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Investigating the therapeutic potential of monothiocarbohydra-
zones: A comprehensive in vitro evaluation of antioxidant, 

antimicrobial and cytotoxic activities 
GORANA S. MRĐAN1*#, SANJA S. VLAISAVLJEVIĆ1, PETAR N. KNEŽEVIĆ2, 

ISIDORA N. NIKOLIĆ2, DINA G. TENJI2 and BORKO M. MATIJEVIĆ1# 
1University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry and 

Environmental Protection, Novi Sad, Serbia and 2University of Novi Sad, Faculty of Sciences, 
Department of Biology and Ecology, Novi Sad, Serbia 

(Received 1 February, revised 21 May, accepted 22 September 2024) 

Abstract: Organic compounds, particularly those with nitrogen and sulphur het-
eroatoms, constitute over 99 % of clinically approved drugs. Among these, 
thiocarbohydrazones have been extensively studied, with a focus on symmet-
rical bis-substituted compounds. However, asymmetric and monosubstituted 
thiocarbohydrazones remain underexplored, despite their demonstrated high 
biological potential. This study presents an in-depth in vitro evaluation of the 
antioxidant, antimicrobial, and cytotoxic properties of eighteen previously syn-
thesized and characterized monothiocarbohydrazones. The antioxidant poten-
tial was assessed using the DPPH assay, while the antimicrobial activity was 
determined against Gram-positive bacteria using a modified broth microdil-
ution susceptibility method. The cytotoxic effect was evaluated on human hep-
atocellular carcinoma using the colorimetric MTT assay. The results reveal that 
the investigated monothiocarbohydrazones exhibit significant antioxidant and 
antimicrobial activities. Furthermore, their activity and cytotoxicity are influ-
enced by the stereochemistry of the molecule and the nature and position of the 
substituents. These findings provide valuable insights for future in vivo exam-
inations and underscore the potential of monothiocarbohydrazones in drug dev-
elopment. 

Keywords: antimicrobial agents; antioxidant activity; biological activity; cyto-
toxicity; thiocarbohydrazones. 

INTRODUCTION 
Thiocarbohydrazones (TCHs) belong to a class of compounds obtained by 

condensation of thiocarbohydrazide with different types of carbonyl-based com-
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2 MRĐAN et al. 

pounds. The first synthesis of these derivatives was reported in 1925,1 but most 
studies were conducted from the late 1970s when thiocarbohydrazide became 
commercially available.2 At the very beginning TCHs have mostly been used in 
analytical chemistry as spectrophotometric reagents for the determination of ele-
ments such as palladium, ruthenium, iridium, gallium, zinc, etc.3–6 Today some 
of them are also used for analytical research,7–9 but most studies on thiocarbo-
hydrazones are concerning their potential biological activity. The majority of the 
compounds tested so far belong to bisubstituted TCHs mainly derived from isa-
tin, pyridyl, salicylaldehyde and related carbonyl compounds. They have proven to 
be excellent antioxidant,10–16 antimicrobial,10,17–20 antiviral,21 anticancer,22–24 
and antitumor25 agents. On the other hand, monosubstituted TCHs are much less 
investigated, although some studies confirm their exceptional biological activity 
too, somewhere even more significant regarding analogous bisubstituted derivat-
ives.20–22 Continuing our work on monothiocarbohydrazones (mTCHs) where 
we have published synthesis and physicochemical characterization of eighteen 
compounds,26 in this paper we present the results of the investigation on their 
potential biological activity. The antioxidant and antimicrobial activities of eigh-
teen mTCHs were evaluated, along with their cytotoxic effects, using the human 
hepatocellular carcinoma HepG2 cell line, a standard model in toxicity assays, 
representing the liver, the primary organ responsible for biotransformation and 
detoxification of numerous xenobiotics.27,28 

EXPERIMENTAL 
Synthesis and structures of mTCHs 

All thiocarbohydrazone derivatives tested within this paper were previously synthesized 
and characterized by Mrđan et al. 2021.26 Structures and numbering of these compounds are 
presented in Table I.  

