 

nm). 

From THG images of control and Se+4–treated hyphae, LD size and number were measured, 

showing that LD density was increased by more than 60% in Se+4–treated hyphae, compared to control. 

The average LD size distribution seemed slightly changed by Se+4 -treatment. The obtained results 

suggest that 1 mM selenite treatment probably induces cellular stress response in filamentous fungi. 

 

Keywords: Lipid droplets, Selenite, Third Harmonic Generation Microscopy, Phycomyces 

blakesleeanus 

 

1. Introduction  

 

Selenium is an essential trace element for humans and animals, while it is not necessary for plants 

and fungi. The availability and biological activity of selenium depend on its dose and chemical form 

[1]. In trace amounts, selenium enhances antioxidant capacity in a number of selenoproteins while at 

higher concentrations, selenium is toxic due to its prooxidative effects like oxidation of protein thiols 

and reactive oxygen species generation [2]. Since the oxidative stress is among the main intracellular 

signals sustaining autophagy [3], and lipid droplet (LD) biogenesis seems to be a general cellular 

response to high autophagic flux according to recent studies [4], we hypothesized that increased LD 

formation could be an immediate cellular response to a high selenium exposure. 
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In order to reliably monitor LDs in vivo by imaging, and measure the effects of selenite-induced 

oxidative stress- mediated cellular changes, it would be necessary to employ the imaging method that 

causes minimal additional phototoxicity. Otherwise, the oxidative stress induced by, for example, 

confocal imaging of labeled LDs, could potentially interfere with the processes underlying the 

measurements. For those reasons, Third Harmonic Generation (THG) microscopy was employed as a 

method of choice for LD measurements and quantification of the effect of selenite on LD number and 

sizes. THG microscopy is one of the modalities of nonlinear laser scanning microscopy (NLSM). In 

NLSM, the high laser intensity, and low average power due to employing ultra-short laser pulses, allow 

for the generation of nonlinear imaging signals. Although THG microscopy is not chemically specific, 

strong THG signals can only be observed from regions with non-uniformities with respect to their 

refractive index. Such regions in biological samples are lipid-water interfaces, and by far the brightest 

features in live cells are LDs [5]. For that reason, THG microscopy is especially appropriate method for 

LD imaging from live unfixed cells, without the need for additional labeling.  

The biological effects (on the lipid droplet density and size distribution) of exposure to 1mM 

selenite were monitored in vivo on the cells of filamentous fungi in liquid culture. Filamentous fungi 

are one of the main pathways for selenium entrance into ecosystems and able to concentrate selenium 

in the mycelia [6]. Additionally, fungi are simple to manipulate, unicellular model system, that is 

naturally without selenoproteins encoded in genome [7]. Therefore, in fungi the prooxidative effects of 

selenium can be observed unhindered with simultaneous beneficial selenium-mediated effects.  

 

2. Materials and Methods 

 

Model organism was unicellular wild-type strain of the oleaginous filamentous fungus Phycomyces 

blakesleeanus (Burgeff 1925) (NRRL 1555(−)), grown in lighted stationary plates from the spore stock 

as previously described [8]. To observe the effect of treatment with 1mM sodium selenite, the prepared 

fungi activated spore culture volume was divided to control culture and treatment culture (same as 

control, with addition of sodium selenite in final concentration 1mM). The experiments were performed 

in triplicate. 

As a method of choice for label free in vivo LD measurements, the application of THG microscopy 

was employed: 1040 nm, 200 fs pulses from Yb KGW laser were used; THG signal was detected by 

PMT in the transmission arm after passing through the Hoya glass UV filter with the peak at 340 nm. 

The obtained images were analyzed in ImageJ to quantify LDs number and size. The results are reported 

as mean ± Standard error (SE) and statistically tested by student t-test with 95% confidence level. 

 

3. Results and Discussion 

 

In THG images obtained from control and selenite (Se+4)-treated hyphae, LDs can be readily 

observed (Figure 1a).  

 
Figure 1. a.) THG images of: Control (28h), in the left panel; Se+4–treated hypha (26h) in the right panel. 

Calibration bar is shown on the left (bottom: minimal; top: maximal intensity). Brightest spots represent LDs, and 

the faint cell wall THG signal can be seen as well. The increased LD density in treated group is visible. b.) LD 

density (LD number per unitary hypha area) was normalized for each independent experiment (n=3) to the LD 
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density value of the first control (24h) and plotted as a function of growth time. Control: black circles; Se+4–

treated: gray triangles. 

 

From THG images of control and Se+4–treated hyphae, LD number (Figure 1b) and size were 

measured (Figure 2). Fig. 1b. graph shows that average LD density increased by more than 60% in Se+4-

treated hyphae, compared to control. LD density was calculated as: (LD number in the hypha) / (Area 

of that hypha (µm2)). Trend for slight increase of LD density in oldest controls is also evident, although 

it is less pronounced than in treated group (33 ± 16% increase in aged controls vs. 88 ± 26% in aged 

Se+4-treated). Average LD size was unchanged (Fig.2b.), not supporting the expectation that the stress 

induces generation of new LDs. Distribution of LD sizes on the other hand, shows that Se+4–treated 

LDs are more frequently small (around 1 µm) compared to LDs in controls. In addition, LD distribution 

in controls, but not in treated group, always had a “right side shoulder”-telltale sign that the separate 

population of LDs with diameters larger than group average is present. Same finding is more clearly 

seen in Fig 2c. graph, where the obtained parameters of Gauss function fits to the distribution of LD 

diameters are shown.   

 

 
Figure 2. Size of LDs in the control and the Se+4-treated group. a.) Distributions of LD size for the Se+4-

treated and for the age closest control. Top: 27 h treatment / 28 h control. Bottom: 30.5 h treatment / 31 h control. 

b.) Mean ± SD diameters of LDs in all groups (n = 200 - 400 LDs for each group). c.) Obtained parameters of the 

Gauss fit to LD size distribution. A - frequency of the component fitted. Some group distributions could be fitted 

with one normal distribution, but most often, two components were present. 

 

LDs in the model fungus Phycomyces blakesleeanus are very small (mean diameters in all groups are 

less than 1 µm), while the resolution limit of the images presented is at around 0.4 µm. Smaller than 

average LDs were barely above the limit. Therefore, the close proximity to resolution limit is probably 

the cause for our inability to reliably detect the Se+4–induced generation of the smallest LDs and 

subsequent lowering of the mean diameter.  

 

 

3. Conclusions 

 

We were able to measure shift of the distribution of sizes, and the increase of the number of LDs induced 

by 1 mM selenite treatment. THG modality of NLSM enabled in vivo and label free physiological study 

that provided data in support of the hypothesis presented. Based on our data, it can be concluded that 

selenite induces cellular stress leading to autophagy and subsequent LD formation. 
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Abstract   
 

Fungi could absorb heavy metals, metalloids, or radionuclides, thus fungal species possess great 

potential in bioremediation. Since fungi absorb the vanadium, in the present study ability of Coprinellus 

truncorum mycelia for vanadate uptake and its intracellular metabolism were investigated. The 

submerged cultivated C. truncorum was exposed to a rising concentration of vanadate. 31P NMR 

spectroscopy was used to investigate phosphate metabolism of the mycelium, while the status of 

vanadium in the cell was followed by 51V NMR spectroscopy. The mycelium could grow, and overcome 

vanadate presence, up to the concentration of 1.6 mM in the submerged medium. 31P NMR 

measurements pointed out that vanadate induced changes in the concentration of the crucial metabolite 

containing phosphorus, particularly sugar phosphates. The major result of vanadate action is evinced 

through an appearance of a signal positioned at around 2.8 ppm, and an increased signal of hexose-

phosphates. Using 51V NMR spectroscopy the presence of vanadate monomer in the mycelia of the 

fungal cell was confirmed.  
 

Keywords: fungi, phosphate metabolism, vanadium, 31P NMR spectroscopy, 51V NMR spectroscopy 

 

1. Introduction 

 

Fungi primarily play a role in the decomposition of organic matter in nature and can absorb heavy 

metals and various toxic substances. Fungi participate in the circulation of matter and the flow of 

energy. As such, their role in biogeotechnological processes is irreplaceable [1]. Since fungi absorb and 

solubilize heavy metals, metalloids, or radionuclides these compounds are directly or indirectly 

involved in many aspects of fungal growth and metabolism [2]. The comprehension of their interaction 

with fungal cell compounds is of great importance for a better understanding of their potential in 

bioremediation or their possibilities to overcome the certain health problems of today. 

Vanadium (V), the transition metal, in higher concentrations is a potent environmental pollutant 

and toxic for humans and animals. However, it was reported that V at lower concentrations could be 

used in medicine for treating diabetes [3, 4]. Since fungi absorb V, the effects of its uptake, 

accumulation, and influence on the phosphate metabolism inside the fungal cells were monitored. The 

fungi Coprinellus truncorum  was exposed to rising concentration of vanadate. 31P NMR spectroscopy 
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was used to investigate phosphate metabolism of the mycelium, while the status of vanadium in the cell 

was followed by 51V NMR spectroscopy.  

 

 

 

2. Materials and Methods 

 

2.1. Biological material  

 

Coprinellus. truncorum  fruiting body was sampled from Fruška Gora Mountain, Serbia. The fungal 

mycelia were isolated on Malt agar (Torlak, Serbia) at 26°C and afterward submerged cultivated in 

fermentation medium at 26°C on an orbital shaker (IKA KS 4000i control, Germany). Biomass of 

submerged cultivated mycelia was harvested after 3, 5, 7, 14, 21, 28, and 35 days of incubation.  

 

2.2. Influence of sodium metavanadate on cultivated mycelia 

 

The influence of sodium metavanadate (NaVO3) in fermentation medium on mycelial growth was 

investigated for different concentrations of vanadate (0.3 mM, 1.0 mM, 1.6 mM, and 3.3 mM). The 

biomass of cultivated mycelia (with and without NaVO3) was collected by filtration (Filters Fioroni, 

France), lyophilized (ALPHA 2–4 LDplus, Freeze Dryer, Christ GmbH, Switzerland), and measured.  

 

2.3. Nuclear magnetic resonance (NMR) spectroscopy  

 

The submerged cultivated fungal mycelium was harvested, filtered, washed with distilled water, 

and collected into an experimental medium (110 mM glucose and 13.3 mM asparagine) prior to NMR 

analysis. Before recording the 51V NMR spectra mycelium was treated with sodium orthovanadate 

(Na3VO4) (Sigma, Taufkirchen, Germany). A stock solution of 200 mM Na3VO4 was prepared at pH 

10 [5]. All spectra were recorded with an Apollo spectrometer (Tecmag, USA). Detailed experimental 

conditions were explained in our previous paper [6].  

 

3. Results and Discussion  

 

3.1 Influence of sodium metavanadate on the growth of mycelia 

 

After an incubation period of 3, 5, 7, 14, 21, 28, and 35 days, the biomass was collected and growth 

curves were constructed (Fig. 1). The highest mycelia biomass yield was observed in the control, 

whereas the increasing concentration of vanadate (0.3, 1.0, and 1.6 mM) slowed down biomass 

production and led to complete inhibition of the growth (3.3 mM of vanadate). A similar trend of 

mycelia growth upon V addition was obtained with Coprinus comatus fungal mycelia [7]. After 

determining an exponential growth phase, the mycelia on the 14th day of submerged cultivation were 

used for 31P NMR and 51V NMR measurements. 
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Fig. 1 Growth curves of C. truncorum mycelium grown in the fermentation medium and medium enriched with 

vanadate 

 

3.2 NMR 

Determination of the relative content of phosphorus compounds in fungal cells provides key 

information about cell energy status. According to our knowledge 31P NMR spectrum was assessed for 

the first time for C. truncorum species, and assignments were done according to Žižić et al. [6]. The 

major peaks in the spectrum with chemical shifts of -22.1 ppm, -12 ppm, -10.2 ppm, and 1.3 ppm was 

assigned to core-polyphosphates (PPc), uridine diphosphate glucose (UDPG), nicotinamide adenine 

dinucleotide phosphate (NADP(H)+UDPG) and inorganic phosphate (Pi), respectively (Fig. 2., Control 

spectra). Upon addition of 10 mM of sodium metavanadate (Na3VO4), the appearance of a new signal 

in the 31P NMR spectrum was noticed. This signal was positioned at around 2.8 ppm, and higher 

intensity of the signal of hexose-phosphates (HP) was also detected (Fig. 2., +V5+ spectra). Thus, the 

major result of vanadate action is evinced through the ramification of the most downfield shifted signals 

reflecting an altered activities of enzymes involved in glucose metabolism [4,8]. 

 

Fig. 2. C. truncorum 31P NMR control and vanadate addition spectra 

 

To precisely determine the metabolically active vanadate species in cells we were running 51V 

NMR measurements (Fig. 3). Monomer at -559 ppm and dimer at -571 ppm indicated the pH around 

6.8. After washing the sample, only the signal at -561 ppm remained in the spectrum (Fig. 3. Washed 

mycelia). This means that vanadate in the form of monomer entered the cell and, that the pH of the 

intracellular compartment of its accumulation is around 6.8. 

Since the accumulation of vanadate has not changed the pH status of the cell, its accumulation in 

the cytoplasm allows expressing metabolic effects on the compounds located in the cytoplasm, 

primarily on sugar phosphates, whose concentration is directly dependent on enzymatic activity. 

Therefore, vanadate influence the action of enzymes of sugar phosphate metabolism (e.g. glucose-6-

phosphatase, phosphoglucomutase, and fructose-2,6-biphosphatase) and thereby affecting glycolysis 

and glycogenesis [8,9]. 

 

 

Fig. 3. C. truncorum 51V NMR 
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3. Conclusions 

 

It has been shown that vanadium in the form of sodium orthovanadate influences phosphate 

metabolism in fungal species inducing changes in the content of sugar phosphates. According to 51V 

NMR spectroscopy, intracellular vanadate in the form of monomer enters the cell remaining the pH 

status of the cell constant which allows expressing the metabolic effects on the compounds of phosphate 

metabolism located in the cytoplasm.  
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Abstract  

  

Selenium salts have been known for long time to have a potential for both beneficial and harmful 

effects on living organisms. It is present in the environment, where it can be readily assimilated by 

plants and fungi, thus entering the food chain. We investigated the cell growth dynamics in the presence 

of selenite which is considered to have more toxic potential than selenate. The effects of selenite (1 

mM) on the growth of fungi from the activated spores to the end of the exponential growth were 

measured on several hypha morphological parameters by microscopy in vivo. Phycomyces 

blaekesleneeanus was used as model filamentous fungus. The most striking effect of Se+4 treatment was 

inhibition of hypha growth, resulting in more than four times shorter hypha in Se+4 –treatment group 

than in the control (200 ± 50 µm, n = 50 vs 900 ± 100 µm, n = 40 respectively) at the end of exponential 

growth  period under controlled conditions. The Se+4 effect was an inhibition and not a simple delay in 

growth, as hypha length did not change significantly from 27th to 30th hour of culture in Se+4-treatment 

group. Since the microscopy was performed on live cultured cells, undisturbed cytoplasmic streaming 

was observed, confirming that hyphae were alive at all time points measured. 30h old spore diameters 

were also significantly reduced by Se+4 treatment (p = 0.0365), while hypha diameters were not 

significantly altered.  
 

Keywords: growth inhibition, Phycomyces blakesleeanus, live microscopy 

 

 

1. Introduction 

 

Selenium salts have been known for long time to have a potential for both beneficial and harmful 

effects on living organisms. Selenium is essential to many organisms, including some archaea, bacteria, 

protozoans, green algae and animals. It is present in the environment, where it can be readily assimilated 

by plants and fungi, thus entering the food chain. The narrow gap between necessary and toxic doses 

of Se [1], warrants the need for better understanding of the effects of Se salts on living organisms. Fungi 

are one of the main pathways for Se entrance into ecosystems, due to their intensive exchange with the 

extracellular milieu and very large surface to volume ratio. Se can be concentrated in their mycelia [2] 

or fungi can mediate Se concentration from the soil by stimulating its absorption by plant roots as 

mycorrhizal symbionts [3]. Moreover, fungi are, with rare exceptions, the only kingdom of life entirely 

devoid of genome encoded selenoproteins which are the basis of selenium beneficial effects in the 

organisms that do possess  the machinery to synthesize them [4]. Therefore, filamentous fungi could be 

a very useful model system for research on harmful selenium effects.  

 We investigated the filamentous fungi cell growth dynamics in the presence of selenite. The effects 

mailto:tpajic@bio.bg.ac.rs
mailto:nara@ibiss.bg.ac.rs
mailto:rabasovic@ipb.ac.rs
mailto:krmpot@ipb.ac.rs
mailto:mzivic@bio.bg.ac.rs


T. Pajic, N. Todorovic, D. Stefanovic, M. Rabasovic, A. Krmpot, M. Zivic, The Influence Of Selenite On Fillamentous 

Fungi Hypha Morphometry Parameters 

 

309 

 

of selenite (1 mM) on the growth of fungi from the activated spores to the end of the exponential growth 

phase were measured on several hypha morphological parameters by microscopy in vivo. Phycomyces 

blakesleeanus was used as well-defined model for filamentous fungus with rapid growth, since it 

finishes the exponential growth stage by the 30th hour of culture in control conditions.  

 

2. Material and Methods 

 

The model organism was unicellular wild-type strain of the filamentous fungus Phycomyces 

blakesleeanus (Burgeff) (NRRL 1555(−)), grown in lighted stationary plates from the spore stock as 

previously described [5]. To observe the effect of treatment with 1 mM sodium selenite, the prepared 

fungi activated spore culture volume was divided into control culture and a treatment culture (same as 

control, with addition of sodium selenite in final concentration 1 mM). Live fungi were imaged 

unstained on the conventional bright field upright microscope, in six randomly chosen fields of view. 

The morphometric traits were quantified from obtained images using ImageJ software. The data are 

presented as mean ± SE, and the differences were tested by student t-test at a 95% confidence level. 

Correlation matrix Principal component analysis (PCA) was done in XLSTAT. 

 

3. Results and Discussion 

 

Morphometric analysis was based on the data extracted from the images like the one in Figure 1. 

There are numerous small bright and dark structures which were continuously in motion. This feature 

which was observed in all groups at all growth times imaged. Vigorous movement of cytoplasm and 

organelles, cytoplasmic streaming, is characteristic for all large cells and is a marker of viability, since 

in the conditions of ATP depletion the streaming stops.  

 
Figure 1. Representative brightfield image used for extraction of morphometric data. Hypha on the picture is from 

Se+4 treated culture (27 h old). The main features measured are marked with hair lines. The inherent variability of 

the fungi cultures that might obscure some differences between groups was controlled by growing all cultures to 

be compared from the same initial batch culture, by randomization of the samples and by a large number of hyphae 

analyzed (ntotal = 255). 

 

The most striking effect of Se+4 treatment was inhibition of hypha growth, with more than four 

times shorter hyphae in the Se+4 –treatment group than in the control (200 ± 50 µm, n = 50 vs. 900 ± 

100 µm, n = 40 respectively) after 30 h of the beginning of the growth, which corresponded to the end 

of exponential growth in control conditions (Figure 2A., left panel).  

h y p h a
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Figure 2. The effect of Se+4 on the most prominent hypha morphometric traits, hypha length and the size of the 

remaining spore “head” of the hypha. A. The hypha length (left panel) and spore radius (right panel) obtained for 

control and Se+4–treatment group vs. time of growth. The data for Se+4–treated fungi earlier than 27 h is lacking, 

because at that times the growing hyphae were very scarce. B. Histograms showing the distribution of all values 

obtained for hypha length (left panel) and spore radius (left panel).  

 

Because hypha length did not increase significantly between 27 and 30 hour of culture in the Se+4–

treatment group (Figure 2A left), it seems that the Se+4 -mediated effect is an inhibition, and not a simple 

delay in growth followed by the unchanged speed of growth at later times. Undisturbed cytoplasmic 

streaming confirmed that hyphae were alive at all time points measured.   

From distribution of lengths (Figure 2B left), it can be seen that in control group, ”the spread” of 

the lengths distribution is very wide. In contrast, the Se+4 -treated hyphae are less diverse, and seem to 

be synchronized in growth. Spore size was slightly decreased by the Se+4 -treatment but values had 

similar distributions to controls (Figure 2B right panel). The statistical significance of spore radius 

decrease was reached with the 30 h old spores (p = 0.0365) (Figure 2A, right panel).  

The diameters of the specific hypha regions, were not significantly changed by Se+4 -treatment 

(Figure 3A). The spore circumference was measured independently from radius, in case any deviations 

in shape are found. This parameter was deemed not useful, since it was not sensitive to any perturbation 

tested (data not shown). 

In correlation matrix principal component analysis we used just three non-correlated variables: the 

hypha diameter at the middle, the hypha diameter at the tip and the spore circumference out of 6 

measured. Scree plot showed that first three axes described entire variability and therefore they are 

retained for presentation. The 3-axis plot shows that the Se+4-treated groups lump together on the 

opposite side of middle hypha diameter, meaning that it is negatively correlated with the Se+4-treatment. 

Based on the result of PCA, new variable is defined, the ratio of middle to tip width (Figure 3C). New 

variable showed that changes in hypha width ratio are significant after Se+4 treatment (at 30 h, p< 

0.0001), and that during growth in control conditions, the hypha width ratio gradually declines in the 

period of intensive elongation (until 28 h, as can be seen at Figure 2A). At the 30 h point, an abrupt 

increase in the ratio is evident. 
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Figure 3. A. Diameters of hyphae measured (beginning, middle, tip) were seemingly unchanged by Se+4.  

B. Principal Component Analysis (PCA) biplot. Se+4-treated groups: blue symbols; Control groups: green 

symbols. On the left side, the Scree plot shows variability % explained by F1, F2 and F3. C. Newly generated 

compound parameter, the ratio of hypha diameter at the middle to hypha diameter at the tip, calculated for each 

measured hypha individually, plotted against growth time. 
 

 

 

3. Conclusions 

 

Hypha morphology can provide a range of useful information if randomly sampled from sister 

cultures (treatment and matched control), despite the notorious intragroup variability of hypha cultures. 

Selenite in concentration of 1 mM acted as an inhibitor of hypha elongation. Although diameters of 

hypha measured (beginning, middle, tip) were seemingly unchanged by Se+4, PCA showed that that is 

not the case with hypha middle parameter which was negatively correlated with the Se+4-treated groups. 

Based on the result of PCA, new variable is defined, the ratio of middle to tip width, that seems to be 

more informative about hypha physiology. 
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Abstract 
In recent decades, a special attention has been devoted to gold(III) complexes as potential antitumor 

agents due to their structural similarity to platinum(II) complexes. One of the possible mechanisms of 

the mode of antitumor activity of gold(III) complexes could include their interaction with DNA. 

However, the effectiveness of the therapeutic agents also depends on the degree of its binding to proteins 

present in the blood plasma, because, in this way, it is transported to the cell. Considering this, we 

investigated the interactions of three dinuclear gold(III) complexes of the general formula [{AuCl3}2(μ-

L)], L = 4,4’-bipy (4,4’-bipyridine, Au1), bpe (1,2-bis(4-pyridyl)ethane, Au2) and dpe (1,2-bis(4-

pyridyl)ethene, Au3) with calf thymus DNA (ct-DNA) and bovine serum albumin (BSA). The main 

aim of the study was to evaluate the binding affinities of gold(III) complexes Au1–3 towards these 

biomolecules for possible insights on their mode of biological activity. The values of binding constants 

(KA) of Au1–3 to ct-DNA are higher than those for BSA, indicating greater affinity of the complexes 

towards this nucleic acid. The partition coefficient (logP) value for Au1 is higher compared to the 

corresponding values for the other two complexes, what is in accordance with a higher cellular uptake 

efficiency of this complex. 
 

Keywords: gold(III) complexes, aromatic N-heterocycles, DNA/BSA interactions, lipophilicity 

 

1. Introduction 

Gold and its compounds showed a wide range of applications in medicine as effective anticancer, 

antibacterial, antiviral and antiparasitic agents [1]. In addition to the medical significance of gold 

complexes in the therapy of rheumatoid arthritis, research has continued to reveal the potential of these 

complexes as agents for the treatment of cancer. Some gold complexes showed a remarkable in vitro 

cytotoxicity toward cisplatin-resistant tumor cell lines. It is already known that the antitumor activity 

of gold complexes is based on their inhibition of enzymes, such as thioredoxin reductase [2]. 

 In the present study, we investigated the interaction of three dinuclear gold(III) complexes of the 

general formula [{AuCl3}2(μ-L)], L = 4,4’-bipy (4,4’-bipyridine, Au1), bpe (1,2-bis(4-pyridyl)ethane, 

Au2) and dpe (1,2-bis(4-pyridyl)ethene, Au3) with calf thymus DNA (ct-DNA) and bovine serum 

albumin (BSA) by applying fluorescence emission spectroscopy. The DNA interaction of these 

complexes was also investigated using cyclic voltammetry. 
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2. Material and Methods 

2.1. Chemicals 

Potassium tetrachloridoaurate(III) (K[AuCl4]), 4,4′-bipyridine (4,4′-bipy), 1,2-bis(4-pyridyl)ethane 

(bpe), (1,2-bis(4-pyridyl)ethene (dpe), calf thymus DNA (ct-DNA), phosphate-buffered saline (PBS) 

buffer, ethidium bromide (EthBr), and bovine serum albumin (BSA) were purchased from commercial 

suppliers (Sigma-Aldrich Chemical Co, Munich, Germany, and Acros Organics, Geel, Belgium). Three 

dinuclear gold(III) complexes of the general formula [{AuCl3}2(μ-L)], L = 4,4’-bipy (Au1), bpe (Au2) 

and dpe (Au3) were obtained according to the previously published procedure [3]. All chemicals were 

of reagent-grade quality or higher and used as received. 

 

2.2. DNA and BSA interaction assay   

The emission spectra for DNA and BSA interactions of the complexes Au1-3 were recorded using 

a Jasco FP-6600 spectrophotometer. The DNA binding experiments were carried out in the PBS buffer 

(pH = 7.4) by maintaining [ct-DNA]/[EthBr] = 10, while increasing the concentration of the complexes. 

Each sample solution was scanned in the wavelength range of 525–750 nm at an excitation wavelength 

of 520 nm. The DNA interaction of the complexes Au1-3 was additionally investigated by cyclic 

voltammetry using the same three electrode system described above by maintaining the complex 

concentration constant, while increasing the concentration of ct-DNA. 

Fluorescence titration experiments were carried out by keeping the concentration of BSA constant 

(24 μM), while varying the concentration of gold(III) complexes (0-65 μM) at ambient temperature 

upon excitation wavelength at 275 nm, at the range of 280-500 nm. 

 

2.3. Partition coefficient (logP) 

Partition coefficient (logP) between octanol and water is determined using the flask-shaking method 

[4]. The investigated complexes were dissolved in DMSO and added to water/octanol system. The 

mixture was agitated for 1 h at room temperature to allow partitioning. After that time, the aqueous 

layer was separated from the octanol layer. The concentrations of complexes in the two phases were 

determined by measuring absorbance values using previously determined calibration curves. 

 

3. Results and Discussion 

Three dinuclear gold(III) complexes of the general formula [{AuCl3}2(μ-L)], L = 4,4’-bipy (4,4’-

bipyridine, Au1), bpe (1,2-bis(4-pyridyl)ethane, Au2) and dpe (1,2-bis(4-pyridyl)ethene, Au3) were 

prepared according to the previously published procedure [3]. The binding affinity of these complexes 

with calf thymus DNA (ct-DNA) and bovine serum albumin (BSA) was investigated by applying 

fluorescence emission spectroscopy, while in the case of ct-DNA the binding of these three compounds 

has been additionally investigated by cyclic voltammetry. 

 

3.1. BSA binding study 

Bovine serum albumin (BSA) is the most studied serum protein, due to its structural analogy with 

human serum albumin (HSA) [5]. The affinity of complexes Au1-3 to BSA was studied using 

florescence quenching experiments. As can be seen from Fig. 1, in the presence of complexes Au1-3, 

an intense quenching of a fluorophore was observed, as a consequence of the complex binding to this 

biomolecule, resulting in the changes of its tertiary structure. The Kq values indicate that the complexes 

Au1-3 (Table 1) show good quenching ability of the BSA fluorescence, which is higher than the 

corresponding values of bimolecular dynamic quenchers (2.1010 M-1s-1). 
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Fig. 1. Fluorescence emission spectra of BSA in the presence of an increasing amount of 

complex Au3. Inserted graph: Stern-Volmer plot of F0/F vs. complex Au3 

 

Table 1. Values of the binding constants of complexes Au1-3 with BSA 

 

 Ksv (M-1) Hypochromism (%) Kq (M-1s-1) KA (M-1) n 

Au1 (5.54 ± 0.04).103 61.23 5.54.1012 2.65.105 1.18 

Au2 (3.24 ± 0.05).104 58.04 3.24.1012 2.57.105 1.26 

Au3 (1.35 ± 0.03).105 68.82 1.35.1013 1.06.107 1.51 

 

3.2. DNA binding study 

In the present study, fluorescence spectroscopy and cyclic voltammetry were used for investigation 

of DNA interactions with complexes Au1-3. Ethidium bromide (EthBr) intercalates between adjacent 

base pairs in the ct-DNA double helix resulting in the enhancement of its fluorescence. After the 

addition of the investigated complex, a decrease in the fluorescence intensity of the EthBr-ct-DNA 

system will occur if this complex intercalates into DNA or after its binding to EthBr-ct-DNA, which 

leads to the formation of a new nonfluorescent EthBr-ct-DNA- complex system [6]. Within this context, 

the emission spectra of the EthBr-ct-DNA system ([ct-DNA]/[EthBr] = 10) were recorded in the 

absence and presence of an increasing amount of the investigated complexes Au1-3. In all cases, upon 

addition of the gold(III) complex, a decrease in the fluorescence intensity was observed, indicating its 

interaction with ct-DNA (see Fig. 2). 

 

 

 
 

Fig. 2. Fluorescence emission spectra of EthBr-ct-DNA system in the presence of an increasing amounts of 

complex Au2. Inserted graph: Stern–Volmer plot of F0/F vs. complex Au2 

Table 2. Values of the binding constants of complexes Au1-3 with ct-DNA 

 

 Ksv (M-1) Hypochromism (%) Kq (M-1s-1) KA (M-1) n 

Au1 (1.30 ± 0.04).106 74.92 1.30.1014 1.04.109 1.94 

Au2 (2.70 ± 0.03).106 77.93 2.70.1014 9.69.108 1.95 

Au3 (1.10 ± 0.04).105 63.82 1.01.1013 6.63.107 1.72 

 

The calculated binding constants for all complexes (KA, Table 2) are much higher than that for 

EthBr (KA = 2.106 M-1). From the Ksv values, it can be concluded that the investigated complexes bind 

to ct-DNA through the intercalative mode. This is also in accordance with results obtained from the 

electrochemical measurements. 

 

3.3. Lipophilicity assay 

Lipophilicity of a compound can be connected with its cellular uptake efficiency, what is of great 

importance in the new drug candidate design [4]. Complex Au1 has much greater logP (octanol–water 
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partition coefficient) value than the other two complexes, indicating that this complex is mostly 

distributed in the octanol phase and that its cellular uptake efficiency is higher. 

 

4. Conclusions 

The present study showed that complexes Au1-3 could transport to the infected cells through their 

interaction with BSA, and inside the cell, these complexes can bind to DNA exhibiting anticancer 

activity. 
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Abstract: 

  

We synthesized and characterized the ruthenium(III) pincer-type complex [RuCl3(H2Lt-Bu] (H2Lt-

Bu = 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine, 1) by elemental analysis, IR and UV-Vis 

spectroscopy, and mass spectrometry (MS) method ESI Q-TOF. For comparison reason, we also studied 

ruthenium(III) terpyridine complexes of the general formula [Ru(N-N-N)Cl3] where N-N-N = 4'-chloro-

terpyridine (Cl-tpy; 2) or 4'-chlorophenyl-terpyridine (Cl-Ph-tpy; 3). Kinetic study of the substitution 

reactions of 1–3 with biomolecules showed that the rate constants depend on the properties of the 

spectator ligand and the nature of the entering nucleophile. To gain further insight into the reactivity of 

ruthenium complexes with potential biological targets, we examined the interactions of 1 – 3 with DNA 

and HSA. The DNA/HSA binding study showed that in comparison to complex 1 (bis-

pyrazolylpyridine), the other two (2 and 3) terpyridine complexes had a slightly better binding affinity 

to calf thymus DNA (CT DNA), while in the case of human serum albumin (HSA), complex 1 exhibited 

the most strong quenching ability.  
 

Keywords: ruthenium(III), site markers, DNA, HSA 

 

1. Introduction 

 

Over the last few years, the transition metal complexes that contain pincer ligands have attracted 

great attention and found important applications in synthesis, catalytic reactions and medicinal 

chemistry. It was designed and synthesized the pincer type complexes with various metal ions such as 

platinum, palladium, gold, ruthenium and rhodium [1]. Therefore, to see whether this type of ligands 

could enhance the reactivity of Ru(III) centre towards a few representative biomolecules and whether 

these interactions improved the anticancer activity, we synthesized the new Ru(III) bis-

pyrazolylpyridine complex. Prior to the biological assays, the solution chemistry of Ru(III) complexes, 

[RuCl3(H2Lt-Bu] (H2Lt-Bu = 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine, 1; Fig. 1), [Ru(Cl-tpy)Cl3] 

(Cl-tpy = 4'-chloro-terpyridine, 2; Fig. 1) and [Ru(Cl-Ph-tpy)Cl3]  (Cl-Ph-tpy = 4'-chlorophenyl-

terpyridine, 3; Fig. 1), was analyzed under physiological-like conditions by UV-Vis spectroscopy. We 

studied the interactions with the guanine derivative 5′-GMP, and amino acids L-Met and L-His. The 

kinetics and thermodynamics of the substitution reactions with the guanine derivative 5′-GMP, and 

amino acids L-Met and L-His were measured by UV-Vis spectroscopy. The DNA/protein binding 

affinity was performed by spectrophotometric and spectrofluorimetric methods. In addition, molecular 
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docking simulations were carried out to get a glimpse of the binding sites of 1 – 3 on both DNA and 

serum albumins. 
 

 
Fig. 1. Structure of the complexes [Ru(H2Lt-Bu)Cl3] (1), [Ru(Cl-tpy)Cl3] (2) and [Ru(Cl-Ph-tpy)Cl3] (3). 

 

2. Synthesis of the Ru(III) complexes and their stability in aqueous solutions 

 

We have prepared the new Ru(III) pincer complex [Ru(H2L
tBu)Cl3] (1), where H2L

tBu = 2,6-bis(5-

tert-butyl-1H-pyrazol-3-yl)pyridine. The Ru(III) complex was prepared by the reaction between 

equimolar amounts of RuCl3·3H2O and a corresponding bis-pyrazolylpyridine ligand under reflux for 

4 h. [Ru(H2L
tBu)Cl3] complex was obtained in moderate yield (70%). The new complex was 

characterized by elemental analysis, UV-Vis and IR spectroscopy, and mass spectrometry (MS) method 

ESI Q-TOF. 

 We analyzed the chemical behavior of 1–3 in physiological solutions using UV-Vis 

spectrophotometry. The absorption maxima decreased over time due to the aqueous exchange of a 

chloride ligand. The bis-pyrazolylpyridine complex 1 showed the most pronounced spectral changes. 

In the UV-Vis spectra of 2 and 3, the MLCT bands underwent a red shift from 379 to 453 nm and from 

425 nm to 489 nm, respectively, moving from the initial chlorido complex to the corresponding aqua 

species. The presence of isosbestic points in the UV-Vis spectra of 2 (416 nm) and 3 (452 nm) suggested 

the occurrence of a single hydrolytic process. The stability of 1 – 3 in 10 mM Tris-HCl buffer (150 mM 

NaCl, pH = 7.4) was also investigated. 

 

2.1 Kinetic studies with biomolecules 

 

The substitution reactions of 1 – 3 with the nucleophiles 5'-GMP, L-His, and L-Met in 10 mM Tris-

HCl buffer were investigated to measure the reactivity of the Ru(III) complexes under physiological 

conditions. Substitution rate constants were determined under pseudo-first-order conditions by plotting 

the linear dependence of kobs vs total nucleophile concentration: kobs = k2[L] + k1[Cl-]. The second-order 

rate constant k2 characterized product formation and was evaluated from the slope of a plot kobs vs 

nucleophile concentration (Table 1).  

 
Table 1. Rate constants of the substitution reactions of complexes 1 – 3 with 5'-GMP, L-His and L-Met, 

pH=7.4 (10 mM Tris-HCl buffer). 

 
 t [ºC] k2 [M-1s-1] ΔH1

≠ [kJmol-1] ΔS1
≠  [JK-1mol-1] 

[RuCl3(H2Lt-Bu] (1) 

5'-GMP 37 0.110 ± 0.007 33 ± 4 -175 ± 12 

L-His 37 0.094 ± 0.006   

L-Met 37 0.057 ± 0.006 20 ± 0.2 -222 ± 0.5 

[RuCl3(Cl-tpy)] (2) 

5'-GMP 37 0.27 ± 0.23   

L-His 37 0.19 ± 0.02   

L-Met 37 0.10 ± 0.008   

[RuCl3(Cl-Ph-tpy)] (3) 

5'-GMP 37 1.97 ± 0.20   

L-His 37 1.02 ± 0.05   

L-Met 37 0.79 ± 0.04   

 

The rate constants depend on the properties of the spectator ligand. The order of reactivity of the 

investigated Ru(III) complexes was: [RuCl3(Cl-Ph-tpy)] (3) > [RuCl3(Cl-tpy)] (2) > [RuCl3(H2Lt-Bu] (1). 
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The bis-pyrazolylpyridine Ru(III) complex 1 reacted from one to two orders of magnitude slower than 

the terpyridine complexes 2 and 3 containing pyridine rings (strong π-acceptor) [1]. The pyrazole ligand 

is good σ-donor and poor π-acceptor ligand, resulting in the accumulation of electron density around 

the metal atom and making the metal centre less reactive in the substitution reaction of the chloro atom. 

Although 2 and 3 have a similar structure, the bulkiest complex 3 was more reactive, suggesting that 

electronic effects had a greater impact on reactivity than steric effects. The rate constants also depend 

on the nature and the charge of the entering nucleophile, implying that the N-donor ligands are better 

nucleophiles than the studied S-donor ligand. The order of reactivity of the selected entering 

nucleophiles in the substitution reaction with complexes 1 – 3 is: 5'-GMP > L-His > L-Met. The 

obtained k2 values for the reaction with 5'-GMP are ca. three time higher than those for the reaction 

with L-Met under the same conditions. The temperature dependence studies were carried out using a 

temperature range of 15 – 37 °C. The thermodynamic parameters, activation enthalpies, ΔH≠, and the 

activation entropies, ΔS≠, were calculated from the slopes and the intercepts of the Eyring plots and are 

presented in Table 1. The overall substitution mechanism is associative as supported by the large 

negative ΔS≠ values and relatively small ΔH≠ values.  

 

2.2. Interaction of the Ru(III) complexes 1 – 3 with CT DNA 

 

Interaction with DNA was investigated by UV-vis spectroscopy, fluorescence quenching 

measurements and molecular docking. The results derived from the UV spectroscopy suggested that 1 

– 3 can bind moderately to DNA. The binding constants, Kb, of complexes 1 – 3, were calculated using 

equation: [DNA]/(εA – εf) = [DNA]/(εb – εf) + 1/[Kb(εb– εf)], and the plots of [DNA]/(εA-εf) vs [DNA]. 

The bis-pyrazolylpyridine complex 1 (6.4 × 103 M-1) showed a lower binding affinity to CT DNA than 

the tpy complexes 2 (2.4 × 104 M-1)  and 3 (7.7 × 104 M-1), implying that the nature of the tridentate 

ligand has a significant influence on the DNA binding affinity. 

The relative binding of 1 – 3 to CT DNA was determined spectrofluorometrically by calculating 

the quenching Stern-Volmer constant (Ksv) from the slopes of straight lines obtained from the Stern-

Volmer equation: I0/I = 1 + Ksv[Q]. The tpy complexes 2 (3.4 × 104 M-1) and 3 (4.7 × 104 M-1) interacted 

more strongly with DNA than the bis-pyrazolylpyridine based complex 1 (4.6 × 103 M-1). EthBr 

displacement studies confirmed a competitive binding of complexes 1 – 3 with CT DNA. 

Complexes 2 and 3 were completely intercalated into 1Z3F, while 1 was partially intercalated due 

to the presence of the alkyl group on the bis-pyrazolylpyridine moiety (Fig. 2A). The intercalative mode 

of binding of 2 and 3 is additionally stabilized by hydrogen-bonding interaction between the complexes 

and the DNA base pairs. On the other hand, complex 1 prefers to enter 1BNA through the minor groove. 

Thus, the DNA-binding affinities follow the order: 3 > 2 > 1 for the intercalative mode, and 1 > 3 > 2 

for the minor groove binding. This is consistent with the results obtained from the spectroscopic 

methods [2]. 

A)                                                      B) 

         
Fig. 2. A) Computational docking model illustrating interactions between investigated complex 1 and DNA 

with the canonical gap or DNA with the intercalation gap; B) Best poses with HSA for complex 1. 

 

2.2. Interaction of the Ru(III) complexes 1 – 3 with HSA 

 

The affinity for HSA was also investigated by UV-Vis, fluorescence spectroscopy and molecular 

docking. Fluorescence quenching data were analyzed using the Stern−Volmer quenching equation, and 

the Stern-Volmer constant (Ksv) was calculated from I0/I versus [Q]. The Stern-Volmer constants 

followed the pattern 1 (1.4 × 105 M-1) > 3 (4.2 × 104 M-1) > 2 (3.9 × 104 M-1). The fluorescence data 



A. Rilak Simović, D. Lazić, M. Međedović, D. Ćoćić, B. Petrović, Synthesis And Biological Activity Of The New Pincer 

Type Ruthenium(III) Complex 

 

319 

 

were also subjected to the Scatchard equation: r/Df = nK – rK, and the corresponding Scatchard plots. 

The SA-binding constants, K, and the number of binding sites (n) for the interaction of HSA with each 

complex were calculated from the slope and intercept, respectively. K values for 1 – 3 lay within the 

range 104–105 M-1, complex 1 (3.0 × 105 M-1) being a better binding partner for HSA than 2 (6.9 × 104 

M-1) and 3 (1.7 × 105 M-1). The relatively high K for 1 implied strong interactions with HSA, suggesting 

the formation of stable adducts [3]. Additionally, Ru(III) complexes 1 – 3 fit very well into the binding 

pocked located at site I (subdomain IIA) in HSA (Fig. 2B). Complex 1 can form hydrogen bonds with 

the amino acid residues Arg-222, Arg-218 and Lys-195, which all reside in the subdomain IIA (site I). 

Complex 2 can form hydrogen bonds with the residues of Lys-195, and complex 3 with the residues of 

Arg-222 and Gln-196. 

 

3. Conclusions 

 

The investigated complexes interact moderately with the DNA molecule (constants order of 

magnitude of 104), and the type of interaction is intercalation rather than a minor groove. The HSA-

binding study showed that in comparison to 1 (bis-pyrazolylpyridine), the other two (2 and 3) 

terpyridine complexes had a slightly better binding affinity to CT DNA, while in the case of HSA, 1 

exhibited the strongest quenching ability. This difference in reactivity clearly indicates that the 

tridentate chelating ligand significantly affects the strength of the interaction between the complex and 

biomolecules and that there is a different mode of action. 
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Abstract: 

  

Gallic hydrazones, as gallic acid derivatives, are known as pharmacophores of numerous 

multipotent agents. Among them, antiproliferative activity is one of the most important. On the other 

hand, thioredoxin reductase (TrxR1) is a part of the thioredoxin system, one of the most important 

systems responsible for maintaining the redox equilibrium inside the cell. It is overexpressed in different 

forms of tumors. Bearing this in mind, TrxR1 is a valid target for the development of compounds with 

potential antiproliferative activity. For this purpose, eight gallic acid-based hydrazones are selected and 

examined in silico for their potential inhibitory activity towards TrxR1. 
 

Keywords: Gallic acid, hydrazones, molecular docking, TrxR1 

 

1. Introduction 

 

Gallic acid (GA) also known as 3,4,5-trihydroxybenzoic acid is well known polyphenolic 

compound widely presented in different plants. It can be found in foods such as berries, pomegranates, 

grapes, nuts, honey, vegetables, as well as in beverages such as wine, tea, etc. [1]. GA can be obtained 

by alkaline/acid hydrolysis of hydrolysable tannins, naturally occurring polymers of galloyl moieties 

and a glucose molecule, which are presented in plants in large amounts [1,2]. GA as a naturally existing 

antioxidant [3], exerts various biological activities such as anti-inflammatory [4], anticancer [5,6], 

antimutagenic [7], etc. 

This prominent polyphenolic compound can protect biological cells, tissues, and organs from 

disorders caused by oxidative stress due to strong antioxidative and free radical scavenging properties 

[8]. Additionally, GA exerts pro-oxidant property in presence of metal ions which has been recognized 

as the apoptosis inducer in cancer cell lines [9]. GA has been reported as selectively cytotoxic agent on 

various cancer cell lines and less toxic for normal cells [10]. In addition, gallic acid exhibits 

neuroprotective effects in treating nervous system diseases such as Alzheimer’s disease, Parkinson’s 

disease, ischemia, depression, and anxiety [11].  