TABLE I. Structures and numbering of thiocarbohydrazones 

Compound R 
1 H 
2/3/4 –OH 
5/6/7 –CH3 
8/9/10 –NO2 
11/12/13 –OCH3 
14/15 –Cl 
16/17 –Br 
18 –F 
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 BIOLOGICAL ACTIVITY OF SELECTED MONOTHIOCARBOHYDRAZONES 3 

Evaluation of antioxidant activity 
The antioxidant activity of selected thiocarbohydrazones was evaluated using 2,2-di-

phenyl-1-picryl hydrazyl (DPPH) assay. The measurements were performed according to the 
early described spectrophotometric method with some modifications.29 The stock solutions of 
TCHs were prepared in DMSO at a concentration of 5 mg mL-1. After 30 min of incubation, 
the absorbance was measured at 515 nm. All the measurements were performed in triplicate. 
Results obtained were expressed as Trolox equivalent capacity per gram of dry weight of the 
tested solutions (mg TE/g d.w.). 
Antimicrobial agents 

Eighteen different compounds of mTCH were dissolved in 100 % dimethyl sulphoxide 
(DMSO) to prepare the stock solutions with a concentration of 20 mg mL-1. The stock sol-
utions were stored at room temperature. The final concentration of DMSO was not more than 
1 % in broth. 
Bacterial strains and culture conditions 

Four reference Gram-positive bacteria: Staphylococcus aureus (ATCC 25923), Listeria 
monocytogenes (ATCC 19111), Enterococcus faecalis (ATCC 2912) and Bacillus subtilis 
(ATCC 6633) were used in antimicrobial tests. The overnight cultures were grown at 37 °C on 
Muller–Hinton agar (MHA), except L. monocytogenes and E. faecalis which were grown on 
Brain–Heart infusion agar (BHIA).  
Antibacterial activity of monothiocarbohydrazones  

The modified broth microdilution susceptibility method was used to determine the anti-
bacterial activity of monothiocarbohydrazones (CLSI 2015). The serial dilutions of tested 
agents were prepared in a 96-well microtiter plate ranging from 128 to 2 μg mL-1 (DMSO 
concentration in the final volume was ≤ 0.8 %). The overnight cultures were used for pre-
paring bacterial suspensions by adjusting the optical density of 0.5 using McFarland densito-
meter (Biosan, Latvia). Muller–Hinton (MHB) and Brain–Heart infusion broth (BHIB) were 
used in all experiments. The bacterial suspensions were diluted with MHB or BHIB (1:100 
volume ratio) to achieve the inoculum density of approximately 2.0×106 CFU mL-1. After the 
addition of equal volumes of the previously prepared inocula (1:1 volume ratio) to each well, 
the final bacterial count was approximately 1×106 CFU mL-1. The microtiter plates were 
incubated for 24 h at 37 °C. Each experiment was performed in triplicate, in at least two inde-
pendent repeats and results were presented as the geometric mean of the obtained values. 
Cell culture 

Human hepatocellular carcinoma HepG2 (European Collection of Authenticated Cell 
Cultures, ECACC 85011430, Salisbury, UK), cells were grown in minimum essential medium 
eagle (MEM, Sigma) growth medium, containing 10 % FBS (Gibco), sodium bicarbonate, 
penicillin/streptomycin, sodium pyruvate (0.11 g/L) and 10 mM HEPES buffer. The cell cul-
ture process followed conditions and protocol previously described by Vulin et al. 2022.30 
Cytotoxicity assay 

The cytotoxic effect of tested substances was assessed using a colorimetric MTT assay. 
For the experiments, HepG2 cells were seeded at a density of 20.000 cells/well in 96-well 
plates and incubated overnight before the treatment with test substances. After the 24 h incub-
ation period, the test medium was replaced with MTT (final concentration 0.5 mg mL-1 in 
growth medium) and incubated for an additional 3 h, followed by the medium removal. The 
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4 MRĐAN et al. 

formazan crystals were dissolved in 0.04 M HCl in isopropanol. The optical density was mea-
sured at 540 and 690 nm, using a Multiskan™ GO microplate spectrophotometer (Thermo 
Scientific). The activity of mitochondrial dehydrogenase (%) was calculated from the absor-
bances. The cell viability (CV) was expressed in percentages and calculated from the absor-
bances according to the formula:  

 Tested supstance

Control

1
100 100

A
CV

A
−

= −  (1) 

where ATested substance and AControl represent the absorbances measured in the experimental and 
control wells, respectively. Hence, the values of the control are presented as 100 %. 

Each concentration of all tested substances was examined in hexaplicates, in three inde-
pendent experiments including treatment-free control (growth medium), solvent controls and 
blank wells (cell free wells). The final concentration of DMSO in treatments did not exceed 
1 % and did not result in any background response. 

EC50 value was calculated based on dose-response data using concentrations of the tested 
substances and the corresponding effects on cell growth in GraphPad Prism 6 (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). The dose-response curve was determined using the log inhi-
bitor vs. normalized response-variable slope procedure.31 

RESULTS AND DISCUSSION 

Antioxidant activity of monothiocarbohydrazones 
Many diseases occur as a result of oxidative stress, which represents an 

imbalance between free radicals and antioxidants present in the body. Antioxi-
dants are substances that counteract and stop the action of free radicals by creat-
ing products that are non-toxic and do not cause damage to cellular structures or 
cells. One of the most used in vitro assays for the determination of the free-rad-
ical scavenging activity is the DPPH assay, applied in this paper. Eighteen com-
pounds of monothiocarbohydrazones were tested and the results obtained are 
presented as mg of Trolox equivalents (TE) per g of dry weight (mg TE/g d.w.). 
The obtained values are shown in Table II.  

TABLE II. Results of DPPH assay (mg TE/g d.w.) for monothiocarbohydrazones 
Compound Value Compound Value Compound Value 
1 152.85±0.08 7 106.63±0.06 13 155.30±0.04 
2 145.50±0.04 8 151.86±0.10 14 156.06±0.06 
3 156.51±0.11 9 103.89±0.09 15 159.50±0.09 
4 153.57±0.05 10 152.88±0.08 16 114.03±0.02 
5 152.01±0.05 11 152.72±0.05 17 95.50±0.02 
6 153.39±0.02 12 113.54±0.03 18 152.03±0.06 

In general, all the examined compounds have shown great antioxidant act-
ivity in the range from 95 to 160 mg TE/g d.w.  

It is well known that the effectiveness of a compound as an antioxidant can 
depend on its structure, i.e. the position and type of substituent present. As can be 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 BIOLOGICAL ACTIVITY OF SELECTED MONOTHIOCARBOHYDRAZONES 5 

seen from Table II the compounds 14 and 15 have shown the highest activity 
with chlorine as a substituent. The previous studies of structurally similar com-
pounds have shown that derivatives with halogen substituents, especially chlor-
ine, stand out with the highest activity.10,14,32 Compound 18 with fluorine as a 
substituent has also exhibited significant activity, while the compounds with 
bromine (16 and 17) have less antioxidant power. Compounds 13 (4-OCH3) and 
3 (3-OH) also have great scavenging capacity, which is in agreement with studies 
where the compounds with these two functional groups also stand out as great 
antioxidants.15,16,33  
Antimicrobial activity of monothiocarbohydrazones 

Our previous studies showed that monothiocarbohydrazones are active only 
against Gram-positive bacteria, so in the present study, we focused on this group 
of microorganisms. It is known that gram-negative bacteria easily bypass the 
action of most drug molecules because of their unique outer membrane, that acts 
as a potent barrier restricting the entry of compounds into the cell. Low mole-
cular weight and low lipophilicity are identified as two important parameters to 
enhance drug entry into Gram-negative bacteria.34 Thus, high lipophilic nature of 
examined monothiocarbohydrazones could render them inactive in Gram-negat-
ive bacteria. As can be seen from Table III, the selected mTCHs showed activity 