Bearing all these in mind, the availability of gallic acid in nature and its bioactivity present a 

significant basis in designing new potent pharmacophores [12,13]. Recently, the development of 

synthetic gallic acid derivatives has led to the synthesis of many biologically and pharmacologically 

active compounds [2]. Gallic hydrazones (GAH), as gallic acid derivatives, have been reported as 

pharmacophores of numerous multipotent agents [14]. GAH were examined for their antiproliferative 

activity on nine human tumor cell lines. In particular, the derivatives that possess phenyl, p-

hydroxyphenyl, and dimethylaminophenyl group attached to the galloyl hydrazide moiety, displayed 

cytotoxic efficacy against the ovarian cell line [15].  

Thioredoxin reductase (TrxR) presents a selenocysteine-containing enzyme responsible for 

maintaining redox homeostasis in cells. Also, TrxR is a part of the thioredoxin system, one of the most 

important systems responsible for maintaining the redox equilibrium inside the cell [16]. Three 

mammalian TrxR isoforms have been identified: a cytosolic (TrxR1), a mitochondrial (TrxR2), and 
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thioredoxin-glutathione reductase (TGR/TrxR3) [17,18]. Physiologically, TrxR protects normal cells 

from carcinogenesis, but if carcinogenesis still occurs, it can also promote cancer progression [19]. 

TrxR is overexpressed in different forms of tumors, and this is of pathological significance in the 

maintenance of tumor phenotypes, such as a high level of intracellular reactive oxygen species (ROS), 

resistance to apoptosis, and uncontrolled proliferation. According to this, interest in the development of 

cancer therapeutic agents that target TrxR is increased [20]. 

Here, gallic acid hydrazones are examined as TrxR1 inhibitors since they have been described as 

promising agents which exhibit cytotoxic efficacy against the various cancer cell lines. 

 

2. Computational details 

 

The equilibrium geometries of compounds 1-8 were calculated using density functional theory 

(B3LYP functional in conjunction with the 6-311+G(d, p) basis set). Molecular docking was performed 

using Autodock Vina software. The cuboid grid box was set to embrace all the minimized inhibitors 

spanning 10 Å in all three dimensions around the active site.  

 

3. Results and discussion  

 

Selected gallic hydrazones (GAHs 1-8) for evaluation of their potential inhibitory activity against 

the TrxR1 enzyme (PDB ID: 2j3n) are presented in Figure 1. It is important to emphasize that selected 

GAHs possess two aromatic rings A and B. Ring A is originating from GA, (acyl moiety), while ring 

B presents substituted benzylidene pharmacophore.  

 
Fig. 1. The structures of selected GAHs for evaluation of their inhibitory activity against TrxR1. 

The screening of GAHs potential inhibitory activity was done using Autodock Vina software. The 

docking box was picked to take the active site of the enzyme. Based on the values of the obtained 

binding affinities (Table 1), compounds 2, 4, and 6, stand out as the most potent in silico inhibitors of 

TrxR1. It is important to emphasize that obtained values of the binding affinities are comparable to 

those obtained for standard inhibitors [21]. Potential bioactive conformations of compounds 1-8 are 

depicted in Figure 2 (left), as well as the potential bioactive conformation of the highest binding affinity 

compound 4 (Figure 2, right). All compounds are positioned within the TrxR1 so that both aromatic 

rings are oriented towards side chains of amino acids which form hydrophobic chambers. In all cases, 

ring A is positioned in the chamber formed by PHE406 and VAL478, both interacting via π-alkyl 

interaction. In addition, one of the m-OH groups of the ring A forms hydrogen bond with the peptide 

NH of TRP407, while the second one with peptide carbonyl groups of VAL474, and CYS475. 

Moreover, the carbonyl group of all compounds is hydrogen-bonded to SER404. The ring B is stacked 

within the hydrophobic chamber of ILE347 (π-alkyl interaction) and HIS472 (π-π stacked interaction). 

Unlike others, compounds 2 and 4 possess o-OH group on the ring B, which enables the formation of 

hydrogen bonds with the peptide carbonyls of GLU477, THR480, and THR481. Based on this, one can 

say that this feature is responsible for higher binding affinities of these compounds. Moreover, 

compound 4 bears an additional m-OH group on the ring B, which establishes an additional hydrogen 

bond with the THR480, obviously responsible for the highest binding affinity of compound 4.  

Table 1. Binding affinities of GAHs 1-8 towards TrxR1 enzyme (kcal/mol).  

Compound 1 2 3 4 5 6 7 8 

Binding affinity -6.8 -7.4 -6.9 -7.7 -6.8 -7.5 -6.8 -6.7 
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Fig. 2. Left: potential bioactive conformations of compounds 1-8. Right: bioactive conformation of the 

highest binding affinity compound 4. 

 

4. Conclusions 

Eight gallic acid-based hydrazones (GAHs 1-8) are selected for the examination of their potential 

inhibitory activity towards the TrxR1 enzyme. In silico obtained binding affinities pointed compounds 

2, 4, and 6 as the most potent inhibitors for further evaluations. Particularly, compound 4 exerted the 

highest binding affinity, owing to the favorable positioning of the -OH groups on the ring B. 
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Abstract: 

  

 In the present work, a series of phenolic hydrazone analogs were investigated in silico for their 

potential inhibitory activity toward COX-2. These examinations were based on the capability of 

hydrazone-based compounds to interact with numerous enzymes, as well as on their versatile biological 

features and therapeutical applications. COX-2 was selected due to its involvement in the inflammation 

and carcinogenesis processes. Regarding this, COX-2 represents a valid target for the development of 

compounds that could block the formation of harmful inflammation mediators. 
 

Keywords: hydrazones, molecular docking, COX-2 

 

1. Introduction 

 

Hydrazones comprise a variety of functionalized compounds bearing integral -NHN=CH- 

azomethine moiety [1]. Owing to their outstanding biological significance and versatility, these 

compounds are of great interest in medicinal and synthetic chemistry. Numerous studies reported 

diverse features of hydrazone-based compounds, such as antioxidative [2], anti-inflammatory [3], 

antitumor [4], antimicrobial [5], etc. The biological and therapeutical potential of hydrazones lies in the 

tunability of the azomethine scaffold [6]. Exploiting their synthetic flexibility led to the various 

transformations of the hydrazone core, resulting in derivatives with unique physical and chemical 

properties [1]. Particularly, hydrazones bearing phenolic moieties are significant since such derivatives 

expressed some valuable bioactivities, i.e. antioxidative, cytoprotective, and antiatherogenic [7]. 

Generally, hydrazone hybrids not only possess bioactive potential but also can serve as an intermediate 

for novel synthetic transformations [8]. Furthermore, the biomedical application of hydrazones as 

linkers and carriers for enhancing drug delivery is known [6]. This utilization of hydrazone moiety is 

enabled with specific properties of the C=N bond, which is stable under neutral conditions (i.e. in 

blood), whereas its cleavage occurs in acidic surroundings (tumor and inflammation sites) [6]. All these 

findings are the reason why the hydrazone motif is considered as a powerful framework for the 

discovery of new drug prototypes [9].   

The presence of different functional groups combined with azomethine fragment empowers 

hydrazone derivatives to interact with active sites of many enzymes. Some hydrazone-based analogs 

expressed inhibition activity towards glucosidase [10], urease [11], 5-lipoxygenase [12], adipose-

triglyceride lipase [13], breast cancer stem cells [14], autotaxin (ATX) [15], as well as cyclooxygenase 

[16,17]. This virtue of hydrazone compounds inspired us to examine potential interactions of some 

phenolic hydrazones with COX-2 in silico. Namely, two forms of cyclooxygenase, COX-1 and COX-

2, have distinct physiological roles. COX-1 regulates normal cellular processes, such as gastric 

cytoprotection and vascular homeostasis, whereas COX-2 is upregulated in inflammation processes, 

catalysing the conversion of arachidonic acid to (PG) E2 prostaglandins which are known as 

inflammation mediators [18]. Moreover, COX-2 is associated with carcinogenesis and overexpressed 

in most solid tumour cells, and it's suspected to stimulate angiogenesis, tumor growth, and cell 
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resistance to apoptosis [19]. Inhibition of this leads to cancer cell apoptosis and also decreases the rate 

of DNA synthesis which is essential for tumor cell proliferation [20]. 

In this paper, hydrazone derivatives bearing variously substituted phenolic fragments were 

examined in silico as potential COX-2 inhibitors, and the interactions with the active site of the enzyme 

were described. 

 

2. Computational details 

 

Molecular docking was performed using Autodock Vina. Compounds a-e were used as docking 

ligands, which equilibrium geometries were calculated using density functional theory (B3LYP 

functional and 6-311+G(d, p) basis set). The grid box was used for the computation with a purpose to 

embrace all the minimized inhibitors spanning 10 Å in all three dimensions around the active site.  

 

3. Results and discussion  
 

Selected gallic hydrazones a-e were subjected for in silico evaluation of their potential inhibitory 

activity against the COX-2 enzyme (PDB ID: 5ikv), Fig. 1. All compounds hold two aromatic rings: 

ring A, originating from gallic acid, and ring B which originates from substituted benzylidene 

pharmacophore. 

 
Fig. 1. The structures of selected hydrazones for evaluation of their inhibitory activity against COX-2. 

 

For the estimation of in silico inhibitory activity of compounds a-e, Autodock Vina was used, 

setting up docking grid to include active site of the investigated COX-2 enzyme. Obtained binding 

affinities are presented in Table 1.  

 
Table 1. Binding affinities of hydrazones a-e towards COX-2 enzyme (kcal/mol).  

Compound a b c d e 

Binding affinity -8.8 -8.3 -7.6 -7.9 -7.9 

  

  The obtained results clearly point out compound a as the most potent COX-2 inhibitor. This compound 

bears o-OH substitution on the ring B i.e., on the benzylidene moiety of the hydrazone. Nevertheless, 

potential bioactive conformations of all investigated compounds are depicted in Fig. 2 (left), while the 

docked conformation of compound a is provided on the right. All compounds are positioned within the 

catalytic site of the COX-2 enzyme in the hydrophobic chamber. Ring A is being stacked via π-alkyl 

interactions with the side chains of LEU 352 and VAL523. Ring B assembles via the same type of the 

interaction with the side chains of VAL116, LEU359, ALA527, and LEU527. In addition to this, 

compound a, unlike all other compounds, establishes OH…H hydrogen bond with the side chain of 

TYR355. It is important to emphasize that compound c also bears o-OH substitution on the ring B, but 

this compound does not establish hydrogen bonds. The presence of neighboring m-OCH3 substituent 

blocks the approach to the TYR355, lowering the overall interaction with the enzyme. This clearly 

points out that the importance of participation of established hydrogen bond in the stabilization of 

formed ligand-enzyme complex.  
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Fig. 2. Left: potential bioactive conformations of compounds a-e. Right: bioactive conformation of the 

highest binding affinity compound a. 

 

4. Conclusions 

 Five gallic acid derived hydrazones a-e were subjected for in silico evaluation of inhibitory 

activity towards COX-2 enzyme. Based on the obtained binding affinities, compound a is delineated as 

the most potent inhibitor. Deeper insight into the docking poses of all compounds pointed out the 

importance of the presence of mono-substitution of the ring B, specifically the o-OH group. This enables 

the establishment of a hydrogen bond between the ligand a and enzyme, providing higher stabilization 

of the overall complex than complexes of other compounds.  
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Abstract  
New dinuclear Zn(II)-L-Cu(II) complexes with different bridging ligands were synthesized. 

Interactions of these complexes with biologically important nucleophiles, 5'-GMP, 5'-IMP and GSH, 

were investigated by Uv-Vis spectrofotometric method. The distances between the metal ions lead to 

less reactivity of both centers due to reduced electronic communication between them and an increasing 

of electron density on the metal centers itself. Both complexes showed moderate antimicrobial activity 

against most of the tested bacterial and fungal strains.   
 

Key words: heteronuclear complexes, Zn(II), Cu(II), biomolecules, bridging ligands, Uv-Vis 

spectroscopy  
 

1. Introduction  

Essential trace elements, zinc and copper, are well known as part of metalloenzymes, which have 

an antioxidative function. One of their important enzymes, superoxide dismutase (SOD) keeps the cell 

safe from metabolic wastes [1]. Synergic effect of these metal ions, in heterometalic Zn(II)-L-Cu(II) 

complexes could improve cytotoxic activity and induce the better oxidative response of cancer cells. 

Both metal ions, zinc(II) and copper(II), are implicated as limiting factors for multiple aspects of tumor 

progression, growth, angiogenesis and metastasis [2]. Also, some complexes with Zn(II) and Cu(II) 

metal centers show moderate antimicrobial activity [3].  

The aim of this study was synthesis of the bridged heterodinuclear complexes with the general 

formula Zn(II)-L-Cu(II) starting from square-pyramidal [ZnCl2(terpy)] and [CuCl2(terpy)] complexes 

using two different bridging ligands and the study of their stability, antimicrobial activity and 

interactions with biologically important nucleophiles.   
 

2. Results and discussion  

Two new bridged heterodinuclear Zn(II)-L-Cu(II) complexes  (where  L1 = pyrazine and L2 = 

4,4′-bipiridyl) were prepared from corresponding mononuclear terpy complexes (Fig.1). Stability of the 

synthesized complexes under physiological conditions was studied on the basis of spectral changes 

observed during a pH titration of the corresponding diaqua complexes (Fig. 2). 
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Fig. 1. Structures of the investigated bridged heterodinuclear zinc(II)-copper(II) complexes 

 

The spectral data were analyzed as a plot of absorbance versus pH at a specific wavelength, 

according to the following equation (1) [4]  
 

y = a + (b - a)/(1 + 2.718*((x - pKa1)/m)) + (c - b)/(1 + 2.718*((x - pKa2)/n))          (1) 
 

where x refers to pH, y represents the absorbance value, a the absorbance value at the beginning, b 

during and c at the end of the titration, m and n are parameters used to optimize the titration curve. After 

non-linear least-squares analysis, two pKa1 and pKa2 values were obtained for both complexes (Table in 

Fig. 2). The results indicate the influence of distance between two metal centers on the pKa values. A 

shorter distance causes the additional charges on both centers and increases electrophilicity and acidity, 

thus lowering pKa values. The conjugated π-electron system of the bridging ligands supports electronic 

communication between metal centers and contributes to the pKa values. The pKa2 values are higher 

than the pKa1 values. The values of pKa for both Zn-L-Cu complexes indicate that they are stable at 

physiological pH and do not undergo hydrolysis.  

 

 

 

Fig. 2. UV-Vis spectra of the diaqua Zn-L-Cu complexes (a) L1 = pyrazine; (b) L2 = 4,4′-bipyridyl recorded as 

a function of pH in the range 2 to 8 at I = 0.001 M (NaClO4) and 25 oC. Inset: titration curves at 270 and 326 

nm. Table: pKa values for the deprotonation steps 

 

Nucleophilic substitution reactions of Zn-L-Cu complexes with 5′-GMP, 5′-IMP and GSH (Fig. 3) 

were studied by spectrophotometric method at suitable wavelengths as a function of time. All time 

traces (absorbance/time traces) gave excellent fits to a two-term exponential function (2).  
 

A = a1e
-kobs1t + a2e

-kobs2t + A0                 (2)  
 

The reactions proceed in two steps. An initial fast reaction is followed by a slower one. The kinetic 

traces were plotted versus the concentration of the entering nucleophiles according to equations (3,4). 

The second–order constants k1 and k2 were calculated from the slope of linear dependence of pseudo-

first order rate constants vs nucleophile concentration (Fig. 4, Table 1).  
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Fig. 3. Structures of the investigated biologically important nucleophiles 
 

 kobs1 = k1[Nu] + k-1                                                                (1) 

      kobs2 = k2[Nu] + k-2                                                             (2) 
 
 

Orders of reactivity for the first reaction were GSH > 5′-IMP > 5′-GMP for Zn-L1-Cu complex, while 

5′-GMP > GSH > 5′-IMP for Zn-L2-Cu complex. The results indicate the importance of the bridging 

ligand, as well as the presence of the inert ligand. Terpyridine as the inert tridentate ligand induced 

strong electronic interaction between inert system and metal ion. The formation of π-back bonding of 

in plane pyridine moieties with the non-bonding d electrons, increase the electrophilicity of the metal 

center and reactivity during the substitution process. The π-acceptor ability of the pyrazine ligand 

decreases electron density of the centers, by which the metal centers become more electrophilic and 

favor the rapid binding of the entering nucleophile. Long distance between Zn(II) and Cu(II) leads to 

less reactivity of both centers because of reduced electronic communication between them and an 

increasing of electron density on the metal centers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.  Pseudo-first order rate constants plotted as a function of nucleophile concentration for the first (a, c) and 

second (b, d) substitution reactions of Zn-L1-Cu and Zn-L2-Cu complexes, with 5’-GMP, 5’-IMP and GSH 

mixing at pH 7.4 (0.010 mol L- 1 Tris-HCl buffer) in addition of 0.005 mol L-1 NaCl at 25 oC 

 

Square-pyramidal geometry of both metal centers enables the coordination to different donor atoms, 

such as N7 or phosphate residue from 5′-GMP and 5′-IMP, and O-carboxylate from GSH. The first 

reaction step is ascribed to the reactivity of Cu(II), while the second to Zn(II). In comparison with 

reactivity of mononuclear [ZnCl2(terpy)] and [CuCl2(terpy)] toward selected biomolecules [2b], higher 

reactivity of dinuclear Zn-L-Cu complexes was observed. The second reactions are slower due to steric 

hindrance after coordination of the first biomolecules.  
 

Table 1. Second-order rate constants for the first and second substitution reactions of Zn-L1-Cu and Zn-L2-Cu 

with 5’-GMP, 5’-IMP and GSH at pH 7.4 (0.010 mol L- 1 Tris HCl buffer) in the addition of 0.005 mol L-1 NaCl 

at 25 oC 
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Antimicrobial activity of Zn-L-Cu complexes was tested on 10 bacterial and 8 fungal species and 

one yeast. Both complexes showed similar moderate antimicrobial activity against most of the tested 

bacterial and fungal strains.    
 

3. Conclusions 
 

New dinuclear complexes [{ZnCl(terpy)(μ-pyrazine)CuCl(terpy)}](ClO4)2 (Zn-L1-Cu) and 

[{ZnCl(terpy)(μ-4,4′-bipyridyl)CuCl(terpy)}](ClO4)2 (Zn-L2-Cu) were synthesized. The substitution 

reactions of the complexes with biologically important nucleophiles 5'-GMP, 5'-IMP and GSH were 

investigated. Different order of reactivity toward selected biomolecules was obtained which could be 

connected with different bridging ligands. Promising antimicrobial properties of both complexes against 

some bacterial and fungal strains were observed.  
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Abstract  
 

Micromeria (Bentham, 1829.) is a polymorph genus of Lamiaceae with about 130 species grouped in 

three sections: Cymularia, Eumicromeria and Pseudomelissa, the most diverse in Mediterranean 

regions, but widespread across Europe, Asia, Africa, and North America [1]. Up to now, eight 

Micromeria species have been recorded inhabiting the territory of Montenegro including a dwarf shrub, 

Micromeria juliana (L.) Benth. Knowing the existence of the variability in quantity and qualitative 

makeup, interpopulational, and the interspecies variability of the up to now reported essential oils from 

this plant prompted us to make the detailed analysis of the M. juliana  specimens originating from rocky, 

sunny carbonate rock bases in Zabrđe, Montenegro, since the plant material from this area was not 

examined before. Detailed GC-MS analysis of the obtained essential oil resulted in 70 identified 

components among which α-pinene (12.2%), (E)-nerolidol (8.9%), viridiflorol (6.8%), limonene 

(6.1%), and borneol (5.2%) prevailed, differing significantly in content from the previously reported 

populations (Morača canyon, Cijevna canyon, Mt. Orjen and Mt. Krivošije) [2]. The objective of this 

study is to gain insight into the essential oil structure, determine the possible mutual similarity and the 

variability in their chemical compositions, and to enclose possible diversity in the secondary metabolite 

profile dependent on the site of collection.  
 

Keywords: Micromeria juliana (L.) Benth., Lamiaceae, essential oil 

 

1. Introduction  

 

The genus Micromeria Benth. includes about 130 Mediterranean species among which is a widely 

distributed flowering aromatic, shrub, Micromeria juliana (L.) Benth. M. juliana is, on the basis of the 

essential oil quantity, among other characteristics, placed into subfamily Nepetoideae [1], and the 

previous investigations revealed the great variability in quantity and its composition, pointing on the 

existence of adaptive characteristics and the dependence of secondary metabolite content on the 

geographic origin. This work represents the detailed examination of the essential oil of chosen 

Montenegro population with the aim to determine the possible mutual similarity and the variability in 

the chemical compositions with the previously investigated populations from the same country, and to 

enclose possible diversity in the secondary metabolite profile, dependent on the site of collection.  

 

2. Material and methods 

 

2.1 Plant material 

Aerial parts (300 g) of Micromeria juliana (L.) Benth originating from in Zabrđe, Montenegro were air 

dried and further subjected to hydrodistillation for 2.5 h using a Clevenger-type apparatus and yielded 

ca 0.2%, (w/w, based on dry weight) of pale yellow highly fragrant oils. The chemical composition of 

the obtained oil was investigated by GC and GC/MS. 
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2.2 GC-MS analysis and identification of compounds 

Mass spectra were recorded on a Hewlett-Packard 6890N gas chromatograph equipped with a fused 

silica capillary column DB-5MS (5% diphenyl, 95% dimethylpolysiloxane, 30 m × 0.25 mm, film 

thickness 0.25 µm, Agilent Technologies, Lexington, USA) and coupled with a 5975B mass selective 

detector from the same company. The injector and interface were operated at 250°C and 300°C, 

respectively. Oven temperature was raised from 70 to 290°C at a heating rate of 5 °C/min; the heating 

program ended with an isothermal period of 10 min. As carrier gas helium, He, at 1.0 mL/min was used. 

The samples, 1 µl of the appropriate solutions in diethyl ether (1 mg/mL) were injected in a splitless 

mode. MS conditions were as follows: ionization voltage of 70 eV, acquisition mass range 35-650, scan 

time 0.32 s. The constituents of the essential oil were identified by using their retention indices (using 

the generalized equation by Van Del Dool) and comparing their mass spectra with those obtained from 

authentic samples and/or the MS library (Wiley 7N and NIST/NBS libraries). 

3. Results and discussion 

 

3.1 Chemical composition of the essential oil 

The composition and content of M. juliana essential oil from Luštica are given in Table 1. The essential 

oil was dominated by monoterpenes (58.2%), among which oxygenated moterpenes were represented 

with 26.9%. The main components of the monoterpene fraction were α-pinene (12.2%), D-limonene 

(6.1%) and β-pinene (3.0%), while the dominant oxygenated monoterpenes were borneol (5.2%), 

terpinen-4-ol (4.2%), linalool (2.8%) and β -fenchyl alcohol (2.7%), differing in content from the 

previously reported ones from Montenegro [2]. Sesquiterpene portion, in contrast to the previously 

analyzed populations, was in almost twice-smaller quantities (16.9%). The dominant compounds, 

germacrene D (3.4%), bicyclogermacrene (2.2%), α-copaene (2.2%) and (E)-caryophyllen (1.8%), 

again varied significantly in content from the previously analyzed specimens where caryophyllene 

oxide was the main component (15.9-20.4%, in comparison to 0.8% in our oil). Oxygenated 

sesquiterpenes comprised 22.5%, among which (E)-nerolidol (8.9%), viridiflorol (6.8%) and 

spathulenol (1.4%), were the most abundant ones. The remaining, minor, compounds were mostly 

aliphatic esters (cis-3-hexenyl isovalerate, isopentyl isovalerate, 2-methyl butyl isovalerate) and made 

up 1.2% of the analyzed essential oil. 

 
Table 1. Percentage composition of M. juliana essential oil 

RIa Compound Contentb [%] 
Compound 

classc 

Identification 

methodd 

924 α-Thujene 0.4 MT MS, RI 

932 α-Pinene 12.2 MT MS, RI, CoI 

946 Camphene 1 MT MS, RI, CoI 

969 Sabinene 0.8 MT MS, RI, CoI 

976 β-Pinene 3 MT MS, RI, CoI 

988 Myrcene 2 MT MS, RI, CoI 

1002 α-Phellandrene 0.3 MT MS, RI, CoI 

1014 α-Terpinene 0.4 MT MS, RI, CoI 

1020 p-Cymene 1.1 MT MS, RI, CoI 

1021 D-Limonene 6.1 MT MS, RI, CoI 

1026 1,8-Cineole 3.2 MT* MS, RI, CoI 

1032 (Z)-β-Ocimene 1.9 MT MS, RI 

1044 (E)-β-Ocimene 0.8 MT MS, RI 

1054 γ-Terpinene 1 MT MS, RI, CoI 

1065 cis-Sabinene hydrate 0.2 MT* MS, RI 

1086 Terpinolene 0.3 MT MS, RI 

1095 Linalool 2.8 MT* MS, RI, CoI 

1100 Isopentyl isovalerate 0.4 O MS, RI 

1103 2-Methyl butyl isovalerate 0.2 O MS, RI 

1100 Octen-3-yl acetate 0.2 O MS, RI 

1118 cis-p-Menth-2-en-1-ol 0.3 MT* MS, RI 

1135 trans-Pinocarveol 0.4 MT* MS, RI, CoI 

1141 Camphor 0.8 MT* MS, RI, CoI 



S.Filipović, N.Radulović, Essential oil analysis of the Micromeria Juliana (L.) Benth., from Luštica, Montenegro 

 

 

334 

 

1165 Borneol 5.2 MT* MS, RI, CoI 

1174 Terpinen-4-ol 4.2 MT* MS, RI, CoI 

1179 β -Fenchyl alcohol 2.7 MT* MS, RI, CoI 

1194 Myrtenol 1.6 MT* MS, RI, CoI 

1195 cis-Piperitol tr MT* MS, RI, CoI 

1227 Nerol 0.1 MT* MS, RI, CoI 

1230 cis-3-Hexenyl isovalerate 0.4 O MS, RI 

1235 Neral 0.1 MT* MS, RI, CoI 

1287 Bornyl acetate 0.5 MT* MS, RI, CoI 

1324 Myrtenyl acetate 4.8 MT* MS, RI, CoI 

1345 α-Cubebene 0.2 ST MS, RI, CoI 

1359 Neryl acetate 0.1 MT* MS, RI, CoI 

1374 α-Copaene 2.2 ST MS, RI, CoI 

1387 β -Bourbonene 0.7 ST MS, RI, CoI 

1389 β -Elemene 0.9 ST MS, RI, CoI 

1409 α-Gurjunene 0.2 ST MS, RI, CoI 

1417 (E)-Caryophyllene 1.8 ST MS, RI, CoI 

1430 β -Copaene 0.2 ST MS, RI, CoI 

1432 α-trans-Bergamotene 0.4 ST MS, RI 

1439 Aromadendrene 0.3 ST MS, RI 

1448 cis-Muurola-3,5-dien 0.1 ST MS, RI 

1478 γ-Muurolene 0.5 ST MS, RI 

1484 Germacrene D 3.4 ST MS, RI, CoI 

1489 β -Selinene 0.9 ST MS, RI 

1500 Bicyclogermacrene 2.2 ST MS, RI 

1500 α-Muurolene 0.2 ST MS, RI 

1503 Germacrene A 1 ST MS, RI 

1513 γ-Cadinene 0.4 ST MS, RI 

1522 σ-Cadinene 1.2 ST MS, RI 

1527 trans-Cadina-1,4-diene 0.1 ST MS, RI 

1537 α-Cadinene tr ST MS, RI 

1577 cis-Sesquisabinene hydrate 0.7 ST* MS, RI 

1561 (E)-Nerolidol 8.9 ST* MS, RI 

1577 Spathulenol 1.4 ST* MS, RI 

1582 Caryophyllene oxide 0.8 ST* MS, RI, CoI 

1592 Viridiflorol 6.8 ST* MS, RI 

1602 Ledol 0.4 ST* MS, RI 

1607 β -Oplopenone 0.1 ST* MS, RI 

1623 Eudesm-11-en-4-α-ol 0.3 ST* MS, RI 

1627 1-epi-Cubenol 0.3 ST* MS, RI 

1636 β -Acorenol tr ST* MS, RI 

1638 Isospathulenol 0.2 ST* MS, RI 

1635 10-epi-α-Cadinol 0.5 ST* MS, RI 

1644 α-Muurolol 0.2 ST* MS, RI 

1654 Eudesm-11-en-4β-ol 1.3 ST* MS, RI 

1670 Epi-β-Bisabolol 0.2 ST* MS, RI 

1685 Germacra-4(15),5,10(14)-trien-1- α -ol 0.4 ST* MS, RI 

Total identified(%) 98.8 

Number of components                                                                    70 

                           MT – Monoterpenes                                           31.3 

                           MT* – Oxygenated monoterpenes                     26.9 

                           ST – Sesquiterpenes                                           16.9 

                           ST* – Oxygenated sesquiterpenes                      22.5 

                           O – Others                                                           1.2 
a) Linear retention indices (RI) determined experimentally on the DB-5MS column relative to a series of C7 – 

C32 n-alkanes. b) Values are means of the individual analysis; tr, trace amounts (< 0.05%).c)Compound 

identification: RI, retention indices matching with literature data; MS, mass spectra matching. 
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Conclusions 

 

The objective of this study is to gain insight into the M. juliana essential oil structure, determine 

the possible mutual similarity and the variability in their chemical compositions, and to enclose possible 

diversity in the secondary metabolite profile dependent on the site of collection.  
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Abstract 
  

In animal and human organisms, there are many enzymes, members of the family of heme-

containing proteins, cytochromes P450 (CYPs), included in the biosynthesis and metabolism of many 

biomolecules, as cholesterol, bile acids, sex, and corticosteroid hormones, as well as in metabolism of 

drugs and xenobiotics. It is also well-known that different imidazole and triazole derivatives are 

efficient inhibitors of CYPs activity.  

In this study, we present in vitro screening of binding of novel androstane derivatives with tetrazole-

containing substituents in position 17 to human recombinant steroid-converting CYP enzymes: 

CYP7A1, CYP7B1, CYP17A1, CYP19, and CYP21. Initial screening was performed using a high 

throughput screening approach, while the affinity of the ligands was analyzed using spectrophotometric 

titration. For some among tested compounds type I spectral response (substrate-like binding) for 

CYP7A1 selectively, while for one compound type II spectral response (inhibitor-like binding) for 

CYP21 were detected, with micromolar values of Kds. Interestingly, one compound with mixed spectral 

response was found to bind for CYP7B1, which means that there are two optimal positions of the ligand 

inside the protein active site. Such results could be useful in CYP-inhibiting drug development, during 

a fast, high-throughput screening of pharmacological potential of novel compounds, as well as in side-

effects recognizing.  
 

Keywords: steroidal heterocycle compounds, in vitro study, HTS, ligand-enzyme binding 

 

 

1. Introduction  

 

Cytochrome P450 enzymes (CYPs) are a large family of heme-containing enzymes, which are 

included in the synthesis and metabolism of a broad panel of different substrates: steroids, eicosanoids, 

fatty acids, xenobiotics, drugs, and other biomolecules [1]. 

Human cytochromes P450 are present in almost all tissues, where they are included in the 

biosynthesis and biotransformations of endogenous steroids and thus direct the metabolism of steroids 

towards active or inactive metabolites [2]. Similarly, exogenous steroids can influence these steroid-

converting CYPs, producing diverse effects: modulation of CYPs activities may substantially redirect 

metabolic pathways and cause different changes in the organism. According to that, preclinical tests of 
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potential effects of the steroid-based medications are of great importance and are belonging to the 

palette of recommended or even mandatory tests in the drug development preclinical studies [2, 3].   

Human steroid hydroxylases, namely 21-hydroxylase (CYP21A2), 17α-hydroxylase/17,20-lyase 

(CYP17A1), aromatase (CYP19A1), cholesterol 7α-hydroxylase (CYP7A1), and 27-

hydroxycholesterol 7α-hydroxylase (CYP7B1) (Figure 1) are key CYP enzymes involved in the 

biosynthesis of progesterone, androgen, estrogen, and corticosteroid hormones and bile acids from 

cholesterol. Based on that, changes in their activities could be connected with different diseases, 

including hormone-dependent cancers, while compounds that influence CYPs activities could get 

practical pharmacological usage. If pharmacologically active compounds do not affect the CYP 

enzymes, that could be beneficial as well, because of their low side effects based on interaction with 

CYPs.  

 

  
Fig. 1. Scheme of biosynthesis of steroid hormones and bile acids from cholesterol, with stressed CYP 

enzymes acting as targets in the treatment of the disease  

 

Since steroid hormones have crucial roles in a proliferation of both healthy and cancerous tissues, 

their structural modification might result in effective new antiproliferative agents without hormonal 

effects or vice versa. Previous studies showed that the very successful structural modifications include 

the introduction of a heteroatom or a heterocycle into the structure of a parent steroid, which often 

results in alterations of its biological and/or pharmacological activities [4,5]. 

According to all mentioned, the binding of selected D-ring substituted tetrazole steroids to selected 

steroid-converting enzymes was tested in order to get information about their pharmacological 

potential. 

 

 

 

2. Results and discussion 

 

Purified human steroid hydroxylases overexpressed in E. Coli cells were used for the screening. 

The affinity of the ligands was analyzed using spectrophotometric titration. For the determination of 

dissociation constant of enzyme-ligand complex (Kd) equation for the tight-binding was used. Docking 

studies of CYP7 ligands were performed using an automated protocol based on AutoDock Vina 

software (v.1.1.2). Docking poses were ranked according to their RMSD towards known steroidal 

ligands of steroid hydroxylases and according to values of AutoDock Vina scoring function.  
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Binding of novel modified androstane-derived compounds with tetrazole moiety-containing 

substituent at position 17 on D-ring was performed to selected steroid-converting enzymes: cholesterol 

7α-hydroxylase (CYP7A1) and 27-hydroxycholesterol 7α-hydroxylase (CYP7B1), involved in the bile 

acids biosynthesis, as well as  21-hydroxylase (CYP21A2), 17α-hydroxylase/17,20-lyase (CYP17A1) 

and aromatase (CYP19A1), corresponding to the biosynthesis of active androgen and estrogen 

hormones. Screening of binding to CYPs was performed using a high throughput screening approach, 

while spectrophotometric titration methodology was used for measuring the affinity of the ligands 

towards selected CYPs.  

Although very similar in structure, compounds expressed different affinities towards steroid-

converting CYPs and bound with different Kds. Some compounds were binding to one of CYPs like 

substrates but did not undergo reaction catalyzed by that CYP. Another compound, according to the 

spectral response, binds to CYP7B1 in two optimal positions of the ligand inside the protein active site. 

Kd values were in a micromolar range (2-25 µM). It should be noted that almost all tested compounds 

interacted with lower affinity with the enzymes in comparison with their ‘essential’ ligands. 

To explain such in vitro results, docking was performed. We did a computer simulation for CYP7 

enzymes. It was found that binding energy values are comparable with corresponding values for the 

cholestenone and dehydroepiandrosterone – natural ligands of the enzymes. The high selectivity of 

CYP7B1 is explained by the non-uniform distribution of hydrophobic and hydrophilic amino acids in 

the cavity, formed by α-helices I and B`, unlike CYP7A1. 

 

3. Conclusions 

 

Presented results belong to the broader research directed towards CYP-inhibiting drug 

development, during a fast, high-throughput screening of pharmacological potential of novel 

compounds, as well as in side-effects recognizing and are an only first step in the drug development. 
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Abstract  
 

This paper examines the synthesis of two new complexes of platinum(II/IV) ion, general 

formula [PtL2]Cl2 and [PtL2]Cl4, where L is 2-amino-5-methyl-4-phenylthiazole. The structures of the 

above mentioned compounds were determined by elemental microanalysis, infrared, 1H and 13C NMR 

spectroscopy. 

 

 

Key words: platinum(II/IV) complexes; IR and NMR spectroscopy 

 
 

1. Introduction  

 

Cisplatin is one of the most effective anticancer drugs in the treatment of a variety of human tumors, 

and its extensive usage as an antitumor drug has initiated investigations in the medicinal bioinorganic 

research field toward numerous platinum complexes [1-2]. But, its clinical application has been limited 

by several negative side effects so it has also stimulated new areas of research focused on the search for 

new metal-based complexes with lower toxicity and more improved therapeutic properties [3-4]. Many 

molecules containing different atoms in their structure, such as nitrogen, sulfur and oxygen, show 

biological activity that is of great importance for the further development of science, as well as the 

practical application in medicine. Such molecules are, for example, thiazoles. Thiazoles are a very 

important class of heterocyclic compounds with sulfur in position 1 and nitrogen in position 3. By their 

physical and chemical properties they are very reminiscent of pyridine, pyrimidine, thiophene and furan 

[5]. Thiazole derivatives are of great importance due to their numerous activities such as: antibacterial, 

antiviral, antitumor, anti-inflammatory, anti-HIV [6]. Numerous studies have shown that the activity of 

compounds with thiazole structure depends on both the presence or absence and the type of substituents 

in position 2 and 4. Many scientists have focused their research on antitumor activities, proving the 

importance of methyl and halogen-substituted phenols, as well as the  

p-toluenesulfonyl-hydrazine group in improving the antitumor activity of 2,4-disubstituted thiazole 

derivatives [7]. 

With this fact in mind, we report the synthesis of platinum(II/IV) complexes with  

2-amino-5-methyl-4-phenylthiazole as a ligand.  
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2. Instructions  

 

2.1 Materials and Methods 

 

K2[PtCl4] and K2[PtCl6] were purchased from Merck, as 2-amino-5-methyl-4-phenyl- 

-thiazole was commercially available. All chemicals were used without further purification. 

Elemental microanalyses for C, H and N were performed by standard methods by Vario EL. III  

C, H, N Elemental Analyzer at the Microanalytical Laboratory, Faculty of Chemistry, University of 

Belgrade, Republic of Serbia. 

Infrared spectra were recorded by Perkin-Elmer Spectrum One FT-IR spectrometer using the KBr pellet 

technique (4000-400 cm-1). 1H and 13C NMR spectra were recorded by Varian Gemini-2000 (200 MHz) 

spectrometer in DMSO-d6 as solvent. 

 

2.2 Preparation of the complexes 

2.2.1. Synthesis of platinum(II) complex  with 2-amino-5-methyl-4-phenylthiazole 

 

0.05 g K2[PtCl4] was dissolved in 10 mL of water and placed on magnetic steerer. An appropriate 

amount of the ligand 0.045 g was dissolved in methanol and was added in portions in water solution of 

K2[PtCl4]. Pt(II) ion and ligand reacted in molar ratio 1:2 (Fig. 1). The reaction lasted for 3h at room 

temperature. The obtained yellow precipitates were filtered, washed with water and dried on air. 

 

 
Fig. 1. Synthesis of platinum(II/IV) complexes  with 2-amino-5-methyl-4-phenylthiazole 

 

 
Yield: 43%. Anal. Calcd for C20H20N4S2Cl2Pt: C, 37.43; H, 3.14; N, 8.73; S, 9.99. Found: C, 37.85; H, 

3.23; N, 8.78; S, 10.05.  

IR (KBr, cm-1): 3417 and 3285 (NH), 3075 (=CH), 2930 and 2852 (-CH), 1634, 1553 and 1438 (C=C), 

1536 (C=N), 517 (Pt-N). 

2.31 ppm (s, 3H, CH3), 6.95 ppm (bs, 2H, NH2), 7.23-7.45 ppm (m, 3H, H-3, H-4 and  

H-5 from phenyl moiety), 7.50-7.58 ppm (m, 2H, H-2 and H-6 from phenyl moiety); 
13C NMR (50 MHz, DMSO-d6): 12.30 ppm (CH3),114.78 ppm (C-5 from thiazole moiety), 128.00 ppm 

(C-2 and C-6 from phenyl moiety), 131.29 ppm (C-4 from phenyl moiety), 128.23 ppm (C-3 and C-5 

from phenyl moiety), 126.96 ppm (C-1 from phenyl moiety), 135.03 ppm (C-4 from thiazole moiety), 

164.55 ppm (C-2 from thiazole moiety). 

 

 
2.2.2. Synthesis of platinum(IV) complex  with 2-amino-5-methyl-4-phenylthiazole 

 

0.05 g K2[PtCl6] was dissolved in 10 mL of water and placed on magnetic steerer. An 

appropriate amount of the ligand 0.039 g was dissolved in methanol and was added in portions in water 

solution K2[PtCl6]. Pt(IV) ion and ligand reacted in molar ratio 1:2 (Fig.1).  The reaction lasted for 3h 
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at room temperature. The obtained yellow/orange precipitates were filtered, washed with water and 

dried on air.  

Yield: 39%. Anal. Calcd for C20H18N4S2Cl4Pt: C, 33.8; H, 2.55; N, 7.88; S, 9.03. Found: C, 33.94; H, 

3.83; N, 7.67; S, 9.00.  

IR (KBr, cm-1): 3436 (NH), 3076 and 3067 (=CH), 2932 (-CH), 1599, 1532 and 1483 (C=C), 1518 

(C=N), 473 (Pt-N). 

2.28 ppm (s, 3H, CH3), 7.48-7.57 ppm (m, H-2, H-3, H-4, H-5 and H-6 from phenyl moiety);  
13C NMR (50 MHz, DMSO-d6): 11.76 ppm (CH3), 114.88 ppm (C-5 from thiazole moiety), 128.53 ppm 

(C-2 and C-6 from phenyl moiety), 128.44 ppm (C-4from phenyl moiety), 128.98 ppm (C-3 and C-5 

from phenyl moiety), 129.48 ppm (C-1 from phenyl moiety), 133.58 ppm (C-4 from thiazole moiety), 

167.82 ppm (C-2 from thiazole moiety). 

 

2.2.3. Spectral data for 2-amino-5-methyl-4-phenylthiazole 

 
2-amino-5-methyl-4-phenyl-thiazole was purchased commercially, but for the comparison 

sake, spectral data for ligand are also shown. Atom numbering in the ligand is presented on Figure 2. 

 

 
 

Fig. 2. Atom numbering in the ligand 

 
IR (KBr, cm-1): 3418 and 3275 (NH), 3066 and 3056 (=CH), 2979, 2949 and 2913 (-CH), 1635, 1554, 

1484 and 1439 (C=C), 1536 (C=N). 
1HNMR (200 MHz, DMSO-d6): 2.31 ppm (s, 3H, CH3), 6.81 ppm (bs, 2H, NH2),  

7.24-7.42 ppm (m, 3H, H-3, H-4 and H-5 from phenyl moiety), 7.51-7.57 ppm (m, 2H, H-2 and H-6 

from phenyl moiety). 
13C NMR (50 MHz, DMSO-d6): 12.37 ppm (CH3),114.97 ppm (C-5 from thiazole moiety), 126.93 ppm 

(C-2 and C-6 from phenyl moiety), 128.06 ppm (C-4from phenyl moiety), 128.27 ppm (C-3 and C-5 

from phenyl moiety), 135.42 ppm (C-1 from phenyl moiety), 144.84 ppm (C-4 from thiazole moiety), 

164.51 ppm (C-2 from thiazole moiety). 

 

3. Conclusions 

 

NMR (1H and 13C) and IR spectra were used to determine the coordination mode of the ligand 

to the platinum(II) or platinum(IV) ion and the obtained spectral data were in agreement with the 

proposed structures. 

In IR spectra of ligand and investigated Pt(II) complex, the strong band at around 3420 cm-1 

and 3285 cm-1 was recorded, being a characteristic of NH2 group, wheras in the spectra of the Pt(IV) 

complex, this band was present at 3436 cm-1, due to the fact that the NH2 group is  coordinated for 

Pt(IV) ion. In the 1H NMR spectra of Pt(II) complex as well as the free ligand, the signals of hydrogen 

atoms belonging to amino groups occur at around 7.0 ppm confirming that this group does not 

participate in the coordination while in Pt(IV) complex there is no such signal.  

In 13C NMR spectra there were no significant shifts due to the distance of the C atom in relation 

to the coordination site.  

Based on all spectroscopic data we concluded that this mode of coordination is indicated by the 

fact Pt(II )ion is a softer acid than Pt(IV). 
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Abstract: 

  

Mentha piperita and Melissa officinalis are both well-known medicinal plants that have applications 

in traditional medicine. In this research the antibacterial activity of the ethanol extracts of M. piperita 

and M. officinalis was examined against 14 bacterial strains via the microdilution method. Minimum 

inhibitory concentrations of ethanol extracts of both plant species ranged from 0.312 to 20 mg/mL. 

Standard strains of Staphylococcus aureus ATCC 25923 at a concentration of 0.312 mg/mL and 

Bacillus subtilis ATCC 6633 at a concentration of 1.25 mg/mL showed the highest sensitivity to the 

ethanol extract of M. piperita. Ethanol extract of M. officinalis showed antibacterial activity on standard 

strains of S. aureus ATCC 25923 and B. subtilis ATCC 6633 at a concentration of 0.625 mg/mL. In 

addition to the mentioned standard strains, it showed activity on the isolate from the food Proteus spp. 

at a concentration of 0.312 mg/mL and isolate from the wound Proteus mirabilis at a concentration of 

0.625 mg/mL. Mechanism of action of the ethanol extract of M. officinalis was examined on the 

permeability of the bacterial cell membrane. The effect of the extract on the increased permeability of 

the cell membrane was measured based on the release of proteins and the percentage of crystal violet 

binding. Ethanol extract of M. officinalis has been shown to act at the level of the cell membrane in the 

following bacterial strains of Pseudomonas aeruginosa, S. aureus and Enterococcus spp.  
 