TABLE III. Susceptibility (MIC / μg mL-1) of selected Gram-positive bacteria to monothio-
carbohydrazones 

mTCH 
Bacteria 

S. aureus 
(ATCC 25923) 

L. monocytogenes 
(ATCC 19111) 

E. faecalis 
(ATCC 2912) 

B. subtilis 
(ATCC 6633) 

1 >128 >128 >128 45 
2 64 >128 >128 45 
3 64 >128 >128 45 
4 128 >128 >128 23 
5 32 >128 >128 32 
6 32 >128 >128 16 
7 32 >128 >128 32 
8 >128 >128 >128 >128 
9 >128 >128 >128 >128 
10 128 >128 >128 45 
11 64 >128 >128 23 
12 >128 >128 >128 64 
13 >128 >128 >128 76 
14 32 >128 >128 23 
15 16 >128 >128 27 
16 >128 >128 >128 >128 
17 >128 >128 >128 54 
18 32 >128 >128 64 
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6 MRĐAN et al. 

against S. aureus and B. subtilis, but not against L. monocytogenes and E. face-
alis at the highest applied concentration (128 µg mL−1). This difference in sus-
ceptibility can be a consequence of different medium application since both res-
istant bacteria were grown using BHIA. As BHIA contains calf brain and beef 
heart extracts, it is possible that the extracts contain components that react with 
mTCHs and neutralize them. In order to confirm this assumption some of the 
compounds were examined again against S. aureus and B. subtilis, but now the 
bacterial suspension was prepared in BHIA, and the obtained results are pre-
sented in Table IV. MIC values were higher, compared to the previous results. It 
can be concluded that the use of BHIA leads to a decrease in mTCHs activity, 
probably due to the inhibition by broth components and this can be the reason 
why there is no activity against L. monocytogenes and E. faecalis. Considering 
that these two bacterial species grow poorly in MHA and that BHIA affects the 
activity of the given compounds, it is necessary to find an alternative broth that 
would support growth and not affect the activity of the compounds in order to 
precisely determine the MIC values. 

TABLE IV. Susceptibility (MIC / μg mL-1) of S. aureus and B. subtilis (BHIA) to selected 
mTCHs 

mTCH 
Bacteria 

S.aureus (ATCC 25923) B. subtilis (ATCC 6633) 
3 128 >128 
4 >128 >128 
5 >128 >128 
6 128 >128 
7 >128 >128 
11 >128 >128 
14 128 128 
18 >128 >128 

The antibacterial activity of mTCHs against S. aureus and B. subtilis (Table 
III) can be ascribed to their lipophilic nature and easier penetration into the 
cells17,35 and/or oxidation of thiono group by hydrogen peroxide and formation 
of toxic reaction compounds.36,37 In general mTCHs have shown good activity 
against S. aureus and B. subtilis. The most active compounds were compounds 
14 and 15 which have chlorine as a substituent. In previous studies36,37 it has 
been proven that the compounds with halogen elements as substituents show high 
activity against bacteria. This trend also follows compound 18 with fluorine as a 
substituent (MIC 32 and 64 μg mL–1), but it does not the compounds 16 and 17 
that contain bromine. Significant activity have also shown the compounds 2–4 
with OH-group as a substituent (2-OH, 3-OH and 4-OH, respectively) and com-
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 BIOLOGICAL ACTIVITY OF SELECTED MONOTHIOCARBOHYDRAZONES 7 

pounds 5–7 with CH3-group as a substituent (2-CH3, 3-CH3 and 4-CH3, respect-
ively). 

Cytotoxicity of monothiocarbohydrazones  
The cytotoxicity of mTCHs was evaluated using the HepG2 cell line, with 

effective concentrations (EC50) ranging from 20.12 to 138.04 µg mL–1 (Table V). 

TABLE V. Effective concentrations (EC50) of tested mTCHs for HepG2 cell line 
Compd. EC50 / µg mL-1 r2 Compd. EC50 / µg mL-1 r2 
1 36.22 0.960 10 88.94 0.901 
2 34.67 0.980 11 50.12 0.926 
3 109.65 0.950 12 44.17 0.980 
4 138.04 0.962 13 70.78 0.880 
5 28.84 0.994 14 133.80 0.939 
6 43.71 0.936 15 27.54 0.970 
7 29.51 0.986 16 32.20 0.980 
8 20.12 0.990 17 29.76 0.980 
9 36.16 0.840 18 120.23 0.963 

The results showed that the cytotoxicity of thiocarbohydrazones varied dep-
ending on the nature of the substituents and other factors. The most cytotoxic 
compound was compound 8, which had an –NO2 group, with an EC50 of 20.12 
µg mL–1. This substituent is a strong electron-withdrawing group that can inc-
rease the intramolecular charge transfer and the lipophilicity of the thiocarbohyd-
razone molecule, which may enhance its cellular uptake and interaction with 
DNA. Moreover, this group can act as a redox-active centre that can induce 
oxidative stress in cells, leading to apoptosis.40,41 However, the compounds 9 
and 10 with the same –NO2 group showed weaker cytotoxicity, suggesting other 
influencing factors. 

The compounds 5–7, with –CH3 group as a substituent, also showed sig-
nificant cytotoxicity in the lowest tested concentration (8 μg mL–1). This group is 
a weak electron-donating group that can also increase the intramolecular charge 
transfer and the lipophilicity of the thiocarbohydrazone molecule, which may 
facilitate its cellular uptake and interaction with DNA.42 In addition, this group 
can act as a methylating agent that can transfer a methyl group to nucleophilic 
sites on DNA, RNA or proteins, causing DNA damage and apoptosis.39 

The least cytotoxic compound was 4, which had an –OH group as a sub-
stituent. This group is a weak electron-donating group that can decrease the intra-
molecular charge transfer and the lipophilicity of the thiocarbohydrazone mole-
cule, which may hinder its cellular uptake and the interaction with DNA.40 Fur-
thermore, this group can act as a hydrogen bond donor that can form intermole-
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cular interactions with water molecules and increase the solubility of the thiocar-
bohydrazone compound, which may reduce its bioavailability and efficacy.41 

These results suggest that the cytotoxicity of thiocarbohydrazones is influ-
enced by several factors. Previous studies have reported that some of these fac-
tors, including the nature and position of the substituents, the stereochemistry and 
conformation of the molecules, the cell line used for testing and the metal com-
plexation of the ligands may modulate the physicochemical and biological pro-
perties of thiocarbohydrazones and their metal complexes, affecting their mole-
cular interactions and biological activities.15,40–42 Thiocarbohydrazones have 
been tested for cytotoxicity on various, both cancer and non-cancer cell lines in 
different studies such as mouse fibroblast 3T3 cell line, human erythroleukemia 
HEL cell line, human normal keratinocyte NCTC-2544, MDA-MB-231 breast 
cancer and PC-3 human prostate adenocarcinoma cell lines, showing higher cyto-
toxic potential in cancer call lines.43,44 Therefore, the difference between com-
pounds with the same substituent on the same places suggest the need for further 
elucidation of the exact molecular targets and pathways involved in the cytotoxic 
effect. 

CONCLUSION 

In this paper, the results of the investigation on the potential biological act-
ivity of eighteen monothiocarbohydrazones were presented. The antioxidant and 
antimicrobial activity of mTCHs was evaluated, as well as their cytotoxic effect. 
Using the DPPH assay, it was concluded that all examined compounds have great 
antioxidant activity. The highest activity has shown compounds with chlorine as 
a substituent, in agreement with previous studies. Compounds with fluorine, 
methoxy and hydroxyl groups also show excellent activity. Antimicrobial exam-
inations showed that mTCHs have activity against S. aureus and B. subtilis, but 
not against L. monocytogenes and E. faecalis. The results obtained showed that 
the use of BHIA leads to a decrease in mTCHs activity, probably due to the 
inhibition by broth components and that is probably the reason why there is no 
activity against L. monocytogenes and E. faecalis. The antibacterial activity of 
mTCHs can be ascribed to their lipophilic nature and easier penetration into the 
cells and/or oxidation of thiono group by hydrogen peroxide and the formation of 
toxic reaction compounds. Again, the most active compounds were compounds 
with chlorine, as well compounds with fluorine, hydroxyl, and methyl group. In 
the end, the cytotoxic effect of tested substances was assessed using a colorimet-
ric MTT assay. Results obtained showed that the most cytotoxic compound was a 
compound with nitro group (para position). The compounds with methyl group 
as a substituent (all positions), also showed some significant cytotoxicity, while 
the least cytotoxic compound was a compound that had hydroxyl group as a 
substituent (also para position). This group is a weak electron-donating group 
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that can decrease the intramolecular charge transfer and the lipophilicity of the 
thiocarbohydrazone molecule, which may hinder its cellular uptake and interact-
ion with DNA. These results suggest that the cytotoxicity of thiocarbohydrazones 
is influenced by several factors: the nature and position of the substituents, the 
stereochemistry and conformation of the molecules, the cell line used for testing, etc. 
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И З В О Д  