Key words: Mentha piperita, Melissa officinalis, antibacterial activity, mechanism of action, 

permeability of the cell membrane 

 

 

1. Introduction 

 

The increasing rate of resistance of bacteria to antibiotics due to excessive and improper use of 

these drugs as well as toxicoinfections caused by food-borne bacteria are two major problems globally 

that significantly affect human health. Plants produce a wide range of chemical compounds, which 

belong to different classes of secondary metabolites (flavonoids, coumarins, terpenoids and alkaloids) 

and show good antibacterial activity. In addition, they may indirectly show their antibacterial activity 

as modulatory agents of antibiotic activity [1,2]. There is a growing need to detect these natural agents 

because these compounds are less toxic and less harmful to the human body [2]. However, although it 

is already known that many plants exhibit good antibacterial activity, the mechanism of their action has 

not yet been fully studied. Based on the above, this paper examines the effect on bacterial growth and 

the potential mechanism of action of two medically important plants Mentha piperita and Melissa 

officinalis, belonging to the family Lamiaceae.  
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2. Material and methods 

 

2.1 Extraction and phytochemical analysis 

 

Dried ground leaves of M. piperita and M. officinalis was obtained from commercial sources. 

Extraction was performed using the maceration method, where ethanol was used as the solvent. The 

total phenol content [3], total flavonoid content [4], total extractable tannin content [5] and 

proanthocyanidin content [6] were determine. 

 

2.2 Antibacterial activity and еffect of plant extracts on bacterial cell membrane permeability 

 

The antibacterial activity was tested by determining the minimum inhibitory concentration (MIC) 

using the microdilution method with resazurin [7] against 14 bacterial strains isolated from human 

material and from foodstuffs (Table 2). An antibiotic - tetracycline (Sigma Chemicals Co., USA) was 

used as a control. 

The bacterial cells were treated with M. officinalis extract solution corresponding to the MIC 

values. The prepared samples were incubated for 16 - 18 h at 37°C. After incubation and centrifugation, 

cell membrane permeability was determined by the Bradford method and by the crystal violet test [8]. 

The percentage of crystal violet uptake was calculated according to equation:                                                                                                                                                                                               

% = 100‐ 
Absts x 100

Abscv
 

Absts - Аbsorbance of the treated sample; Abscv - Аbsorbance of the crystal violet solution 

 

An antibiotic - polymyxin, which acts as bacterial cell membrane permeability agent, was used as a 

control. 

 

3. Results and discussion 

 

3.1 Total phenols, flavonoids, tannins and proanthocyanidins content 

 

From the presented results in Table 1. it could be noticed that the concentrations of total phenols 

and tannins were higher in M. officinalis extract, while the concentration of total flavonoids was higher 

in M. piperita extract. The amount of proanthocyanidins was similar in both extracts. Stefanović & 

Čomić (2012) in their studies measured higher amounts of active substances in different extracts of M. 

officinalis compared to this work, while Atanassova et al. (2011) obtained similar concentrations of 

certain compounds [9,10].  
 

Table 1. Amount of total phenols, flavonoids, tannins and proanthocyanidins in extracts of tested plants 

Plant species 

Total phenols 

(mgGAE/g 

extract) 

Flavonoids 

(mgRUЕ/g 

extract) 

Tannins 

(mgGAE/g 

extract) 

Proanthocyanidins 

(mgCChE/g 

extract) 

M. officinalis 68.22 42.32 53.46 2.33 

M. piperita 62.86 74.76 34.62 2.87 

 

 

 

 

3.2 Antibacterial activity of tested plant species 

 

From the results shown in Table 2., it can be concluded that the ethanol extract of M. officinalis had 

the best effect on the following tested strains of Proteus spp. LM72 at a concentration of 0.312 mg/mL, 

B. subtilis ATCC 6633, P. mirabilis LM58, S. aureus ATCC 25923 at a concentration of 0.625 mg/mL. 

The extract showed a weaker effect on other strains. 

 Ethanol extract of M. piperita showed slightly weaker antibacterial activity compared to ethanol 

extract of M. officinalis. The highest susceptibility was shown by standard strain S. aureus ATCC 25923 
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Table 2. Antibacterial activity of tested extracts 

Bacterial strains 

Plant extracts Antibiotic 

Melissa officinalis Mentha piperita Tetracycline (µg/mL) 

MIC (mg/mL)  

Bacillus subtilis АТCC 6633 0.625 1.25 0.25 

Escherichia coli ATCC 25922 20 20 0.25 

E. coli LM54 20 20 128 

E. coli LM51 20 20 >128 

Proteus mirabilis LM46 1.25 5 64 

P. mirabilis LM58 0.625 5 64 

Proteus spp. LM72 0.312 5 32 

Pseudomonas aeruginosa ATCC 27853 10 10 4 

P. aeruginosa LM57 10 20 4 

Staphylococcus aureus ATCC 25923 0.625 0.312 0.125 

S. aureus LM63 20 20 1 

S. aureus LM48 2.5 10 128 

Salmonella typhimurium LM25 10 20 1 

Enterococcus spp. LM41 5 10 16 

 

M. piperita and M. officinalis are well-known medicinal plants whose antibacterial activity has been 

tested in various studies [11,12]. In these studies, different extracts of the tested plants showed better 

or similar antibacterial activity on certain strains compared to this work. 

 

3.3 Effect of M. officinalis extract on bacterial cell membrane permeability 

 

According to the results for both tested methods, the ethanol extract of M. officinalis had an effect 

on the cell membrane permeability in all tested bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Effect on cell membrane permeability – protein loss (A) and crystal violet uptake (B) 

Determining the protein loss, the highest absorbance values were measured for Enterococcus spp. 

(TS = 1.253; C = 1.0375), S. aureus (TS = 1.1685; C = 0.9437) and P. aeruginosa (TS = 1.396; C = 

0.978) (Fig. 1A.). In addition, the highest percentage of crystal violet uptake was observed in S. aureus 

(96.181%), Enterococcus spp. (96.125%) and P. aeruginosa (95.751%) (Fig. 1B.). 

 

4. Conclusions 

 

The results obtained in this study showed that M. officinalis and M. piperita had an inhibitory effect 

on bacterial growth. Potential mechanism of action for extract, which showed better activity, was also 

investigated where it was found that M. officinalis acts on the permeability of the cell membrane and 

leads to its higher permeability and disturbances in its functioning. This research justifies the application 
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of tested plant species in traditional medicine and provides a basis for further research of these plant 

species and of their potential mechanism of action. 
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Abstract: 

 

Tetrahydropyrimidines (THPMs) attracted attention as a very important class of aza heterocycles 

with broad pharmacological activities during the past years. In many studies have been proven that 

THPMs have anticancer, anti-inflammatory, antimicrobial, antioxidant, antifungal, anti-HIV activity. 

Bearing in mind our interest in medicinal and Biginelli chemistry, we investigated interaction with 

important biomacromolecules (DNA, BSA) and our earlier synthetized THPMs derivatives with proven 

very good cytotoxic activity.[1] 

       Investigation of affinity of compounds A and B (Figure 1) to bind to bovine serum albumin (BSA) 

is based on the fact that the efficiency of drugs depends on their ability to bind for carrier protein. 

Binding properties were investigated by using the fluorescence emission titration of BSA with A and 

B. The obtained values of Ka, which are in optimum range which is considered to be 106-107M-1 indicate 

that both compounds have great ability to bind to BSA. In addition, Ka values for A-BSA and B-BSA 

show that both compounds are suitable for drug-cell interactions. 
 

Keywords: tetrahydropyrimidines, BSA interaction 

 

1. Introduction  

 

The pyrimidine is very important and interesting heterocyclic moiety with numerous therapeutic 

applications in medicinal chemistry. One of the most important cause of their activity is presence of a 

pyrimidine base in thymine, cytosine and uracil, which are essential building blocks of nucleic acids, 

DNA and RNA.[2] Furthermore, tetrahydropyrimidines-THPMs (previous name dihydropyrimidines-

DHPMs) are very significant compounds with pyrimidine moiety that possess wide range of 

pharmacological activity.  

In the literature have been described various synthetic routes to obtain THPMs, however for the last 

years the most used one are multi-component reactions (MCR). MCR are special types of theoretically 

useful organic reactions in which three or more starting materials react to give a desired product.[3] 

Moreover, MCR are commonly used due to many advantages (e.g. shorter reaction time, higher yields, 

less by-products…) in regards to classical organic reactions. Generally used multi-component reaction 

for heterocyclic synthesis are Biginelli reaction and Hantzsch dihydropyridine synthesis etc.[4] 
According to this, we synthetized small library of new THPMs derivatives using multicomponent one-

pot Biginelli reaction and examined their cytotoxic activity, mechanism of action and molecular 

docking. [1] Also, THPMs are involved in various mechanism like enzymatic action, receptor mediated 

mechanism and activity against the ion channel so it is not surprising that scientists all over the world 

are interested in investigation of their potential biological activities and better synthetic pathways.  

Fluorescence spectroscopy is the most suitable experimental method for studies such as interactions 

between small molecules and biomacromolecules (DNA, carrier proteins, etc.).The most represented 
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carrier proteins are serum albumins who play an essential role in the transportation and deposition of 

many biologically active compounds in the circulatory system.[5-7] The serum albumins contribute to 

the osmotic blood pressure,[8] and can play a main role in drug transportation, disposition and 

efficiency.[9] Crucial fact is that the drugs and bioactive small molecules bind reversibly to albumin, 

who has transport function.[10] Therefore, it is important to investigate the potential drugs-protein 

interactions. 

 
Fig. 1. Structures of investigated compounds. 

 

2. Results and discussion 

 

2.1. Protein binding experiments 

It is known that the efficiency of drugs depends on their ability to bind and carried by protein.[11] 

Based on this fact, we investigated the binding affinity of compounds A and B to bovine serum albumin 

(BSA). Binding properties were investigated by using the fluorescence emission titration of BSA with 

A and B in the wavelength range of 300–500. As can be seen in Fig. 2, intensities of BSA reduced 

gradually with increasing concentrations of compounds A and B. 

The fluorescence quenching data were examined by using the Eqn. 1:[12] 

 

log(I0-I/I) = logKa + n log[Q]                                                                                                (1) 

 

where I0 and I are the emission intensities in the absence and presence of the quencher, Ka is the binding 

constant for A or B-BSA interaction, n is the number of binding sites per BSA molecule, and [Q] is the 

concentration of the quencher. The plots of log[(I0-I)/I] versus log[Q] were depicted on Fig. 2. The 

values of Ka and n were obtained from the intercept and slope of the obtained straight lines. The values 

of binding parameters for A- and B-BSA complexes are given in Table 1. The obtained values of Ka 

(Table 1) indicate that both compounds have great ability to bind to BSA. [12] Hence, Ka values for A-

BSA and B-BSA complexes show that both compounds are suitable for drug-cell interactions. The 

number of binding site of A and B (n ≈ 1, Table 1) show that it binds to BSA in the molar ratio of 1:1.  
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Fig. 2. Top: emission spectra of BSA in the absence (red lines) 

and presence of compounds A and B. The red lines denote solutions: buffer + quencher. pH = 7.4; λex = 

280 nm. Bottom: plots of log(I0-I/I) versus log[Q]. 

 

 

compound Ka (M
-1) n R 

A 1.07 x 105 0.9 0.984 

B 3.95 x 107 1.4 0.998 

 
Table 1.  Binding parameters (Ka and n) and the correlation coefficient (R) for interaction of A and B with 

BSA. 

3. Conclusion 

 

Due to importance of this class of compounds and their biological activity, in previous paper we 

examined cytotoxic activity of A and B on selected cell lines and their mechanism of action. Mention 

compounds show good cytotoxic activity so we did additional experiment such as molecular docking 

and interaction with biomacromolecules. In this paper we presented their interaction with BSA. The 

measured values of binding constants for interaction between A or B and carrier protein (BSA) are in 

optimum range suggesting that formed complex species (A-BSA and B-BSA) are suitable for drug–cell 

interactions. 
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Abstract 
 

Sulfonamide derivatives are a very important class of compounds with pronounced biological 

activities and, for this reason, they have very useful pharmaceutical applications. They are the basis of 

several groups of drugs and are known as sulfa-drugs. From this point of view, the present study focuses 

on the synthesis of some novel structural hybrids incorporating two very important groups, sulfonamide, 

and pyrazoline. The new sulfonamide-based pyrazolines were synthesized in very good yields. The 

structures of the sulfonamide compounds were confirmed by IR and NMR methods. Synthesized 

compounds were tested for their antioxidant activities using two different methods, DPPH radical and 

ABTS radical cation scavenging assays. The results showed relatively good in vitro antioxidant activity. 

 

Keywords: antioxidant activity, pyrazolines, sulfonamides, synthesis 

 

 

1. Introduction 
 

The sulfonamides have attracted much attention in drug design during the past decade. They contain 

a pharmacologically active group, SO2NH, an important structural motif that is an integral part of many 

clinical drugs (sulfa drugs) [1]. They have a broad spectrum of biological activities such as antibacterial 

[2], antifungal [3], anticancer [4], antioxidant activity [5], etc. 

On the other side, pyrazolines received considerable attention due to their biological activities such 

as antimicrobial [6], anti-inflammatory [7], antidepressant [8], anticancer [9], antioxidant [10], etc. 

Given the above-mentioned facts and continuation of our interest, the present study focuses on the 

synthesis of some novel structure hybrids incorporating sulfonamide and pyrazoline fragments in the 

same molecule. The new sulfonamides were synthesized and their antioxidant activities were 

investigated. 

 

2. Results and discussion 

 

2.1. Chemistry synthesis 

 

The synthetic strategy for the preparation of the target sulfonamides is depicted in Scheme 1.  

O-alkyl dehydrozingerone derivatives, 1(a-d), were synthesized according to the described literature 

procedures [11]. In the next step, by the reaction of these compounds with hydrazine hydrochloride in 

methanol, pyrazoline derivatives were obtained. N-H group in pyrazolines is very reactive and provides 

the possibility for various transformations. The further reaction was performed in the presence of 
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different sulfonyl chlorides and trimethylamine, yielding new sulfonamide derivatives. The prepared 

compounds were characterized by their spectral data 

(IR, 1H- and 13C-NMR). 

 

Scheme 1. Synthesis of novel sulfonamide compounds 
 

2.2. Antioxidant activity 

 

After preliminary screening of the series of new compounds in DPPH assay, four of them with the 

highest antioxidant activity were selected for further analyses. The antioxidant activity of selected 

compounds was monitored via DPPH and ABTS assays and the results are presented in Table 1. 

 

Table 1. IC50 values of in vitro antioxidant activities of compounds 1ac’, 1bb’, 1cb’, 1db’ and standard 

antioxidant compounds. 

IC50 values were determined by non-linear regression analysis. The results are presented as mean values ± SD from three 

independent measurements. Means in the same column with different letters are significantly different at 

p < 0.05 according to ANOVA 

 

In the DPPH assay, the compounds had moderate activity compared with standard antioxidant 

compounds, ascorbic acid, and BHT. Compounds 1ac’ and 1bb’showed somewhat better antioxidant 

capacity in comparison to the 1cb’ and 1db’, with IC50 values 340.37 and 395.33 µM, respectively. 

Compound 1ac’ exerted the highest DPPH scavenging potential among the samples. On the other hand, 

the compounds were able to scavenge 50% of the ABTS radical cation amount in much lower 

concentrations. The highest antioxidant effects showed compound 1bb’, with IC50 value 160.95 µM, 

which can be comparable to standard antioxidant compounds ascorbic acid and BHT (IC50 97.74 and 

108.77 µM), but the results were significantly different at p < 0.05. Other compounds, 1ac’, 1cb’ and 

1db’were also able to neutralize free ABTS radical cation, but at concentrations 2- or 3-fold higher than 

reference compounds.  

The presented results suggest that these four compounds showed higher affinity in neutralizing 

ABTS radical cations, the reaction based on a described as sequential proton loss electron transfer 

(SPLET) mechanism, then in quenching DPPH radicals via the same pathway of donating an electron 

[12]. 

 

Compounds IC50 µM 

 DPPH radical  

scavenging activity 

ABTS radical cation scavenging 

activity 

1ac’ 340.37± 14.74a 310.87± 30.88a 

1bb’ 395.33 ± 44.20b 160.95 ± 15.54b 

1cb’ 533.86± 3.71c 241.47± 27.39c 

1db’ 548.01 ± 4.20c 286.0 ± 13.55a,c 

Ascorbic acid 143.21± 7.77d 97.74 ± 9.06d 

BHT 43.86 ± 0.22e 108.77 ± 9.33d 
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3. Material and methods 
 

3.1. Chemistry 

 

All starting chemicals were commercially available and used as received, except that the solvents 

were purified by distillation.  

IR spectra: PerkinElmer Spectrum One FT-IR spectrometer with a KBr disc, in cm-1; NMR spectra: 

Varian Gemini 200 MHz spectrometer (200 MHz for 1H and 50 MHz for 13C), using CDCl3 as the 

solvent and TMS as the internal standard. 1H and 13C NMR chemical shifts were reported in parts per 

million (ppm). The melting point of products was determined using the MelTemp1000 apparatus. 

 

3.1.1. General procedure for the synthesis of sulfonamides 

 

To a stirred solution of corresponding O-alkyl dehydrozingerone (1 mmol) in methanol (25 ml) 

hydrazine hydrochloride (3 mmol, 205 mg) and anhydrous CH3COONa (5 mmol, 410 mg,) were added. 

The reaction mixture was heated to reflux overnight. The formed salt was filtered off and the filtrate 

was cooled to room temperature. To stirred filtrate sulfonyl chloride (1.5 mmol) was added. Then, 

triethylamine (0.4 ml) was added dropwise and the resulting mixture was stirred overnight at room 

temperature. After completion of the reaction, the mixture was poured into iced water and stirred well. 

The formed precipitate of sulfonamide product was filtered and dried in a desiccator. 

 

3.2. Antioxidant activity 

 

All chemicals used in determining antioxidant effects were purchased from Sigma Aldrich 

(Steinheim, Germany). The spectrophotometer used was UV–Vis double beam spectrophotometer Halo 

DB-20S (Dynamica GmbH, Dietikon, Switzerland) with temperature control. 

For the evaluation of the antioxidant capacity of synthesized compounds were used two different 

methods, DPPH radical scavenging assay and ABTS radical cation scavenging assay [13,14]. The data 

of antioxidant activity are expressed as the mean ± standard deviation (SD). The IC50 values were 

calculated by nonlinear regression analysis from the sigmoidal dose-response inhibition curve in 

OriginPro 8 Software.  

 

3. Conclusions 

 

In this study, 20 new sulfonamides were synthesized in very good yields, and their structures were 

characterized by spectral data (IR, 1H NMR, and 13C NMR). Antioxidant activities of the novel 

compounds were evaluated and results showed that some of them have good in vitro antioxidant 

activities and that they could be an interesting basis for further investigation. 
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Abstract: 

 

5HT1A receptor targeting drugs have been used as the treatment for the many neuropsychiatric 

disorders, such as schizophrenia and depression. As a part of ongoing research, we designed series of 

new compounds that share arylpiperazine common structural motif with the 5HT1A receptor ligand 

aripiprazole. Receptor-ligand interactions were determined by the molecular docking simulations, 

revealing the positive impact of the phenyl substitution in the arylpiperazine part of the molecules. Nine 

selected compounds were synthesized in four reaction steps in high overall yields (59-73%). In vitro 

pharmacological evaluation of the synthesized compounds revealed three compounds (5b, 6b and 6c) 

with high 5HT1A binding affinity, comparable with aripiprazole (Ki 12.0, 4.8, 12.8, 5.6 nM, 

respectively). Compounds from b series, 5b and 6b, possess 2-methoxyphenyl substituents, while 6c 

possess 2,3-dichlorophenyl substituent in the arylpiperazine part of the molecule. The pharmacological 

results are therefore in accordance with the molecular docking simulations thus proving the rational 

design. Compounds 5c, 6b and 6c can be considered as the candidates for further evaluation as new, 

potential antidepressants. 

 

Keywords: 5HT1A, aripiprazole, arylpiperazines, molecular docking, binding assay 

 

1. Introduction  

 

Depression is one of the most abundant neuropsychiatric disorders, present in more than 300 million 

people worldwide. Followed by serious symptoms affecting person’s behaviours and feelings which 

often lead to suicidal intentions, represents a global health issue.[1] Having that in mind, the 

development of new therapeutics for the treatment of depression symptoms has been scientificaly 

imortant form many years because of the limited efficiancy of the curent aproved drugs.[2] One of the 

targets for the development of new antidepressants is serotonine 5HT1A repceptor. Some antidepressants 

known to bind to 5HT1A receptor possess N-arylpiperazine structural motifs. Aripiprazole represents 

one of such molecules, recently approved for the treatment of the major depressive disorder.[3] 

Recent advances in serotonin receptors structure research gave us a number of crystal 5HT1A 

receptor structures, most notably 5HT1A bound to the aripiprazole.[4] This discovery prompted us to re-
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evaluate a docking analysis of previously synthesized compounds,[5,6] since they share minimal 

common arylpiperazine structure with aripiprazole. Based on these findings we designed some new 

arylpiperazine derivatives which were subjected to the detailed molecular docking analysis using the 

crystal structure of 5HT1A receptor with aripiprazole. Nine novel N-{4-[2-(4-aryl-piperazin-1-yl)-

ethyl]-phenyl}-arylamides (5a-c - 7a-c) were then selected for the synthesis and pharmacological 

evaluation.  

 

2. Result and discussion  

 

2.1. Molecular docking 

 

Docking analysis was done using aripiprazole-bound serotonin 5HT1A receptor-Gi protein complex 

receptor model (PDB: 7E2Z)[4] and selected ligands (Figure 1, Table 1.). All ligands were protonated 

at physiological pH (pH=7.4). Schrodinger Maestro software induced fit docking procedure was carried 

out using standard protocol and flexible ligand/flexible bind site. Receptor binding site was determined 

using bound aripiprazole position. The dimensions of the grid box and receptor setup were 10x10x10 

(x,y,z) Å during docking study, respectively, with a grid space of 1 Å.  Up to 20 docking poses within 

30 kcal/mol of the best docked pose were generated and results were sorted based on the docking score 

and number of key receptor-ligand interactions.[7,8] 
 

A 

 

B 

 

 

Fig. 1. 2D docking schematics of ligand and 5HT1A receptor. A: Best docking pose of 6b in the active site of the 

5HT1A; B: Best docking pose of 6c in the active site of the 5HT1A. The most relevant interacting residues are 

labeled. Key interactions are color coded as follows: purple – electrostatic interactions (salt bridge, hydrogen 

bonding), green – aromatic interactions (edge to face, C-H…Pi). Gray nodes represent solvent accessible ligand 

atoms. 

 

5HT1A receptor binding site can be divided in two distinctive parts. Orthosteric binding site (OBS) 

that is located deep inside the binding cavity, between transmembrane helices 3 and 5 and extended 

binding pocket (EBP) bordering extracellular space, and formed in part by receptor extracellular loops. 

OBS is responsible for binding of arylpiperazine part of the ligand, and correct ligand orientation in the 

receptor binding site. Key interactions observed in OBS are with Asp116 (salt bridge), and number of 

aromatic interactions with Phe361 and 362 (edge-to-face, C-H…Pi) as well as hydrogen bond with 

Ser199. On the other side, EBP forms number of hydrogen bonds with ligand, that adds to binding 

affinity. Key interactions in the EBP are with Asn100 and Asn386, reinforced by aromatic interaction 

(edge-to-face) with Tyr96.  

Obtained results showed that compounds 6b and 6c have most key interactions. The best docking 

pose of the compounds revealed the key interactions of the arylpiperazine part of the molecule in the 

OBS are the salt bridge with Asp116 and hydrogen bond with Ser199 (6b, Figure 1. A) and aromatic 

interactions with Phe361, Phe362 (6c, Figure 1. B). The most notable interactions of the carboxamide 

part of the molecule in the EBP included hydrogen bonds with Asn100, Asn386 and aromatic 

interactions with Tyr96 (Figure 1.). 

 

2.2. Chemistry 

 

The general synthetic route towards 5 a-c, 6 a-c and 7a-c is presented in Scheme 1. 
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Scheme1. Reagents and conditions for the synthesis of 5 a-c, 6 a-c and 7a-c: (i) Arylpiperazine, 

propylphosphonic acid anhydride (PPAA), N,N-dimethylformamide (DMF), r.t.; (ii) B2H6, THF, 0°C for 6 h, r.t. 

for 1 h, then reflux for 2 h; (iii) NH4CHO2, 10% Pd/C, MeOH, (iv) ArCO2H (3-hydroxybenzoic acid for 

preparation of  5 a,b,c or 4-hydroxybenzoic acid for preparation of  6 a,b,c or 2-(4-hydroxyphenyl)acetic acid 

for preparation of  7 a,b,c), PPAA, DMF, r.t. 
 

Acylation of the appropriate arylpiperazine by 4-nitrophenylacetic acid 1 afforded amides 2 a-c, 

which upon reduction by B2H6 provided corresponding amines 3 a-c. Reduction of the nitro group in 3 

with Pd/C/ammonium formate, followed by N-acylation of 4 with aryl acids, yielded final products 5 

a-c, 6 a-c and 7a-c in high overall yields (59-73%). All compounds were spectroscopically 

characterized.  

 

2.3. 5HT1A binding assay  

 

Competitive binding assay at serotonin 5HT1A receptors was performed using radio ligand [3H] 8-

OH-DPAT, as previously described.[5] The observed Ki values (Table 1.) indicated that introduction of 

2-methoxy and 2,3-dichloro substituents on the phenyl ring of arylpiperazine part of the molecule has 

positive impact on the 5HT1A receptor binding affinity.  
 

 

Biggest affinity gain was observed in the case of ligands 5b, 6b and 6c compared to 

phenylpiperazine derivatives 5a and 6a respectively. The binding affinity of the most active compound 

from the series 6b compared with aripiprazole [9] (4.8 and 5.6 nM, respectively), illustrates the positive 

impact of the 2-methoxy substituent on the phenyl ring in the arylpiperazine part of the molecule, which 

is in accordance with the molecular docking analysis. 
 

3. Conclusions 

 

In summary, molecular docking analysis was performed on aripiprazole-bound serotonin 5HT1A 

receptor-Gi protein complex receptor model and newly designed ligands. Nine selected N-{4-[2-(4-

aryl-piperazin-1-yl)-ethyl]-phenyl}-arylamides were synthesized and pharmacologically evaluated. 

Based on the observed interactions with the binding site, molecular docking analysis predicted the best 

binding affinities for the two compounds from the series, 6b and 6c. In vitro obtained 5HT1A binding 

affinities are in accordance with molecular docking predictions. Three compounds (5b, 6b and 6c) are 

highlighted as the best candidates to be further investigated as potential antidepressants. 

 

Table 1. Summary of  affinity activities (Ki) and observed key interactions for tested ligands and 

5HT1A receptor 

Compound Ki (nM) Observed key interactions 

5a 37.8 Asn100, Asp116, Phe361, Phe362 

5b 12.0 Asn100, Asn386, Asp116, Phe361, Phe362, Ser199 

5c 35.4 Asn100, Asp116, Phe361, Phe362 

6a 52.2 Asn100, Asn386, Asp116, Phe361, Phe362 

6b 4.8 Tyr96, Asn100, Asn386, Asp116, Phe361, Phe362, Ser199 

6c 12.8 Tyr96, Asn100, Asn386, Asp116, Phe361, Phe362 

7a 1887 Tyr96, Asn386, Asp116, Phe361, Phe362 

7b 46.8 Asn100, Asn386, Asp116, Phe361, Phe362, Ser199 

7c 25.7 Asn100, Asn386, Asp116, Phe361, Phe362 

aripiprazole 5.6 Tyr96, Asp116, Phe361, Phe362 
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Abstract 
 

In this study, silver nanoparticles (AgNPs) have been synthesized using the aqueous extract of the 

aerial parts of B. purpurocaerulea, collected in Serbia. B. purpurocaerulea silver nanoparticles (Bp-

AgNPs) synthesis was confirmed using UV-Vis spectroscopy and Fourier Transform Infrared 

Spectroscopy (FTIR). The biological potential of synthesized Bp-AgNPs was evaluated in vitro using 

ABTS assay for determining free radical scavenging potential and microdilution method for analysis of 

antimicrobial properties. 

Bp-AgNPs showed high antioxidant activity similar to Bp-extract, comparable to BHT. The 

synthesized nanoparticles exerted remarkable antibacterial effects, with minimal inhibitory 

concentration (MIC) values below 20 µg/mL. In the case of some bacterial strains, the results of Bp-

AgNPs were comparable or similar to standard antibiotic erythromycin. The antifungal activity of Bp-

AgNPs was moderate for most of the used strains. Nevertheless, several fungi were resistant to the NPs 

action, while two tested Penicillium species were extremely sensitive on Bp-AgNPs with MIC lower 

than 40 µg/mL. The antimicrobial properties of Bp-AgNPs can be useful for the development of new 

NPs-containing products. 
 

Keywords: Buglossoides purpurocaerulea, nanoparticles, antioxidant, antimicrobial activity 

 

1. Introduction 

 

Metallic nanoparticles (NPs) can be synthesized by different methods (physical, chemical, and 

biological). Using the chemical approach of synthesis NPs, by various toxic chemical agents can be 

caused harm to both environment and humans. The plant extracts are successfully used as non-toxic 

reducing, capping, and stabilizing agents in the synthesis of NPs [1]. Buglossoides purpurocaerulea 

(L.) I.M.Johnst. (Boraginaceae) is a less-known plant used in traditional medicine for its beneficial 

effects on liver diseases. 

 

2. Methodology and Results 

 

The aerial parts of Buglossoides purpurocaerulea were collected in April 2020 during flowering 

season in the area of Vodojaža, Kragujevac, Central Serbia, by J. S. Katanić Stanković. A voucher 

specimen (No. 136/21) was deposited in the Herbarium of the Department of Biology and Ecology, 

Faculty of Science, University of Kragujevac (Kragujevac, Serbia). The air-dried B. purpurocaerulea 

aerial parts were used in further investigations. 
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2.1 Preparation of silver nanoparticles using B. purpurocaerulea aqueous extracts 

 

The Bp-AgNPs were obtained by adding 10 mM silver nitrate (AgNO3) to 10% aqueous extract of 

B. purpurocaerulea, with constant stirring for 30 min. Based on the reviewed literature, it was found 

that the base medium is optimal for the synthesis of silver nanoparticles. For this reason, nanoparticles 

were synthesized by adjusting the pH at pH 11 with NaOH. A gradual color change from yellow to dark 

brown was detected shortly after the addition of silver nitrate in the base solution of the extract whereby 

the formation of nanoparticles was confirmed by a prominent absorption peak at 410 to 416 nm 

(characteristic peak for silver nanoparticles). During biosynthesis, the maximum absorption values were 

attained after 30 min and the absorption peaks did not increase after that, suggesting the completion of 

the synthesis process. Spectrophotometric analysis was used to track the synthesis of silver 

nanoparticles using B. purpurocaerulea aqueous extracts and Figure 1 shows UV-Vis spectra of base 

solution and synthesized silver nanoparticles after 30 min. 

 

Fig. 1. UV-Vis spectra of Bp-extract (blue) and synthesized Bp-AgNPs (red) 

 

2.2 FT-IR analysis of B. purpurocaerulea aqueous extracts and corresponding AgNPs 

 

A high level of similarity between the FT-IR spectra of aqueous extract (Figure 2, A) and formed 

nanoparticles (Figure 2, B) confirms the theory that phenolic compounds in plants possess a role in the 

synthesis and stabilizing of nanoparticles. It can be observed that the main band in the spectra of 

nanoparticles coincides with the band of the extract. The absorption band at 3421.58 cm-1 for Bp-extract 

corresponds to the stretching vibration of -OH groups from phenolic compounds, while the small band 

at 2930.17 cm-1 originates from aliphatic -C-H stretching. Increased band intensity at 2334.06, 2129.47, 

and 1843.12 cm-1 in the FT-IR spectrum of nanoparticles indicates the possibility that some compounds 

from the extract have a higher binding affinity to nanoparticles. The appearance of the pronounced band 

at 1602.62 cm-1 (Bp-extract) and 1622.97 cm-1 (Bp-AgNPs) corresponds to the -C = C- of an aromatic 

ring. Finally, the band intensity in the FT-IR spectra of the extract at 1072 cm-1 derived from -C-O 

(ether groups) is significantly reduced in the nanoparticles spectra, suggesting smaller participation of 

compounds containing this group in the stabilization of nanoparticles. 
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Fig. 2. FT-IR spectra of A – Bp-extract, B - Bp-AgNPs 

 

2.3 Bioactivity of synthesized Bp-AgNPs 

 

Bioactivity of newly synthesized B. purpurocaerulea AgNPs was evaluated using antioxidant and 

antimicrobial assays. For the determination of antioxidant activity, ABTS spectrophotometric assay was 

used. The microdilution method was applied for the determination of antibacterial and antifungal 

activities of Bp-AgNPs toward 5 bacteria and 5 fungal species. Appropriate standard compounds were 

used (erythromycin and ketoconazole). The procedure reported in Katanić Stanković et al. [2] was 

followed for both assays. 

The antioxidant activity of Bp-AgNPs was compared to the Bp-extract and standard synthetic 

antioxidant butylated hydroxytoluene (BHT). The results presented in Fig. 3 indicate the high 

antioxidant potential of Bp-AgNPs (IC50 39.2 µg/mL) towards ABTS·+ neutralizing, particularly 

compared to the BHT (IC50 21.3 µg/mL). The nanoparticles had more prominent antioxidant effects 

than the extract itself (IC50 42.9 µg/mL).  

 
Fig. 3. Antioxidant activity of Bp-AgNPs and Bp-extract compared with standard BHT 
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The results of antimicrobial activity are presented in Table 1. Tested nanoparticles showed 

outstanding antibacterial effects with minimal inhibitory concentration (MIC) values lower than the 

lowest concentration tested (MIC < 20 µg/mL). Bp-AgNPs showed prominent antifungal activity only 

toward two Penicillium species (MIC < 40 µg/mL). 

 
Table 1. Antimicrobial activity of Bp-AgNPs compare with standard antibiotic and antimycotic 

Bacteria 

MIC (µg/mL) 

Fungi 

MIC (µg/mL) 

Bp-AgNPs Erythromycin Bp-AgNPs Ketoconazole 

Escherichia 

coli 
<20 0.625 

Penicillium 

cyclopium 
<40 2.5 

Staphylococcus 

aureus 
<20 1.25 

Penicillium 

canescens 
<40 20 

Salmonella 

enteritidis 
<20 20 

Aspergilus 

brasiliensis 
>5000 40 

Bacillus  

cereus 
<20 0.625 

Fusarium 

oxysporum 
>5000 10 

Enterococcus 

faecalis 
<20 20 

Doratomyces 

stemonitis 
625 40 

 

High biological activity of B. purpurocaerulea AgNPs may be ascribed to high content of phenolic 

compounds. It was previously shown that B. purpurocaerulea were rich in rutinoside, alantoin, 

rosmarinic and chlorogenic acid, compounds that possess significant biological potential. 

 

3. Conclusions 

 

The presented results indicate the high bioactivity of B. purpurocaerulea AgNPs synthesized for 

the first time. A promising antibacterial potential of these nanoparticles should be explored further to 

find new ways of use and application. Moreover, further work will be focused on the characterization 

of nanoparticles in terms of size, shape, morphology, and stability [3]. 

 

References  

 

[1] S. Jain, M. S. Mehata, Medicinal Plant Leaf Extract and Pure Flavonoid Mediated Green 

Synthesis of Silver Nanoparticles and their Enhanced Antibacterial Property, Scientific 

Reports, 7 (2017) 15867. 

[2] J.S. Katanić Stanković, N. Srećković, D. Mišić, U. Gašić, P. Imbimbo., D.M. Monti, V. 

Mihailović, Bioactivity, biocompatibility and phytochemical assessment of lilac sage, Salvia 

verticillata L. (Lamiaceae) - A plant rich in rosmarinic acid, Industrial Crops & Products, 143 

(2020) 111932. 

[3] S. Dresler, G. Szymczak, M. Wójcik, Comparison of some secondary metabolite content in the 

seventeen species of the Boraginaceae family, Pharmaceutical Biology, 55 (2017) 691-695. 

 

 

 

 

 



 

363 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 

doi:10.46793/ICCBI21.363M 

INFLUENCE OF QUERCETIN ON THE BINDING OF TIGECYCLINE TO HUMAN 

SERUM ALBUMIN  
 

Emina Mrkalić1, Marina Ćendić Serafinović2, Ratomir Jelić3, Stefan Stojanović3, Miroslav 

Sovrlić3 

1 Institute for Information Technologies  

University of Kragujevac, Jovana Cvijića bb, 34000 Kragujevac, Serbia 

e-mail: emina.mrkalic@pmf.kg.ac.rs 
2 Faculty of Science, 

University of Kragujevac, Radoja Domanovića 12, 34000 Kragujevac, Serbia 

e-mail: marina.cendic@pmf.kg.ac.rs 
3 Faculty of Medical Sciences, 

University of Kragujevac, Svetozara Markovića 69, 34000 Kragujevac, Serbia 

e-mail: rjelic@uni.kg.ac.rs, sstojanovic1987@gmail.com, msovrlic@medf.kg.ac.rs 

 

 

Abstract  

 

Serum albumin is the major soluble protein in the circulatory system of humans. The metabolism of 

drugs, their distribution, free concentration, and efficacy depend on the drug-serum albumin interaction 

[1]. Accordingly, it is important to study the interactions of drugs with serum albumin, which 

determines the pharmacology and pharmacodynamics of drugs. Quercetin (QUE), a natural polyphenol 

widely distributed in many plant foods, such as fruits, vegetables, nuts, seeds, grains, and tea [2], bind 

to serum albumin [3]. Tigecycline (TGC), is a tetracycline antibiotic widely used in the treatment 

of bacterial infections [4]. This study aimed to investigate the binding properties of TGC to HSA in the 

presence of QUE, under physiological conditions, by fluorescence spectroscopy.  

 

Keywords: human serum albumin, interactions, tigecycline 

 

 

1. Introduction  

 

Human serum albumin (HSA), the most abundant protein in plasma. Crystal structure analysis indicates 

that hydrophobic cavities in subdomains IIA and IIIA in albumin are the principal regions of ligand 

binding sites for aromatic and heterocyclic drugs [5,6].  

Tigecycline (TGC), is a tetracycline antibiotic medication for several bacterial infections [4]. We have 

been reported interaction between TGC and HSA in aqueous solution [7]. In the present paper, our plans 

focused on the inclusion and testing effects of flavonoids on the binding of TGC to HSA.  

Quercetin is one of the most abundant flavonoids in the human diet. It's an extensively studied molecule 

because of its complex mechanism of action and numerous pharmacological effects in the human 

organism [8]. Besides its antioxidant properties, it also displays anti‐carcinogenic, anti‐inflammatory, 

cardioprotective, neuroprotective and anti‐atherogenic activities [9].  

In this study, the quercetin (QUE) was selected to examine their effect on drug binding (TGC) to 

HSA, as well as the effect on the structure of the active site and the nature of interactions to find out 

how foods rich in these compounds can affect the use of drugs. 
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2. Material and Methods 

 

2.1. Materials and solutions 

Fatty-acid-free human serum albumin (HSA), tigecycline hydrate (TGC), phosphate-buffered saline 

(PBS), quercetin (QUE) were purchased from Sigma–Aldrich Chemical Company (St. Louis, MO, 

USA) and used without further purification. HSA (2 x 10-5 M) was dissolved in PBS solution (0.01 M 

PBS, pH 7.4, 0.002.7 M KCI, 0.137 M NaCl). The stock solution of TGC (3.413 x 10-4 M) was prepared 

by dissolving them in ethanol and then diluted to 8.538 x 10-5 M with a solution of PBS. The stock 

solutions of QUE (1 x 10-3 M) were dissolved in ethanol and diluted with a solution of PBS. The 

deionized water was used for preparing all solutions. 

2.2. Apparatus  

2D fluorescence spectra were collected on an RF-1501 PC spectrofluorometer (Shimadzu, Japan) with 

excitation at 295 nm, using a 150 W Xenon lamp source, 1.0 cm quartz cells and a thermostatic bath. 

Fluorescence spectra were recorded at 298 K in the range of 300-450 nm. The widths of the excitation 

and emission slit widths were both fixed at 10 nm.  

Synchronous fluorescence spectra were collected on an RF-6000 spectrofluorometer (Shimadzu, Japan) 

at 298 K. In the case of fluorescence synchronous scan spectra, varying the wavelength interval (Δλ) 

between 15 and 60 nm to assess the alterations in the microenvironment surrounding the aromatic amino 

acid residues Tyr and Trp, respectively.  

 

3. Results and discussion 

 

Most of the drugs bind with high affinity to one of the two sites, I and II, located in subdomains IIA 

and IIIA, respectively [5,6]. The presence of the Trp and Tyr amino acids in the structure of HSA causes 

its intrinsic fluorescence. The intrinsic fluorescence would be quenched even if there is a little change 

in the local surroundings of the HSA molecule. Here, the effect of QUE on the binding of TGC to HSA 

was investigated. As already published, the primary binding site of QUE is located in the subdomain 

IIA [10], indicating that QUE share the same binding sites in the HSA with TGC [7]. The Fig 1A show 

the fluorescence quenching of HSA-QUE in the presence of varying concentrations of TGC. It can be 

seen that HSA has a strong fluorescence emission peak around 350 nm, at the excitation wavelength of 

295 nm. The increasing of concentrations of TGC, the internal emission fluorescence of the HSA-QUE 

system gradually decreasing, which indicate the formation of the HSA-TGC-QUE complex. Stern 

Volmer Equation  [11] was used to analyze the quenching mechanism of HSA in the presence of QUE 

in ternary HSA-TGC-QUE system. Insets on Fig. 1A shows the Stern–Volmer plot for the HSA-QUE 

fluorescence quenching by increasing concentrations of TGC. The values of KSV obtained from the 

slopes of the fit lines and kq for the interaction of TGC with the HSA-QUE system (Table 1). The higher 

values of KSV  for the ternary HSA-TGC-QUE system than that of the binary HSA-TGC system indicate 

that the presence of QUE enhanced the interaction between HSA and TGC. The values of kq were greater 

than 2.0 x 1010 M-1s-1, so the probable quenching mechanisms of the intrinsic fluorescence of HSA is a 

static quenching mechanisms of the intrinsic fluorescence of HSA that originated from the formation 

of double and triple systems [12]. Further, the binding constants (Ka) and the number of binding sites 

(n) calculated by the double logarithm equation [11] (Fig.1B) and listed in Table 1. Obtained Ka values 

of triple complex HSA-TGC-QUE are higher than the double ones (HSA-TGC), which indicate that the 

binding affinity of TGC to HSA increased in the presence of QUE (non-competitive interference). This 

simultaneous binding of two drugs led to increased the accessibility of the existing binding sites and 

hence increase the binding affinity of TGC to HSA. The results showed that TGC could be stored and 

transported better by HSA in the presence of QUE. This may lead to a decrease in the free concentration 

of unbound TGC in plasma.  

Synchronous fluorescence of HSA can provide characteristic information around tyrosine (Tyr) and 

tryptophan (Trp) residues when the scanning wavelength intervals (Δλ) are fixed at 15 nm 
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Fig. 1. A) Fluorescence emission spectra of HSA-TGC in the presence of QUE (T = 298 K, pH = 7.4). [HSA] = 

2 µM and [QUE] = 2 µM and [TGC] = 0 to 1 x 10-5 M. Inset: Stern–Volmer plots of the fluorescence quenching 

of HSA by TGC in the presence of QUE B) Logarithmic plots of the fluorescence quenching of HSA by TGC in 

the presence of QUE at 298 K 

 
Table 1 The interaction parameters of the binary (HSA-TGC) and ternary (HSA-TGC-QUE, HSA:QUE = 

1:1) system 

System [a] KSV x 10-4 [b]  kq x 10-12 [c]  R2 [d] Ka x 10-5 [b]  n R2 

HSA-TGC 5.00 5.00 0.996 0.18 0.9 0.991 

HSA-TGC-QUE 3.96 3.96 0.9869 22.30 1.35 0.9959 

[a] 298 K; [b] M-1; [c] M-1s-1; [d] R is the correlation coefficient 

   

and 60 nm, respectively [13]. The red or blue shift in the maximum fluorescence emission wavelength 

of HSA indicates enhanced hydrophilicity or hydrophobicity of the microenvironment around Tyr or 

Trp residues, respectively [14]. Fig. 2 shows, with increasing concentrations of TGC, the fluorescence 

intensity decreased regularly. These results confirm that the fluorescence quenching occurred. Further, 

there is no shift in the maximum emission wavelength at both 15 and 60 nm, which implies that the 

binding of TGC does not affect the conformation of the chromophore region [15].  

 

 
Fig. 2. The effect of QUE on the synchronous fluorescence emission spectra of HSA-TGC system (A: Δλ=15 

nm and B: Δλ=60 nm) (T = 298 K, pH = 7.4). [HSA] = 2 µM, [QUE] = 2 µM and [TGC] = 0 to 1 x 10-5 M. 

 

4. Conclusion 

The studies in this paper reveal that the effect of examined QUE has a positive influence on binding 

TGC to HSA in simulated physiological conditions by spectroscopic methods. It has been shown 

through the fluorescence quenching measurements that QUE share IIA subdomain in HSA with TGC 

drug. Also, there is no significant change in the microenvironment on the Trp residues in the IIA 

subdomain and there is hydrophilicity or hydrophobicity around it. 
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Abstract 
  

Plant samples of Lepidium campestre (L.) W. T. Aiton (pepperwort) were analyzed in detail by GC 

and GC-MS. The analysis of the autolysates obtained from inflorescences, stems, leaves, and 

underground parts and the essential oil obtained by hydrodistillation allowed the identification of a 

series of glucosinolate degradation products, mainly isothiocyanates and nitriles. Besides previously 

identified ones in this species, the analyses resulted in the identification of degradation metabolites 

identified in pepperwort for the first time, and suggested the presence of heptyl glucosinolate, 3-

phenylpropyl glucosinolate, glucoiberverin, glucoiberin, sinalbin, glucoerucin, glucoberteroin, 

gluconasturtiin, glucolepigramin, glucolesquerellin, glucobrassicanapin, and glucotropaeolin in this 

species as the most likely glucosinolate precursors. 

The results showed the localized accumulation of glucoberteroin, glucoerucin, and 

glucolesquerellin in the roots, the plant organ most exposed to pathogens, whereas sinalbin and 

glucobrassicanapin were accumulated in the reproductive organs and the organs most exposed to 

herbivores, i.e. in the aerial parts of the plant. 
 

Key words: Lepidium campestre, pepperwort, glucosinolates 

 

1. Introduction 

 

Glucosinolates (GLSs), known as mustard oil glucosides, are a class of nitrogen and sulfur-

containing natural products distributed within the order Capparales, including the Brassicaceae family. 

Representatives of the Brassicaceae family are of particular importance as vegetables, seasonings, 

relishes, and sources of vegetable oil. The role of GLSs and their degradation products in biotic 

interactions have been recognized for decades – they possess antibacterial, antifungal, and nematocidal 

activity [1]. Further, they have been recognized as insecticides, insect feeding attractants, defensive 

compounds against herbivores, and allelochemicals [1].  

Lepidium campestre (L.) W. T. Aiton (pepperwort or field cress) is annual or biennial plant species 

of the Brassicaceae family. Pepperwort is an edible plant with a peppery taste - the young leaves are 

pungent and can be added raw to salads, as a condiment, or cooked as a vegetable, whereas the young 

fruits and seeds can be used as a spice, as a substitute for black pepper [2 – 3]. Pepperwort is also a 

species with desirable agronomic traits – it is a candidate for domestication into a new oilseed and catch 

crop, primarily owing to its high seed yield potential and high winter hardiness [4]. Moreover, it can be 

used as a cover crop to reduce nutrient leaching and tillage [5]. 

Previous investigations of GLSs and their degradation products in pepperwort revealed that this 

species contains glucoiberin, glucoalyssin, glucoraphanin, glucoraphenin, gluconapin, glucoiberverin, 

sinalbin, glucobrassicin and neoglucobrassicin [1, 6, 7]. After a routine GC-MS screening of pepperwort 

samples originating from Serbia, a number of GLS degradation products were found to be present in its 

autolysate and the essential oil, not previously detected in this species. Thus, in this paper we aimed to 

perform a comprehensive chemical analysis of the essential oil and the autolysates of this taxon, i.e. to 

detect and identify volatile GLS autolysis products released by endogenous myrosinase. 

mailto:dekicmilan@gmail.com
mailto:agusinac14@gmail.com


M.S. Dekić, A.M. Gusinac, The Autolysis Products of Glucosinolates in Lepidium campestre (L.) W. T. Aiton 

368 

 

 

2. Results and discussion 

 

Table 1 shows the results of detailed GC and GC-MS analyses of the essential oil (sample LC1) 

and the volatile constituents obtained by autolysis of the roots (sample LC2), aboveground parts 

consisted of stems and leaves (sample LC3), and the inflorescences (sample LC4) of pepperwort. The 

analyses allowed the identification of 52 compounds in total, accounting for about 90% of the total peak 

areas in the chromatograms. The analyses allowed the identification of a series of GLS degradation 

products, mainly isothiocyanates and nitriles, of which the majority were detected for the first time in 

this species. The identification of degradation metabolites suggested the presence of heptyl 

glucosinolate, 3-phenylpropyl glucosinolate, glucoiberverin, glucoiberin, sinalbin, glucoerucin, 

glucoberteroin, gluconasturtiin, glucolepigramin, glucolesquerellin, glucobrassicanapin, and 

glucotropaeolin in this species as the most likely GLS precursors. 

The essential oil was dominated by degradation products of glucoberteroin – 6-

methylthiohexanenitrile (28.4%) and 5-methylthiopentyl isothiocyanate (22.4%). The latter was also 

found as the main constituent of the sample LC2 (73.9%), which indicate the accumulation of 

glucoberteroin in the roots, the plant organ most exposed to pathogens. The analysis also showed the 

localized accumulation of glucoerucin and glucolesquerellin in this plant organ. On the other side, 4-

hydroxybenzyl isothiocyanate, the main constituent of LC3 and LC4 autolysates (46.7 and 74.9%, 

resp.), together with the other degradation products of sinalbin, such as 4-hydroxyphenylacetonitrile 

and 4-hydroxybenzyl alcohol, dominate in the reproductive organs of the plant and the organs most 

exposed to herbivores, i.e. in the aerial parts of the plant. The degradation product of 
glucobrassicanapin, 4-pentenyl isothiocyanate (6.0%), was most abundant in stems and leaves of the 

plant.  

 
3. Experimental  

Plant samples (aerial and underground parts) of pepperwort were collected from its natural 

surroundings during the flowering stage in the vicinity of Ribariće, Novi Pazar, SW Serbia, in May 

2015. Voucher specimens were deposited at the Herbarium collection of the State University of Novi 

Pazar, under the accession number HZdunp/15/2. The identity of the plant was verified by Dr Dalibor 

Stojanović, Faculty of Biology, University of Belgrade. 

The essential oil was isolated from the fresh plant material (280g of the whole plant samples) in a 

yield of 0.002% (w/w) using the procedure described by Dekić et al. [8]. Hydrolysis of GLSs and 

isolation of the autolysis volatiles, obtained separately from the roots (sample LC2), aboveground parts 

consisted of stems and leaves (sample LC3), and the inflorescences (sample LC4), were carried out 

according to the procedure described in the same paper [8]. 

 
Table 1. Percentage composition of Lepidium campestre essential oil (LC1) and autolysates isolated from the 

roots (LC2), aboveground parts (LC3), and inflorescences (LC4) of the same species 

RIa Component 
Percentage (%)b Method of 

identificationc LC1 LC2 LC3 LC4 

981 Phenol 0.3 0.6 t 0.5 RI, MS, Co-GC 

984 1-Octen-3-ol t - - - RI, MS, Co-GC 

1002 Mesitylene t - - 0.2 RI, MS 

1005 Unidentified component 1.4 - - 0.2  

1038 Benzyl Alcohol 0.1 - - 0.1 RI, MS, Co-GC 

1044 Unidentified component 0.9 - - -  

1050 Phenylacetaldehyde 3.2 - - t RI, MS, Co-GC 

1074 p-Cresol 0.6 0.8 0.5 0.2 RI, MS, Co-GC 

1078 4-Methylbenzaldehyde t - - - RI, MS 

1083 Octanenitrile 0.2 - - - RI, MS 

1087 4-Pentenyl isothiocyanate - 0.5 6.0 0.4 RI, MS 

1100  Undecane t t - 0.1 RI, MS, Co-GC 

1102 Methyl benzoate t - - - RI, MS, Co-GC 

1109 (E,E)-2,4-Octadienal 0.6 - - t RI, MS 

1119 -Phenylethyl alcohol t - - t RI, MS, Co-GC 
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1145 2-Phenylacetonitrile 1.1 - - 0.1 RI, MS 

1168 4-Ethylphenol - - 0.3 - RI, MS 

1196 Unidentified component - - 0.5 -  

1200 Dodecane 0.1 0.3 0.3 0.5 RI, MS, Co-GC 

1201 Methyl salicylate 0.6 - - - RI, MS, Co-GC 

1203 Unidentified component 0.8 - - -  

1207 5-Methylthiopentanenitrile 1.8 - - 0.1 RI, MS 

1228 -Cyclocitral 0.6 - - - RI, MS 

1231 Unidentified component 0.7 - - -  

1246 3-Phenylpropanenitrile 0.3 - - - RI, MS 

1260 2-Phenylethylacetate t - - - RI, MS 

1261 4-Propylphenol - - t - RI, MS 

1266 Heptyl isothiocyanate 0.5 t - t RI, MS 

1300 Tridecane 0.8 1.2 0.9 1.2 RI, MS, Co-GC 

1318 3-Methylthiopropyl isothiocyanate - t - t RI, MS 

1322 6-Methylthiohexanenitrile 28.4 0.5 t 0.3 RI, MS 

1325 (Z)-3-Hexenyl tiglate 0.2 - - - RI, MS 

1341 4-Phenylbutanenitrile 0.6 - - - RI, MS 

1346 4-Hydroxybenzyl alcohol - 1.7 15.4 2.4 RI, MS 

1363 4-Hydroxybenzaldehyde - - 0.4 0.5 RI, MS, Co-GC 

1368 4-(2-Methoxyethyl)phenold - - t t MS 

1370 3,4-Dimethoxystyrene 1.7 - - - RI, MS, Co-GC 

1372 Benzyl isothiocyanate 0.2 t t 0.5 RI, MS, Co-GC 

1400 Tetradecane - 0.1 t 0.1 RI, MS, Co-GC 

1401 Unidentified component  0.9 - - -  

1439 4-Methylthiobutyl isothiocyanate 0.7 10.8 1.0 1.0 RI, MS 

1463 Unidentified component 2.8 - - -  

1473 2-Phenylethyl isothiocyanate 0.4 t t 0.1 RI, MS, Co-GC 

1478 4-Hydroxyphenylacetonitrile 0.1 0.2 9.2 5.8 RI, MS 

1485 (E)--Ionone 2.4 - - - RI, MS, Co-GC 

1500 Pentadecane - - - t RI, MS, Co-GC 

1526 Unidentified component 0.7 0.1 - -  

1548 5-Methylthiopentyl isothiocyanate 22.4 73.9 7.4 4.6 RI, MS 

1569 (Z)-3-Hexenyl benzoate 0.6 - - - RI, MS 

1572 3-Phenylpropyl isothiocyanate 0.2 - - t RI, MS, Co-GC 

1597 Unidentified component 0.8 0.6 t -  

1600 Hexadecane 0.9 - - t RI, MS, Co-GC 

1662 6-Methylthiohexyl isothiocyanate 0.7 0.5 t - RI, MS 

1699 3-Hydroxybenzyl isothiocyanate - - 0.4 - RI, MS 

1700 Heptadecane 1.4 - - t RI, MS, Co-GC 

1712 4-Hydroxybenzyl isothiocyanated - 4.7 46.7 74.9 MS 

1749 Unidentified component 0.4 0.6 - -  

1800 Octadecane 3.8 t - 0.1 RI, MS, Co-GC 

1845 Hexahydrofarnesyl acetone 0.4 - - - RI, MS, Co-GC 

1900 Nonadecane 0.2 t - t RI, MS, Co-GC 

2000 Eicosane t t - t RI, MS, Co-GC 

2112 (E)-Phytol 3.4 - - - RI, MS, Co-GC 

 Total 88.9 97.1 89.0 93.9  
[a] Linear retention indices experimentally determined on the HP-5MS column; [b] Values are means of three individual analyses; [c] RI – 

Retention indices matching with literature data; MS – Mass spectra matching; Co-GC – Co-injection with pure reference compound; [d] 
Tentatively identified; t – Trace amounts (<0.05 %). 

 

GC-MS analyses were performed in triplicate on an Agilent Technologies 7890B gas 

chromatograph equipped with an HP-5MS capillary column (5% diphenyl-(95% 

dimethyl)polysiloxane, 30 m×0.25 mm, film thickness 0.25 μm, Agilent Technologies, USA) and 

coupled with a 240-MS ion trap detector from the same company under the experimental conditions 

described previously [9]. 

The GC analyses were carried out using an Agilent 7890A GC system equipped with a single 

injector, flame ionization detector (FID) and an HP-5 capillary column (5% diphenyl-(95% dimethyl) 
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polysiloxane, 30 m×0.25 mm, film thickness 0.25 μm, Agilent Technologies, USA) under the 

experimental conditions described by Dekić et al. [9]. 

 

4. Conclusions  

In conclusion, a detailed GC and GC-MS analysis of the volatile glucosinolate autolysis products from 

pepperwort resulted in the identification of several glucosinolate degradation metabolites found in this 

species for the first time and suggested the presence of a number of glucosinolates as their possible 

precursors. The results of the present study support the health benefit of pepperwort consumption due 

to proven beneficial properties of glucosinolate breakdown products to human health. 

 

Acknowledgement 

The financial support from the State University of Novi Pazar is gratefully acknowledged. 

 

References  

[1] J.W. Fahey, A.T. Zalcmann, P. Talalay, The chemical diversity and distribution of 

glucosinolates and isothiocyanates among plants, Phytochemistry, 56(1) (2001) 5-51. 

[2] S. Facciola, Cornucopia, Kampong Publications, Vista, CA, 1990. 

[3] T. Elias, P. Dykeman, Edible Wild Plants, Sterling Publishing, New York, 1990. 

[4] P. Nilsson, S. Johansson, A. Merker, Variation in seed oil composition of species from the 

genera Barbarea and Lepidium, Acta Agriculturae Scandinavica, Section B - Soil & Plant 

Science, 48(3) (1998) 159-164. 

[5] A: Merker, D. Eriksson, N.-O. Bertholdsson, Barley yield increases with undersown Lepidium 

campestre. Acta Agriculturae Scandinavica, Section B - Plant Soil Science, 60(3) (2010) 269-

273. 

[6] A.A.M. Andersson, A. Merker, P. Nilsson, H. Sorensen, P. Aman, Chemical composition of 

the potential new oilseed crops Barbarea vulgaris, Barbarea verna and Lepidium campestre, 

Journal of the Science of Food and Agriculture, 79(2) (1999) 179-186. 

[7] S. Mohammed, S. Bhattacharya, M.A. Gesing, K. Klupsch, G. Theißen, K. Mummenhoff, C. 

Müller, Morphologically and physiologically diverse fruits of two Lepidium species differ in 

allocation of glucosinolates into immature and mature seed and pericarp, PLOS One, 15(8) 

(2020) e0227528.  

[8] M.S. Dekić, N.S. Radulović, J.B. Danilović-Luković, D.Z. Stojanović, Volatile Glucosinolate 

Breakdown Products and the Essential Oil of Descurainia sophia (L.) Webb ex Prantl, Facta 

Universitatis, Series: Physics, Chemistry and Technology, 15 (2017) 95-102. 

[9] M.S. Dekić, E. S. Selimović, New Natural Products from Asphodelus albus Mill. Essential Oil, 

Chemistry & Biodiversity, 18 (2021) e2100103. 



 

371 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 
doi:10.46793/ICCBI21.371N 

IN SILICO PREDICTION OF PHARMACOKINETIC PROPERTIES AND 

DRUGLIKENESS OF NOVEL THIOUREA DERIVATIVES OF NAPROXEN 
 

Nikola V. Nedeljković1, Vladimir D. Dobričić2, Marina Ž. Mijajlović1, Gordana P. 

Radić1, Miloš V. Nikolić1, Ana S. Stanković1, Zorica B. Vujić2 

 
1 Faculty of Medical Sciences, 

University of Kragujevac, Svetozara Markovića 69, 34000 Kragujevac, Serbia  

e-mail: nikolaned95@gmail.com, marina.mijajlovic@medf.kg.ac.rs,  

vasic_gordana@yahoo.com, milos.nikolic@medf.kg.ac.rs, ana_stankovic@outlook.com  
2 University of Belgrade - Faculty of Pharmacy, Vojvode Stepe 450, 11221 Belgrade, Serbia 

e-mail: vladimir.dobricic@pharmacy.bg.ac.rs, zorica.vujic@pharmacy.bg.ac.rs  

 

Abstract 
  

Masking the carboxyl group of naproxen with other functional groups may be a 

promising strategy to decrease its gastrointestinal toxicity. Thiourea moiety has been described 

as an important pharmacophore in a variety of pharmacologically active compounds, including 

anti-inflammatory, antiviral, anticancer, hypoglycemic and antimicrobial agents. Our research 

group has previously designed twenty novel thiourea derivatives of naproxen, containing amino 

acids (glycine, L-alanine, β-alanine, L-valine and L-phenylalanine - compounds 1,2,3,4 and 5, 

respectively), their methyl (6-10) and ethyl esters (11-15), as well as aromatic amines (16-20). 

Pharmacokinetic properties and druglikeness of these compounds were predicted using 

SwissADME web tool (http://www.swissadme.ch/). Predicted pharmacokinetic properties 

include potential for gastrointestinal absorption, blood-brain barrier permeability, skin 

permeability, transport mediated by P-glycoproteins and enzyme inhibitory potential. 

Druglikeness was evaluated using Lipinski’s, Ghose’s, Veber’s, Egan’s and Muegge’s rules, as 

well as on the basis of bioavailability score. All tested compounds had high-predicted 

gastrointestinal absorption and low blood-brain barrier permeability. Also, derivatives 2, 4, 7, 

9, 10, 12, 14, 15 and 18 were predicted to be substrates for P-glycoprotein. Derivatives with 

aromatic amines (16-20) showed inhibitory potential against all tested CYP isoforms. 

Derivative 19 had the highest, while derivative 13 demonstrated the lowest predicted skin 

permeability. Finally, derivatives 1-12, except 5 and 10, have druglike structures, since they 

obey to all imposed rules. 
 

Key words: naproxen, thiourea derivatives, pharmacokinetic properties, druglikeness, 

SwissADME.   

 

1. Introduction 

 

 Naproxen is one of the most used propionic acid derivatives in the treatment of pain, 

symptoms of arthritis and joint swelling. It is a non-selective cyclooxygenase-1 (COX-1) and 

cyclooxygenase-2 (COX-2) inhibitor and its use is associated with some gastrointestinal side 

effects caused by free carboxyl group. Masking of this group may be a promising strategy to 

decrease gastrointestinal toxicity [1]. The thiourea moiety is an important pharmacophore in a 

variety of pharmacologically active compounds, such as antiviral [2], anticancer [3], 

hypoglycemic [4], antimicrobial [5] and anti-inflammatory agents [6]. 

ADME (absorption, distribution, metabolism and excretion) properties play significant 

role in drug discovery. Early estimation of ADME in drug development phase reduces 

pharmacokinetics-related failure in the clinical phases [7]. The aim of this study was to estimate 
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ADME properties and druglikeness of newly designed thiourea derivatives of naproxen with 

potential biological activity using SwissADME predictor (http://www.swissadme.ch/). 

 

2. Methods and Results 

 

Compounds designed and tested in this study (1-20, Fig. 1) are thiourea derivatives of 

naproxen, containing amino acids glycine, L-alanine, β-alanine, L-valine and L-phenylalanine 

(1-5), their methyl (6-10) and ethyl (11-15) esters, as well as thiourea derivatives of naproxen 

containing aromatic amines (16-20). The ADME study was carried out using SwissADME 

predictor. SwissADME is freely available web tool used to predict physicochemical, 

pharmacokinetic properties and druglikeness of molecules based on their SMILES codes. 
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Fig. 1. Chemical structures of tested compounds (1-20) 

 

2.1. Pharmacokinetic properties 

 

 Predicted pharmacokinetic properties include potential for gastrointestinal absorption, 

blood-brain barrier permeability, skin permeability, transport mediated by P-glycoproteins and 

enzyme inhibitiory potential. The predictions of passive human gastrointestinal absorption and 

blood-brain barrier permeability are based on BOILED-Egg model [8]. The knowledge about 

compounds being substrates of the P-glycoprotein is crucial to predict active efflux through 

biological membranes, such as gastrointestinal membrane and blood-brain barrier [9]. CYP450 

superfamily of isoenzymes plays vital role in drug biotransformation. The potential of analyzed 

molecules to be substrates of five major isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6 

and CYP3A4) was also estimated using SwissADME web tool [10]. 

Based on the results presented in Table 1, all tested compounds had high-predicted 

gastrointestinal absorption and low blood-brain barrier permeability. Derivatives with aromatic 

amines (16-20) showed inhibitory potential against all tested CYP isoforms. All analyzed 

molecules had inhibitory potential towards CYP2C9 isoform and only derivatives 2 and 4 did 

not have the same potential towards CYP2C19. All amino acid and some amino acid methyl 

ester derivatives had no inhibitory potential towards CYP2D6 and CYP3A4 isoforms. In 

addition, derivatives 2, 4, 7, 9, 10, 12, 14, 15 and 18 were predicted to be P-glycoprotein 

substrates. Derivative 19 had the highest, while derivative 13 demonstrated the lowest predicted 

skin permeability. In general, amino acid and amino acid ester derivatives showed lower skin 

permeability than derivatives with aromatic amines. 

 

Table 1. Pharmacokinetic properties of tested compounds 

Compound GA Bbbp LogKp  
P-gp 

substrate 

CYP1A2 

inhibitor 

CYP2C19 

inhibitor 

CYP2C9 

inhibitor 

CYP2D6 

inhibitor 

CYP3A4 

inhibitor 
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1 High No -5.96 No No Yes Yes No No 

2 High No -5.77 Yes No No Yes No No 

3 High No -6.12 No No Yes Yes No No 

4 High No -5.37 Yes No No Yes No No 

5 High No -5.22 No No Yes Yes No No 

6 High No -5.82 No Yes Yes Yes No No 

7 High No -5.74 Yes Yes Yes Yes No No 

8 High No -5.97 No Yes Yes Yes No Yes 

9 High No -5.22 Yes No Yes Yes No Yes 

10 High No -5.07 Yes No Yes Yes Yes Yes 

11 High No -6.01 No Yes Yes Yes No Yes 

12 High No -5.82 Yes Yes Yes Yes No Yes 

13 High No -6.17 No Yes Yes Yes Yes Yes 

14 High No -5.31 Yes No Yes Yes No Yes 

15 High No -4.90 Yes No Yes Yes Yes Yes 

16 High No -4.72 No Yes Yes Yes Yes Yes 

17 High No -4.89 No Yes Yes Yes Yes Yes 
18 High No -4.71 Yes Yes Yes Yes Yes Yes 
19 High No -4.68 No Yes Yes Yes Yes Yes 
20 High No -4.81 No Yes Yes Yes Yes Yes 

GA – Gastrointestinal absorption; Bbbp – Blood-brain barrier permeant; LogKp – Skin permeation 

(cm/s); P-gp – P-glycoprotein 

 

2.2. Druglikeness properties 

 

Druglikeness was evaluated using Lipinski’s [11], Ghose’s [12], Egan’s [13], Veber’s 

[14] and Muegge’s [15] rules, as well as on the basis of bioavailability score (BS). 

All analyzed compounds met Lipinski’s, Egan’s and Ghose's rules, with exception of 

compound 15. Derivatives 1-4, 6-9 and 11-14 fulfilled the Muegge’s rule. All derivatives except 

10 and 13-15 met Veber’s rule. Based on before mentioned, we concluded that derivatives 1-

12, except 5 and 10, fulfilled all of the imposed druglikeness criteria and could be considered 

druglike structures. In addition, evaluation was also carried out using BS criteria [16]. These 

criteria are based on the probability value of a compound to possess optimum profile of 

bioavailability and permeability, where value of 0.55 implies the obedience of Lipinski rule of 

five [11] and 55% probability of rat bioavailability value higher than 10%. Amino acid 

derivatives (1-5) showed bioavailability score 0.56, while the other tested compounds had a BS 

value 0.55. 

 

3. Conclusions 

 

SwissADME web tool enables the estimation of key physicochemical and 

pharmacokinetic parameters, as well as druglikeness of biologically active molecules. 

According to conducted research, it could be expected that all designed compounds have high 

level of gastrointestinal absorption without the possibility of passing through the blood-brain 

barrier. Derivatives 2, 4, 7, 9, 10, 12, 14, 15 and 18 were predicted to be P-glycoprotein 

substrates. Derivative 19 had the highest, while derivative 13 demonstrated the lowest predicted 

skin permeability. It was also estimated which of designed compounds have potential to inhibit 

CYP enzymes. Finally, almost all amino acid and their methyl ester derivatives have druglike 

structures, since they obey to all imposed rules. 
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Abstract  
  

The human serum albumin (HSA) is well known for its extraordinary binding capacity 

for both endogenous and exogenous compounds, including a wide range of drugs. The goal of 

our investigation was to evaluate the distribution process for 15 CNS active compounds. The 

drug-plasma protein interaction was evaluated under simulative physiological conditions on the 

HSA-based stationary phase by using the mixture of Sørensen phosphate buffer (pH 7.40) and 

acetonitrile modifier as a mobile phase (84:16 v/v). The retention parameters (k) were used to 

approximate the % of protein-binding by calculating the P(%) values. The results obtained 

through this study demonstrated that the constitutional properties (e.g. number of total bonds, 

atoms, carbon atoms) and lipophilicity have a strong positive impact on the HSA-binding 

affinity. The coefficient of diffusion has a negative impact, while the atoms and sites available 

for the CYP450 oxidation showed the most significant correlation (r = 0.92). This study 

provides a basis for further in vitro chromatographical investigations of drug-HSA interaction 

for CNS active compounds. The correlation between obtained retention data and the availability 

to enzymes oxidation indicates the application of the tested system in the assessment of the 

metabolic degradation profile of CNS related drugs. 

 

Key words: human serum albumin, binding affinity, CNS compounds, molecular 

characterization 

 

1. Introduction 

 

The characterization of molecular basis between drug and plasma proteins is routinely 

performed as part of the drug discovery process. Only the unbound drug is available to act at 

physiological sites of action. The plasma proteins and their interactions with drugs can have a 

strong influence on the pharmacokinetic and pharmacological properties of the compound such 

as adsorption, distribution, metabolism and excretion [1-3]. To simulate the drug-HSA binding 

interaction in biological system, the reversed-phase (RP) chromatographic mode was applied. 

The retention behaviour of 15 CNS active compounds was investigated on HSA-based 

stationary phase, and by using the mixture of a phosphate buffer (pH 7.4) and organic modifier 

as a mobile phase. In order to select the molecular basis of investigated drug-plasma protein 

interaction, the correlation between obtained retention characteristics an molecular properties 

of compounds was defined. 
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2. Experimental 

 

2.1 Chemicals and reagents 

The set of investigated compounds were provided by from Sigma - Aldrich, St. Louis, 

MO, USA (clozapine, citalopram hydrobromide, maprotiline hydrochloride, mianserin hydroc

hloride, mirtazapine, prazepam, selegiline hydrochloride, rasagiline mesylate, ropinirole hydro

chloride, viloxazine hydrochloride); Merck, Darmstadt, Germany (fluoxetine hydrochloride); 

Hemofarm, Vrsac, Serbia (aripiprazole, olanzapine); and Pfizer, NY, US (haloperidol). The ch

emical structures of the investigated compounds are given on the Fig.1. 

 

 

 
Fig. 1. The chemical structures of the investigated compounds. 

 

Acetonitrile (J.T. Baker, Deventer, Netherlands) of HPLC grade and deionized water (TKA 

water purification system, Niederelbert, Germany) were used throughout this study. Potassium 

dihydrogen phosphate and disodium hydrogen phosphate were obtained from Merck 

(Darmstadt, Germany).  

 

2.2 Chromatographic conditions 

The HPLC analysis was performed at 25 °C using the Agilent Technologies 1200 

HPLC system (Santa Clara, CA, USA) consisting of the UV detector. The flow rate was set to 

0.5 mL min-1, and the UV detection was carried out at 254 nm. The retention behaviour of 

selected compounds were examined on CHIRALPAK®HSA column 15 cm x 10 mm I.D. 

packed with human serum albumine chemically bound to silica particles size of 5 μm (DAICEL 

CORPORATION, France). The mobile phases consisted of Sørensen phosphate buffer (pH 7.0; 

0.01 M) : acetonitrile modifier = 84 : 16 (v/v). Retention time (tr) of each compound was used 

to calculate the retention factor (k) value, k = (tr - t0)/t0, where t0 is the column dead time 

measured as the time of the first baseline perturbation. The obtained k values were used to 

calculate the % of protein binding (P(%)) according to the following equation: 

 

P(%) = 100 · k / (k + 1)                                                                                                                  

(1) 

https://www.boehringer-ingelheim.ca/sites/ca/files/documents/trajentapmen.pdf
https://www.boehringer-ingelheim.ca/sites/ca/files/documents/trajentapmen.pdf
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The obtained results are graphically presented in Figure 2. 

 

Fig. 2. The values of obtained parameters (P(%))  that reflect the nature of drug-plasma protein 

interaction. 

2.3  Aproximation of the main molecular properties 

Selection of the dominant molecules/cations and the dominant tautomeric forms at pH 

7.0 was performed for a set of 15 structures using the Marvin Sketch 6.1.0., Chem Axon 

program. The selected forms were pre-optimized with the semiempirical PM3 method, d then 

refined by using the more precise HartreeFock/3-21G method using the Gaussian09 software 

included in the ChemBio3D Ultra 13.0. program. For all the optimized molecular structures, 

the molecular descriptors were calculated using ADMET Predictor 9.5 programmes.  

3. Results and disscutions 

 

According to the results given in the Fig.2, aripiprazole, maprotiline, fluoxetine and 

mianserin showed a high interaction with the HSA-stationary phase (P(%) > 80%), so a low 

concentration of unbound form in the blood is expected. Contrary, for rasagiline, ropinirole, 

selegiline and viloxazine, there is a moderate degree of interaction ( P(%) 40 - 50 %). For the 

rest of the investigated compounds, the interaction with HSA is moderate to high (50 – 80%). 

The simple correlation between obtained P(%) and calculated molecular properties showed that 

number of sites in the molecule available for CYP450 enzyme oxidation have the main impact 

on HSA-binding affinity (r = 0.92): 

 

P(%) = - 23.24 + 3.70 · N_CYPSites                                                                                             

(2) 

r = 0.92, adjR2 = 0.84, p = 1.57E-06  

 

It is known that interactions between drugs and plasma proteins influence the main 

pharmacokinetic properties including the distribution and metabolism [3-4]. Thus, the strong 

correlation between P(%) and availability for CYP450 enzyme oxidation confirms applicability 

of tested chromatographic conditions in assessment of the distribution process, and also for 

metabolism characterization. The graphical representation of the obtained correlations (r) is 

given on the Figure 3. 
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Fig. 3. The graphical representation of the correlation between P(%) vs. calculated molecular properties 

of the investigated compounds. 

 

On the other hand, the constitutional properties such as number of total atoms (N_Atoms), 

bonds (N_Bonds), and number of carbon atoms (N_Carbon) showed an important impact on 

the P(%) value. The positive influence was also presented for lipophilic characteristics 

(MlogP), while the coefficient of diffusion (DiffCoef) has a negative influence on P(%) value. 

 

4. Conclusions 

 

The obtained results provide a basis for further in vitro chromatographic investigations of 

drug-HSA interaction, and their application in the assessment of the metabolic degradation 

profile of CNS related drugs. 
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Abstract 
 Schiff bases, or azomethine compounds, are commonly employed in the fields of organic 

synthesis, metal complexes, materials, and engineering. Especially, they have gained 

importance in medicinal researches, considering their antimicrobial, anticancer, anti-

inflammatory, and antioxidant properties. On the other side, azo dyes are the most significant 

group of synthetic dyes, utilized in textile fiber dyeing. Conjugation of Schiff bases with azo 

compounds leads to the class of azo-azomethine dyes, which have numerous applications 

related to their coloration and biological properties. Viscose is a textile material widely used in 

the medicine. Moreover, viscose fiber can be engineered in many ways which are significant in 

the development of medical materials. The antioxidant effect is an important feature of medical 

textiles, such as wound dressings. In this work, the microwave-assisted synthesis and 

characterization of novel azo-azomethine dye are reported. The azo-azomethine dye is obtained 

by the condensation between arylazo pyridone dye and 4-aminophenol. The structure of 

synthesized dye was determined by ATR-FTIR, NMR, and UV-Vis spectroscopy. Azo-

azomethine dye was used for dyeing viscose, and the washing fastness of dyed material was 

evaluated according to the standard method. The viscose fabrics, before and after washing, were 

analyzed in terms of their color coordinates in the CIELab color space. The antioxidant 

properties of azo-azomethine dye and dyed viscose fabrics were examined by the ABTS 

method. 

 

Keywords: 2-pyridone, viscose, free radical scavenging effect, medicinal textiles 

 

1. Introduction 

 

Azo pyridone dyes are a well-known class of disperse dyes, characterized by good color 

strength, excellent light fastness properties, bright hues, and luminous colors [1]. Moreover, 

they possess pharmacological activities, and also are utilized in the dye industry [1,2]. On the 

other side, there is considerable interest in Schiff base ligands and their complexes due to their 

numerous biological properties [3]. Therefore, azo-azomethine dyes represent a very interesting 

class of organic compounds, since they can exhibit biological activities, as well as, be excellent 

dyestuffs [4]. The viscose fabric is often used for medical purposes due to its high absorbency, 

breathability, comfort, and softness. Taking that into account, the antioxidant effect is an 

important feature of medical materials [5]. 

mailto:jmirkovic@tmf.bg.ac.rs
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In this regard, we are reporting the microwave-assisted synthesis of novel azo-azomethine dye, 

based on arylazo pyridone structure. The structure of synthesized dye was determined by  

ATR-FTIR, 1H NMR and UV-Vis spectra. Furthermore, viscose fabric has been dyed, and its 

washing fastness was evaluated. The viscose fabrics, before and after washing, were analyzed 

in terms of their color coordinates in the CIELab color space. The antioxidant properties of azo-

azomethine dye and dyed viscose fabrics were examined by the ABTS method. 

 

2. Experimental part 

 

2.1 Synthesis of 6-hydroxy-4-methyl-2-oxo-5-((4-

((hydroxyphenylimino)methyl)phenyl)diazenyl)- 

-1,2-dihydropyridine-3-carbonitrile 

 

The azo dye, 3-cyano-5-(4-formylphenylazo)-6-hydroxy-2-pyridone has been synthesized ac-

cording to the reported method [6], and afterward, it was used for the preparation of azo-

azomethine dye. In the reaction vial, the aforementioned azo dye (a) (0.5 mmol, 0.141 g) was 

dissolved in N,N-dimethylformamide (4 mL), and then 4-aminophenol (b) (0.5 mmol, 0.055 g) 

along with 3 drops of acetic acid were added. The reaction mixture was irradiated in the 

microwave reactor (Anton Paar Monowave 300) for 5 minutes at the temperature of 100 °C. 

The reaction mixture was cooled down to room temperature and water (10 mL) was added in 

order to precipitate azo-azomethine dye (1). The resulting solid product was collected by 

filtration and then air dried. The synthesis of azo-azomethine dye is presented in Fig. 1. Dark 

red powder; yield 75%; m.p. > 300 °C; ATR-FTIR (ν/cm-1): 3137 (NH), 2220 (CN), 1652 

(C=O), 1620 (N=C); 1H NMR (400 MHz, DMSO-d6, δ/ppm): 2.54 (3H, s, CH3), 6.80 (2H, d, J 

= 8.4 Hz, Ar-H), 7.21 (2H, d, J = 8.4 Hz, Ar-H), 7.77 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, d, J 

= 8.4 Hz, Ar-H), 8.62 (1H, s, CH=N), 12.08 (1H, s, NH pyridone), 14.64 (1H, s, NH hydrazone); 

UV-Vis (EtOH) (λmax/nm (log ε/mol−1dm3cm−1)): 457.0 (4.64). 

 

 
 

Fig 1. The microwave-assisted synthesis of novel azo-azomethine dye 

 

2.2 Dyeing procedure 

 

Viscose fabric (10 cm x 1.5 cm) was used as a substrate for dyeing. The dyeing of the viscose 

was performed under pH 8.5, at 60 °C for 90 min under constant shaking. The dyebath was 

prepared by dissolving the corresponding amount of dye (0.5% o.w.f., i.e. on the weight of 

fiber) in distilled water. After dyeing, the fabric was washed with warm distilled water and dried 

in the air at room temperature. To determine the colorimetric properties of the dyed viscose 

fabric, the colorimetric measurements (under illuminant D65 using the 10° standard observer) 

were performed using SF300 (Datacolor, USA) reflectance spectrophotometer with ultra-small 

area view (USAV). The color coordinates (L, a*, b*) of dyed viscose fabric were measured in 

the CIELab color space. In order to determine colorfastness to washing, the dyed fabric was 

washed in a bath containing 0.5% standard detergent at 40 °C for 30 min. After washing, the 

fabric was rinsed for 10 min, dried at room temperature for 24 h, and the colorimetric properties 
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were measured. The colorfastness to washing was evaluated based on the difference value (ΔE) 

between dyed fabric and dyed washed fabric [7]. 

 

2.3 Antioxidant assay 

 

The antioxidant activity of the investigated dye was determined by the ABTS radical-

scavenging assay, using the reported procedure [2]. The antioxidant activity of viscose fabrics 

was evaluated using ABTS test as well. In brief, a one-centimeter square sample of viscose 

fabric was added to a test tube containing 2 ml of freshly prepared ABTS radical in methanol 

solution and the reaction was continued at 25 °C for 30 min in the dark. The radical scavenging 

activity was evaluated using the absorbance of the solutions at 734 nm. The tests were 

performed in triplicate.  

 

3. Results and discussion 

 

3.1 Synthesis  

 

Synthesized azo-azomethine dye can exist in different tautomeric forms such as imine-azo (I), 

imine-hydrazone (II) and amino-hydrazine (III), as it is presented in Fig. 1. The ATR-FTIR and 

NMR data of investigated dye indicate the existence of imine-hydrazone form in the solid state, 

as well as in DMSO-d6 solution (Fig. 1, structure II). The N–H stretching vibrations of the 

hydrazone group appear at 3137 cm-1. The broad band at 1652 cm-1 is ascribed to vibrations of 

carbonyl groups. The intensive band appearing at 1620 cm-1 is ascribed to the imine C=N group. 

The 1H NMR spectrum contains the signal of hydrazone N–H group at 14.64 ppm, and the 

signal of imine CH=N group at 8.62 ppm confirming the existence of imine-hydrazone 

tautomeric form. An intense band appearing in the region 370-550 nm is ascribed to the 

intramolecular charge transfer (ICT) of the hydrazone tautomeric form [8]. 

 

3.2 Colorimetric properties and color fastness to washing of dyed viscose fabric 

 

The color coordinates of dyed viscose fabric, before and after washing, were determined by 

using CIELab color space. The CIELab coordinates L, a* and b* were measured and presented 

in Table 1. From the value of L it can be noted that the given color is bright. The values of a* 

and b* propose that the color hues are shifted towards the redder and yellowish direction, 

respectively. Presented results show that investigated dye has an excellent affinity towards 

viscose fabric and gave pale rose color shade. The color difference value (ΔE) given in Table 

1, shows a slight color change, indicating excellent washing fastness of investigated azo-

azomethine dye. 

 

Table 1. CIELab values of dyed viscose samples 

 

Dyed 

viscose 

fabric 

Before washing After washing ΔE 

 

L a* b* L a* b* 
2.17 

83.99 8.84 13.06 85.18 8.88 11.25 

 

3.3 Antioxidant properties 

 

Antioxidant properties of azo-azomethine dye and viscose fabrics, before and after washing, 

have been evaluated by using the ABTS assay. The scavenging activity of the investigated dye 

was established and compared to the antioxidant properties of ascorbic acid. The test results 

have shown that azo-azomethine dye expressed excellent ability to scavenge the ABTS•+ radical 

cation with inhibition of 100%, comparing to the inhibition of ascorbic acid (100%). The 



J.D. Tadić, J.M. Lađarević, M.D. Marković, A.M. Ivanovska, M.M. Kostić, D.Ž. Mijin, A Novel Azo-azomethine 

Dye: Synthesis, Dyeing and Antioxidant Properties 

 

382 

 

subjected dyed viscose fabrics exhibited very good antioxidant activity with inhibition of 56% 

for fabric before washing, and 28% for fabric after washing, comparing to the untreated viscose 

fabric (inhibition of 18%). 

 

4. Conclusions  

 

In this work, novel azo-azomethine dye has been synthesized using microwave technique, and 

its structure has been confirmed by ATR-FTIR, 1H NMR and UV-Vis spectra. According to  

ATR-FTIR and NMR spectral data, the investigated dye exists in the imine-hydrazone form, in 

a solid state as well as in DMSO-d6 solution. The azo-azomethine dye can be applied on viscose 

fabrics to produce pale rose color with excellent fastness to washing. Furthermore, the 

investigated dye has shown outstanding antioxidant properties and assayed dyed viscose fabrics 

exhibited very good free radical scavenging potential. 
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Abstract  

  

The application of transition metal complexes as chemotherapeutics has been presented 

throughout the history. Platinum-based drugs are widely used as anticancer agents with a broad 

range of antitumor activities. The study of the substitution reactions of metal complexes with 

nitrogen containing biomolecules can help to develop new antitumor drugs with improved 

characteristics. Kinetics of the substitution reactions of [Pt(caffeine)2Cl2] and [Pd(caffeine)2Cl2] 

(caffeine = 1,3,7-trimethylxanthine) complexes with biologically important ligands such as  

9-methylguanine (9-MetGua) and guanosine-5’-monophosphate (5’-GMP) were studied by  

UV-Vis spectrophotometry and by stopped-flow technique. Kinetics measurements were 

performed under the pseudo-first order conditions at 37 °C and pH = 7.2 (25 mM Hepes buffer) 

in addition of 50 mM NaCl. The obtained results showed that all substitution reactions undergo 

the two reaction steps giving the [M(caffeine)2(Nu)2] (M = Pd(II) or Pt(II) and Nu = 5′-GMP or 

9-MetGua) as the  reaction product. Additionally, [Pd(caffeine)2Cl2] complex was more 

reactive compared to analogue platinum-complex, while 9-MetGua reacted faster than 5’-GMP. 

 

Key words: Pd(II), Pt(II), Caffeine, Kinetics 

 

1. Introduction  

 

Cisplatin, cis-[Pt(NH3)2Cl2], is the first cytostatic drug based on a metal ion which uses in 

the treatment of different types of cancers [1]. However, serious side effects as well as drug 

resistance are connected with its clinical application. For that reason, the huge efforts are being 
made in order to design the compound with improved pharmacological response than  
cisplatin [2]. In addition, many studies were focused on finding amplifiers which enhance the 

effects of known agents. It is considered that the xanthine derivatives such as caffeine may 

inhibit post-replication repair of both UV and chemically induced damage in DNA lesions 

caused by cisplatin [3]. Here we report about the kinetic and mechanistic behavior of the 

[Pt(caffeine)2Cl2] and [Pd(caffeine)2Cl2] complexes in the presence of biologically important 

ligands such as 9-MetGua and 5’-GMP. The structures of the used complexes and ligands are 

given in Figure 1. 
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Fig. 1. Structures of the studied complexes and ligands 

 

 

2. Experimental 

 

2.1 Materials and methods 

 

The compounds K2PtCl4, PdCl2, 5’-GMP and 9-MetGua (Sigma Aldrich) were used 

without purification. [Pt(caffeine)2Cl2] and [Pd(caffeine)2Cl2] complexes were prepared 

according to the published procedure [4]. Kinetic measurements were performed on Perkin 

Elmer Lambda 35 double-beam spectrophotometer equipped with thermostated 1.00 cm quartz 

Suprasil cells and on Applied Photophysics SX20 stopped-flow instrument coupled to an on-

line data acquisition system. 

 
2.2 Kinetic measurements 

 
Substitution reactions of [Pd(caffeine)2Cl2] and [Pt(caffeine)2Cl2] complexes with 5’-GMP 

and 9-MetGua were studied by stopped-flow and UV-Vis spectrophotometry by following the 

change in absorbance at suitable wavelengths as a function of time. All reactions were 

investigated under the pseudo-first order conditions (nucleophile concentration was at least 10-

fold times in excess) at 37 °C and pH = 7.2 (25 mM Hepes buffer) in addition of 50 mM NaCl. 

The pseudo-first order rate constants, kobsd, were calculated using Microsoft Excel, Origin 6.1 

and Pro Data SX programs. \ 

 

3. Results and discussion 

Kinetic data obtained for the substitution reactions of [Pd(caffeine)2Cl2] and 

[Pt(caffeine)2Cl2] complexes with 5’-GMP and 9-MetGua were suggested the two-steps 

reaction pathway, as shown by equations (1) and (2):      

                               
  ClClNucaffeineMNuClcaffeineM k ])()([])([ 222

1                                              (1) 

    
  ClNucaffeineMNuClNucaffeineM k 2

222 ])()([])()([ 2                                     (2)                                                                

 

where M = Pd(II) or Pt(II) and Nu = 5’-GMP or 9-MetGua. The reactions are characterized by 

the second-order rate constants for the first and the second reaction steps, k1 and k2. The values 
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for k1 and k2 were calculated from the slope of the plot kobsd vs. nucleophile concentration for 

both substitution steps, according to the equation (3): 

 

][2/12/1 Nukkobsd                                                                                                                          (3) 

 

The plots for the first and the second substitution reactions are shown in Fig. 2, while the 

values for the k1 and k2 are given in Table 1. 

 

 
Fig. 2. Pseudo-first order rate constants for both reaction steps of the (A) [Pd(caffeine)2Cl2] and (B) 

[Pt(caffeine)2Cl2] complexes and ligands at pH = 7.2 (25 mM Hepes buffer) in addition of  

50 mM NaCl at 37 °C 

 

Table 1. Second-order rate constants for the substitution reactions of studied complexes and ligands at  

pH = 7.2 (25 mM Hepes buffer) in addition of 50 mM NaCl at 37 °C 

  

 

Much higher reactivity of [Pd(caffeine)2Cl2] complex than the analogue platinum-complex 

was observed in both reaction steps. Since it is well established that Pd(II) complexes react 

about 103–105 times faster than corresponding Pt(II) complexes, that was expected [2]. 