ИСПИТИВАЊЕ ТЕРАПЕУТСКОГ ПОТЕНЦИЈАЛА МОНОКАРБОХИДРАЗОНА: IN VITRO 

ПРОЦЕНА АНТИОКСИДАНТНЕ, АНТИМИКРОБНЕ И ЦИТОТОКСИЧНЕ АКТИВНОСТИ 

ГОРАНА С. МРЂАН1, САЊА С. ВЛАИСАВЉЕВИЋ1, ПЕТАР Н. КНЕЖЕВИЋ2, ИСИДОРА Н. НИКОЛИЋ2, 
ДИНА Г. ТЕЊИ2 и БОРКО М. МАТИЈЕВИЋ1 

1Универзитет у Новом Саду, Природно–математички факултет, Департман за хемију, биохемију и 

заштиту животне средине, Нови Сад и 2Универзитет у Новом Саду, Природно–математички 

факултет, Департман за биологију и екологију, Нови Сад 

Органска једињења, посебно она која у свом саставу садрже атоме азота и сумпора, 
чине преко 99 % клинички одобрених лекова. Као једни од припадника поменутих једи-
њења, симетрични бисупституисани деривати тиокарбохидразона су детаљно изучавани. 
Са друге стране, асиметрични и моносупституисани тиокарбохидразони нису довољно 
испитани, упркос њиховом израженом биолошком потенцијалу. У овом раду су прика-
зани резултати in vitro процене антиоксидативних, антимикробних и цитотоксичних 
својстава осамнаест претходно синтетисаних и окарактерисаних монотиокарбохидра-
зона. Антиоксидативни потенцијал је одређен применом DPPH теста, док је антимик-
робна активност испитана на Грам-позитивним бактеријама применом модификоване 
микродилуционе методе. Цитотоксични ефекат је испитан на ћелијама хуманог хепато-
целуларног карцинома применом колориметријског МТТ теста. Добијени резултати 
показују да испитивани монотиокарбохидразони имају значајно антиоксидативно и 
антимикробно дејство. Такође је установљено да на њихову активност и цитотоксичност 
велики утицај имају структура испитиваног молекула, као и природа и положај при-
сутног супституената. Ови резултати пружају добар увид за будућа in vivo испитивања и 
истичу потенцијалну примену монотиокарбохидразона у развоју лекова. 

(Примљено 1. фебруара, ревидирано 21. маја, прихваћено 22. септембра 2024) 
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The interaction between 4-oxothiazolidine-2-ylidene thioamides and 
iodine: A regioselective two-component 4-oxothiazolidine-2-ylidene 

thioamide to thiazolo[3,2-c]pyrimidine transformation 
mediated by iodine 
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Abstract: This study investigated the interaction between selected 4-oxothiazol-
idine-2-ylidene thioamides 2a–c and iodine in acetone. The interaction fol-
lowed two main reaction pathways: 1) iodine-mediated cyclization resulting in 
the formation of thiazolopyrimidine 7 and 2) electrophilic iodine attack on the 
thioamide sulfur atom, producing a complex mixture of iodine adducts. Due to 
the equilibrium of Z/E isomerization being strongly shifted to the Z-isomer in 
polar solvents, only the thioamide (E)-2b successfully formed thiazolopyrimid-
ine 7. The other two derivatives, (Z)-2a and (Z)-2c, followed the second react-
ion pathway. The factors influencing the heterocyclization of (E)-2b and its 
intermediates were thoroughly examined. This research provides the first des-
cription of an iodine-mediated heterocyclization leading to a thiazolopyrimid-
ine scaffold. The literature on iodine-mediated heterocyclization leading to 
fused pyrimidines is limited, highlighting the significance of this study. 