Comparing the values of the second-order rate constants for both substitution steps, k1 and k2, 

the second substitution step is slower than the first in all studied systems. For example, in the 

case of the reaction between the [Pd(caffeine)2Cl2] complex and 5’-GMP, the second 

substitution step is up to 9 times slower than the first (the obtained values for k1 and k2 are 7700 

± 300 M-1s-1 and  

880 ± 80 M-1s-1, respectively). The reason for that is the steric hindrance which occurred after 

the first substitution reaction, making more difficult the arrival of another entering ligand (9-

MetGua and 5’-GMP) to the metal ion. 

                                                                                      (A) 
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Complex Ligand k1 [M-1s-1] k2 [M-1s-1] 

 [Pd(caffeine)2Cl2] 5’-GMP 7700 ± 300 880 ± 80 

  9-MetGua 10800 ± 500 1870 ± 50 

 [Pt(caffeine)2Cl2] 5’-GMP 0.403 ± 0.008 0.068 ± 0.003 

  9-MetGua 2.5 ± 0.3 0.43 ± 0.04 
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The results (Table 1) also show that the reactivity of the selected ligands is the same for 

both complexes and follows the order: 9-MetGua > 5’-GMP. The difference in the reactivity of 

these nucleophiles can be accounted in terms of steric effects, because the 5’-GMP is sterically 

more crowded than 9-MetGua. 

 

4. Conclusions 

The results showed a higher reactivity of [Pd(caffeine)2Cl2] compared to its Pt-analogue, 

indicating that the nature of metal ion has an important influence on the complexes reactivity 

towards selected biomolecules. 9-MetGua was better nuchleophile than 5’-GMP. The 

substitution process was carried out in two reaction steps giving [M(caffeine)2(Nu)2] (M = 

Pd(II) or Pt(II) and Nu = 5’-GMP or 9-MetGua) as the reaction product. The obtained results 

can help in understanding the mode of action of potential antitumor drugs as well as in the 

design of similar metal complexes. 
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Abstract 

 

In this manuscript, the in vitro antimicrobial activity of the previously synthesized 

coumarin derivative 3- (1- (3-hydroxyphenyl) amino) ethylidene) chroman-2,4-dione (L) and 

its corresponding palladium (II) complex (C) were examined. Their antimicrobial activity was 

screened against four strains of bacteria Bacillus cereus (ATCC 11778) G+; Staphylococcus 

aureus (ATCC 13709) G+; Klebsiella pneumoniae (ATCC 27736) G-; and Escherichia coli 

(ATCC 2592) G-) and three strains of fungi (Aspergillus flavus (ATCC15517); Candida 

albicans (ATCC 10231); Fusarium oxysporum (ATCC 695) using disc diffusion and 

microdilution method. The obtained minimum inhibitory concentration (MIC) values by 

microdilution method for ligand and complex are similar for all tested bacteria and fungi, which 

means that both compounds have a similar antimicrobial effect. On the other hand, analysis of 

zone of inhibition (ZI) values for the tested compounds shows that the complex is generally 

somewhat more active than the ligand.  

 

Keywords: coumarine, palladium(II) complex, antimicrobial activity 

 

 

1. Introduction 

 

Coumarin and its derivatives are a widely present family of molecules in nature. They 

can be accumulated in fruits, vegetables, trees, seeds, and vines [1]. Coumarins have important 

biological activities, some of which include regulation of growth, control of respiration, defense 

against herbivores and microorganisms, and hormonal and signaling role [1]. 

Coumarins show significant activity against various types of microorganisms. Coumarin itself 

does not have a pronounced antibacterial activity, but derivatives with different substituents in 

their structure have a strong effect on a wide range of gram-positive and gram-negative bacteria 

[2]. The most active natural antibiotic from the coumarin group is novobiocin, amoresinol, and 

ostruhin. In addition, some synthetic coumarins, such as 3-acetyl-4-hydroxycoumarin and its 

derivatives, inhibit the growth of some bacteria and fungi [3,4]. Complexes of coumarins with 
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transition metals show significant biological activity [3,4]. A large number of palladium(II) 

complexes have been synthesized and their antimicrobial activity has been examined [3,4].  

In accordance with the above, our research is based on further investigation of the biological 

activities of various coumarin derivatives and the corresponding palladium (II) complexes. This 

paper presents the results of the antibacterial and antifungal activity of the previously 

synthesized 4-hydroxycoumarin derivative and its palladium(II) complex.  

 

2. Experimental 

 

2.1. General procedure for the synthesis of ligands and palladium(II) complex  

 

The synthesis and characterization of the test ligand and its corresponding Pd (II) 

complex have been previously reported [5]. Namely, ligand L was obtained by reacting 3-

acetyl-4-hydroxycoumarin with meta-hydroxyaniline in methanol. The synthesis of 

corresponding palladium complex C was performed by reaction of K2 [PdCl4] and the bidentate 

ligands L in methanol (Fig. 1). 

 

 
Fig 1. The general procedure for the synthesis of the ligand and complex 

 

2.2. Microbiological Assay 

 

The antimicrobial activity of the previously synthesized ligand and the complex was 

examined according to representative laboratory control microbial strains from the American 

Type Culture Collection (ATCC) (Rockville, Md., U.S.A.). The microbiological activity was 

done by disk diffusion and dilution method against 7 microorganisms, three strains of fungi, 

and four strains of bacteria.  

 

2.3. Microbial Strains 

 

The following microorganisms were used for the antimicrobial tests: Aspergillus flavus 

(ATCC15517); Candida albicans (ATCC 10231); Fusarium oxysporum (ATCC 695); Bacillus 

cereus (ATCC 11778)G+; Staphylococcus aureus (ATCC 13709)G+; Klebsiella pneumoniae 

(ATCC 27736) G- and Escherichia coli (ATCC 2592)G-. 

 

2.4. Antimicrobial Activity 

 

The disk diffusion method was used to determine the zone of inhibition [6,7]. 1 cm3 of 

the suspension of microorganisms in physiological solution was homogenized with 9 cm3 of 

dissolved Mueller-Hilton agar and poured into Petri dishes. After that Petri dishes were 

incubated under aerobic conditions at 27˚ C for 96h for fungi and at 37˚C for 48h for bacteria 

[8]. The determination of the minimum inhibitory concentration (MIC) is based on mixing a 

solution of a sample of known concentration with a nutrient medium. This test was performed 

in triplicate. The lowest concentration of the sample, which under these conditions completely 
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inhibited the growth of a certain microorganism, was presented as MIC and expressed in μg/mL. 

Control tests were performed with DMSO in which the substances were dissolved. DMSO was 

found not to inhibit the growth of the microorganisms tested [8]. 

 

3. Results 

 

Comparative analysis of the antimicrobial activity of the ligand and the corresponding 

Pd(II) complex shows that the values of the minimum inhibitory concentration (MIC) are 

similar for all tested bacteria and fungi, which means that the compounds have a similar 

antimicrobial effect (Table 1). Comparing these values with a positive control indicates that the 

test compounds are less active than the standard, only the difference was observed in the case 

of Candida albicans for which the test compounds give almost the same MIC values as 

fluconazole. On the other hand, analysis of the zone of inhibition (ZI) values for the investigate 

compounds shows that the complex is generally somewhat more active than the ligand. By 

comparing the obtained values of the ZI complex with the ZI positive control, it can be clearly 

seen that these values are mutually comparable (Table 1). This suggests that the investigated 

palladium(II) complex shows promising antifungal activity. 

 
Table 1. Antimicrobial activity of the ligand (L), corresponding complex (C) and positive control 

Flukonazole (fungi) and Chloramphenicol (bacteria) 

 

4. Conclusions 

 

Derivative 4-hydroxycoumarin and corresponding Pd(II) complex were tested as 

antibacterial and antifungal agents. In general, the results of antimicrobial activity showed that 

the investigated compounds were less active than the standard, only a difference was observed 

in the case of Candida albicans (ATCC 10231) for which the test compounds give almost the 

same minimum inhibitory concentration (MIC) values as fluconazole. In conclusion, 

preliminary studies, ligand, and complex could be a useful starting point for the development 

of future antifungal agents. 

 

Acknowledgment  

The authors gratefully acknowledge financial support from the Ministry of Education, Science 

and Technological Development (Agreement Nos. 451-03-9/2021-14/200146 and 451-03-

68/2020-14/200378) 

 

References  

[1] D.S. Dimić, Z.S. Marković, L. Saso,  .H. Avdović, J.R. Đorović, I.P. Petrović, D.D. 

Stanisavljević, M.J. Stevanović, I.Potočňák, E.Samoľová, S.R. Trifunović, J.M. Dimitrić 

Marković, Synthesis and characterization of 3-(1-((3,4-dihydroxyphenethyl) amino) 

Microorganism 
L C 

Flukonazole or 

Chloramphenicol 

ZI MIC ZI MIC ZI MIC 

Fungi 

Aspergillus flavus (ATCC15517) 

Candida albicans (ATCC 10231) 

Fusarium oxysporum  (ATCC 695) 

 

Bacteria 

Bacillus cereus (ATCC 11778) 

Staphylococcus aureus (ATCC 13709) 

Klebsiella pneumoniae  (ATCC 27736) 

Escherichia coli (ATCC 2592) 

 

 

10.6±0.10 

12.1±0.10 

8.7±0.17 

 

 

17.1±0.01 

17.4±0.10 

11.0±0.20 

19.1±0.10 

 

 

78 

52 

52 

 

 

104 

104 

78 

78 

 

 

11.4±0.37 

13.8±0.27 

12.8±0.17 

 

 

18.1±0.23 

17.5±0.33 

13.8±0.27 

24.0±0.97 

 

 

78 

52 

52 

 

 

104 

104 

78 

78 

 

 

11.4±0.37 

11.0±0.10 

14.0±0.20 

 

 

15.2±0.10 

23.0±0.17 

15.1±0.2 

18.0±0.06 

 

 

29 

50 

18 

 

 

51 

30 

62 

50 



E.H. Avdović, Ž.B. Milanović, M. Radulović, D.S. Dimić, Antimicrobial activity of 3- (1- (3- hydroxyphenyl) 

amino) ethylidene) chroman-2,4-dione and its corresponding palladium(II) complex 

390 

 

ethylidene)-chroman-2,4-dione as potentional anti-tumor agent, Oxidative Medicine and 

Cellular Longevity, 2019 (2019) 12-24. 

[2] K. Hodák, V. Jakesová, V. Dadák, On the antibiotic effects of natural coumarins. VI. The 

relation of structure to the antibacterial effects of some natural coumarins and the 

neutralization of such effects, Ceskoslovenska Farmacie, 16 (1967) 86. 

[3] E. H. Avdović, D. Lj. Stojković, V.V. Jevtić, D. Milenković, Z.S. Marković, N. Vuković, 

I. Potočňák, I.D. Radojević, Lj.R. Čomić, S.R. Trifunovića, Preparation and antimicrobial 

activity of a new palladium(II) complexes with a coumarin-derived ligands. Crystal 

structures of the 3-(1-(o-toluidino) ethylidene)-chroman-2,4-dione and 3-(1-(m-

toluidino)ethylidene)-chroman-2,4-dione, Inorganica Chimica Acta, 206 (2019) 421–429. 

[4] E.H. Avdović, Ž.B. Milanović, M.N. Živanovića, D.S. Šeklić, I.D. Radojević, Lj.R. 

Čomić, S.R. Trifunović, A.Amić, Z.S. Marković, Synthesis, spectroscopic 

characterization, biological activity, DFT and molecular docking study of novel 4-

hydroxycoumarine derivatives and coresponding palladium(II) complexes, Inorganica 

Chimica Acta, 504 (2020) 119465. 

[5] E.H. Avdović, I.P. Petrović, M.J. Stevanović, L. Saso, J.M. Dimitrić Marković, N.D. 

Filipović, M.Ž. Živić, T.N. Cvetić Antić, M.V. Žižić, N.V. Todorović, M.Vukić, S.R. 

Trifunović , Z.S. Marković, Synthesis and Biological Screening of New 4-

Hydroxycoumarin Derivatives and Their Palladium (II) Complexes, Oxidative Medicine 

and Cellular Longevity, 2021 (2021) 18. 

[6] A. Turkoglu, M.E. Duru, N. Mercan, I. Kivrak, K. Gezer, Antioxidant and 

antimicrobialactivities of Laetiporus sulphureus (Bull.) Murrill, Food Chemistry, 101 

(2007) 267–273. 

[7] C. Papadopoulou, K. Soulti, I.G. Roussis, Potential antimicrobial activity of red and white 

wine phenolic extracts against strains of Staphylococcus aureus, Escherichia coli and 

Candida albicans, Food Technology and Biotechnology, 43 (2005) 41–46. 

[8] E.H. Avdović, D.S. Dimić, J.M. Dimitrić Marković, N. Vuković, M.Đ. Radulović, M.N. 

Živanović, N.D. Filipović, J.R. Đorović, S.R. Trifunović, Z.S. Marković, Spectroscopic 

and theoretical investigation of the potential anti-tumor and anti-microbial agent, 3-(1-((2-

hydroxyphenyl)amino)ethylidene) chroman-2,4-dione, Spectrochimica Acta Part A: 

Molecular and Biomolecular Spectroscopy, 206 (2019) 421–429 



 

391 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 
doi:10.46793/ICCBI21.391K 

SUBSTITUTION REACTIONS OF THE MONOFUNCTIONAL GOLD(III) 

COMPLEX AND SULPHUR-DONOR BIOLOGICALLY IMPORTANT 

LIGANDS 
 

Ana S. Kesić1, Snežana R. Radisavljević2, Biljana V. Petrović2 

 
1 Institute for Information Technologies  

University of Kragujevac, Jovana Cvijica bb, 34000 Kragujevac, Serbia  

e-mail: akesic@uni.ac.kg.rs  
2 Faculty of Science, 
University of Kragujevac, R. Domanoviсa 12, 34000 Kragujevac, Serbia 

e-mail:  snezana.radisavljevic@pmf.kg.ac.rs ,  biljana.petrovic@pmf.kg.ac.rs  

 

Abstract: 
 

Gold(III) complexes have found application in catalysis, materials science and medical 

inorganic chemistry. Considering that the right choice of inert ligands in the structure of Au(III) 

complexes is crucial for their properties and reactivity toward biomolecules, we have studied 

the substitution reactions between monofunctional Au(III) complex, [Au(Cl-Ph-tpy)Cl]Cl2 (Cl-

Ph-tpy = 4′-(4-chlorophenyl)-2,2′:6′, 2″-terpyridine) and sulfur-donor biomolecules, 

glutathione (GSH) and L-methionine (L-Met), in 25 mM Hepes buffer (pH = 7.2) and 40 mM 

NaCl. The reactions were followed under the pseudo-first-order conditions as a function of 

ligand concentration and temperature, using the stopped-flow technique. Calculations were 

made by Microsoft Excel 2019 and Origin2019b 64Bit. Observed kinetics traces follow a single 

exponential function, suggesting that the process of the substitution undergoes as one reversible 

step. Also, L-Met was more reactive than GSH. This order is related to the positive inductive 

effect of the methyl group, which increases the nucleophilicity of the thioether. According to 

the values of the activation parameters, the reactions follow an associative model. These results 

demonstrate the strong connection between the reactivity of Au(III) complexes and the 

structural and electronic characteristics of the biologically important ligands. 

 

Keywords: gold(III), complex, kinetics, substitution, S-donor ligands 

 

1. Introduction  

 

The introduction of metal ions or metal ion binding components into a biological system 

for the treatment of diseases is one of the main subdivisions in the field of bioinorganic 

chemistry. Metal-based drugs have been broadly applied in the treatment of diseases, such as 

rheumatoid arthritis, diabetes, cancer, and antimicrobial agents [1,2,3]. In addition, 

organometallic Au(III) complexes have found wide application in catalysis, materials science, 

and medical inorganic chemistry [4,5,6]. Some non-platinum compounds, including gold 

complexes, have shown encouraging results in cancer treatment, and some of them are in 

various stages of clinical trials. Gold is another metal among platinum group metals that is 

being explored in the research of better metal-based cancer drugs. Published results also 

confirmed that the right choice of ligands in the structure of Au(III) complexes is crucial for 

adjusting their properties and reactivity. Numerous mechanistic studies strongly suggest that 

the interactions of Au(I)/(II)/(III) compounds with DNA molecules are not as strong as those 

reported for the Pt(II) and Pd(II) complexes, suggesting possible different biological pathways 

for cytotoxicity of gold complexes [7 - 11]. 

mailto:akesic@uni.ac.kg.rs
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2. Material and Methods 

 

2.1 Chemicals  

 

Nucleophiles, glutathione (GSH) and methionine (Met) were obtained from Acros 

Organics. Ligand 4′-(4-chlorophenyl)-2,2′:6′,2″-terpyridine and Hepes buffer (N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid) were obtained from Acros Organics. The 

initial potassium-tetrachloridoaurate(III) complex, K[AuCl4], was purchased from ABCR 

GmbH & Co. KG, 98%. All chemicals were commercially available and were used without 

further purification. Ultrapure water was used in all experiments. The solutions of complexes 

and ligands for kinetic measurements were prepared in 25 mM Hepes buffer and 40mM NaCl 

(pH = 7.2). 

 

2.2. Kinetic measurements 

 

Spectral changes caused after mixing complex and ligand solutions were recorded 

in the range between 220–300 nm to determine the suitable wavelength at which kinetic 

measurements can be performed. The kinetics were monitored by the stopped-flow 

technique, as a change in the absorbance with time at the working wavelength under 

the pseudo-first-order conditions. The concentration of nucleophiles was always at least 

10 times higher than the concentration of complex. All kinetic sequences are equipped 

with individual exponents for substitution reactions of the monofunctional complex 

[Au(Cl-Ph-tpi)Cl]Cl2. The observed pseudo-first-order rate constants, kobs, were 

calculated as average from five to eight independent kinetic cycles. The temperature 

dependence of kobs was studied at three different temperatures (288, 298, and 310K). 

All calculations were performed using Microsoft Excel 2019 and Origin2019b 64Bit. 

The data are summarized in Figure 2 and Table 1. 

       

Fig. 1. Structures of the investigated Au(III) complex and studied sulfur-donor nucleophiles 

 

3. Results and discussion 

 
Observed kinetics traces follow a single exponential function, suggesting that the process 

of the substitution undergoes as one reversible step (Scheme 1). In all tested concentration ratios 

and at all tested temperatures, the Au(III) complex and sulfur-donor ligands react in a 1:1 ratio. 

 

 

Scheme 1. Schematic representation of the substitution mechanism of the investigated complex 
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The observed rate constant, kobs, as a function of the total concentration of the nucleophile 

is described by Eqn. 1[12]. 

 

kobs = k-1 + k1[Nu]                                                                                                  (1) 

 

Using Eqn. 1, the rate constant for the direct substitution reaction, k1, and the rate constant 

of the reverse reaction, k-1, are calculated. In most cases, the values for k-1 was almost zero  

(Figure 2), which illustrates that the solvent cannot effectively replace coordinated 

nucleophiles. The temperature dependences of these velocity constants enabled the calculation 

of the enthalpy and entropy of activation using the Eyring equation. Rate constants and 

activation parameters derived from these experiments are shown in Table 1. 

 

 λ(nm) Т(К) k1/M-1s-1 H2
≠/kJmol-1 S2

≠/JK-1mol-1 k-1/s-1 

[Au(Cl-Ph-tpy)Cl]2+ 

 

L-Met  

 

 

280 

 

288 

298 

310 

(1.06  ± 0.03)·104 

(1.19  ± 0.04)·104 

(1,43  ± 0,04)·104 

 

 

7,8 ± 0.8 

 

-157± 3 

 

(2.2  ± 0.5)·10-1 

(5.3  ± 0.6)·10-1 

(8,4  ± 0.7)·10-1 

 

GSH 

 

240 

 

288 

298 

310 

(9,30  ± 0.07)·103 

(1,12  ± 0.04)·104 

(1,34  ± 0,03)·104 

 

9,8 ± 0.8 

 

 

-150± 3 
(5,3  ± 0.2)·10-2 

(3,1  ± 0.6)·10-1 

(6,7  ± 0.4)·10-1 

Table 1. Rate constants and activation parameters for the substitution reactions of [Au(Cl-Ph-

tpy)Cl]Cl2 complex in 25 mM Hepes buffer and 40mM NaCl (pH = 7.2). 

 

        
Fig. 2. Pseudo-first order rate constants, kobs, as a function of ligand concentration and temperature for 

the substitution reactions between complex [Au(Cl-Ph-tpy)Cl]Cl2 and nucleophiles in 25 mM Hepes 

buffer, 40mM NaCl (pH = 7.2) 
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4. Conclusions 

 

 Kinetic traces analyzed for individual exponentials shows that only a 1:1 complex is 

formed in both reaction systems. Regarding the reactivity of the examined nucleophiles, the 

results have shown that L-Met was more reactive than GSH. This order refers to the positive 

inductive effect of the methyl group, which increases the nucleophilicity of the thioether [13]. 

This order of reactivity is in the case of similar gold(III) complexes under physiological 

conditions was already published. Another main reason for this order of reactivity is the greater 

voluminosity of GSH compared to the L-Met ligand. According to the values of the activation 

parameters, all studied reactions follow the mechanism of associative substitution. The 

substitution rate constants for the feedback reaction, k-1, are about 105 times slower than the 

constant for the direct substitution reaction, k1. These results demonstrate the strong connection 

between the reactivity of Au(III) complexes and the structural and electronic characteristics of 

the biologically important ligands. 
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Abstract: 

  

 Lysimachia vulgaris L., also known as yellow loosestrife, is an herbaceous perennial 

flowering plant from the family Primulaceae. Traditionally, L. vulgaris has been commonly 

used in Chinese medicine to increase urination, reduce fever, and treat sexually transmitted 

ailments. This study aimed to investigate phenolic content, antioxidant activity, and 

antimicrobial potential of L. vulgaris aerial part (LVA) and root (LVR) methanol extracts. 

Based on the spectrophotometric determination, both extracts possessed a high level of phenolic 

compounds. The content of total phenolic compounds (130.14 mg GAE/g) and condensed 

tannins (120.58 mg GAE/g) was higher in LVR, while total flavonoid (206.93 mg QUE/g) and 

flavanol (17.02 RUE/g) contents were higher in LVA. DPPH and ABTS assays were used to 

estimate the antioxidant activity of the extracts, whereby LVR showed better antioxidant 

potential in both applied methods. The extracts inhibited the growth of most of the tested 

bacterial and fungal strains with minimal inhibitory concentration values (MICs) ranged 

between (˂ 0.3125 to 20 mg/mL), whereby the significantly higher antimicrobial activity of 

LVR was observed. Based on the obtained results, the significant antioxidant and antimicrobial 

activity of L. vulgaris root extract may be a basis for its further research and potential 

application in the pharmaceutical and food industry. 

 

Keywords: Lysimachia vulgaris L., Phenolic content, Antioxidant activity, Antimicrobial 

activity 

 

 

1. Introduction  

 

Lysimachia vulgaris L., commonly known as yellow loosestrife is a rhizomatous 

perennial plant that belongs to the family Primulaceae, but recent analysis suggests its re-

location to the family Myrsinaceae.[1] The phytochemical composition of plants from the 

Lysimachia genus was investigated by several research groups which successfully confirmed 

that flavonoids, quinoids, tannins, and saponins represent the main compounds.[1,2] However, 

there are no literature data of L. vulgaris chemical composition. Many Lysimachia species have 

therapeutic use as analgesics, anti-leishmanials, anti-helminthics, and to treat cholecystitis. L. 

nummularia has been used in medicine since ancient times for treating diseases such as 

diarrhea, fever, arthritis, tuberculosis, skin diseases, and many other.[2] It is also known for use 

of L. christinae in the treatment of gallstones and kidney stones, while L. vulgaris has a 

beneficial effect on gastrointestinal diseases.[3,4] Although there is a wealth of information on 

the traditional use of the aerial part of L. vulgaris, no research has been conducted to prove the 

mailto:nikola.sreckovic@pmf.kg.ac.rs
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plant's biological activity. So, the aim of this study was to investigate the phenolic content, 

antioxidant, and antimicrobial activity of the aerial part and root methanol extracts of L. 

vulgaris. 

 

2. Materials and methods  

 

2.1. Plant material and extracts preparation   

 

 The plant material was collected in June 2019 in the flowering phase, in the village of 

Veliko Krčmare, Municipality of Rača, Kragujevac, Serbia. The aerial part and root were 

cleaned, separated, and dried at room temperature in a well-ventilated dark room. The dried and 

milled aerial part (72 g) and the root (69 g) were extracted with methanol by the maceration 

process, and the resulting extract was filtered and evaporated in a vacuum. 

 

2.2 Spectrophotometric determination of phenolic compounds 

 

Total phenolic compounds were determined spectrophotometrically by the Folin-

Ciocalteu method, and the results were expressed in gallic acid equivalents (mg GAE/g extract). 

AlCl3 solution was used as a reagent for spectrophotometric determination of flavonoid content, 

whereby results were expressed in quercetin equivalents (mg QUE/g extract). The total flavonol 

content was evaluated using the AlCl3 and CH3COONa and results were reported as rutin 

equivalents (mg RUE/g extract). The content of condensed tannins was determined using the 

phloroglucinol method and expressed in gallic acid equivalents (mg GAE/g extract). The 

amount of total phenolic acids was determined using the Arnow reagent and expressed in caffeic 

acid equivalents (mg CAE/g of extract). All methods are explained in the research reported by 

Srećković et al. (2020).[5] 

 

2.3. Determination of antioxidant potential 

 

Antioxidant activity of plant extracts was evaluated using DPPH˙ and ABTS˙+ radical 

scavenging methods reported in Srećković et al. (2020).[5]  

 

2.4 Antimicrobial activity 

 

The antimicrobial activity of methanol extracts of L. vulgaris was tested against four 

ATCC bacterial strains, three fungal strains, and one yeast Candida albicans (ATCC 10259) 

that are listed in Table 3. The microdilution method was used for determining the minimal 

inhibitory concentration of LVA and LVR. Mueller–Hinton broth (MHB) was used for 

antibacterial testing, while Sabouraud dextrose broth (SDB) was used for determining 

antifungal activity. Ciprofloxacin was used as a reference antibiotic, while clotrimazole was 

used as an antifungal standard. The detailed procedure of the experiment was described by 

Srećković et al. (2020).[5] 
 

3. Results and discussion 

 

Based on the reviewed literature, these are the first results dealing with the examination 

of the phenolic content, antioxidant, and antimicrobial activity of aerial part and root methanol 

extracts of the L. vulgaris. The total phenol, flavonoid, flavonol, and tannin contents of LVA 

and LVR extracts are presented in Table 1. Based on the obtained results, it can be noticed that 

the LVR extract had a higher phenolic content (130.14 mg GAE/g) compared with the aerial 

part (77.88 mg GAE/g). However, the flavonoid and flavonol contents were much higher in 

LVA (206.93 mg QUE/g, 17.02 mg RUE/g extract, respectively). The condensed tannins were 

most abundant in the roots (120.58 mg GAE/g), while the content of phenolic acids was 

approximately equal in both extracts and ranges from 26.38 mg CA/g for the aerial part and 

28.74 mg CAЕ/g for root extract. 
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Table 1. The content of different classes of phenolic compounds in the aerial part (LVA) and root 

(LVR) extracts of L. vulgaris 

 

a Results are mean values ± SD from three measurements; GAE – gallic acid equivalents; QUE – quercetin 

equivalents; RUE– rutin equivalents; Cy-3-glc – cyanidin-3-O-glucoside equivalents 

 

Both LVA and LVR extracts showed a good radical scavenging activity in vitro (Table 

2). The lowest IC50 values were obtained for LVR extract in both DPPH˙ and ABTS˙+ methods 

(35.47 and 76.43 μg/ mL, respectively), while the results for reference antioxidant standard, 
butylated hydroxytoluene (BHT) were slightly better (IC50 12.46 and 18.27 µg/mL, 

respectively). 
 

Table 2. Antioxidant activity of methanolic extracts of L. vulgaris aerial parts (LVA) and roots (LVR) 

 

Samples and standards 

IC50 values (µg/mL) 

DPPH scavenging activity ABTS+ scavenging activity 

LVA 114.38 ± 1.70 256.14 ± 9.81 

LVR 35.47 ± 1.31 76.43 ± 1.14 

BHT 12.46 ± 0.85 18.27 ± 0.78 

DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); BHT, 

butylated hydroxytoluene; 

 

The results of the antimicrobial activity of L. vulgaris extracts are presented in Table 

3. Overall, the LVR showed significantly higher antibacterial and antifungal activity against all 

used microorganisms compared with the LVA. E. coli and S. aureus were the most sensitive 

bacterial species to LVA and LVR, with MIC values 0.625 mg/mL for LVA and ˂  0.156 mg/mL 

for LVR, while E. faecalis and S. enteritidis were to some extent more resistant to the tested 

extracts. Ciprofloxacin, compared with the extracts, showed higher activity, with MIC values 

ranging from ˂ 0.3125 to 1.25 µg/mL. 

 
Table 3. Antimicrobial activities of L. vulgaris aerial part (LVA) and root (LVR) methanolic extracts 

 

Bacterial strains 
MIC (mg/mL) MIC (μg/mL) 

LVA LVR Ciprofloxacin  

Escherichia coli 0.625 ˂ 0.156 1.25 

Enterococcus faecalis  5 1.25 ˂0.3125 

Salmonella enteritidis 5 2.5 ˂0.3125 

Staphylococcus aureus 0.625 ˂ 0.156 1.25 

Fungal strains   Clotrimazole  

Candida albicans 2.5 1.25 10 

Penicillium canescens 20 0.625 0.625 

Fusarium oxysporum 20 0.625 0.625 

Aspergillus brasiliensis 10 0.3125 0.625 

MIC, minimum inhibitory concentration values. 

 

Samples 

Total phenolic 

content (mg 

GAE/g extract) 

Total flavonoid 

content (mg 

QUE/g extract) 

Total flavanol 

content (mg 

RUE/g extract) 

Condensed 

tannins content 

(mg GAE/g 

extract) 

Total phenolic 

acid content 

(mg CA/g 

extract) 

LVA 77.88 ± 0.48a 206.93 ± 0.37 17.02 ± 0.87 33.11 ± 1.81 26.38 ± 2.61 

LVR 130.14 ± 3.55 17.14 ± 0.59 8.21 ± 0.13 120.58 ± 4.05 28.74 ± 4.13 
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The LVA extract showed the highest activity against C. albicans with MIC values 2.5 

mg/mL, while the LVR extract was most active against A. brasiliensis (0.3125 mg/mL). The 

reference standard Clotrimazole inhibited the growth of fungi with an MIC value of 0.625 

µg/mL, while C. albicans showed greater resistance against antimycotic (MIC 10 µg/mL). 

 

4. Conclusion 

 

The results of this investigation revealed that L. vulgaris methanol extracts possess a 

high amount of phenolic compounds and have a moderate antioxidant and antimicrobial 

potential. Although there are no data on the use of plant roots in traditional medicine, this study 

showed that the roots are substantially richer in phenolic compounds and have better antioxidant 

and antimicrobial activity in comparison with the aerial part extract. The presented results may 

be a basis for further research of L. vulgaris for potential application in the pharmaceutical and 

food industry.‚ 
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Abstract 
Aromatic nitrogen-containing heterocycles (N-heterocycles) have attracted a considerable 

attention as scaffolds for compounds, which have an application in different pharmacological 

areas, ranging from vitamins to different antimicrobial and antitumor agents. In this respect, 

azoles are of special importance as potent and broad-spectrum agents used for the treatment of 

many invasive fungal infections. In the present study, the interaction of the clinically used 

antifungal drug fluconazole (fcz) and its copper(II) and zinc(II) complexes, 

{[CuCl2(fcz)2].5H2O}n (1) and {[ZnCl2(fcz)2]·2C2H5OH}n (2), with calf thymus DNA (ct-

DNA) and bovine serum albumin (BSA) has been investigated. Fluorescence emission 

spectroscopy was applied for the binding study of complexes 1 and 2 and fcz with ct-DNA and 

BSA, while cyclic voltammetry was additionally used for investigation of their interactions 

with ct-DNA. The values of calculated binding constants (KA) of the investigated compounds 

towards ct-DNA and BSA follow the order fcz < 1 < 2 and 2 < fcz < 1, respectively.  

 

Keywords: copper(II) complex, zinc(II) complex, fluconazole, ct-DNA interaction, BSA 

interaction 

 

1. Introduction 

Over last few decades, medicinal chemistry has seen a considerable advance, with great 

attention paid to the study of metal complexes, which have applications in various 

pharmacological fields as well as in medicine for the treatment of various diseases [1]. Great 

attention has been drawn to metal complexes with different heterocyclic compounds which are 

used to treat various fungal infections. In this respect, azoles are the most usually used 

antifungal agents, since they have a wide range of antifungal activities, as well as an applicable 

toxicity profile [2].  

Recently, we reported synthesis, characterization, and antifungal evaluation of copper(II) 

and zinc(II) complexes with clinically used antifungal drug fluconazole (fcz),  

{[CuCl2(fcz)2].5H2O}n (1) and {[ZnCl2(fcz)2]·2C2H5OH}n (2) [3]. A comparison of in vitro 

anti-Candida activity between these two complexes and fluconazole showed that complexation 

of this antifungal agent with Zn(II) ion resulted in 5.4- to 11-fold increased activity in the case 

of Candida krusei and Candida parapsilosis, respectively. Herein, the interaction of complexes 
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1 and 2 and fluconazole with calf thymus DNA (ct-DNA) and bovine serum albumin (BSA) 

was investigated by applying fluorescence emission spectroscopy. Additionally, the binding of 

these three compounds for DNA has been investigated by cyclic voltammetry.  

 

2. Material and Methods 

2.1. Chemicals  

Metal(II) salts, CuCl2
.2H2O and ZnCl2, fluconazole, calf thymus DNA (ct-DNA), 

phosphate-buffered saline (PBS) buffer, ethidium bromide (EthBr), and bovine serum albumin 

(BSA) were purchased from commercial suppliers (Sigma-Aldrich Chemical Co, Munich, 

Germany, and Acros Organics, Geel, Belgium). {[CuCl2(fcz)2].5H2O}n (1) and 

{[ZnCl2(fcz)2]·2C2H5OH}n (2) complexes were obtained according to the previously published 

procedure [3]. All chemicals were of reagent-grade quality or higher and used as received. 

 

2.1. BSA and ct-DNA interaction assay   

The interactions of complexes 1 and 2 and fluconazole with BSA were examined 

fluorometrically on a Jasco FP-6600 spectrofluorometer. A stock solution of BSA was prepared 

in PBS buffer (pH 7.4). The fluorescence emission spectra of the BSA-complex system were 

recorded in the range 295–500 nm with an excitation wavelength of 290 nm. The BSA 

concentration was 2.7.10-4 M.  

The fluorescence emission spectra of the ct-DNA-EthBr system were recorded in the 

absence and presence of the complexes and fluconazole in the investigation of their interactions 

with DNA. Competitive binding experiments were performed in PBS buffer (pH 7.4), by 

maintaining the EthBr and ct-DNA concentration at 10 and 100 μM. Fluorescence emission 

spectra were recorded in the range 525-750 nm with an excitation wavelength of 520 nm. Before 

measurement, sample solution was shaken and incubated at room temperature for 5 min. Cyclic 

voltammetry was additionally used for ct-DNA binding study using the same three electrode 

system described above by maintaining the complex concentration constant, while increasing 

the concentration of ct-DNA. 

 

3. Results and Discussion 

Copper(II) and zinc(II) complexes with clinically used antifungal drug fluconazole (fcz),  

{[CuCl2(fcz)2].5H2O}n (1) and {[ZnCl2(fcz)2]·2C2H5OH}n (2), were prepared according to the 

previously published procedure [3]. The binding affinity of these complexes and fluconazole 

with calf thymus DNA (ct-DNA) and bovine serum albumin (BSA) was investigated by 

applying fluorescence emission spectroscopy, while in the case of ct-DNA the binding of these 

three compounds has been additionally investigated by cyclic voltammetry. 

 

3.1. BSA binding study 

Due to its structural similarity to human serum albumin (HSA), bovine serum albumin 

(BSA) is widely used as a model protein [4]. Fluorescence spectroscopy is a very useful method 

that can provide information on the binding of small molecules to this protein [5]. The data 

obtained using Stern-Volmer and Scatchard equations (Stern-Volmer constants, Ksv; quenching 

rate constants, Kq; binding constants, KA; and the number of binding sites per BSA, n) for the 

interaction of complexes 1 and 2 and fluconazole with BSA are given in Table 1, while 

fluorescence emission spectra of BSA in the presence of an increasing amount of complex 1 

are shown in Fig. 1.  

The values of Ksv constant indicate that the complex 1 has a higher affinity for BSA  
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Fig. 1. Fluorescence emission spectra of BSA in the presence of an increasing amount of 

complex 1. Arrow shows the intensity changes upon increased amount of the complex. Inserted graph: 

Stern-Volmer plot of F0/F vs. complex 1 

 

Table 1. Values of the binding constants of complexes 1 and 2 and fluconazole (fcz) with BSA 

 

 Ksv (M-1) Hypochromism (%) Kq (M-1s-1) KA (M-1) n 

fcz (2.02 ± 0.02).103 14.6 2.02.1011 1.57.103 0.98 

1 (2.34 ± 0.02).104 49.85 2.34.1012 6.19.106 1.59 

2 (1.36 ± 0.03).103 20.8 1.36.1011 5.35.102 0.9 

 

binding compared to those for complex 2 and fluconazole. The Ksv values for the complex 2 

and fluconazole are almost identical. As can be seen from Table 1, the Kq values for complexes 

1 and 2 and fluconazole are in accordance with their good quenching abilities of the BSA 

fluorescence. The values of quenching constants (Kq) are higher than 1010 M−1s−1, indicating the 

static mechanism of quenching [6]. The KA value for the complex 1 is in the optimal range, 

while those for complex 2 and fluconazole are out of the range. Finally, the calculated values 

of n indicate that complex 1 has the best binding potential to the protein molecule. 

 

3.2. DNA binding study 

In the present study, cyclic voltammetry and fluorescence spectroscopy were used for 

investigation of ct-DNA interactions with complexes 1 and 2 and fluconazole. Ethidium 

bromide (EthBr) is the most studied fluorescent probe that intercalates between adjacent base 

pairs in the DNA double helix resulting in the enhancement of its fluorescence [6]. After the 

addition of the metal complex, which may substitute EthBr in the EthBr-DNA conjugate or 

bind to this conjugate, results in a decrease of the emission [5].  In this context, the emission 

spectra of the EthBr-DNA system ([ct-DNA]/[EthBr] = 10) were recorded in the absence and 

presence of an increasing amount of the investigated complexes and fluconazole. Due to the 

addition of the investigated compounds, there is a decrease in the fluorescence intensity which 

indicates their interactions with ct-DNA (see Fig. 2). It is worth mentioning that the obtained 

values of the binding constants (KA, Table 2) of the investigated compounds are much lower 

than those of EthBr (KA = 2.106 M-1). Based on the Ksv values (Table 2), it can be concluded that 

the currently tested complexes bind to DNA in a non-intercalation (electrostatic) manner. This 

is also in accordance with results obtained from the electrochemical measurements. 
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Fig. 2. Fluorescence emission spectra of EthBr-DNA system in the presence of an increasing 

concentration of complex 1. Inserted graph: Stern–Volmer plot of F0/F vs. complex 1. 

 

Table 2. Values of the binding constants of complexes 1 and 2 and fluconazole (fcz) with DNA 

 

 Ksv (M-1) Hypochromism (%) Kq (M-1s-1) KA (M-1) n 

fcz (3.55 ± 0.003).102 8.95 3.55.1010 1.91.104 1.48 

1 (9.29 ± 0.004).102 15.16 9.29.1010 2.26.104 1.35 

2 (3.04 ± 0.002).102 5.10 3.04.1010 6.89.104 1.65 

 

4. Conclusions 

This study showed that complex 1 has higher binding affinity for BSA in comparison to 

those for complex 2 and fluconazole. However, the obtained values for the binding constants 

of these three compounds indicate that they have no high affinity for DNA molecule.     
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Abstract  
  

About 75% of breast cancers express estrogen receptors (ERs), which is a good base for an 

efficient endocrine therapy. This gives the opportunity for the treatment of patients with 

antiestrogens, compounds that bind to the ERs and thus compete to estradiol (E2), preventing 

its action in progression of estrogen-depending cancers.  

Here we present results of testing the effect of the modified steroids, namely 17-substituted 

16-nitrile 16,17-secoestrane compounds on the E2-ER complex forming, its stability, nuclear 

translocation and binding to DNA. Almost all compounds in moderate to high rate induced 

lower forming of this complex, destabilizing it – they increased Kd of this complex and 

decreased number of binding sites. Complex formed in the presence of some test secosteroids 

could pass to the nucleus, while other compounds inhibited translocation. In the presence of 

some compounds binding of the formed complex E2-ER to DNA was noticed.  

Docking followed molecular dynamics simulation was performed to reveal binding mode 

of E2 to ER in the presence of test secosteroids. Amino acids important for binding process and 

complex stabilization were detected. Analysis of the simulation data allowed identifying key 

amino acids and type of binding of the secoestrane compounds, important for high affinity 

binding of the steroidal compounds.  
 

Keywords: ER, secoestrane compounds, docking, molecular dynamics 

 

1. Introduction  

 

17β-Estradiol (E2), the main circulating estrogen hormone, regulates many physiological 

functions, where many of them are specific for female reproductive tissues. The effects of E2 

on human cells are mediated by the estrogen receptors ERα and ERβ and complex transcription 

machinery. The ERs express similar, still different, regulatory potentials of cellular growth, 

differentiation and death. According to that, changes in E2 signaling via E2-ER could be 

important factors in the initiation and progression of malignancies, including cancers of 

reproductive tissues [1].  

Many research studies are directed towards better understanding of the mechanisms which 

encompasses ERs, in order to get information necessary for discovery of novel and better drugs 

mailto:suzana.jovanovic-santa@dh.uns.ac.rs
mailto:isenovic@yahoo.com
mailto:dichenko@iboch.by


S.S.Jovanović-Šanta, E.Isenović, J.A.Petrović, Y.U.Dzichenka, Binding Of 17-Substituted 16-Nitrile 16,17-

Secoestrane Compounds To Estrogen Receptors - In Vitro And In Silico Study 

 

404 

 

for treatment of estrogen hormone dependent diseases, with substantial impacts on the systemic 

management of target tissue [2, 3].  

There are two main strategies in the biology-driven medicinal chemistry of the drug 

development for the treatment of hormone-dependent diseases: A. development of compounds 

that inhibit enzymes that are essential for biosynthesis of active steroid hormones (e.g., 

aromatase for the treatment of estrogen-dependent breast cancer) and B. development of 

compounds that compete with the appropriate receptor proteins (e.g. estrogen receptor 

antagonists, such as 4-hydroxytamoxifen), as presented at Figure 1.  

HO
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Fig. 1. Different strategies in the treatment of estrogen-dependent diseases: A. Lowering of 

biosynthesis of active estrogen hormones by inhibition of aromatase (CYP19) activity, and B. 

Lowering of the estradiol effect by blocking of E2-ER complex forming. 

 

Binding of natural ligand or antagonist (steroidal or non-steroidal) causes different changes 

in the tertiary structure of the receptor, which allows ER signaling pathway continuation or 

suspension, as discovered in the studies of the complexes of ER with E2 and ER antagonist 4-

hydroxytamoxifen [4, 5]. 

Modified estradiol-based steroids, including substituted, homo-, epi- and secoestranes, 

proved to be good partial or full antiestrogens (selective estrogen receptor modulators, SERMs, 

or down regulators, SERDs). Among them, D ring-secosteroids were of particular interest, since 

the modification of the rigid tetracyclic steroidal carbon skeleton by cleavage of the internal C-

C bond provides more flexible compounds with new biological properties. 

Based on known pharmacological effects of some secoestrane compounds [6, 7], binding 

of 16,17-secoestrane compounds was tested independently in  in vitro and in silico experiments 

and results are compoared. 
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2. Results and discussion 

 

 The effect of secosteroids onto the estradiol binding to the estrogen receptors is measured 

in vitro by known procedure [7], by measuring binding parameters, namely dissociation 

constant of E2-ER complex and receptor number, as well as the forming, stability, nuclear 

translocation and binding to DNA of the complex formed. Almost all 17-substituted 16,17-

secoestrane compounds inhibited E2-ER complex forming, which was obvious from increasing 

of Kd of this complex and decreasing of binding sites number in the presence of secosteroids. 

Complex formed in the presence of some test secosteroids in some extent could pass to the 

nucleus, while other compounds inhibited translocation. In the presence of some compounds 

binding of the formed complex E2-ER to DNA was noticed.  

Docking of ERα ligands was performed using of AutoDock Vina software (v.1.1.2) with 

next parameters: exhaustiveness: 256; energy range: 4 kcal/mol; number of binding modes: 20. 

Box dimensions and coordinates of the “docking box” for the tested compounds were picked 

according to their size. After docking all hits were ranked according to their RMSD towards 

similar known ligands, presented in corresponding structures from Protein Data Bank and 

according to values of AutoDock Vina scoring function. Spatial structures of steroidal 

derivatives were built from their 2D structures using MolView service. Structures were 

minimized in UCSF Chimera software before docking procedure. Molecular dynamics (MD) 

simulations were performed in explicit solvent (water, octahedron cell, TIP3P model). 

Experiment included next steps: minimization of the solvent (2000 steps), minimization of the 

whole system (2000 steps), heating of the system (NVT ensemble, 1 ns, temperature range: 0-

298.15 K), equilibration (NPT ensemble, 1 ns), production (NPT ensemble, 50 ns). 

In silico screening of binding affinity of the modified steroids toward ERα showed that 

interaction energy for the tested ligands is comparable with consequent value, calculated for 

the estradiol. Analysis of MD trajectories showed that tested compounds do not act dramatically 

on the receptor structure. It was found that radius of gyration (Rg) for all complexes quite 

similar and does not exceed 19,5 Å. Analysis of RMSF curves states that main differences 

between ligand-receptor complexes are located in coils, while amino acids forming binding 

pocket (residues 344-351, 386-394, 422-430, 518-525) are relatively stable during 50 ns MD 

simulation. RMSD for Ca atoms of the receptor also does not exceed 4.5 Å during simulation. 

Modified steroids interact with key points of the flexible hydrophobic ligand binding pocket 

(LBP) of estrogen receptor α (ERα), occupying the remaining large volume of the LBP 

equivalent to rings of the steroids 

 

3. Conclusions 

 

In silico studies (docking and molecular dynamics simulation) were performed to reveal 

binding mode of E2 to ER in the presence of test secosteroids and amino acids important for 

binding to ER, as well as E2-ER complex stabilization. Simulation data directed identification 

of the key amino acids and type of binding of the secoestrane compounds, which explain high 

affinity binding of steroidal compounds. 
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Abstract: 

 

Recent experimental study identified eight potent antioxidants in German beers, including 

isoxanthohumol, (R)- and (S)-adhumulone, cis- and trans-iso-adhumulone, cis- and trans-iso-

n-humulone, and desdimetyhyl-octahydro-iso-cohumulone.  

To provide insights into the structural basis of their radical scavenging activity, we 

calculated the thermodynamic feasibility of two common antioxidant mechanisms, hydrogen 

atom transfer (HAT) and single electron transfer followed by proton transfer (SET-PT), using 

the density functional theory (DFT) with B3LYP/6-311g++(2d,2p) method in the gas phase and 

implicit solvation model of water. The calculated bond dissociation enthalpies (BDEs) and 

ionization potential (IP) of all compounds were compared with the corresponding values for 

resveratrol, a highly potent antioxidant found in red wine.  

The fully reduced humulone isomer, desdimetyhyl-octahydro-iso-cohumulone, could 

scavenge free radicals via HAT as revealed by BDEs 5.1 and 23.9 kJ/mol lower than the values 

for resveratrol in gas phase and water, respectively. Furthermore, the enolic –OH group was 

identified as the pharmacophoric hotspot for the interaction of humulones with the reactive free 

radicals. The HAT potency of this group is significantly reduced through the formation of 

strong intramolecular hydrogen bond (IHB) with the β-keto group. Moreover, the SET-PT 

mechanism was thermodynamically favorable for isoxanthohumol. These results strongly 

suggest higher antioxidant activity of beers with the increased content of the reduced forms of 

humulones and their isomers. 

 

Keywords: Beer, humulones, isoxanthohumol, bond dissociation enthalpy, intramolecular 

hydrogen bonding  
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Abstract: 

 

The group of 5‐[(amidobenzyl)oxy]‐nicotinamides represents promising group of sirtuin 2 

(SIRT2) inhibitors. Despite structural similarity, representatives of this group of inhibitors 

displayed versatile mechanisms of inhibition which hamper rational drug design.  The aim of 

this research was to form a 3D-QSAR (3D-Quantitative Structure-Activity Relationship) 

model, define the pharmacophore of this subgroup of SIRT2 inhibitors, define the mode of 

protein-ligand interactions and design new compounds with improved predicted activity and 

pharmacokinetics.  For the 3D-QSAR study, data set was generated using structures and 

activities of 166 5‐[(amidobenzyl)oxy]‐nicotinamides. 3D-conformations of compounds were 

optimized, alignment-independent GRIND2 descriptors were calculated and 3D-QSAR PLS 

models were generated using 70% of data set. To investigate bioactive conformations of 

inhibitors, molecular docking was used. Molecular docking analysis identified two clusters of 

predicted bioactive conformations which is in alignment with experimental observations. The 

defined pharmacophoric features were used to design novel inhibitors with improved predicted 

potency and ADMET profiles. 
 

Key words: 3D-QSAR, molecular docking, SIRT2 inhibitors, pharmacophore, ADMET 

 

 

1. Introduction 

 

Histon deacetylases (HDACs) are highly conserved class of epigenetic enzymes involved 

in regulation of post-translational modifications of lysine residues of many proteins. Class III 

of HDACs, known as sirtuins, represents deacetylases with nicotinamide adenine dinucleotide 

(NAD+)-dependent catalytic mechanism. Sirtuin family consists of 7 isoforms (SIRT1-7) 

sharing conserved catalytic and NAD+-binding domains. Sirtuin 2 (SIRT2) is the only sirtuin 

isoform with predominant residence in cytoplasm. Through protein-protein interactions, SIRT2 

regulates post-translational modifications of many proteins crucial for maintenance of cell cycle 

and metabolism, including histones, various  transcriptional factors, alpha-tubulin etc. 

Inhibition of SIRT2 emerged as promising strategy to combat cancer, metabolic diseases, as 

well as neurodegenerative diseases [1].  

Despite therapeutic potential, none of SIRT2 inhibitors reached market mostly due to 

limited selectivity, potency and/or pharmacokinetic properties. Many chemotypes of SIRT2 

inhibitors have been described so far [2]. Some of the most promising are derivatives of 5‐
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[(amidobenzyl)oxy]‐nicotinamides. Despite sharing the same scaffold, mechanistic studies 

revealed that some 5‐[(amidobenzyl)oxy]‐nicotinamides have different mechanisms of action 

which could be either competitive or noncompetitive for NAD+ and peptide substrate, 

implicating different binding modes of inhibitors [3]. 

Unknown binding mode and multiple binding modes within the same group of compounds 

could significantly hamper rational design of novel inhibitors. Considering the fact that 

structure of the complex of SIRT2 with 5‐[(amidobenzyl)oxy]‐nicotinamides has not been 

experimentally resolved yet, ligand-based molecular modelling techniques, such as 3D-

quantitative structure-activity relationship (3D-QSAR), could aid rational design of novel 

inhibitors with improved characteristics. Although X-ray structures of SIRT2 in complex with 

other classes of inhibitors are known, detected conformational flexibility of SIRT2 urge for 

thoughtful validation of those structures before application of structure-based modelling 

techniques (as molecular docking) on 5‐[(amidobenzyl)oxy]‐nicotinamides.  

The aim of this research was to provide rationale for the design of novel SIRT2 inhibitors 

through establishing 3D-QSAR models for prediction of SIRT2 inhibitors potency. 

Additionally, molecular docking analysis was performed in order to probe suitability of 

available SIRT2:inhibitor X-ray structures as starting structures for prediction of 5‐

[(amidobenzyl)oxy]‐nicotinamides binding modes. 

 

2. Materials and Methods 

 

Initial dataset of 166 SIRT2 inhibitors was acquired from ChEMBL database 

(https://www.ebi.ac.uk/chembl/). Range of the inhibitory activity (expressed as pIC50 values) 

of compounds from dataset was 4.82 – 7.87. Protonation states of compounds were determined 

using MarvinSketch 6.1.0 software (https://chemaxon.com/products/marvin). Geometry 

optimization was performed using Hartree-Fock/3-21G* basis set in Gaussian 98W software 

(https://gaussian.com/). Data set was split into training (70% of compounds) and test set (30% 

of compounds). GRIND molecular descriptors were calculated measuring distances between 

different hot-spots of GRID force-field potential generated as molecular interaction field (MIF) 

surface around each molecule using Pentacle 1.0.7 software (https://www.moldiscovery.com/). 

Partial last squares (PLS) method was used for modelling the correlation between structure 

descriptors and activities. Quality of the models has been estimated using correlation coefficient 

(R2), correlation coefficient of leave-one-out cross-validation (Q2), R2 of prediction (R2
pred) and 

standard-errors of prediction (SDEP).  ADMET predictor software (https://www.simulations-

plus.com/software/admetpredictor/) was used to predict pharmacokinetic features of designed 

compounds. 

Protein-ligand complex for molecular docking was obtained from Protein Data Bank PDB 

IDs: 5y5n, 5yqn, 5dy4. Molecular docking was performed using AutoDock Vina 

(http://vina.scripps.edu/) and free energy of binding was predicted using default scoring 

function of Vina. AutoLigand module was used to define search space around ligand in binding 

pocket. Ten top-active compounds from data set have been used for docking.   

 

3. Results and Discussion 

 

External and internal validation parameters of the created 3D-QSAR model (Table 1) 

indicated good performance of the model and justify its usage for the rational design of 

structurally related compounds. Created model consisted of two latent variables and 300 

descriptors. Although GRIND descriptors are alignment independent by definition, our 

preliminary results indicated strong dependence of 3D-QSAR model on the initial 3D-

conformation. Analysis of the PLS-coefficients revealed the most important structural features 

required for activity and allowed definition of GRIND-based pharmacophoric features.  In Fig. 

1, the most important descriptors are exemplified on one of the top active compound from 

training set. Positive PLS coefficients revealed two acceptors of hydrogen bond at the distances 

of 17.2-17.6 Å (Var. 183) and 16.8-17.2 (Var. 182), as being important for inhibitors activity. 

Additionally, model revealed presence of hydrogen bond acceptor and steric feature at the 
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distance of 21.2-21.6 Å (Var. 683), as well as presence of hydrogen bond donor and steric 

feature at the distance of 22.2-22.4 Å (Var. 615) as important for activity (Fig. 1). On the other 

hand, negative PLS coefficients pointed to GRIND-based pharmacophoric features related to 

decrease of inhibitory activity such as presence of hydrogen bond donor and steric feature at 

the distance of 17.6-18.0 Å (Var. 604), as well as hydrogen bond donor and acceptors at the 

distance of 15.6-16.0 Å (Var. 529) (Fig. 1).  
 

Table 1. Results of 3D-QSAR model validation.  

 
Parameter Training set Test set Limits 

R2 0.81 / >0.8 

Q2 0.67 / >0.5 

R2
pred / 0.55 >0.5 

SDEP 0.41 0.40 / 

 

Based on the defined pharmacophoric features, novel inhibitors had been designed and their 

activity was predicted using validated 3D-QSAR model. Since the most of the positively related 

descriptors point at nicotinamide portion of the inhibitor, this part of the structure in the design 

was kept constant. Additionally, predicted ADMET properties of the designed inhibitors were 

compared to the most active ligands, and only inhibitors with improved pharmacokinetics were 

retained for future studies. 

 

Fig. 1. Representation of obtained GRIND-based pharmacophore. Left – variables/GRIND 

descriptors with the highest PLS coefficients (red lines). Right – variables/GRIND descriptors with the 

lowest PLS coefficients (blue lines). MIF fields are represented as dots (blue – hydrogen bond 

acceptor; red – hydrogen bond donor; green – steric feature). 

 

 

Fig. 2. Results of molecular docking. A – first, the most populated, cluster of predicted bioactive 

conformations. B – second cluster of bioactive conformations.  

 

In order to investigate binding modes of 5‐[(amidobenzyl)oxy]‐nicotinamides, molecular 

docking was performed on 10 top-active inhibitors from data set. Considering the experimental 

observation of SIRT2 conformational flexibility, three different X-ray structures of SIRT2 in 

different conformational states were probed. According to our results, the most consistent 

docking poses were obtained when PDB ID:5y5n structure was used for molecular docking. 
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Molecular docking identified existence of two different clusters of bioactive conformations 

(Fig. 2). In both clusters, nicotinamide portion of the ligands was oriented towards solvent-

exposed surface of binding pocket. Compounds of cluster 2 were able to enter deeper inside 

binding pocket. Existence of two slightly different binding modes is in accordance with 

experimental observation of different mechanisms of inhibition within the group of 5‐

[(amidobenzyl)oxy]‐nicotinamides.  

 

4. Conclusions 

 

In this study, 3D-QSAR model for prediction of potency of 5‐[(amidobenzyl)oxy]‐

nicotinamides as SIRT2 inhibitors was created and validated. Statistical parameters indicated 

good predictive power of trained model. Pharmacophoric features extracted from the PLS 

coefficients of the model were used in the rational design of novel representatives with 

improved properties. Additionally, molecular docking was used to provide insight into binding 

mode of this group of inhibitors and generate starting points for future structure-based design 

studies. 
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Abstract: 

  

The operative mechanism of the antioxidative action of 1,2,4-trihydroxythioxanthone (TX) 

is investigated in this contribution. Conclusions are made based on enthalpy values, as 

thermodynamical parameters. All calculations are done using the M06-2X/6-311++G(d,p) level 

of theory. To imitate polar and non-polar environments, calculations are done in water and 

benzene as the medium. It is found that, among three possible radicals that TX can generate, 

the most stable is the one obtained by homolytic cleavage of the O-H group in position 4. It 

was found that HAT (Hydrogen Atom Transfer) is the most plausible mechanism for that 

purpose in benzene. On the other hand, the most favorable mechanism in water is SPLET 

(Sequential Proton Loss Electron Transfer). Here is estimated the capacity of TX to deactivate 

hydroxyl (HO●), hydroperoxyl (HOO●) and methylperoxyl radical (CH3OO●). It is found that 

TX can deactivate all three free radicals following HAT and SPLET reaction mechanisms 

competitively, in the polar and non-polar environment. SET-PT (Single-Electron Transfer 

followed by Proton Transfer) is the inoperative mechanism for radicals scavenging, in the polar 

and non-polar environment.  
 

Keywords: 1,2,4-trihydroxythioxanthone, scavenger capacity, free radicals, enthalpy, DFT 

 

1. Introduction  

 

Antioxidants are molecules that inhibit the negative effect of free radicals. Many 

antioxidants have an aromatic core in their structure. It allows them to delocalize the unpaired 

spin generated in reaction with free radicals. This ensures that the resulting antioxidant radical 

is relatively stable, and does not tend to participate in a further radical reaction.  

There are several mechanisms through which antioxidants inactivate free radicals, 

generating radical forms themselves. Here are investigated three of them: HAT (Hydrogen 

Atom Transfer), SET-PT (Single-Electron Transfer followed by Proton Transfer), and SPLET 

(Sequential Proton Loss Electron Transfer) [1, 2]. Thermodynamically plausibility of the HAT 

mechanism (Eq. 1), can be estimated based on Bond Dissociation Enthalpy value (BDE, Eq. 

1.1). Abbreviations used in these equations label neutral and radical forms of antioxidant (A-

OH and A-O●), and hydrogen radical (H●), and enthalpy of mentioned species. SET-PT is a 
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two-step mechanism (Eq. 2). The possibility for reaction to follow this reaction pathway can be 

determined based on the values of Ionization Potential (IP, Eq. 2.1) and Proton Dissociation 

Enthalpy (PDE, Eq. 2.2). Here are used abbreviations for formed radical-cation (A-OH●+), and 

TX radical moiety (A-O●). SPLET is another two-step mechanism. Thermodynamically 

favorableness for this mechanistic pathway can be estimated based on the values of Proton 

Affinity (PA, Eq. 3.1), and Electron Transfer Enthalpy (ETE, Eq. 3.2). In these reactions are 

used abbreviation for TX anion (A-O¯).  

 HAT:            H
A-OH A-O

                                                          
(1) 

                    BDE A-O H A-OHH H H                  

(1.1) 

      SET-PT:  e H
A-OH A-OH A-O

                   (2)                                                                             

     IP A-O e A-OHH H H                (2.1)                                                                         

     PDE A-O H A-OH H H                                   

(2.2) 

SPLET:       H e
A-OH A-O A-O

                                                              
(3)  

                   PA A-O H A-OHH H H                                               

(3.1)                                                                ETE A-O e A-OH H H    

                       (3.2) 
In the presence of free radicals, antioxidants can act their antioxidant capacity following 

different mechanistic pathways [1, 2]. Three of them are estimated here, and scavenging 

reactions are presented in the following equations (Eqs. 4 – 6): 

HAT:           A-OH+RO A-O +ROH                                                                                 (4)  

SET-PT:      A-OH+RO A-O +RO A-O +ROH            

         (5) 

SPLET:        A-OH+RO A-O +ROH A-O +RO                                    

(6) 

 

The thermodynamic potentiality of the process can be estimated based on the values of the 

corresponding reaction enthalpies (Eqs. 7 – 11) [1, 2]. 

        HAT:                   r BDEΔ = A-O ROH A-OH ROH H H H H                  

(7) 

       SET-PT:              r IPΔ = A-O RO A-OH ROH H H H H                  

(8)                                       

          r PDEΔ = A-O ROH A-O ROH H H H H                

(9) 

       SPLET:                r PAΔ = A-O ROH A-OH ROH H H H H                                   (10)               

             r ETEΔ = A-O RO A-O ROH H H H H                                      (11) 

 

2. Methodology sections 

 

Thioxanthones are heterocyclic compounds that are sulfur analogs of xanthones. Some 

chlorine derivatives of thioxanthones are estimated as potent anti-breast cancer agents [3]. 

Therefore we investigate the scavenger potency of 1,2,4-trihydroxythioxanthone (Fig. 1a) and 

determined its possibility to deactivate a set of three selected radicals: hydroxyl (HO●), 

hydroperoxyl (HOO●) and methylperoxyl radical (CH3OO●).  
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The geometry optimization of all moieties included in estimated reactions, as the frequency 
calculations, are done using the M06-2X/6-311++G(d,p) level of theory implemented in 
Gaussian 09 software package [4]. The calculations are done in benzene and water as models of 
non-polar and polar solvents. For that purpose is used CPCM solvation model [5]. The values of 
enthalpies of solvated proton and electron are used from the literature [6]. 

3. Results and discussions 

 

During the scavenger process, an antioxidant generates its radical form. Here are 

investigated three mechanistic pathways for that purpose: HAT, SET-PT, and SPLET, in water 

and benzene as reaction medium based on appropriate reaction enthalpies (Table 1).  

 
Table 1. Enthalpies of the scavenger potency for TX in kJ mol-1 

 
 Water Benzene 

 HAT SET-PT  SPLET  HAT SET-PT  SPLET  

 BDE IP PDE PA ETE BDE IP PDE PA ETE 

O1 357 446 105 217 334 361 613 180 440 354 

O2 346  94 222 319 353  172 453 332 

O4 319  67 196 317 317  136 417 332 

 

Observing the enthalpy values from Table 1, one can conclude that in benzene are the 

lowest BDEs comparing with PA and IP. It means that in a non-polar environment HAT is the 

most favorable reaction pathway. In water as a solvent, the lowest are PAs, implying that in 

polar solution SPLET mechanism is preferable. In both environments, IPs have the highest 

values. It leads to the conclusion that SET-PT is not operative under any of the observed 

conditions. The least possibility of the reaction to follow SET-PT can be explained by the fact 

that in the first step of this mechanism is formed radical cation, which is a highly unstable 

species. Comparing BDEs in both solvents, the lowest values are for O4 radical, indicating its 

easiest formation and the greatest stability (Fig. 1b).  

 

Fig. 1. Optimized structure of 1,2,4- trihydroxythioxanthone (TX) with labeled atomic positions 

(a), and map of the spin density of O4 radical form of TX (b) 
 

Therefore the plausibility of TX to deactivate selected free radicals is estimated only for 

position 4. The enthalpy values are calculated using Eqs. 7 – 11 and presented in Table 2: 

 
Table 2. Enthalpies (in kJ mol-1) of the reaction of the TX with three selected free radicals 

 
 Water Benzene 

 HAT 
SET-

PT 
 

SPLE

T 
 HAT 

SET-

PT 
 

SPLE

T 
 

 
ΔrHBD

E 

ΔrHI

P 

ΔrHPD

E 
ΔrHPA 

ΔrHET

E 

ΔrHBD

E 

ΔrHI

P 

ΔrHPD

E 
ΔrHPA 

ΔrHET

E 

HO● -180 68 -248 -119 -61 -173 284 -457 -176 2 

HOO● -48 157 -205 -75 27 -43 360 -403 -122 79 

CH3OO
● 

-40 
163 

-203 -74 34 -35 
361 

-396 -115 80 

 

Comparing enthalpy values that correspond to the first step of the estimated mechanisms, 

one can conclude that in both solvent environments the most plausible reaction pathway for 
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HO● radical is HAT, while for HOO● and CH3OO● it is SPLET. Lower ΔrHPA than ΔrHBDE 

values in water are the consequence of the solvation of TX anion formed in the first step of 

SPLET. Summarily, ΔrHBDE and ΔrHPA values are negative for all selected radicals, and under 

both environmental conditions, indicating that HAT and SPLET mechanisms are 

thermodynamically plausible in both solvents. Values of ΔrHIP are high and positive, indicating 

that SET-PT is the inoperative mechanism for here selected radicals scavenging, in the polar 

and non-polar environment.  

 

4. Conclusions 

 

The antioxidative potency of 1,2,4-trihydroxy-thioxanthone (TX) was investigated. The 

thermodynamic parameters indicated that the most plausible position for antioxidative action 

of TX was position 4. The most operative mechanism for that purpose in benzene was HAT, 

while in water as a solvent the preferable mechanism was SPLET. The reaction enthalpies were 

calculated to determine the most probable mechanism of TX reaction with HO●, HOO●, and 

CH3OO● free radicals in water and benzene. The obtained results implied that TX can deactivate 

selected free radicals following HAT and SPLET mechanisms competitive, in polar and non-

polar environment. Thermodynamically parameters indicated that SET-PT is the inoperative 

mechanism for scavenging activity, in both investigated environment conditions.  
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Abstract: 

  

Chitosan based hydrogel was synthesized via free-radical polymerization in a two-step 

procedure, after modification of chitosan by acrylic acid. Dynamic swelling test was carried out 

in distilled water at room temperature. Swelling kinetics was modeling using the principle of 

assuming the equation for a swelling ratio-time empirical dependence. Using regression 

analysis in this way gives the possibility for simpler determination of swelling ratio-time 

empirical dependence, knowing the graph functions. Obtained hydrogel was used for 

preparation of new bilayer hydrogel system which has potential application in wound dressing 

systems and other fields where pH sensitivity and improved mechanical properties of 

biopolymers are required in framework of green, cost-effective process.  

Keywords: hydrogel, chitosan, swelling kinetics, regression analysis, bilayer system 

 

1. Introduction 

In recent years, natural biopolymer chitosan has gained a lot of attention [1]. This 

biopolymer is produced by partial deacetylation of other biopolymer chitin, which can be 

obtained from the seafood processing industry waste [2]. Along with cellulose, chitin is the 

most abundant biopolymer in nature. Unlike chitin, chitosan is soluble in acidic aqueous 

medium, which makes it very attractive for various purposes: in wastewater treatment, in the 

food industry, in agriculture, in cosmetics and medical purposes [3]. Chitosan has variety of 

desirable properties like hydrophilicity, film-forming ability, biodegradability, 

biocompatibility, antibacterial, antifungal activity and non-toxicity. For different purposes, it 

can be easily processed into gels, sponges, membranes, beads, and scaffold forms [4]. In 

medicine, chitosan has found many applications, such as: tissue engineering, drug and gene 

delivery, but also in a wound healing [4]. Chitosan can form hydrogels using different 

crosslinking agents via reactions of esterification, Schiff's base reaction or via free-radical 

polymerization initiated by UV or high energy irradiation. High energy irradiation does not 

require crosslinking agent or initiator and gives the hydrogels with improved mechanical 

properties, unlike other preparation methods. However, it requires expensive equipment. 
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According to environmental considerations aimed towards biopolymers exploitation using cost-

effective methods, we have synthesized hydrogels based on chitosan previously grafted with 

acrylic acid, in order to obtain copolymer with double bond, which can be cross-linked via free-

radical polymerization. Swelling kinetics was determined using a simple and fast approach, by 

assumption of swelling degree-time curve function. Obtained hydrogels were used for the 

preparation of new bilayer design with incorporated alginate beads in contact surface of two 

conjoined hydrogel layers with the same chemical composition.  

 

2. Experimental part 

2.1. Materials 

Chitosan (CS), Acrylic acid (AA), N,N′-Methylenebisacrylamide (MBAM) were procured 

from Sigma Aldrich, as well as Sodium Alginate. Calcium chloride, Ammonium persulfate 

(APS) and acetate buffer (pH 3.6) were supplied from CENTROHEM.  

 

2.2. Preparation of CS-grafted-AA hydrogel 

After chitosan was completely dissolved in acidic acid aqueous solution, acrylic acid was 

added to the chitosan solution in molar ratio 1: 104 CS:AA. After 1 h of homogenization and 

grafting at 75 ºC, MBAM was added in amount of 1.17 mol% per acrylic acid amount. After 

homogenization of 10 min at 75 ºC, an initiator APS was added (0.98 mol% per Acrylic acid 

amount). Formed hydrogels (CS/AA) were dried at 50 °C. 

 

2.3. Preparation of bilayer system 

Bilayer system was prepared with CS-grafted-AA (CS/AA) hydrogels and calcium alginate 

beads. Calcium alginate beads were prepared by dissolving of sodium alginate in distilled water 

at 70 °C, and dripping of formed alginate solution in 1M CaCl2 aqueous solution. Formed beads 

were dried until constant mass at 40 °C. Bilayer designed hydrogel was prepared by synthesis 

of a top layer on the surface of formed bottom layer with the alginate beads on the contact 

surface of two conjoined layers with the same chemical composition.  

 

2.4.  FTIR analysis  

Fourier Transform Infrared (FTIR) spectroscopy was used to investigate chemical structure 

of obtained hydrogel. The instrument used was IRAffinity-1S Fourier Transform Infrared 

(FTIR) spectrophotometer (Shimadzu). Sample was recorded in the transmission range of 400 

to 4000 cm-1, in order to determine if the grafting was took place.  

 

2.5. Swelling properties 

Swelling properties of synthesized hydrogel were investigated in acetate buffer  (pH 3.6) 

and in distilled water, at room temperature. Xerogel with determined initial mass was immersed 

in buffer/distilled water and in certain time intervals (15, 30, 60, 120, 180, 240, 300 min) the 

weight of swollen hydrogel was measured. Swelling degree (S) was calculated using the 

Equation 1: 

 

where Mt is the weight of swollen gel and M0 is an initial weight of xerogel.  
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2.6. Swelling kinetics 

Regression analysis was used to determine the swelling degree in function of time, applying 

the principle of assuming the equation for a given empirical dependence. The parameters in the 

proposed model describing the kinetics of swelling were calculated using the following 

Equations 2 and 3: 

 

 
- )                                                        (3) 

 

where n is a number of measurements (8), x is t and y is transformated dependent variable. 

                                                                                                                          

3. Results and discussion 

3.1. Results of FTIR analysis 

A broad peak between 3600 and 3000 cm-1 is attributed to OH stretching vibrations. Two 

peaks between 2950 and 2800 cm-1 correspond to C-H stretching vivrations. The peak at 1719 

cm-1 is assigned to -C=O group from the ester bond and peak at 1639 cm-1 correspond  to -C=O 

group from the amide bond, which confirms that grafting was carried out by esterification and 

amidation. 

 
Fig. 1. FTIR spectrum of CS/AA hydrogel. 

 

3.2. Results of swelling studies 

The results of swelling degree in function of time for synthesized hydrogel are shown in 

Figure 2. Hydrogel has better swelling capacity at pH 7, than at pH 3.6, probably due to the fact 

that protonated amine groups in acidic medium are employed in grafting process via reaction 

of amidation, therefore in acidic medium (at pH 3.6), do not contribute to absorption capacity 

of hydrogel.  

 
Fig. 2. Swelling degree in function of time for CS/AA hydrogel at pH 3.6 and pH 7. 

 

For a given empirical dependence, the Equation 4 is proposed. Parameters of empirical model 

were calculated using the Equation 2 and 3. Linear dependence transformed variable t/S on time 
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confirms that proposed Equation 4 can be applied for description of swelling degree-time 

dependence [5]. 

 

                                                        (4) 

Table 1. b0 and b1 parameters values for hydrogel CS/AA at two pH values. 

 

pH b0 b1 

3.6 1.1546 0.0254 

7.0 0.7622 0.0229 

 

4. Conclusions 

CS/AA hydrogel with optimized composition was prepared in two-step procedure, where 

the first step was included grafting of CS with AA. Results of FTIR analysis have confirmed 

that grafting was carried out via amidation and esterification, which included amino groups of 

chitosan, responsible for its pH – sensitive behavior. Obtained hydrogel demonstrates pH-

independent swelling behavior and second-order swelling kinetics, determined using a 

regression analysis, which has been proved as a fast and simple approach. By incorporation of 

alginate beads in bilayer hydrogel structure, it is possible to obtained systems with potential 

application as wound dressing, considering a pH-dependent behavior of alginate beads.  
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Abstract  

 

In plant biochemistry and physiology, coumarins are known as antioxidants, enzyme inhibitors 

and precursors of toxic substances. Nuclear magnetic resonance (NMR) spectra are primary 

sources of molecular structural data. NMR provides detailed information about the local 

environment of the atom which can be used to determine the atomic connectivity, 

stereochemistry, and molecular conformation. For many years the molecular structure has been 

determined by NMR spectroscopy and chemical shifts are determined manually with the help 

of computer programs. However, recent progress in computational chemistry and 

chemo/bioinformatics opened the possibility for the prediction of chemical shifts (especially 

those of 1H and 13C nuclei) of new chemicals. We analyzed the accuracy of three available 

chemoinformatics methods developed for the prediction of 1H and 13C chemical shifts based on 

deep neural networks CASCADE [1], an older prediction method based on classical neural 

networks NMRshiftDB [2,3], and group-contribution method in ChemDraw [4]. The mean 

absolute errors (MAEs) in the prediction of NMR shifts of four newly synthesized coumarins 

[5] by CASCADE, NMRshiftDB and ChemDraw are (respectively) 0.39, 0.65 and 0.32 ppm 

for 1H, and 1.5, 6.5 and 2.3 ppm for 13C atoms, shoving relatively big differences between these 

prediction methods. 
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Abstract: 

  
The molecular docking study was performed with aim to examine the inhibitory potency of 

two selected cyclohexadiene derivatives (cis-(1S)-3-Fluoro-3,5-cyclohexadiene-1,2-diol (1), 
and 1,1'-(3,5-Cyclohexadiene-1,3-diyl)dibenzene (2)). The inhibitory potency of compounds 1 
and 2 was investigated toward Urokinase Type Plasminogen Activator (uPa). For this purpose 
AutoDock 4.0 software was used. The thermodynamic parameters achieved from molecular 
docking simulations, free energy of binding (ΔGbind) and inhibition constant (Ki), are analyzed 
and discussed. The compound 2 shows better inhibitory potency through uPa, than compound 
1.  

 

Keywords: molecular docking, cyclohexadiene derivatives 

 

1. Introduction     

 

Benzene and cyclohexane are important organic compounds having elevated industrial 

applications. Cyclohexane is a cycloaliphatic hydrocarbon possessing high thermal stability. It 

is colourless, volatile, non-polar and insoluble in water. Cyclohexane ring has an essential 

position in organic chemistry and it is found in nature, for example, terpenoids, steroids and 

some alkaloids. Cyclohexane has various chemical conformations, but the chair conformation 

is the most stable one [1]. Cyclohexane contains a hydrogen storage capacity of up to 7.2% by 

weight, which is an excellent medium for storing and transporting great quantities of hydrogen 

[2]. Substituents on cyclohexane can occupy either axial or equatorial positions and the 

stereochemistry of cyclohexane is broadened by substitution. Aromatic sulfonic acids 

possessing hydroxyl and amino functional groups are generally used as intermediates in the 

production of synthetic dyes, optical brightness and fluorescent whitening agents. Substituted 

sulphonic acid derivatives are utilized for disinfecting skin, treatment of minor wounds and 

refinement of drinking water in case of amoebicidal and bactericidal crises. Aromatic sulfonates 
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are used to monitor the lipids merging and also to manufacture the deodorants, antiseptics, 

disinfectants and medicines. It has antibacterial, anti-inflammatory and analgesic activities [3]. 

The two cyclohexadienes were selected as representers, cis-(1S)-3-Fluoro-3,5-

cyclohexadiene-1,2-diol (1), and 1,1'-(3,5-Cyclohexadiene-1,3-diyl)dibenzene (2), of this 

group and they were studied in this research (Fig. 1.). 

 
 

Fig. 1. Structures of two cyclohexadiene derivatives with carbon atom numbering 

 

In our present study, the geometry optimization of investigated compounds was obtained 

by DFT approach which is carried out using B3LYP method in combination with 6-

311++G(2df,2p) basis set. Molecular docking studies were analyzed towards Urokinase Type 

Plasminogen Activator (uPa) in order to examine the possible biological activities and 

interactions formed by the present functional groups. The study of molecular interactions will 

be beneficial in drug design and molecular modelling. 

 

2. Methodology 

 

The molecular docking simulations were carried out using the AutoDock 4.0 software [4]. 

The preparation of protein for docking simulations was performed in the Discovery Studio 4.0 

[5]. The co-crystallized ligand, water molecules, and co-factors were removed from the protein 

structure. The addition of polar hydrogen atoms and calculation of Kollman charges was 

performed using the AutoDockTools (ADT) graphical user interface. The ligand was set to be 

flexible, and the bonds in the ligand were set to be rotatable. The protein remained standing as 

a rigid structure. For protein-ligand flexible docking simulations, the Lamarckian Genetic 

Algorithm (LGA) was used. The molecular docking simulation was performed at the 

temperature of 298.15 K.  

The obtained values of the free energy of binding (ΔGbind) depend on several contributions: 

the Final Intermolecular Energy (FIE), Final Total Internal Energy (FTIE), Torsional Free 

Energy (TFE), and Unbound System’s Energy (USE) (Eqn. 1). The FIE is a sum of the van der 

Waals interaction energy, hydrogen bond energy, desolvation energy of the system, and 

electrostatic energy.  

ΔGbind = (FIE) + (FTIE) + (TFE) – (USE)                                                                    (1) 

 The inhibition constant (Ki) can be determined based on the value of free energy of 

binding. Lower value of Ki signifies lower concentration of ligand required to inhibit the activity 

of receptor. 

 

3. Results and Discussion 

 

The molecular docking studies were performed towards uPa (Urokinase Type Plasminogen 

Activator). The experiments have proven that the presence of specific inhibitors for uPa in form 

of small molecules or antibodies inhibited the tumour growth in animal models [6]. The animal 

models without functional uPa also failed to develop invasive tumours. Therefore, specific 

inhibitors of this protein could possibly lead to the inhibition of tumour growth and further 

development of anti-tumor medicines [7]. The previously mentioned species (compounds 1 and 
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2) were subjected to the molecular docking study. The values of ΔGbind and Ki for the most 

stable conformations are given in Table 1. Figure 2 and Table 1 present the most important 

interactions formed between the active pocket of uPa and chosen cyclohexadiene derivatives (1 

and 2). 

 

Table 1. The important thermodynamical parameters from docking simulations with 

Urokinase Type Plasminogen Activator (PDB ID: 1w11) 
 

Compounds 

∆Gbind 

(kJmol-

1) 

Ki 

(μM) 

FIE 

(kJmol-

1) 

vdW + 

Hbond + 

desolv 

Energy 

(kJmol-1) 

Electrostatic 

Energy 

(kJmol-1) 

FTIE 

(kJmol-

1) 

TFE 

(kJmol-

1) 

USE 

(kJmol-

1) 

1 -18.6 553.76 -21.1 -20.8 -0.3 -5.5 2.5 -5.5 

2 -29.9   5.74 -32.4 -32.4 0.0 -2.8 2.5 -2.8 

 

Based on the results from Table 1, the higher stability complexes were formed between 

uPa and compound 2, with ΔGbind=-29.9 kJmol-1 and Ki=5.74 μM. Although this molecule does 

not contain any of the polar groups responsible for the polar interactions, two of the aromatic 

rings could possibly form a variety of π-π interactions with the surrounding amino acids. The 

binding energy of compound 1 is higher, -18.6 kJmol-1. As previously discussed, this result is 

expected due to the fact that the active positions of compound 1 include fluorine atom and two 

OH groups. In both cases the main contribution to this energy comes from the weak interactions, 

mainly van der Waals and dispersion interactions (Table 1). Electrostatic interactions account 

for a negligible percentage. The torsion free energies are also very low due to the rigidity of 

structures and extended delocalization between groups. When interactions with specific amino 

acids are concerned, compound 2 forms bonds with HIS57 and SER195. In the paper by 

Zeslawska and co-workers, these amino acids were marked as important for the inhibition of 

uPa by various inhibitors [8]. As suggested previously, compound 2 forms various π-

interactions through aromatic rings. These include π-cation interaction with HIS57 and π-π 

interaction with TYR228. The halogen bonds are established between compound 1 and 

CYS191, as well as conventional hydrogen bonds that include OH groups of compound 1 and 

polar groups of CYS191, SER190, and GLY219.  

 
 

Fig. 2. Interaction of investigated compounds with Urokinase Type Plasminogen Activator 

(PDB ID: 1w11) 

 

 

4. Conclusion 

The inhibitory potency of two selected cyclohexadiene derivatives (cis-(1S)-3-Fluoro-3,5-
cyclohexadiene-1,2-diol (1), and 1,1'-(3,5-Cyclohexadiene-1,3-diyl)dibenzene (2)) was 
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investigated toward Urokinase Type Plasminogen Activator (uPa). The molecular docking 
simulations were performed using AutoDock 4.0 software. The obtained thermodynamic 
parameters (ΔGbind and Ki) are discussed and the accomplished interactions with uPa were 
carefully examined. From obtained results it can be concluded that both examined compounds 
can inhibit uPa, but compound 2 possess better inhibitory potency and deserves further 
investigation. Also, compound 2 establish interaction with HIS57 and SER195, which are 
proven to be crucial for inhibition of uPa. 
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Abstract: 
Previously unreported genotoxic and antigenotoxic potentials of hesperetin (Hes) were 

revealed by treating the Drosophila melanogaster (dm) whose DNA has been altered by means 

of O6-ethylguanine (dmGO6-Et) and O4-ethylthymine (dmTO4-Et) lesions appearance, caused 

by ethyl methanesulfonate (EMS), a proven alkylating agent and mutagen. Therefore, Hes 

potencies were determined by means of the comet assay on somatic cells level, where 

compound exerted no genotoxic effects but acted genotoxically as a Topoisomerase IIα 

(dmTopIIα) catalytic inhibitor by invading the Binding and Cleavage Domain and stabilizing 

the noncovalent dmTopIIα-plasmid DNA (dmPDNA) complex, as verified by the kinetoplast 

DNA (dmK-DNA) decatenation assays. Hes’s structure-based alignment caused compound’s 

A and C rings to occupy the area normally invaded by EMS, thus making a spatial barrier for 

the dmGO6-Et or dmTO4-Et lesions formation: the A ring C7-OH group formed hydrogen bonds 

(HBs) with either dmGO6 (dHB = 2.576 Å) or guanine’s N7 nitrogen (dmGN7, dHB = 2.737 Å), 

whereas the A ring C5-OH group formed an HB with dmTO4 (dHB = 3.548 Å). Furthermore, 

Hes likewise acted as a mixed-type competitive inhibitor of dmATPase, as verified by the 

catalytic, FRET, and structure-based studies where it affected the dmATPase dimerization and 

the hydrolysis of ATP, denying the metabolic energy for the catenation of ethylated G-dmDNA 

segment, the formation of dmTO4-Et-G-dmDNA phosphotyrosine intermediate (dmTO4-Et-G-

dmDNA-PTyr785I), and the passage of ethylated T-dmDNA segment through the temporarily 

broken dmTO4-Et-G-dmDNA-PTyr785I, processes seen as comets. Conclusively, Hes may be 

used in anticancer therapy controlling the effects of alkylating agents. 
 

Keywords: Hesperetin, Drosophila melanogaster, molecular modelling, comet assay 

 

1. Introduction 

Hesperetin (Hes) is a flavanone with adverse biological effects [1-5], but with little known 

genotoxic or antigenotoxic effects [4]. To the best of the authors’ knowledge, there are no 
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reports on Hes’s genotoxic potential on Drosophila melanogaster (dm) as a model organism. 

Herein, Hes’s overall influence on the dmDNA was appraised by virtue of alkaline comet assay 

in the presence of ethyl methanesulfonate (EMS), the well-known endogenous alkylating agent. 

Therefore, the premise of this report was to outline the Hes’s antigenotoxic potential on somatic 

cells level, as well as to give an insight into the related pharmacology in vivo using the in vitro 

and the in silico methods.  

 

2. Results and discussion 

2.1 Hes’s influence on somatic cells. The individual treatment of fruit fly’s somatic cells with 

Hes caused no significant difference in the total score of dmDNA damage related to the negative 

control, while EMS’s induced significant increase in the percentage of damaged cells, as well 

as by the formation of comet classes 1 and 4 (Table 1). Being applied simultaneously with 

EMS, Hes exerted the antigenotoxic potency by reducing the dmDNA damage by more than 

70% and significantly lowering the frequencies of comet classes 2 to 4. 

 
Table 1. Genotoxic and antigenotoxic activities of Hes against EMS, determined using the comet assay 

Treatments Comet classes Total scoreа %Rb 

 0 1 2 3 4   

NCc 82.70±0.26 17.30±0.43 0.00±0.00 0.00±0.00 0.00±0.00 17.3±0.4† / 

EMSd 13.00±0.2 23.20±0.41 17.60±0.34 17.30±0.25 28.90±0.31 225.9±1.04* / 

Hese 82.30±0.34 12.60±0.71 5.10±0.90 0.00±0.00 0.00±0.00 22.8±0.82† / 

EMS+Hesf 60.20±0.61 22.9±0.57 11.00±1.32 4.80±0.81 1.10±0.24 63.7±0.34*† 77.8 
аThe values are mean ± S.D. from three independent experiments; b%R; percentage of reduction; 

cNegative control; dEthyl methanesulfonate, 1mM; eHes, 1 mM; fEMS+Hes (1mM+1mM). *p <0.05 

when compared with the negative control group; †p<0.05 when compared with the positive control group. 

 

2.2 Hes’s pharmacology on the dmTopIIα binding and cleavage domain level. To validate 

Hes’s pharmacology on dmTopIIα-dmDNAcomplex, kinetoplast DNA (dmK-DNA) 

decatenation assays were performed. While EMS (Figure 1A, lane 3) behaved in the genotoxic 

fashion related to dmK-DNA, Hes inhibited the dmTopIIα mediated decatenation, in a dose-

dependent manner with an IC50 equal to 680μM. Therefore, Hes likely acted as the stabilizer of 

the noncovalent dmTopIIα-dmK-DNA complex [8]. 

 
Fig.1. TheK-DNA decatenation assay (A). The repeated decatenation assay in presence of Hes (1μM to 

10mM) (B). An inhibition curve (C). Abbreviations: K - catenated K-DNA; D - decatenated K-DNA 

 

2.3 Hes’s binding mode within the dmTopIIα binding and cleavage domain. To perform the 

electrophilic alkylation and comet formation, EMS has adopted the bio-pose above either 

dmGO6 or dmTO4, placing the ethyl group in a position to be easily transferred to guanine 

(Figure 2). As antigenotoxic agent, Hes has made a spatial barrier for the alkylating agent, 

inasmuch as its A ring C7-OH group formed hydrogen bonds with either dmGO6 (dHB = 2.576 

Å), guanine’s N7 nitrogen (dmGN7, dHB = 2.737 Å), or Hes’s A ring C5-OH group and dmTO4 

(dHB = 3.548 Å). 
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Fig. 2. The structure-based alignment of Hes (light purple) and EMS (light blue) into the dmPDNA 

 

2.4 Hes’s pharmacology within dmTopIIα ATPase domain. The ATPase assay, for estimation 

of Hes’s impact on ATP hydrolysis through, pointed out compound as a mixed-type ATPase 

inhibitor with a more competitive character. Afterwards, experiment performed on dual-labeled 

dmATPase showed that Hes induced a significant decrease in FRET, forcing the not dimerized 

dmATPase conformation (Figure 3), and that Hes does not affect dmATPase catalytic activity 

if the holoenzyme is pre-dimerized with AMPPNP.  

 
Fig. 3. FRET-based monitoring of ATPase domain closure in the presence of Hes (left), and 

quantification of AMPPNP and Hes order of addition assays (right).  

 

2.5 The binding of Hes within the dmATPase. As a dmATPase substrate, ATP adopted complex 

bioactive conformation, while Hes was located at the very top of the dmATPase domain (Figure 

4). Hes’s A ring formed electrostatic interactions with the dmSer309 and dmThr217, whereas 

C and B rings were stabilized by means of hydrophobic interactions with dmPhe218 and 

dmPhe313. Further, Hes’s B-ring’s C3’-OH and C4’-methoxy portions forced the induced 

dipole interactions with the dmIle329, dmVal306, dmPhe307, and dmLeu328, respectively 

(Figure 4). 

 

 

 

 

 

 

 
 

Fig. 4. Molecular docking of ATP and Hes within dmATPase domain 

 

3. Materials and methods 

3.1 Chemicals. All chemicals and reagents were purchased from Sigma–Aldrich (St. Louis, MO, USA). 

3.2 Comet assay. Genotoxic and antigenotoxic potential of Hes, in comparison with EMS, were 

detected using the alkaline comet assay according to Singh et al. [6]. 

3.3 Statistical analyses. The obtained results were statistically analyzed using SPSS statistical 

software package (version 13.0) as described by Mladenovic et al. [7]. 

3.4 Decatenation assay. To validate Hes as a dmTopIIα catalytic inhibitor, Drosophila 

melanogaster’s kinetoplast DNA (dmK-DNA) decatenation assays were conducted, following 

the experimental setup as described by Lee et al. [8]. 
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3.5 Molecular modeling. The experimental setups for homology modeling of dmTopIIα, the 

dmTopIIα-dmPDNA complex construction and molecular docking were described elsewhere 

[7]. 

 

4. Conclusions 

The enclosed study showed that Hes has not exerted genotoxic potential in somatic cells, 

and when applied simultaneously with EMS significantly reduced the DNA damage induced 

by genotoxic agent. Decatenation assays and structure-based studies revealed that Hes acts as 

dmTopIIα catalytic inhibitor by stabilizing the noncovalent dmTopIIα-PDNA complex. 

Furthermore, verified by FRET-based assays and structure-based studies, Hes acted as a mixed-

type competitive inhibitor of dmATPase, where it affected the dmATPase dimerization and the 

hydrolysis of ATP, denying the metabolic energy for the decatenation and catenation of 

alkylated dmDNA segments, unnatural G=T and T=G bonding and mutagenic, toxic, and 

carcinogenic effects after the replication. Obtained results indicate that Hes may be used in 

anticancer therapy to prevent the effects of alkylating agents. 
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Abstract 
  

The first discovered homogeneous oscillatory reaction was the Bray-Liebhafsky (BL) one, 

described in a paper published exactly 100 years ago. However, the applicability of oscillatory 

reactions in chemical computing was recently discovered. Here we intend to expose the native 

computing concept applied to intermittent states of the BL reaction, because we believe that 

this particular state may have some advantages. For this purpose, numerical simulations will be 

used based on the known model. Sequences of perturbations will be introduced by adding iodate 

(IO3
-) and hydrogen peroxide (H2O2), separately, as well as in various combinations with one 

another. It will be shown that dynamic states obtained after perturbations with same species 

depend very much on the sequence in which these species were used in perturbations. 

Additionally, it will be shown that obtained dynamic states shift the system from chaotic 

intermittent dynamic state to different complex periodic states. Hence, the applicability of the 

BL reaction system in chemical computing was demonstrated.  

 

Keywords: oscillatory reactions, intermittent oscillations, chemical computing 

 

 

1. Introduction  

 

The Bray-Liebhafsky (BL) [1, 2] is usually described as catalytic decomposition of 

hydrogen peroxide to water and oxygen, catalyzed by iodate ions in acidic medium. 

Concentrations of numerous intermediate compounds in this process oscillate in time. 

Depending on reaction conditions, form of these oscillations may be regular periodic, nearly 

harmonic or highly asymmetric relaxing ones, complex mixed-mode oscillations with 

alternating small and large amplitude oscillations, or highly irregular chaotic ones. In the BL 

reaction system, the intermittent chaotic oscillations were also obtained and their stochastic 

nature was described, indicating deterministic origin of the phenomena. [3] 

The applicability of oscillatory reactions in native chemical computing was recently 

discovered. [4] The interest in chemical computing is often justified by applicability of parallel 

computing performed with spontaneous synchronization of chemical transformations between 
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individual molecules. However, special branch in research of chemical computing is native 

chemical computing. This approach does not require any external elements to do the 

computation. To perform chemical computing an input signal in the form of sequences of 

reactants added to the reaction system will produce output in the form of amplitude and 

frequency of resulting chemical oscillations.  

Here we intend to present the native computing concept applied to intermittent states of the 

BL reaction. Possible advantages of this reaction are complex dynamical states formed as a 

result of parallel existence and interaction of two distinct attractors. For this purpose, numerical 

simulations will be performed based on the known model. Sequences of perturbations will be 

introduced as separate additions of equal amounts of two reagents, iodate ions and hydrogen 

peroxide, which are constituents of the BL system. Perturbations will always be performed in 

same time intervals, but in variable sequences. 

 

2. Model and methods  

 

Among several variants of the model for BL reaction, one with seven reactions is selected since 

it is simpler than the full model but still capable to simulate all different dynamic states.  

 

Tabela 1. The variant of the model of the Bray-Liebhafsky reaction having seven 

reactions [M(1-6,8)]. Dimensionless rate constant values were k1 = 0.2250, k-1 = 

5.1000, k2 = 67.9725, k3 = 100, k-3 = 100, k4 = 0.3375, k-4 = 0.0150, k5 = 100, k6 = 100.7000, 

k8 = 0.7000  

1

1

+
3 2IO I 2H HIO+HIO

k

k

      1 1[I ]v k 

1 1 2[HIO][HIO ]v k   
(R1), (R–

1) 

2+
2 2 2HIO I H I O+H O

k    2 2 2[I ][HIO ]v k   (R2) 

3

3

2 2I O H O 2HIO
k

k

   3 3 2[I O]v k 2
3 3[HIO]v k   (R3), (R–

3) 

4

4

+
2 2HIO I H I +H O

k

k

     4 4[I ][HIO]v k  4 4 2[I ]v k   (R4), (R–

4) 

5

2 2 2 2HIO H O I +H +O +H O
k     5 5 2 2 0[HIO][H O ]v k  (R5) 

6

2 2 2 2I O H O HIO+HIO
k

   6 6 2 2 2 0[I O][H O ]v k  (R6) 

8+
3 2 2 2 2 2IO H H O HIO O H O

k       8 8 2 2 0[H O ]v k  (R8) 

 

Unlike our previous papers, concentration of the hydrogen peroxide was here treated as 

constant (pool approximation). This way, conditions for achieving permanent steady state were 

attained. 

The main aim of this paper is to investigate applicability of the BL reaction in native 

chemical computing, and therefore, perturbation technique was designed to highlight specific 

properties of dynamic system. It was desirable to achieve conditions where perturbations lead 

system to distinct dynamic states. However, standard way of perturbations having effects on 

instantaneous values of internal species concentrations would cause only temporary effects in 

present case. Hence, for achieving permanent effects, perturbations were performed with 

reagents iodate ions and hydrogen peroxide that are external species in any reaction system. 

 

3. Results and Discussion 

 

In Figure 1, three cases of intermittent oscillations are given. In all cases, iodide oscillations 

are given as an example. First, there is the unperturbed system. Then we have system perturbed 

by 10% increase in IO3
- and finally, system perturbed by 10% increase in H2O2. Since only low 

intensity perturbation would produce only small change in oscillation amplitude here we 

applied excessively large intensity perturbation to demonstrate nature and intensity of produced 
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changes. In the first case (IO3
-) amplitude decrease was observed after perturbation while in the 

other case (H2O2) amplitude increase occurred.  

 

 

 

 

Fig.1 Iodide oscillations in case when no perturbation was applied, and in cases where 

perturbation with 10% increase of IO3
- and H2O2 concentrations were applied after 500 time 

units. 

 

Beside small amplitude changes there is also difference in dynamic state observed after the 

perturbation. However, this difference is more obvious when slightly longer sequences of 

perturbations are applied. In Figure 2, similar iodide oscillations are given for cases where small 

perturbations are applied in sequences of three of them with same delay period between single 

perturbations equal to 50 units of time. Since the effects of perturbations tend to accumulate, 

here we performed small intensity perturbations at the level of 1% of the initial concentration.  

There is one obvious but small difference between two cases. In the first case of sequence 

(IO3
- - H2O2 - IO3) the amplitude was first decreased, then increased and finally again decreased. 

In the second case (H2O2 - IO3
- - H2O2) the order of changes was inverted to increase, decrease 

and increase at the end. In both cases, initially aperiodic intermittent state was transformed to 

some kind of periodic or quasiperiodic state after some transient period. In the first case (IO3
- - 

H2O2 - IO3) final state was composed of periodic repeating of bursts with 9 large amplitude 

oscillations and gaps with 2 small amplitude oscillations (92). However, dynamic state obtained 

in the second case (H2O2 - IO3
- - H2O2) was much more complex. It can be described as 

repeating of sequences in order 11510154105. Such a complex behaviour seems to be especially 

convenient for preserving information and, even more, for their codification. 
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Fig.2 Iodide oscillations in cases where perturbation with 1% increase of IO3- and H2O2 

concentrations were applied in sequences starting from 500 and with delay of 5 time units. 

Used sequences were IO3
- - H2O2 - IO3

- and H2O2 - IO3
- - H2O2 

 

3. Conclusions 

 

Intermittent oscillations of the BL system were perturbed by sequences of perturbations 

and different final states were obtained for different sequences. Hence, applicability of the BL 

reaction system in chemical computing was demonstrated. Information in this reaction system 

is preserved not only in frequency and amplitude of oscillations but moreover, in dynamic forms 

of oscillations. 
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Abstract: 
  

Our in vitro studies showed that a couple of perspective steroidal derivatives showed 

previously biomedical potential via enzyme inhibition, receptor binding or antiproliferative 

effect against the cancer cells of reproductive tissues are able to bind to human CYP7 enzymes 

– key enzymes taking part in hydroxylation of cholesterol, 25-, 27-hydroxycholesterol and a 

number of steroidal hormones. In silico screening of binding affinity of the modified steroids 

toward CYP7 enzymes showed that interaction energy for the new ligands is comparable with 

consequent values, calculated for the ‘essential’ substrates of the enzymes – cholestenone 

(CYP7A1) and DHEA (CYP7B1). However, no correlation between binding energy and the 

affinity of the ligand was found. Novel ligands interact with conserved amino acids taking part 

in stabilization of natural substrates of CYP7 enzymes. A couple of structural features, 

governing ligand binding, were identified. Among which are planar structure of A-ring for 

CYP7A1 ligands, absence of many polar fragments in side-chain and presence of polar group 

at C3 position. Analysis of the docking results showed that CYP7B1 higher selectivity in 

comparison with CYP7A1 is connected by the structure of the cavity formed by α-helices I and 

B`. The data obtained will be used for the explanation of ligand specificity of human sterol-

hydroxylases.  
 

Keywords: cytochromes P450, molecular dynamics, docking 
 

 

1. Introduction 
 

It is well known that cholesterol homeostasis in the human body depends on the complex 

interactions of a number of enzymes, including a couple of cytochromes P450. The most 

important pathways of cholesterol metabolism are formation of bile acids and biosynthesis of 

steroidal hormones [1]. 
Cytochrome P450 7A1 catalyzes hydroxylation of cholesterol on the first, rate limiting, 

step of bile acids biosynthesis (basic pathway) while cytochrome P450 7B1 taking part in an 

alternative (acidic) pathway, catalyzing 7α-hydroxylation of 25- and 27-hydroxycholesterol 

formed previously by sterol 25- and 27-hydroxylase, respectively [2]. CYP7 enzymes are also 

involved in hydroxylation of a number of other steroids and steroidal hormones. Among them 

are neurosteroids pregnenolone (PREG), dehydroepiandrosterone (DHEA) [3-5], 27-
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hydroxycholesterol and other oxysterols [6]. Because of high importance of metabolic 

processes in which CYP7 are involved, it is obvious that dysfunctions of the enzymes (due to 

inhibition or point mutations) could be associated with a various pathological processes. 
According to our in vitro studies a couple of perspective steroidal derivatives (among them 

there are compounds showed previously biomedical potential via enzyme inhibition, receptor 

binding or antiproliferative effect against cancer cells of reproductive tissues) are able to bind 

to human CYP7 enzymes. In order to understand molecular basics of ligand-receptor interaction 

in this case, computer simulation investigations were performed. 
 

2. Results and Discussion 
 

 In silico screening of CYP7 ligands was performed using an automated Python-based (v. 

3.6) protocol. In order to perform docking with our approach one needs to have library of test 

compounds, target for docking and a set of targets’ spatial structures in complex with different 

known ligands. One can use structures presented in Protein Data Bank or from other sources 

(previous docking experiments, MD etc.). Docking is performed using of AutoDock Vina 

software (v.1.1.2) [7] with next parameters: exhaustiveness – 256; energy range – 4 kcal/mol; 

number of binding modes – 20. Box dimensions and coordinates of the “docking box” for the 

given test compound were picked according to size and position of the most similar known 

ligand After docking all hits were ranked according to their RMSD towards similar known 

ligands and according to values of AutoDock Vina scoring function.  
Spatial structures of the estrane, androstane and bile acid derivatives with modifications in 

rings A, B, C and D were built from their 2D structures using MolView service [8]. Before 

docking structures were minimized in UCSF Chimera software (2000 steepest descent steps 

and 1000 conjugate gradient steps with step size 0.02 Å) [9].  
In silico screening of binding affinity of the modified steroids toward CYP7 enzymes 

showed that interaction energy for the new ligands (which was calculated using AutoDock Vina 

scoring function) is comparable with consequent values, calculated for the ‘essential’ substrates 

of the enzymes (4-cholesten-3-one (CHOL) (CYP7A1, -10.5 kcal/mol) and 5-androsten-3β-ol-

17-one (DHEA) (CYP7B1, -8.0 kcal/mol)) (Table 1). 
 

Table 1. Results of the screening of CYP7 ligands  
 

 CYP7A1 CYP7B1 

Compound 
Ebind

docking, 

kcal/mol 
Ebind

docking

, kcal/mol 

CHOL -10,5 -* 

DHEA - -8,0 

1 -10.0 - 

2 - -6.5 

3 -8.0 - 

4 -11.5 - 

5 -12.7 - 

6 -11.3 - 

7 -11.2 - 

8 -8.4 - 

* - no measurements were done because no binding was detected in vitro 
 

According to docking results novel detected ligands interact with conserved amino acids 

forming active site surface. Most of them are belong to the so-called substrate recognition sites 

(SRS) [10] and taking part in stabilization of natural substrates of CYP7 enzymes (Table 2). 
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Table 2. Amino acid residues, forming bonds with some of the novel ligands  

 
Protein Compound Amino acid residues 

CYP7A1 

CHOL 
HIS108 SER112 HIS118 ILE121 ILE132 THR285 VAL288 TRP291 ALA292 

ASN296 SER367 GLY492 LEU493 

4 
HIS108 SER112 PHE116 HIS118 ILE121 ILE132 PHE136 THR285 VAL288 

TRP291 ALA292 ASN296 SER367 GLY492 LEU493 

5 
HIS108 SER112 ILE121 ILE132 PHE136 THR285 VAL288 TRP291 ALA292 

SER367 GLY492 LEU493 

CYP7B1 
DHEA LEU108 LEU109 GLY288 TRP291 ALA292 SER366 THR367 ILE369 LEU488 

2 SER105 LEU108 LEU109 PHE123 PHE223 GLY288 TRP291 ALA292 ILE369 

 

Our data showed that localization of compounds 6 and 7 in the CYP7A1 active site is quite 

similar, but presence of more polar group at C24 carbon atom in the first case results in 

unfavorable ligand interaction with hydrophobic amino acids from α-helices I (Val264, Val265) 

and C (Leu116, Phe112). Analysis of structural analogs of compounds 6 and 7 showed that flat 

structure of A-ring (with 3-keto group) is more preferable than cis-trans conformation formed 

due to 3-OH group. It is also found that CYP7A1 does not bind delta-2, 12-keto, 5β-androstan, 

24-carboxy, 12-acetoxy derivatives of compound 7. 
Androstane derivatives 4 and 5 have similar binding mode with human CYP7A1 enzyme, 

but in the second case molecule locates deeper in the pocket formed by a-helices B` and I due 

to less polar fragment near C17 atom. It was also found that N-atom from benzene ring of 

compound 4 forms H-bond with Ser105 (belongs to SRS-1) – key residue in substrate 

recognition while 3OH-group forms H-bond with Leu361 (belongs to SRS-5). 
According to our data, interaction of compounds, containing polar side chains, with 

CYP7B1 is unprofitable because of highly hydrophobic pocket, formed by amino acid residues 

from α-helices B` and I (Leu118, Leu119, Phe123, Phe289, Gly288). 
 

3. Conclusions 
 

The data obtained will be used for the explanation of ligand specificity of human sterol-

hydroxylases CYP7A1 and CYP7B1 what is crucial for the development of novel bioregulators 

with low side effects. 

This study was supported by Belarus-Serbia bilateral project (No. X20SRBG-004 / 337-

00-00612/2019-09/04), which is being realized between IBOCh of NAS of Belarus and 

University of Novi Sad Faculty of Sciences, as well the Ministry of Education, Science and 

Technological Development of the Republic of Serbia (Grant No. 451-03-9/2021-14/ 200125).   
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Abstract: 

  
Cytochrome P450 17A1 (CYP17A1) is a critically important enzyme in humans that 

catalyzes the formation of all endogenous androgens. This enzyme is often considered a 

molecular target for the development of novel high efficient drugs against prostate cancer. In 

the present work, the random forest algorithm was used to conduct a QSAR study on 370 

CYP17A1 ligands with different structures that were collected from the literature and databases, 

and a QSAR model was created based on the five important descriptors screened out – 2D 

adjacency and distance matrix descriptors, 2D atom counts and bond counts and 3D surface 

area, volume and shape descriptors. The model was verified by the test set (accuracy, 

specificity, sensitivity, F-measure, MCC, and AUC were calculated). It was revealed that the 

hydrophobic properties of the vdW surface of the ligand have a significant contribution to the 

activity prediction. The hydrophobic effect of the molecules may be aroused by the presence of 

the hydrophobic groups or aromatic rings in the molecules. The created QSAR model shows 

that the molecules with more aromatic rings have better activity. The accuracy of the model on 

the test set was 84%, precision – 81%, sensitivity – 93%, specificity – 72%, F-measure – 0.87, 

MCC – 0.67, AUC – 0.88. The model has good robustness and predictive ability and can be 

used to screen and discover new highly active CYP17A1 inhibitors. 
 

Keywords: CYP17A1, inhibitor, QSAR, random forest. 

 
1. Introduction 
 

CYP17A1 (steroid 17α-hydroxylase/17,20-lyase or 17,20-desmolase) is an enzyme, 

playing a crucial role in the biosynthesis of steroidal hormones [1] catalyzing two independent 

reactions in one active site [2]: hydroxylation at C17 position of natural CYP17A1 substrates 

pregnenolone (P5) or progesterone (P4) and splitting of the side-chain of the steroid nucleus 

between C17 and C20 of 17-hydroxy P4 and P5. The ratio of these two activities is 

physiologically important and may direct steroid hormone biosynthesis to the production of 

either corticoid or sex hormones [3]. Due to the high importance of the enzyme for the 

functioning of the human body, CYP17A1 is often considered as a target for the development 

of high efficient drugs for the treatment of castration-resistant prostate cancer [4]. Having in 

mind the great medical importance of CYP17A1 inhibition, in the present study QSAR model 

has been created for the identification of novel enzyme inhibitors in wide chemical libraries. 
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2. Results and discussion 
 

2.1 Creation of the model 
 

In our study computational model based on the Random Forest algorithm was used for the 

classification of different compounds (‘active’ and ‘inactive’). The IC50 value was used as a 

biological activity parameter: if the IC50 was less than 1 µM, the compound was considered as 

‘active’, if the IC50 was higher than the 1 µM threshold, it was defined as ‘inactive’. The 

CYP17A1 inhibitor dataset used for the creation of the model was downloaded from the 

PubChem database [5]. After removing duplications, 370 samples were obtained for the 

creation of the model (228 were defined as ‘active’ and 142 as ‘inactive’). The dataset was 

randomly divided into test and training sets (the ratio is 1:4) with the Dataset Division module 

of DTC-QSAR software [6]. Free web-based molecular descriptor and fingerprint calculation 

platform ChemDes [7] was used to calculate 798 molecular descriptors. The QSAR model was 

built by the DTC-QSAR tool. 
 

2.2 Results 
 

According to the obtained data, only 3 groups of descriptors are of great importance for the 

identification of novel CYP17A1 ligands. These groups are 2D adjacency and distance matrix 

descriptors, 2D atom counts and bond count, and 3D surface area, volume and shape 

descriptors, and these three groups include five descriptors. The first group contains the Balaban 

topological index (balabanJ) and the thermodynamic descriptor based on atomic contribution 

to molar refractivity (GCUT_SMR_0). The second group contains the number of unconstrained 

chiral centers (chiral_u) and the descriptor based on the number of bonds between heavy atoms 

(VAdjMa). The third group is presented by the 3-dimensional surface area, volume and shape 

descriptor (vsurf_CW5). 
In general, it was revealed that hydrophobic properties on the van der Waals surface make 

the most significant contribution to the activity prediction. This suggests that the increase of the 

surface volume can decrease the density of hydrophilic property on the surface unit of the 

molecules. The hydrophobic effect of the molecules may be aroused from the presence of the 

hydrophobic groups or aromatic rings in the molecules. Analysis of the data obtained showed 

that the molecules with more aromatic rings have better activity toward the CYP17A1 enzyme. 
The 10-fold cross-validation approach was used for its verification and the parameters of 

the model were calculated including accuracy, specificity, sensitivity, F-measure, Matthews 

correlation coefficient (MCC) and Area under the curve (AUC) for Receiver operating 

characteristic curve (ROC curve). 
The results show that the accuracy is 84%, precision is 81%, sensitivity is 93%, specificity 

is 72%, F-measure is 0.87, MCC is 0.67, and AUC is 0.88 which underlines the high statistical 

significance of the developed QSAR model.  
 

3. Conclusions 
 

The computational model based on Random Forest approach was created for the 

identification of novel CYP17A1 ligands in wide libraries of chemical compounds. The created 

model possesses good robustness and predictive ability and can be used to discover efficient 

drugs to treat hormone-dependent cancer. 
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Abstract: 

The protein that controls cell differentiation in acute myeloid leukemia is MCL-1. High-level 

of this protein causes the carcinogenesis. In this paper inhibitory effect of two coumarin 

benzoylhydrazones,(E)-2-hydroxy-N'-(1-(2-oxo-2H-chromen-3-yl)ethylidene)benzohydrazide 

(A) and (E)-4-hydroxy-N'-(1-(2-oxo-2H-chromen-3-yl)ethylidene)benzohydrazide (B) against 

MCL-1 protein was investigated. For this purpose, a molecular docking simulations were used. 

The obtained results showed that compound A showed better activity than compound B. Also, 

the docking simulations against MCL-1 protein were performed for melphalan or (2S)-2-amino-

3-{4-[bis(2-chloroethyl)amino]phenyl}propanoic acid and two 4-chlorocoumarin 

benzoylhydrazone derivatives, N′-[(E)-(4-chloro-2-oxo-2H-chromen-3-yl)-

methylidene]benzohydrazide (4a) and N′-[(E)-(4-chloro-2-oxo-2H-chromen-3-yl)-

methylidene]-4-hydroxybenzohydrazide (4b). In this study, melphalan as a chemotherapy drug 

commonly used in treating multiple myeloma and compounds 4a and 4b as structurally similar 

compounds with A and B were used as reference compounds. It was shown that these reference 

compounds exhibited similar activity as compound B.  In addition, the potential toxicology of 

compounds A and B, as well as reference compounds was determined by the ProTox-II 

webserver.  The results revealed that compounds A and B are 3 to 5 times lower toxic than 

reference compounds. 

Keywords: Molecular docking, Acute myeloid leukemia, Coumarin benzoylhydrazones. 

1. Introduction  

Coumarins are a class of heterocycles very common among natural products. They are one 

of the most important secondary metabolites of plants. The importance of coumarins in plants 

is reflected in the regulation of the actions of growth hormones and growth regulators, the 

control of respiration, photosynthesis, as well as protection against infection [1]. In addition, 

naturally occurring coumarins show diverse pharmacological activities and they are frequently 

being used by various researchers to design and develop new synthetic coumarins and many 

novel hybrid analogues as bioactive drugs. Many of obtained hybrid molecules have displayed 

multiple pharmacological properties such as anti-HIV [2], antioxidant [3], and antithrombotic 

activity [4]. Coumarin and its derivatives have an important position in medicinal chemistry 

due to their ability to exert noncovalent interactions (π-π, hydrophobic, electrostatic 

interactions, hydrogen bonds, metal coordination and Van der Waals forces etc.) with the 

various active sites in organisms [5].  
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Furthermore, coumarins have attracted the attention of many scientists as potential 

inhibitors of cellular proliferation in various carcinoma cell lines [6]. On the other hand, many 

studies have been investigated the anti-proliferative activity of hybrid molecules with a 

hydrazone moiety and presume that hydrazone structure is probably responsible for the 

antineoplastic effects [7]. Also, in literature, there are data of antiproliferative/cytotoxic effects 

determined to different human tumor cell lines for the 4-chlorocoumarin benzoylhydrazone 

derivatives. The obtained results revealed that these compounds exhibit the most potent 

antiproliferative activity to leukemia HL-60 cell line, better than the clinically applied 

anticancer drug melphalan which has been used as a positive control for the cytotoxicity 

screenings [8].  

In this paper inhibitory effect against protein MCL-1, that regulates cell differentiation in 

acute myeloid leukemia, of two coumarin benzoylhydrazones (E)-2-hydroxy-N'-(1-(2-oxo-2H-

chromen-3-yl)ethylidene)benzohydrazide (A) and (E)-4-hydroxy-N'-(1-(2-oxo-2H-chromen-3-

yl)ethylidene)benzohydrazide (B) was investigated by the molecular docking simulations.  

2. Results and discussion  

The protein MCL-1 is a member of the BCL-2 family and promotes cell survival by 

preventing the induction of apoptosis in many cancers. High expression of MCL-1 causes 

tumorigenesis and resistance to anticancer therapies highlighting the potential of MCL-1 

inhibitors as anticancer drugs. Angelova et al., [8] have found that certain coumarin-hydrazone 

derivates show good in vitro activity on the HL-60 cell line. Hence, 4-chlorocoumarin 

benzoylhydrazone derivatives, N′-[(E)-(4-chloro-2-oxo-2H-chromen-3-yl)methylidene] 

benzohydrazide (4a) and N′-[(E)-(4-chloro-2-oxo-2H-chromen-3-yl)methylidene]-4-

hydroxybenzohydrazide (4b), are structurally similar compounds with the coumarin derivatives 

A and B encouraged us to conduct an in silico study of inhibitory activity towards protein MCL-

1. Compounds A and B were synthesized according to the procedure described in ref. [9]. In 

silico performed study compounds 4a and 4b were used as reference compounds, alongside 

commercially available drug melphalan [8]. Results obtained by molecular docking simulations 

are presented in Table 1. 

Table 1. Estimated thermodynamic parameters which describe the inhibitory activity of investigated 

compounds against MCL-1 protein 

Compound 
ΔGbind 

kJ/mol 
Ki 

(μM) 

ΔGinter 

kJ/mol 

ΔGvdw+hbond+desolv 

kJ/mol 

ΔGelec 

kJ/mol 

ΔGtotal 

kJ/mol 

ΔGtor 

kJ/mol 

Compound A -8.15 1.06 -9.34 -9.26 -0.09 -0.81 +1.19 

Compound B -7.50 3.17 -8.69 -8.60 -0.09 -0.43 +1.19 

Melphalan -6.16 30.34 -9.15 -8.24 -0.91 -2.37 +2.98 

4a -7.78 1.99 -8.67 -8.66 -0.01 -0.33 +0.89 

4b -7.39 3.80 -8.59 -8.58 -0.00 -0.28 +1.19 

As can be seen from Table 1, compound B shows a similar inhibitory activity as the 

reference compounds. The highest binding energy is shown by the melphalan, which is in 

accordance with the in vitro results obtained by Angelova et al. [8]. More importantly, the best 

inhibitory activity is shown by compound A.  

The difference in the inhibitory activity between compounds A and B is a consequence 

of the formation of the three hydrogen bonds between the OH group in position C2” and 

hydrogen from the hydrazine bridge of compound A, and amino acid LEU267 which is 

presented in Fig 1. The formation of these hydrogen bonds was thermodynamically favoured 

to the extent that it caused the breakage of the hydrogen bond between the OH group in position 

C2” and carbonyl group in position C7” and C1”-C7” bond rotation in order for the compound 

A to form better interactions with the protein.  
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Fig 1. 2D diagram of interactions between compound A and MCL-1 (A) and compound B and MCL-1 

(B). 

 

2.1. Potential toxicity of investigated compounds 

 
Even though compound B shows a similar inhibitory activity as reference compounds, 

results of potential toxicology obtained by the ProTox-II webserver indicate lower toxicity of 

both investigated compounds compared to them. As can be seen from Table 2, for the same 

toxic effect investigated compounds need to be in the 3-5 times higher concentrations than the 

reference compounds, and at the same time show similar or better inhibitory activity towards 

MCL-1 protein.  
Table 2: Predicted toxicology of investigated compounds in reference to melphalan and in vitro tested 

compounds. 

Compound LD50 (mg/kg) Toxicity class (GSH) 

Compound A 2500 Class V 

Compound B 5000 Class V 

Melphalan 11 Class II 

4a 842 Class IV 

4b 842 Class IV 

It should be emphasized that further in vitro and in vivo studies are necessary for the 

confirmation of the obtained results.  

3. Methodology 

In order to investigate the inhibitory activity of coumarin hybrids against MCL-1 protein, 

a molecular docking method was applied. The active site of investigated protein was determined 

by implementing AutoGridFR (AGFR) [10]. Geometries of the investigated compounds were 

optimized, and energy minima were found by Gaussian software package [11] using the density 

functional theory method M062X with 6-311++G(d,p) basis set and CPCM solvation model. 

The crystal structure of the protein was obtained from the Brookhaven Protein Data bank (PDB 

ID: 6FS1). The AutoDock 4.2 software was used for molecular docking simulations. Obtained 

results were analyzed and illustrated in Discovery Studio 4.0. The potential toxicity of 

investigated compounds was predicted by using the Prediction of Toxicity of Chemicals 

(ProTox-II) webserver protocol [12]. Results of the potential toxicity are presented in Table 2. 

To closely determine overall toxicity, investigated compounds are divided into six toxicity 

classes by the median lethal dose (LD50). These toxicity classes are defined according to the 

globally harmonized system of classification and labelling of chemicals (GHS).  

4. Conclusions 

In this paper inhibitory effect of two coumarin-benzoylhydrazones A and B against MCL-

1 protein, which controls cell differentiation in acute myeloid leukemia, was investigated. The 

inhibitory effect was evaluated by the molecular docking simulations. In this study as reference 

compounds anticancer drug melphalan was used in comparison with compounds 4a and 4b. 

http://www.osha.gov/dsg/hazcom/ghs.html
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The obtained results showed that the reference compounds show similar activity as compound 

B, and the best inhibitory activity is exhibited by compound A. It is worth emphasizing that 

there is good agreement between the results of a molecular docking study and in vitro results 

for reference compounds. The potential toxicology of these compounds was determined, also. 

It turned out that compounds A and B are 3-5 times less toxic than reference compounds. Based 

on the obtained results, it can be concluded that these compounds deserve further in vitro and 

in vivo testing. 
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Abstract: 

 

The idea of quantifying similarity between compounds may be traced back to the roots of 

contemporary chemoinformatics. At present, there is a number of coefficients that are used as 

similarity metrics. Many of them are defined as to measure coherence among two structural 

fingerprints, and usually yield similarity results between 0 and 1. However, there are indices 

that capture dissimilarity between molecular structures. This paper reports results on a 

comparative investigation of the several similarity coefficients on a set of compounds with the 

physiological responses. These molecules induce diverse body sensations that range from 

pleasant feelings up to euphoria and analgesia. Some of them are well-known drugs. In order 

to quantify molecular structure, Morgan circular fingerprints have been applied, which are 

frequently used in similarity calculations. This statistical analysis reveals which indices tend to 

produce higher structural similarity results and opposite. 
 

Keywords: molecular structure, drugs, similarity coefficients, Morgan fingerprints, statistical 

analysis. 

 

1. Introduction 

 

The similarity between molecules plays important role in contemporary cheminformatics 

[1, 2]. It is also crucial in the drug design and material industry [3, 4]. For example, similarity 

analysis was applied to calculate structural similarity of a wide range of clinically relevant drugs 

to the target compounds of DOA/Tox screening tests [5], and to design novel zeolite materials 

[6]. Such big interest into molecular similarity may be particularly attributed to the one well-

known postulate, i.e., to similarity property principle (SPP). Namely, this viewpoint of 

structure-property relationship suggests that molecules with high structural similarity should 

have similar properties. Unfortunately, there are stumbling stones within SPP, such as activity 

cliffs [7]. 

To measure similarity between two compounds, a quantification of molecular structure is 

an essential step. Today, an enormous number of molecular descriptors is available, and still 

increases [8]. A special place in the similarity related calculations is reserved for binary 

structural descriptors, which are also called fingerprints [9]. These numerical strings are 

constructed by zeros and ones. One of the most popular structural fingerprints is extended-

connectivity circular fingerprint [10]. Even though this descriptor was not originally developed 

as a binary sequence, if necessary, it can be transformed into binary analog. Finally, some 

metric is used to quantify the amount of similarity between two structural fingerprints. 
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Within the present study, we examine similarity of compounds depicted in Figure 1. More 

precisely, we study how similarity between them changes with the application of different 

similarity indices. This set of compounds consists of 13 molecules that induce diverse 

physiological responses, such as pleasant, euphoric, and analgesic effect. 

 
 

Fig. 1. The set of compounds with physiological response used in this study. 

 

2. Theoretical approach 

 

The authors of [11] have studied a bunch of similarity coefficients usually utilized in 

cheminformatics investigations. Namely, out of all coefficients that yield similarity result 

within (0,1)-range, Jaccard (Ja), Jaccard-Tanimoto (JT), Gleason (Gle), Sokal-Sneath (SS1), 

and Consonni-Todeschini (CT4) have shown preferable characteristics to be used in the 

similarity calculations. They are defined as follows: 

 

 

In Eqs. (1)-(5), a is the frequency of bits 1 that fingerprints of molecules A and B have in 

common, b is the frequency of bits 1 present in fingerprint A but not in B, and c is the frequency 

of bits 1 found in fingerprint B but not in A. To calculate these coefficients an in-house Python 
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script was coded with implemented RDKit package. The Morgan circular fingerprints [10], with 

the length of 1024 bits, were used as structural fingerprints. 

 

3. Results and discussion 

 

The structural similarity between compounds, depicted in Figure 1, is calculated using Eqs. 

(1)-(5), and the results are tabulated in Table 1. The presented data show that Ja and CT4 yield 

highest similarity results, such trend reveals also the “Average” column. The lowest structural 

similarity between molecules is obtained by using SS1 coefficient. As for the data dispersion, 

almost all coefficients, except SS1, produce similar results.  

 
Table 1. The results of similarity assessment of molecules depicted in Figure 1. Note that Min, 

Max, and Average denotes minimal, maximal, and average structural similarity. The s stands for 

standard deviation. 

 
metric Min (%) Max (%) Average (%) s 

Ja 9.5 91.8 30.1 14.0 
JT 3.4 78.8 13.8 11.5 
Gle 6.6 88.2 23.0 13.3 
SS1 1.7 65.1 8.0 9.0 
CT4 26.8 94.1 51.6 11.5 

 

In order to get better insight into obtained results, the correlation between structural 

similarity data calculated by these five indices is depicted in Figure 2. 

 
Fig. 2. The correlation network showing correlation between similarity results obtained by 

different similarity indices. Note that two indices are linked only if the correlation coefficient between 

their data is higher than 0.95.  

 

The Figure 2 clearly reveals that the data obtained by Ja, JT, Gle, and SS1 are highly 

correlated. Namely, these indices find same compounds structurally similar or dissimilar. 

However, CT4 is not correlated with other coefficients. Such behavior may be attributed to the 

fact that Eq. (5) significantly differs from other indices.      
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3. Conclusions 

 

In this study several similarity indices are examined on a set of molecules that induce 

physiological response. It was found that Ja, JT, Gle, and SS1 behave very similar while CT4 

yields different results. Such finding indicates that CT4 is assessing different structural details 

between two molecules, compared to other indices. 
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Abstract: 

  

Anabolic steroids are a group of commonly counterfeit substances used by individuals who 

want to gain weight and muscles. Testosterone propionate (TP), an ester analog of testosterone, 

belongs to this group and its spectroscopic analysis is important especially when it is improperly 

labeled and misused. In this contribution quantum chemical methods, at the B3LYP/6-

311++G(d,p) level of theory, were applied for the prediction of the vibrational (IR and Raman) 

and UV-VIS spectra of TP. The applicability of the chosen level of theory was proven based 

on the comparison between experimental and theoretical bond lengths and angles. The most 

prominent bands in the IR and Raman spectra were assigned and correlated with the calculated 

ones. The electronic spectra were also analyzed and the assignments were made based on the 

Time-Dependent Density Functional Theory (TD-DFT) calculations. The orbitals included in 

the most intense transitions were visualized and possible solvent effects were discussed. The 

presented results proved the applicability of the DFT methods for the prediction of spectra that 

could lead to the counterfeit substances determination.  
 

Keywords: testosterone propionate, IR, DFT, Raman, UV-VIS 

 

1. Introduction  

 

Steroids are widespread substances, responsible for the metabolism, mineral, and energetic 

management processes in living organisms [1-2]. Testosterone is one of the most important sex 

hormones in both males and females. Testosterone propionate (TP) belongs to the group of 

anabolic steroids and is a derivative of testosterone. It is used for the treatment of 

hypogonadism, oligospermia, and impotence and acts as a parental form of testosterone. Along 

with its legal use, it is a commonly counterfeit substance, due to its low price and availability. 

By definition given by the World Health Organization (WHO), counterfeit substances are 

products that are improperly packed and labeled, without a known source of origin. 

Testosterone propionate is often used by people who wish to gain weight and muscles, thus 

achieving an athletic body in a short time [3]. It is usually prescribed by the instructor or 

individuals with no scientific or medicinal background.  

The analysis of testosterone propionate is commonly performed by chromatographic 

methods, including gas chromatography and liquid chromatography [1]. Although their 

precision, detection limits, and sensitivity are high, there are serious disadvantages that include 

the need for specific chromatographic columns, sample preparation, and derivatization. The 

NMR can also be used and it does not require the separations steps.  
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In this contribution, quantum chemical methods are employed for the optimization of the 

structure of testosterone propionate based on crystallographic data. A suitable model is 

determined to predict the vibrational (IR and Raman) and UV-VIS spectra. The combination of 

theoretical and experimental methods applied to the substances of interest in forensics might be 

useful for their determination.  

 

2. Materials and Methods 

 

Testosterone propionate of analytical grade was obtained from Sigma Aldrich (New Castle, 

Delaware, USA). The Raman spectrum was obtained in the region between 3500 and 400 cm−1 

on the Thermo Scientific DXR Raman Microscope (Thermo Fisher Scientific, Waltham, 

MA, USA). A diode-pumped solid-state high brightness laser with an excitation wavelength 

of 532 nm was used. The acquisition time was 10 s with ten scans, the laser output was kept at 

10 mW and the powder sample was analyzed. For the IR spectra, the Avatar 370-Thermo 

Nicolet FTIR (Thermo Fisher Scientific, Waltham, MA, USA) spectrometer was used. The 

spectra were recorded in the mid-IR region (4000 – 400 cm−1) in the potassium bromide matrix 

with a ratio of 1:200 (TP:KBr). The spatial resolution was 2 cm−1. The UV-VIS spectra of TP 

were recorded on Thermo Scientific Evolution 220 (Thermo Fisher Scientific, Waltham, 

MA, USA). The optimization of the structure was done in the Gaussian Program Package [4] 

at the B3LYP/6-311++G(d,p) level of theory. The optimization was performed without any 

geometrical constraints, and the absence of imaginary frequencies proved that the minima were 

obtained. For the prediction of solvent effects, the CPCM model was applied. The electronic 

transitions were calculated by the Time-Dependent Density Functional Theory (TD-DFT).  

 

3. Results and Discussion 

 

The structure optimization (Figure 1) was performed at the B3LYP/6-311++G(d,p) level of 

theory based on the crystallographic data. To verify that the chosen level of theory reproduces 

the experimental data in a satisfying manner, the mean absolute error (MAE) was calculated 

for the bond lengths and angles. The MAE value for the bond lengths and angles were 0.04 Å 

and 3o, respectively, which proves that the optimized structure represents well the 

crystallographic one.  

 
Fig. 1. Optimized structure of testosterone propionate (B3LYP/6-311++G(d,p) level of theory) 

 

There are several strong bands in the vibrational spectra of testosterone propionate. All of 

the vibrations are active in both IR and Raman spectra due to the low symmetry of the molecule, 

although their relative intensities differ. The experimental IR and Raman spectra are given in 

Figure 2. The most intensive bands in IR are positioned at 1730 and 1665 cm-1 belonging to the 

stretching vibrations of the carbonyl groups. The band at higher wavenumber is assigned to the 

carbonyl group that is part of the ester group, and the increase in wavenumber is due to the 

presence of an electronegative oxygen atom. The second one is assigned to the carbonyl group 

attached to the six-membered carbon ring. The C-H stretching vibrations are shown in the 

spectrum as wide peak between 2970 and 2819 cm-1, as the majority of the carbon atoms are 

sp3 hybridized. A weak band at 3025 cm-1 is due to C-H stretching vibrations that include the 

sp2 hybridized carbon atoms. Two strong bands that are assigned to the C-O stretching 

vibrations are positioned at 1238 and 1074 cm-1. In the Raman spectrum, a strong band is also 
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observed for the C-H stretching vibrations at the same position as in the IR spectrum. The strong 

band at 1665 cm-1 in the Raman spectrum is also assigned to the carbonyl group of the six-

membered ring. The intensity of this band is a consequence of the local symmetry. The second 

strong band is positioned at 1605 cm-1 and it belongs to the C=C group of the same ring 

structure. The change in polarizability of this group is significant leading to the increase in the 

intensity. The rest of the bands in the Raman spectrum are medium-to-weak intensity.  

 
Fig. 2. a) Experimental IR and Raman spectra and b) experimental and theoretical UV-VIS spectra of 

TP 

 

 In the theoretical spectrum of testosterone propionate, there are 165 normal modes, 

most of which are present in both the IR and Raman spectrum. The values of wavenumbers 

were overestimated because the optimization was performed for the isolated molecule in a 

vacuum. Therefore, the values were scaled by the factor of 0.924. The calculated positions of 

the carbonyl group stretching vibrations are 1710 and 1670 cm-1, which is well-correlated with 

the experimental values. The difference between the experimental and theoretical values is on 

average 10 cm-1, which is acceptable bearing in mind the limitations of the theoretical methods. 

The C=C stretching vibration in the scaled theoretical spectrum is located at 1587 cm-1, which 

is comparable to the experimental value. The C-O stretching vibrations are assigned to the 

bands at 1217 and 1041 cm-1 in the theoretical spectrum. The relative differences in these 

values, when compared to the experimental ones, can be a consequence of the intermolecular 

interactions between monomers in the KBr pallet.  

The UV-VIS spectrum of testosterone propionate was recorded in ethanol between 200 and 

450 nm (Figure 2). Only one wide peak was observed at 240 nm. It is assumed that this peak 

belongs to the n→π transition of the carbonyl group. In the theoretical spectrum, several 

transitions were observed in the range of the experimental band. The most intensive transition 

is positioned at 243 nm (Figure 2), which reproduces well the experimental value. The small 

difference in these values is probably due to the solvent effect, although the number of polar 

groups is not significant and therefore it accounts for only 3 nm. The HOMO-1→LUMO 

transition is responsible for the band at 240 nm with a percentage of 89% and the oscillatory 

strength of 0.4548. A much lower intensity (f=0.0245) is calculated for HOMO-2→LUMO 

transition (59%) at 233 nm. The third transition that is also included in the wide band is the 

HOMO-3→LUMO transition (0.50%) at 223 nm. The orbitals included in transition are 

visualized and are presented in Figure 3. As it can be seen in Figure 3, the LUMO and HOMO-

1 orbitals are localized on the carbonyl and C=C groups, which are not significantly influenced 

by the solvent polarity. The similarity and proximity of these groups lead to the high oscillatory 

strength of this transition. Much lower oscillatory strengths were calculated for transitions that 

include HOMO-2 and HOMO-3 orbitals.  
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Fig. 3. The HOMO-3, HOMO-2, HOMO-1, and LUMO orbitals of TP (at B3LYP/6-

311++G(d,p) level of theory, isovalue=0.07) 

 

4. Conclusions 

 

The structure of testosterone propionate was optimized at the B3LYP/6-311++G(d,p) level 

of theory. The mean absolute errors of the experimental bond lengths and angles were 0.04 Å 

and 3o, respectively, proving that the structural parameters were well reproduced in theoretical 

structure. The most intensive bands in IR and Raman spectrum belong to the stretching 

vibrations of the carbonyl group (1730 and 1665 cm-1), C-H (2970-2819 cm-1), and C-O (1238 

and 1074 cm-1). The calculated differences between experimental and theoretical wavenumbers 

were 10-15 cm-1. There is a wide peak in the UV-VIS spectra at 240 nm assigned to the HOMO-

1→LUMO transition (89%). Other transitions in the experimentally determined range were 

HOMO-2→LUMO and HOMO-3→LUMO. The analysis of orbitals proved that the solvent 

did not significantly influence the transition energy. 
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Abstract: 

  

In this work, the absorption spectra of cobalt(II) nitrate and bromide complexes in the 

composition 0.3Ca(NO3)2 – 0.7NH4NO3 – H2O have been investigated in the 400-800 nm range 

of wavelength at T = 328.15 K and atmospheric pressure P  101.3 kPa. Spectra were recorded 

in solutions with variable water content (R = H2O/salt mole ratio; R = 1.0, 1.2 and 1.6). The 

blue shift of the absorption maximum with the water content increase (R) suggest simultaneous 

coordination by water molecules and nitrate ions. From an analysis of the spectra, it can be 

concluded that the following: [Co(NO3)4(H2O)2]2−, [Co(NO3)2Br2]2− and [CoBr4]2− complexes 

were formed. The overall stability constants of these complexes species spectra were calculated 

at T  328.15 K.  
 

Keywords: cobalt(II) complexes, water influence, spectrophotometry, calcium nitrate, 

ammonium nitrate, stability constants 

 

1. Introduction  

 

The cobalt(II) halide complexes formation has been studied in various melts and organic 

solvents. A change in cobalt(II) ion coordination from octahedral to tetrahedral is a 

consequence of changes in cobalt(II) absorption spectra upon addition of halide ions in molten 

alkali nitrates by the successive formation of halide complexes. As a potential medium for 

thermochromic cobalt(II) halide complex formation, studies were oriented toward inorganic 

molten salts. However, the disadvantage of such molten salts was their high melting point, 

which was the main reason for their low applicability. 

The method for decreasing the melting point of salts and their mixtures can be replacing 

the inorganic cations with large and asymmetrical organic cations. In that way, it is possible to 

create ionic liquids (ILs), anhydrous systems defined as salts with a melting point below 373.15 

K. They have attracted a great deal of interest as new functional materials in recent years due 

to their unique physicochemical properties such as extremely low vapor pressure, wide liquid 

range, high electrical conductivity, and heat capacity. Ionic liquids can serve as a new 

thermochromic material in combination with halide complexes of some transition metal ions. 

On the other hand, the high price of pure ionic liquids, questionable environmental impact and 

toxicity significantly limits their widespread use. 
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An alternative approach to reducing the melting point of the anhydrous melts is the 

formation of a eutectic with water or appropriate organic components with high polarity and 

relative permittivities. In that more straightforward and affordable way, a large number of 

suitable media with favorable properties that have ionic liquids could be obtained. These 

mixtures usually have a high latent heat of fusion and a low melting point. In aqueous 

ammonium nitrate–calcium nitrate tetrahydrate [1], acetamide–ammonium nitrate [2] and 

ammonium nitrate–dimethylsulfoxide [3] has been investigated the formation of cobalt(II) 

bromide complex. In these melts formation of complex species [Co(NO3)4(H2O)2]2−, 

[Co(NO3)2Br2]2− and [CoBr4]2− have been postulated. 

In this paper, our research has been extended to the investigation of the influence of salt 

mole ratio and water content on cobalt(II) bromide complexes equilibria in 0.3Ca(NO3)2 – 

0.7NH4NO3 – H2O melts at T  328.15 K and P  101.3 kPa. Stability constants of each complex 

species have been calculated. 

 

3. Results 

 

3.1 The absorption spectra 

 

The absorption spectra of the initial cobalt(II) nitrate solution in all investigated systems was 

recorded at T = 328.15 K. In Fig. 1 the overall molar absorption coefficient ε was plotted against 

wavelength. The molar absorption coefficient is defined as Eq. 1.:  

 

 ε = Al-1c-1,          (1) 

 

where A is the absorbance, l the light pathway and c the total cobalt concentration. The cobalt(II) 

nitrate absorption spectra in systems with different water content (Fig. 1) with an absorption 

maximum between λ = 516-520 nm. 
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Fig. 1. Variation of cobalt(II) nitrate absorption spectra with the H2O/salt mole ratio (R) in 

0.3Ca(NO3)2 – 0.7NH4NO3 – H2O at T = 328.15 K, m(Co2+) = 0.008512 molkg-1. 
 

The absorption maximum located between values characteristic for a octahedral aqua 

complex of cobalt [Co(H2O)6]2+ (λmax = 513 nm) and dodecahedral [Co(NO3)4]2- obtained in 

anhydrous eutectic KNO3–LiNO3 melt (λmax = 550 nm) and ionic liquids (λmax = 544 nm). 

Experimental values obtained in this work suggest that studied systems are partially hydrated 

melts and represent a transition between diluted aqueous solutions and anhydrous molten salts. 

Also, the maximum absorption position and the molar absorption coefficient values are much 

closer to the values in aqueous solutions and indicate octahedral coordination of nitrate ligands 

with cobalt(II) ion. The blue shift of the absorption maximum with the water content increase 

(R) suggest simultaneous coordination by water molecules and nitrate ions. Water molecules, 

together with nitrate ions, take part in the coordination of cobalt(II), forming a mixed complex 

[Co(NO3)4(H2O)2]2–. Likewise, the increase of εmax with a water content decrease can be 

explained by the competition between nitrate ions and water molecules for sites in the Co2+ 

coordination sphere. 
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Consequence of ammonium bromide addition is a replacement of nitrate ion and/or water 

molecules with bromide, forming the new absorbing species following Eq. 2 and Eq. 3.  
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An appearance of a new absorption band with four maxima, at 640, 664, 698 and 722 nm 

is manifestation of this change (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Variation of cobalt(II) bromide complexes absorption spectra with the H2O/salt mole 

ratio (R) in the system 0.3Ca(NO3)2–0.7NH4NO3–H2O at T = 328.15 K, m(Co2+) = 0.003644 

mol‧kg-1 and m(Br-) = 0.9825 mol‧kg-1 

 

The significant increase of absorbance with a higher concentration of bromide ions 

indicates a change from octahedral to tetrahedral coordination followed by alteration of the 

color from pale-pink to dark-blue. Representative spectra of the cobalt(II) bromide complexes 

in 0.3Ca(NO3)2 – 0.7NH4NO3 – H2O systems with different water content (R) and with the same 

cobalt(II) and bromide concentration at T  328.15 K are presented in Fig. 2. 

It can be seen from Fig. 2 that the values of the overall molar absorption coefficient decrease 

with increasing water content, similarly to cobalt(II) nitrate complexes (Fig. 1). Namely, the 

probability of coordination cobalt(II) ions with water increases with water content increasing. 

However, the slight blue shift of absorption maximum was not detected in the case of bromide 

complexes. This behavior is in accordance with the spectral properties of the tetrahedrally 

coordinated complexes which are independent of the used solvent [4]. 

 

3.2. Equilibrium constants and species spectra 

 

In investigated systems the following complexes were formed: [Co(NO3)4(H2O)2]2-, 

[Co(NO3)2Br2]2- and [CoBr4]2-. The overall stability constants at T = 328.15 K were presented 

in Table 2. 

 

Table 2. log10(mnp/(mol–1dm3)y) for [Co(NO3)m(H2O)nBrp]2–m–p in 0.3Ca(NO3)2 – 0.7NH4NO3 – 

H2O with different H2O/salt mole ratio (R), at T = 328.15 K. 
 

 

 

 

 

 

*y = 6 

**y = 4 

R [Co(NO3)4(H2O)2]2–  [Co(NO3)2Br2]2– [CoBr4]2– 

1.0 3.04±0.01 5.00±0.07 6.83±0.05  

   1.2 2.67±0.02 4.34±0.04 6.35±0.02  

1.6 2.26±0.01 3.45±0.07 5.16±0.02  
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In systems with a constant calcium nitrate/ammonium nitrate mole ratio, values of stability 

constants decrease with the rise of the water content in the system, as was expected. Namely, 

with higher water content in the system, the coordination of the water molecule to cobalt(II) in 

a competitive reaction with nitrate and bromide is more probable.  

 

4. Conclusion 

 

1. The molar absorption coefficient of the initial cobalt(II) nitrate and cobalt(II) 

bromide complexes decrease with increasing of water content in 0.3Ca(NO3)2 – 

0.7NH4NO3 – H2O melts.  

2. The overall stability constants of the complexes [Co(NO3)4(H2O)2]2−, 

[Co(NO3)2Br2]2− and [CoBr4]2− decreases with water content increasing in systems 

with constant Ca(NO3)2/NH4NO3 mole ratio.  

3. The position of the absorption maximum and the high value of εmax indicate 

tetrahedral coordination of the [CoBr4]2– species. 
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Abstract: 

In previous studies, it was found that coumarins with hydrazide moiety show good 

antioxidative potential, while similar coumarins with hydrazone moiety are good anticancer 

agents. In this paper, the antioxidative potency and radical scavenging activity of two coumarin 

hydrazone derivatives were investigated. For this purpose, density functional theory method 

M062X with 6-311G++(d,p) basis set was implemented. It was found that investigated 

compounds exhibit good antioxidative potency, with very similar BDE values regardless of the 

position involved. On the other hand, PA values show that a preferable functional group for 

proton loss depends on the position of the OH group. In ortho position, OH group shows lower 

antioxidative potency than NH group, while in the same time in para position OH group is 

favourable position for antioxidative activity reactions. A similar situation is obtained by 

investigation of radical scavenging mechanisms, with the more pronounced difference in BDE 

between the positions in favour of the NH group. While SPLET is the most probable mechanism 

which is in competition with HAT in some cases (hydroxy radical) SET-PT was found to be a 

non-operative mechanistic pathway. 
 

Keywords: Coumarin derivates, DFT, antioxidative potency, radical scavenging activity 

 

1. Introduction 

 

Oxidative stress, and the consequences it causes, are one of the most common problems in 

modern medicine. Although organisms have the ability to fight free radicals to a certain extent, 

compounds that exhibit antioxidant activity and prevent the occurrence or reduce the damage 

caused by prolonged exposure of the organism to oxidative stress are gaining in importance. 

[1] Of special importance would be a discovery of non-toxic, water-soluble, easily obtainable 

compounds that can act as antioxidative agents to inactivate the free radicals and prevent 

damage induced by oxidative stress, with the ability to prevent the proliferation of the existing 

cancer cells. 

In previous studies, it was found that coumarins with hydrazide substituents show good 

antioxidative potential. [2] Additionally, in a study conducted by Angelova et al., it was found 

that some coumarin-hydrazone derivates show low in vitro DPPH radical scavenging ability, 

but at the same time excellent anticancer activity on different cell lines [3]. In this paper, the 

antioxidative and radical scavenging activity of some coumarin hydrazone derivates, 
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structurally similar to compounds from two aforementioned studies, was investigated. 

Structures of investigated compounds are presented in Scheme 1. 

 
Scheme 1: Structures of investigated compounds 

 

2. Materials and methods 

 

All calculations were carried out by using the Gaussian 09 software package. [4] The 

geometry optimization was obtained using the Density Functional Theory (DFT) method M06-

2X with basis set 6-311G++(d,p) and CPCM solvation model. Calculations were performed in 

ethanol, as a polar medium. First, the mechanistic pathway of antioxidative activity was 

investigated. Three main mechanisms are described by the following equations: 

HAT:       Ar-OH → Ar-O• + H+     (1)  

SET-PT:  Ar-OH → Ar-OH•+ + e─    (2)  

Ar-OH•+ → Ar-O• + H+                              (3) 

SPLET:   Ar-OH → Ar-O─ + H+      (4) 

    Ar-O─ → Ar-O• + e¯                  (5) 

The values of thermodynamic parameters that describe the antioxidative activity of 

investigated compounds are calculated from total enthalpies by applying the equations 6-10:  

 

BDE= H(Ar-O•)+H(H+)-H(Ar-OH)     (6) 

IP=H(Ar-OH•+)+H(e─)-H(Ar-OH)     (7) 

PDE=H(Ar-O•)+H(H+)-H(Ar-OH•+)    (8) 

PA=H(Ar-O-)+H(H+)-H(Ar-OH)    (9) 

ETE= H(Ar-O•)+ H(e─)-H(Ar-O-)              (10) 

Radical scavenging properties of the investigated compounds were investigated against the 

various radicals such as hydroxy (•OH), methoxy (•OCH3), ethoxy (•OCH2CH3), isopropiloxy 

(•OCH(CH3)2), terc-butoxy (•OC(CH3)3), and peroxy (•OOH) radical. Mechanisms of radical 

scavenging activity are described by the following equations: 

 

HAT: Ar-OH + RO• → Ar-O• + ROH    (11) 

SET-PT: Ar-OH + RO• → Ar-OH•+ + RO─   (12) 

Ar-OH•+ + RO─ → Ar-OH• + ROH                  (13) 

 SPLET: Ar-OH + RO─ → Ar-O─ + ROH     (14) 

Ar-O─ + RO• → Ar-O• + RO¯                    (15) 

where RO• denotes reactive oxygen species and where Ar-OH, Ar-O•, Ar-OH•+, and Ar-O– 

denote antioxidant, its radical, radical-cation and anion, respectively. 

Thermodynamic parameters that describe radical scavenging activity of investigated 

compound are calculated from total Gibbs energies using the following equations: 

ΔrGBDE=G(Ar-O•)+G(ROH)-G(Ar-OH)-G(RO•)   (16)  

ΔrGIP=G(Ar-OH•+)+G(RO─)-G(Ar-OH)-G(RO•)   (17)  

ΔrGPDE=G(Ar-O•)+G(ROH)-G(Ar-OH•+)-G(RO─)   (18) 

ΔrGPA=G(Ar-O─)+G(ROH)-G(Ar-OH)-G(RO─)   (19) 
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ΔrGETE=G(Ar-O•)+ G(RO─)-G(Ar-O─)-G(RO•)   (20) 

 

3. Results and discussion 

3.1. Antioxidative activity 

It can be expected from two compounds with similar structures to exhibit similar 

antioxidative activity. By investigation of the BDE values from Table 1, that statement could 

be confirmed. The only significant difference is present in position C2”-OH because hydrogen 

loss from this position is aggravated by the presence of a hydrogen bond between C2”-OH and 

carbonyl group in position C7”. However, if PA values are being examined it could be seen that 

the position of the OH group can make a significant difference.  

Firstly, it is important to notice that loss of a proton from an OH group is noticeably easier 

in position C4” than C2”. Partly it is a consequence of better charge delocalization, but mostly 

it is a consequence of the aforementioned hydrogen bond. A second important conclusion is 

that proton loss from the NH group is favoured in the case of the ortho positioned OH group. 

The reason is that hydrogen bond formation at the same time allows better charge 

delocalization, which leads to molecule stabilization, and prevents proton loss from the OH 

group. 

It is important to emphasize that a dominant mechanism of antioxidative activity will be 

SPLET followed by HAT, while SET-PT is a non-operative mechanism judging by the values 

of thermodynamic parameters that describe these mechanisms. 

 

Table 1. Thermodynamic parameters describing the mechanisms of antioxidative activity of 

investigated compounds (kJ/mol) 

 

 

 

 

 

 

 

3.2. Radical scavenging activity 

As can be expected from the results presented in the previous section, and according to the 

results from Table 2, SET-PT is not an operative mechanistic pathway of radical-scavenging 

reactions. That being said, negative ΔGBDE and ΔGPA values indicate that HAT and SPLET are 

thermodynamically possible mechanisms. The preferred mechanistic pathway depends on the 

structure of the radical species that are being inactivated, as well as the structure of the 

investigated antioxidant molecule. For hydroxy radical HAT and SPLET mechanisms are in 

competition, especially in the case of the inactivation by compound A. In the case of compound 

B, SPLET is a slightly less favourable mechanism.  

That being said SPLET is the dominant mechanism in the case of the inactivation of other 

investigated radical species. By careful examination of the ΔGBDE values, it can be noted that 

the favoured position for radical inactivation is C7”-NH. Interestingly, the differences between 

C7”-NH and hydroxy group are lower in the case when this group is found in para position, 

which makes these positions thermodynamically very similar. The situation is even more 

interesting when ΔGPA values are investigated. In the case of radical inactivation by compound 

A, C7”-NH is favoured, while the situation is reversed in the case of compound B.  

All alkoxy radicals preferably follow SPLET although the reactions are exothermic even 

by HAT mechanism. The ease of alkoxy radical inactivation increases with an increase in the 

number of methyl groups on the α-carbon atom, which is to be expected.  

Hydroperoxy radical can only be inactivated by following the SPLET mechanism.  

 

Position 
HAT SET-PT SPLET 

BDE IP PDE PA ETE 

Compound A 

C7”-NH 343 
542 

36 185 393 

C2”-OH 361 53 219 377 

Compound B 

C7”-NH 345 
532 

48 209 371 

C4”-OH 344 47 190 389 
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Table 2. Thermodynamic parameters describing radical scavenging activity of investigated 

compounds 

Radical Position 
HAT SET-PT SPLET 

Position 
HAT SET-PT SPLET 

ΔGBDE ΔGIP ΔGPDE ΔGPA ΔGETE ΔGBDE ΔGIP ΔGPDE ΔGPA ΔGETE 

Compound A  Compound B 

HO• 
C7”-NH -224 

153 
-377 -226 2 C7”-NH -225 

142 
-367 -200 -26 

C2”-OH -207 -360 -192 -15 C4”-OH -222 -364 -220 -2 

HOO• 
C7”-NH 18 

240 
-222 -71 89 C7”-NH 17 

229 
-212 -44 61 

C2”-OH 35 -205 -37 72 C4”-OH 20 -208 -65 85 

MeO• 
C7”-NH -54 

217 
-271 -120 66 C7”-NH -56 

205 
-261 -94 38 

C2”-OH -37 -254 -86 48 C4”-OH -52 -257 -114 62 

EtO• 
C7”-NH -55 

215 
-270 -119 64 C7”-NH -56 

204 
-260 -93 36 

C2”-OH -38 -253 -85 47 C4”-OH -53 -257 -113 60 

IpO• 
C7”-NH -62 

209 
-271 -120 58 C7”-NH -63 

198 
-261 -93 30 

C2”-OH -45 -254 -86 41 C4”-OH -59 -257 -114 54 

tBuO• 
C7”-NH -66 

208 
-274 -123 57 C7”-NH -68 

197 
-264 -97 29 

C2”-OH -49 -257 -89 40 C4”-OH -64 -261 -117 53 

 

4. Conclusions 

 

The antioxidative potential and preferred radical scavenging pathways of coumarin 

hydrazone derivatives were theoretically investigated by the density functional theory. The 

obtained results revealed that investigated compounds exhibit good antioxidative activity. In 

silico calculations indicated that for both examined compounds SPLET is the most probable 

mechanism and that this mechanism is in competition with HAT, while SET-PT was found to 

be a non-operative mechanistic pathway. 

 

References  

 

[1] Droge, Wulf. Free radicals in the physiological control of cell function. Physiological 

reviews 82, no. 1 (2002) 47-95. 

[2] Antonijević, Marko R., Dušica M. Simijonović, Edina H. Avdović, Andrija Ćirić, Zorica 

D. Petrović, Jasmina Dimitrić Marković, Višnja Stepanić, and Zoran S. Marković. Green 

One-Pot Synthesis of Coumarin-Hydroxybenzohydrazide Hybrids and Their Antioxidant 

Potency. Antioxidants 10, no. 7 (2021) 1106. 

[3] Angelova, Violina T., Nikolay G. Vassilev, Boryana Nikolova-Mladenova, Jasmina Vitas, 

Radomir Malbaša, Georgi Momekov, Mirjana Djukic, and Luciano Saso. Antiproliferative 

and antioxidative effects of novel hydrazone derivatives bearing coumarin and chromene 

moiety. Medicinal Chemistry Research 25, no. 9 (2016) 2082-2092. 

[4] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G.A. Petersson, et al., Gaussian 09, (2009) 

http://www.gaussian.com 

http://www.gaussian.com/


 

462 

 

1st International Conference on Chemo and Bioinformatics,  

October 26-27, 2021. Kragujevac, Serbia. 

 
doi:10.46793/ICCBI21.462M 

 

DIRECT SCAVENGING ACTIVITY OF 4,7-DIHYDROXYCOUMARIN 

DERIVATIVE TOWARDS SERIES OF CHLOROMETHYLPEROXY 

RADICALS  
 

Žiko B. Milanović1,2, Edina H. Avdović1, Marko R. Antonijević1,2, Zoran S. Marković1  

 
1 Institute for Information Technologies  

University of Kragujevac, Jovana Cvijića bb, 34000 Kragujevac, Serbia  

e-mail: ziko.milanovic@uni.kg.ac.rs , edina.avdovic@pmf.kg.ac.rs, zmarkovic@uni.kg.ac.rs   
2 Faculty of Science, 

University of Kragujevac, Radoja Domanovića 12, 34000 Kragujevac, Serbia 

e-mail: ziko.milanovic@uni.kg.ac.rs 

 

Abstract 
  

 In this study, the mechanisms of antiradical activity of the previously synthesized 4,7-

dihydroxycoumarin derivative:(E)-3-(1-((4-hydroxyphenyl)amino)ethylidene)-2,4-

dioxochroman-7-yl acetate (A-4OH) according to the series of chloromethylperoxy radicals: 
•OOCH2Cl (chloromethylperoxy), •OOCHCl2 (dichloromethylperoxy) and •OOCCl3 

(trichloromethyl peroxy) were investigated. To assess the mechanisms of antiradical activity of 

A-4OH against chloromethylperoxy radicals, the following mechanistic pathways were 

examined: Hydrogen Atom Transfer (HAT), Single-Electron Transfer followed by Proton 

Transfer (SET-PT), and Radical Adduct Formation (RAF). The investigations were performed 

in water using sophisticated computational methods. The results of the study show that the 

activity against selected radicals decreases in series •OOCCl3 > •OOCHCl2 > •OOCH2Cl. The 

results of thermodynamic and kinetic parameters indicate that A-4OH inactivates selected 

radicals via the HAT mechanism.  
 

Keywords: 4,7-dihydroxycoumarin, antiradical capacity, DFT.  

 

1. Introduction  

 

Hydroxycoumarins and their derivatives are widely spread in nature, being found as 

secondary metabolites in plants and some animal species. They show a series of a remarkable 

array of biochemical activities such as anti-inflammatory, anticancer, antiviral, anticoagulant 

as well as antioxidant activity [1]. Important biological activities of hydroxycoumarins might 

be a consequence of their antioxidant activities. High levels of free radicals, in the first line 

reactive oxygen species (ROS), cause significant damage to biological important 

macromolecules and contribute to the development of many diseases such as cancer, 

inflammation, diabetes, cataracts, autism, cardiovascular, and Alzheimer’s disease [2]. A very 

interesting, and poorly studied group of radicals, chloromethylperoxy radicals: •OOCH2Cl 

(chloromethylperoxy), •OOCHCl2 (dichloromethylperoxy), and •OOCCl3 (trichloromethyl 

peroxy) are generated in the organism during the metabolism of CCl4, a well-known liver toxin. 

Like most oxygen radicals, chloromethylperoxy radicals react with various biomolecules [3]. 

However, to the best of our knowledge, computational investigations regarding the reactivity 

of chloromethylperoxy radicals remain surprisingly scarce. 
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Fig. 1. Chemical structure of previously synthesized (left) and optimized structure (right) of (E)-3-

(1-(4-hydroxyphenyl) amino) ethylidene) -2,4-dioxochroman-7-yl acetate (A-4OH)  

 

For this reason, this study will examine the effect of a previously synthesized 4,7-

dihydroxycoumarin derivative:(E)-3-(1-((4-hydroxyphenyl)amino)ethylidene)-2,4-

dioxochroman-7-yl acetate (A-4OH) on the ability to inactivate a series of chloromethylperoxy 

radicals [4]. The research was performed from the thermodynamic and kinetic aspects using 

sophisticated computational methods. The obtained results represent the basis for the future 

comprehensive investigation of the mechanisms of antiradical action of newly synthesized 

derivatives of 4,7-dihydroxycoumarin. 

 

2. Methodology 

 

All calculations were performed by employing the Gaussian09 program package [5]. The 

structures of parent molecules, as well as of the corresponding species were optimized using 

quantum chemical calculations based on density functional theory, namely M06-2X functional 

in conjunction with 6-311++G(d,p) basis set (with polarization and diffuse functions included). 
The structures were optimized in water (ε = 78.36) approximated by the Conductor-like 

Polarizable Continuum Model (CPCM) without any geometrical constraints. The rate constants 

(k) were calculated using the conventional transition state theory (TST) or Eyring equation:  

B exp



 
  

 
 

a

TST

Gk T
k

h RT
     (1) 

where kB and h are the Boltzmann and Planck constants; ΔGа
≠ is the Gibbs free energy of 

activation. 

  

     (2) 

where σ represents the reaction path degeneracy, accounting for the number of equivalent 

reaction paths; and γ(T) accounts for tunneling corrections [6]. 

 

3. Results and discussion  

 

3.1 Thermodynamic approach  

 

The results of thermodynamic investigations are summarized in Table 1. Based on the 

obtained values, it is clear that HAT is the the only possible reaction mechanism in water. High 

endergonic values indicate that the A-4OH compound does not exhibit antiradical capacity 

against chloromethylperoxy radicals via the SET-PT and RAF mechanism. Expected, reactivity 

against selected radicals decreases in series •OOCCl3 > •OOCHCl2 > •OOCH2Cl. 
 

Table 1. Estimated values of Gibbs reaction energies (ΔrG) in kJ mol-1 for reactions between 

coumarin derivative (A-4OH) and different chloromethylperoxy radicals  

 

Radicals 
HAT 

ΔrGHAT 

SET 

ΔrGSET 

PT 

ΔrGPT 

B

_ 0 ( ) exp
 

  
 

ZCT

k T G
k T

h RT



Ž.B.Milanović, E.H.Avdović, Z.S.Marković, M. R. Antonijević, Direct scavenging activity of 4,7-

dihydroxycoumarin derivative towards series of chloromethylperoxy radicals 

464 

 

•OOCCl3  -19 104 -123 
•OOCHCl2 -11 129 -140 
•OOCH2Cl 5 175 -169 

Position 
RAF, ΔrGRAF 

•OOCCl3 •OOCHCl2 •OOCH2Cl 

C-5 60 63 77 

C-6 58 74 77 

C-7 52 59 80 

C-8 56 64 86 

C-9 60 66 68 

C-10 86 96 99 

C1’’ 59 66 70 

C2’’ 62 66 72 

C3’’ 57 67 80 

C4’’ 44 56 73 

C5’’ 54 70 80 

C6’’ 54 71 86 

 
 

3.2 Kinetic approach  

 

The thermodynamically favored HAT reaction pathway was subjected to kinetic 

investigations (identification of transition state geometries and estimated of kinetic parameters). 

The obtained results are presented in Table 2.  

The obtained values of the reaction rate constants decrease in series •OOCCl3 > •OOCHCl2 > 
•OOCH2Cl (Table 2) and are correlated with the trend of thermodynamic parameters (Table 1). 

This means that •OOCCl3 is the most potent investigation radical and that the A-4OH shows the 

best direct scavenging activity against this radical. 
 

Table 2. Estimated kinetic parameters: activation energies (ΔGa, kJ mol-1), reaction rate constants 

(M-1s-1) estimated by the conventional (TST) and Eckart method (kZCT_0)  

 

Radicals  ΔGa kTST kZCT_0 
•OOCCl3  66 4.14 × 102 6.45 × 103 

•OOCHCl2 71 4.70 × 101 2.91 × 103 
•OOCH2Cl 79 2.49 1.18 × 102 

 

The rate constants were estimated by the conventional (TST) and the Eckart (ZCT_0) 

method at different temperatures (100-500 K). The plots of the dependence of lnkTST and 

lnkZCT_0 on 1/T are presented in Fig. 2. The values of rate constants deviate significantly at all 

temperatures. This phenomenon is probably a consequence of the fact that the HAT mechanism 

includes light hydrogen atoms capable of penetrating activation barriers (tunneling effect). The 

difference between the values of kTST and kZCT_0 decreases with increasing temperature. The 

reason for this deviation lies in the fact that Eckart's method overestimates the rate constant at 

low temperatures due to tunneling effect. 
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Fig. 2. Comprehensive reaction profiles (up) and dependence of lnkTST (black) and lnkZCT_0 (red) on 

reciprocal temperature (down) for HAT mechanism: •OOCCl3 (a), •OOCH2Cl (b), •OOCHCl2 (c)  

 

 

3. Conclusions 

 

In this work, we investigated the direct scavenging activity of previously synthesized 

coumarin derivative towards series of chloromethylperoxy radicals by using sophisticated 

computational methods. The RAF and SET-PT reaction pathways are thermodynamically 

impossible because of the high ΔrG values. Estimated thermodynamic and kinetic parameters 

indicate that A-4OH can scavenge investigated chloromethylperoxy radicals through the HAT 

reaction pathway. The obtained results represent a significant basis for future studies of the 

comprehensive antiradical activity of the test compound. 
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Abstract: 

  

 In the present manuscript, the cytotoxic activity of flavylium cation substituted at 4-

position with phenyl (FC-4Ph) was tested to two cells lines (human colorectal carcinoma, 

HCT-116, and human fibroblast lung, MRC-5). In vitro cytotoxicity experiments were 

performed to elucidate the possible anticancer activity of tested substance. Investigated 

compound did not show cytotoxic effect on HCT-116 after 24 h, while after 72 h exerted 

significant effect. A significant selectivity towards colorectal carcinoma cells was observed. On 

the other hand, this compound did not show any effect on MRC-5 cell line. The molecular 

interactions between receptor tyrosine kinase (RTK) and title compound was examined. The 

crystal structure of investigated receptor RTK was downloaded from Protein Data Bank. The 

native bound ligand ((E)-[4-(3,5-difluorophenyl)-3H-pyrrolo[2,3-b]pyridin-3-ylidene](3-

methoxyphenyl)methanol was extracted from receptor and binding pocket analysis was 

performed. Re-docking was carried out with the FC-4Ph in order to generate the same docking 

pose as found in co-crystallized form of receptor. The obtained results of revealed that 

investigated compound binds at the same binding pockets to RTK, as well as native bound 

ligand, by weak non-covalent interactions. The most prominent interactions are hydrogen 

bonds, π-alkyl, and π-π interactions. The preliminary results suggest that investigated 

compound showed good binding affinity against RTK, as evident from the free binding energy 

(ΔGbind in kJ/mol). 
 

Keywords: cytotoxic activity, molecular docking, flavylium cation, receptor tyrosine kinase, 

free binding energy 

 

1. Introduction  

 

Anthocyanins, as an important subgroup of flavonoids, are the ubiquitous pigments of many 

plants, especially flowers and fruits. Significant properties of these compounds, like 

antioxidative, anticancer, anti-inflammatory and radical-scavenging activity, play vital role in 

the prevention of neuronal and cardiovascular diseases, cancer, diabetes, and other stress-

related and chronic diseases [1, 2]. Their physical-chemical properties have been largely 

investigated and are notably dependent on the nature and position of the functional groups 

attached to the skeleton [3]. It is known that influence of position C-4 is very dominant in the 

stabilization of these molecules [4]. Receptor tyrosine kinase (RTK) have been shown not only 

mailto:dejanm@uni.kg.ac.rs
mailto:marko.zivanovic@uni.kg.ac.rs
mailto:jelena.djorovic@uni.kg.ac.rs
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to be key regulators of normal cellular processes but also have a critical role in the development 

and progression of many types of cancer [5].  

In this work, in vitro cytotoxic effect of flavylium cation substituted at 4-position with 

phenyl (FC-4Ph) (Figure 1) that have been previously published in Ref. [6] was examined. The 

effective binding of this compound to RTK was investigated by a molecular docking study. 

 

 
Fig. 1. Optimized structure of 4-substituted flavylium cation with phenyl, FC-4Ph. 

 

2. Methods 

 

2.1 In vitro cytotoxic assay 

The human epithelial cell line derived from the colorectal carcinoma, HCT-116 and human 

fibroblast lung MRC-5 cell lines were obtained from American Tissue Culture Collection 

(ATCC). The cells were cultured in DMEM supplemented with 10% FBS, 100 IU/mL 

penicillin, 100 μg/mL streptomycin, 1% 100x ZellShield at 37 °C in a humidified atmosphere 

with 5% CO2. 

The cells were seeded in 96-well plates at density of 104 cells/well. The standardized 

protocol for MTT assay was used and is well described in our previous study [7]. Cytotoxic 

effect was calculated 24 and 72 h from treatment by estimation of the number of viable cells. 

The absorbance measured at 550 nm was performed on a microplate reader (Rayto 2100C). 

 

2.2 Molecular docking 

The binding affinity of the title compound (Figure 1) against the RTK receptor was estimated 

using the molecular docking. The crystal structure of this receptor was downloaded from RCSB 

Protein Data Bank in PDB format (PDB ID: 3GQL). The binding pockets and sites of the target 

receptor were determined. The AMDock program [8] was employed for this purpose. The 

protein was arranged in Discovery Studio 4.0 [10] for molecular docking. Investigated ligand 

(Figure 1) was prepared for docking by minimizing their energy as described in Ref. [6]. The 

structure of the ligand was set to be routable in the ADT program, while the protein was kept 

as a rigid structure. The Lamarckian Genetic Algorithm (LGA) method was used for protein-

ligand flexible docking. The gridcenter with dimensions 47.507 × -5.149 × -0.419 Å3 in -x, -y, 

and -z direction of RTK receptor was used to cover the protein binding site and accommodate 

ligand to move freely. A gridpoint spacing of 0.375 Å was employed for auto grid runs. The 

AutoDock 4.2 software [11] was employed to examine the binding affinity of investigated 

compound.  

 

3. Results and discussion 

 

3.1 Cytotoxic activity 

Cytotoxicity results are presented in two ways. One is presented via IC50 values after 24 and 72 

h of treatment (Table 1) and the other is a graphical representation of viability versus dose of 

the substance (Figure 2). From the results presented in Table 1, we concluded that on HCT-116 

cells after 24 h from treatment, FC-4Ph showed no cytotoxic effect, while after 72 h FC-4Ph 

exerted significant effect. In this sense, the tested substance show a decrease in cell viability on 

HCT-116 cell in a dose-dependent manner after 72 h (Figure 2). On the other hand, analyzing 

the effect on healthy cells lines, MRC-5, we concluded that FC-4Ph showed no cytotoxic effect 

(Table 1 and Figure 2). 
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Table 1. The cytotoxic effects of investigated compound after 24 and 72 h of treatment. 

IC₅₀, µM 
HCT-116 MDA-MB-231 MRC-5 

24 h 72 h 24 h 72 h 24 h 72 h 

FC-4Ph >500 43.37 >500 >500 

 

 
Fig.2. Graphical representation of viability versus dose of the substance 

 

3.2 Active site confirmation and Molecular docking analysis 

 

The protein-ligand interactions between investigated compound and amino acids in the active 

site of the RTK receptor were examined using molecular docking. The bound native ligand 

(substrate) was extracted from the RTK receptor and binding pocket analysis was carried out. 

After that, the FC-4Ph were docked at the binding site of the RTK receptor to generate the 

same docking pose as found in its co-crystallized form. The obtained results of molecular 

docking studies revealed that investigated compound bind to the same amino acids in the active 

site of RTK (Figure 3). The amino acids such as GLN, ARG, GLU and GLU in positions 680, 

470, 464, and 612 in the primary structure of the RTK receptor chain have a predominant role 

as the active site of this receptor regarding investigated ligand. These amino acids form strong 

hydrogen bonds (bond lengths range from 1.66 to 2.0 Å, Figure 3) with ligand, while others 

amino acids form weak π-cation, π-π and alkyl-π interactions. The FC-4Ph strongly bind to the 

target receptor as evident from the free binding energy (ΔGbind=-31.0 kJ/mol). The largest 

quantitative contribution of ΔGbind derived from ΔGvdw+hbond+desolv (ΔGvdw+hbond+desolv =-30.3 

kJ/mol), which is in correlates with the large number of conventional hydrogen bonds achieved 

between target receptor and investigated ligand.  

 
Fig. 3. Predicted binding interactions between investigated molecule and native ligand (substrate) and 

the RTK receptor. 

 

3. Conclusions 

 

The cytotoxic activity was more pronounced in the case of FC-4Ph towards HCT-116 cell 

line, however, the same compound is not active against normal human healthy fibroblast and 

human breast cancer. The molecular docking results proved that the obtained compounds bind 

to the same amino acids (GLN680, ASP554, ALA615, THR746, ARG470, and GLU612) of 

RTK receptor as the native ligand, (E)-[4-(3,5-difluorophenyl)-3H-pyrrolo[2,3-b]pyridin-3-

ylidene](3-methoxyphenyl)methanol, substrate. The most important interactions are hydrogen 

bonds, π-alkyl, and π-π interactions. Observed inhibition of RTK by investigated compound 
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could be the main cause of the observed cytotoxic effects. It could be of significant interest to 

focus our further investigations in the direction of determination of the possible pathway of 

RTK inhibition by 4-substituted flavylium salt.  
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Abstract: 

  

The aim of this study was to predict the molecular mechanisms and pathways of 

immunomodulator sulforaphane (SFN) against carcinoma using in silico toxicogenomic data 

mining. Three key tools applied in our analysis were Comparative Toxicogenomics Database 

(CTD; http://CTD.mdibl. org), ToppGene Suite portal (https://toppgene.cchmc.org) and 

Reactome Knowledgebase (https://reactome.org). Sulforaphane interacted with a total of 1896, 

among which NFE2L2, NQO1, HMOX1, GCLC, TXNRD1, IL1B, IFNG, AGT, KEAP1, and 

CASP3 had the highest number of interactions. In the CTD, there were direct evidences that 

SFN interacts with a total of 169 genes to express a therapeutic effect against different types of 

cancer such as: hepatocellular carcinoma (113), colorectal neoplasms (67), uterine cervical 

neoplasms (10), and adenomatous polyposis coli (4). This set of genes was further uploaded 

into the Gene Mania software, ToppGene Suite portal, and Reactome Knowledgebase, which 

confirmed that molecular functions, biological processes and pathways of SFN-affected genes 

were mostly related to oxidoreductase activity, regulation of immune system, and apoptosis. In 

conclusion, we may suggest that SFN interacts with host immunity to enhance the eradication 

of tumor cells mainly by inducing immune-response and stimulating apoptotic process of tumor 

cells. Moreover, its antioxidative activity could contribute to better anti-cancerogenic effects.  

 

Key words: bioinformatics, carcinoma, sulforaphane, data mining, toxicogenomics 

 

1. Introduction  

 

 Cancer has emerged as a serious public health issue, accounting for one of the major 

causes of mortality throughout the world [1,2]. Treatments for malignant tumour include 

radiation, surgery, and drug therapy with their own risks, particularly when it comes to 

chemotherapy. Despite the fact that, in some cases, chemotherapy is effective in the cancer 

treatment, drug resistance and serious side effects, such as liver damage, bone marrow 

suppression, and neurotoxicity, often lead to treatment failure [3]. Therefore, there is a necessity 

for more effective drugs with fewer side effects in comparison to existing therapy. In relation 

to this fact, phytochemicals, such as sulforaphane (SFN, an isothiocyanate compound present 

in cruciferous vegetables), are receiving great attention, due to their ability to modulate multiple 

targets involved in the carcinogenetic process [4]. There is a body of evidence showing that 

SFN
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exhibits inhibitory effects on the progression of promyelocytic leukaemia, skin, bladder, 

prostate, colon, pancreatic, liver, lung, nasopharyngeal, ovarian, breast and cervical cancer 

[3,4].  

 The aim of this study is to predict the molecular mechanisms and pathways of an 

immunomodulator SFN against carcinoma using in silico toxicogenomic data mining. 

 

2. Bioinformatic analysis 

 

 Three key tools applied in our analysis were Comparative Toxicogenomics Database 

(CTD; http://CTD.mdibl. org), ToppGene Suite portal (https://toppgene.cchmc.org) and 

Reactome Knowledgebase (https://reactome.org). The CTD was chosen as the main data 

resource considering that it focuses on environmental chemicals and outcomes that are crucial 

to human health, while relevant genes/proteins are only included in this database if they are 

also found in humans [5]. GeneMANIA (http://genemania.org) is a versatile, user-friendly 

online tool for developing gene function hypotheses, evaluating gene lists, and selecting genes 

for functional analyses. GeneMANIA uses a plethora of genomics and proteomics data to 

discover functionally comparable genes given a query gene list [6]. ToppGene Suite is online 

software that combines functional annotations with a protein interactions network to enhance 

gene lists and prioritize candidate genes. Its ToppFun function 

(https://toppgene.cchmc.org/enrichment.jsp) generates functional enrichment for inserted gene 

lists [7]. The Reactome Knowledgebase offers molecular details of signal transduction, 

transport, DNA replication, metabolism, etc. and serves as a repository for biological processes 

as well as a tool for identifying functional links in data such as gene expression profiles. 

Moreover, Reactoame can be used for pathway enrichment analysis based on the inserted gene 

set [8].   

  

3. Results  

 

 Comparative toxicogenomic database was used for detection of SFN-interacting genes 

which may be responsible for SFN mediated anticancer effects. The database was firstly 

browsed to collect the total amount of genes (1896) reported to interact with SFN, among which 

NFE2L2, NQO1, HMOX1, GCLC, TXNRD1, IL1B, IFNG, AGT, KEAP1, and CASP3 were 

retrieved as genes with the highest number of interactions. Next, we filtered the obtained results 

by using cancer as a disease category. In the CTD, there were direct evidences that SFN 

interacts with certain genes to express a therapeutic effect against different types of cancer such 

as: hepatocellular carcinoma (113), colorectal neoplasms (67), uterine cervical neoplasms (10), 

and adenomatous polyposis coli (4), while some studies reported its anti-cancerogenic effects 

against other cancer types as well. We extracted all of these genes in order to determine 

molecular mechanisms and pathways which may be crucial for antitumor effects of SFN.  

 

Table 1. 5 most relevant GO (molecular functions and biological processes) connected to 

sulforaphane protective effects against and carcinoma, sorted by the p-value (ToppGene 

Suite) 

 
 GO terms pValue 

Molecular 

functions 

oxidoreductase activity 1,85E-10 

transcription factor binding 4,45E-08 

protein kinase binding 7,57E-08 

kinase binding 2,37E-07 

antioxidant activity 4,30E-07 

Biological 

processes 

regulation of cell death 1,69E-28 
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 regulation of apoptotic process 2,70E-27 

negative regulation of cell death 5,03E-27 

response to oxygen-containing compound 4,06E-26 

 

The total of 169 genes was uploaded to Gene Mania software to detect their mutual 

interactions: 47.94% of the genes were in co-expression, while 30.92% were in physical 

interactions. Moreover, 7% of gene-gene interactions from our set were co-localization, while 

6.94% interactions were predicted by softwar. Furthermore, molecular functions and biological 

processes were predicted with ToppGene ToppFun function.  The top 5 GO terms are listed in 

the Table 1. For pathway enrichment analysis we used Reactome, which helped us gain 

mechanistic insight into SFN-mediated antitumor response. The 25 most relevant pathways, 

sorted by the p-value, were involved in Immune System regulation, Gene Transcription, Cell 

Cycle, Cellular responses to stress, and Apoptosis, while the top 10 are listed in the Table 2. 

 
Table 2. 10 most relevant enriched pathways connected to sulforaphane protective effects 

against and carcinoma, sorted by the p-value (Reactome Knowledgebase) 

 
Enriched pathways pValue 

Interleukin-4 and Interleukin-13 

signaling 

1.11e-16 

Signaling by Interleukins 1.11e-16 

Generic Transcription Pathway 4.06e-14 

Cytokine Signaling in Immune 

system 

2.39e-13 

RNA Polymerase II Transcription 2.70e-12 

Gene expression (Transcription) 7.06e-11 

Interleukin-10 signaling 1.26e-10 

Cell Cycle, Mitotic 1.47e-10 

Intrinsic Pathway for Apoptosis 3.61e-10 

TP53 Regulates Transcription of Cell 

Cycle Genes 

4.34e-10 

 

4. Discussion 
 

 Sulforaphane is well known immune modulating agent, with increasing number of 

evidences suggesting its anti-tumor characteristics [9–11]. However, the detailed mechanism 

behind this SFN-medicated effect is not fully understood. Therefore, we aimed to decode 

molecular mechanisms and pathways of this molecule by using data-mining approach.  

As expected, SFN was reported to interact with 1896 genes, among which, genes with the 

highest impact were related to the reactions of oxide-reduction (NQO1, KEAP1, TXNRD1), 

inflammation (IL1B, IFNG), and apoptosis (CASP3). Interestingly, CTD data-mining analysis 

has shown that almost 9% of the SNF-interacting genes (169) were reported as therapeutic 

targets for distinct cancer types, such as: hepatocellular carcinoma, colorectal neoplasms, 

uterine cervical neoplasms, and adenomatous polyposis coli. Thus, these genes were in the 

focus of our further research. We firstly preformed GO analysis which confirmed that molecular 

functions of SFN-affected genes are related to oxidoreductase activity, transcription factor 

binding, protein kinase binding, antioxidant activity, and others, while they regulate biological 

processes such as: regulation of cell death, regulation of programmed cell death, and response 

to oxygen-containing compound to name a few. Finally, pathway enrichment analysis pointed 

out the importance of our set of genes in regulation of immune system, gene transcription, cell 

cycle, cellular responses to 
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stress, and apoptosis. In more details, SFN-interacting genes, related to the treatment of cancer 

enriched interleukin signaling and thus, stimulation of immune response, together with 

amplification of intrinsic apoptotic pathway, and TP53-regulates transcription of cell cycle 

genes. In case of an irreversible damage, TP53 can induce transcription of an RNA binding 

protein PCBP4, which can bind and destabilize CDKN1A mRNA, thus alleviating G1 arrest 

and directing the affected cell towards G2 arrest and, possibly, apoptosis [12,13]. 

 

5. Conclusion 

 

 Our in silico analysis has indicated that, out of all the extracted genes with which SFN 

interacts, 9% had anti-carcinogenic activity, among which majority were in co-expression. 

Additionally, the most of these genes were related to hepatocellular carcinoma. We may suggest 

that SFN interacts with host immunity to enhance the eradication of tumor cells mainly by 

inducing immune-response and stimulating apoptotic process of tumor cells. Moreover, its 

antioxidative activity could contribute to better anti-cancerogenic effects. 
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