Keywords: 2-alkylidene-4-oxothiazolidine; heterocyclization; thiazolopyrimidine; 
push-pull effect. 

INTRODUCTION 
As previously reported, synthesized 4-oxothiazolidines 1 having an exocyc-

lic C=C double bond at the C(2)-position (Scheme 1), proved to be an excellent 
heterocyclic scaffold displaying intrinsic reactivity through their versatile trans-
formations that led to diverse heterocycles, such as 3,3aλ4,4-trithia-1-azapent-
alenes,1–4 1,3-thiazines1 and other thiazolidine derivatives.5 Among them, the 
reactions involving their nucleophilic sites, i.e., ring nitrogen atom, carbonyl 
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oxygen atom and carbon atoms C(5) and C(2'), having high affinity for electro-
philes,5 have also attracted great attention (Fig. 1; Scheme 2). 

 
Scheme 1. The structure of 2-alkylidene-4-oxothiazolidines. 

 
Fig. 1. Nucleophilic sites in 4-oxothiazolidine-2-ylidene 
thioamides. 

The high affinity of 1, belonging to the biologically important thiazolid-
ines5,6 and the class of push-pull alkenes7–10 to participate in the versatile hetero-
functionalization reactions with electrophiles (Scheme 2), which led to the div-
erse thiazolidine derivatives, such as vinyl bromides 3, pyridinium salts 4, thia-
zolidine derivative 5, possessing two exocyclic bonds, and fused bicyclic thiazol-
idine 6,5 has understood in the light of their push-pull effect, that is, the π-elec-
tron interaction between two electron donors (–NH and –S–) and one electron- 
-withdrawing group (EWG; Scheme 1). As a result, the thiazolidine ring and the 
exocyclic C=C double bond of 1 are highly polarized, which can best described 
by the hybrid structure IIIA possessing nucleophilic sites, as summarized in Fig. 
1. As reported previously, the 4-oxothiazolidine-2-ylidene thioamides 2 exhibit a 
larger push-pull effect than 1.10 Thus, compared with 1, their structures are likely 
to be more highly polarized hybrid structure IIIA (Scheme 1). Furthermore, ins-
tead of exocyclic oxygen in thiazolidine analogues 1, the nucleophilic site in 2 is 
exocyclic sulfur (Scheme 1; Fig. 1). All these show that the thiazolidines 2 could 
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be at the centre of the research interest regarding their reactivity toward potential 
electrophiles. 

 
Scheme 2. The transformations of 2-alkylidene-4-oxothiazolidines 1 involving their 

nucleophilic sites. 

Other main physicochemical properties of 2-alkylidene-4-oxothiazolidines 
arising from this so-called “push-pull effect” are: i) their low solubility in the 
versatile solvents (especially in nonpolar ones), ii) the significant lowering of the 
rotational barriers around the C(2)C(2') double bond,10 resulting, as we showed 
previously and iii) the facile Z/E configurational isomerization.10–12 

Since the factors above-mentioned, determining structural features of 2-alk-
ylidene-4-oxothiazolidines, 1 and 2, represent the main reason for their high pot-
ential reactivity, it was intriguing to continue the examination of their conver-
sions leading to the functionally significant heterocyclic compounds. To choose 
the suitable electrophile for transformations of 4-oxothiazolidine-2-ylidine thio-
amides 2, as the target substrate of this work, iodine seemed to be a good choice. 
That was supported by the iodine electron deficiency, resulting in its rich chem-
istry that involves the electrophilic iodination of organic compounds and its emp-
loyment in the construction of versatile heterocyclic systems. In this sense, the 
iodine promotes cyclization of the many significant heterocycles, such as benzo-
furans, benzoxazoles and benzothiazoles, isoxazoles, pyrroles, thiophenes, ind-
oles, pyrans, pyridines, isoquinolines, pyrimidines, etc.13 

Therefore, concerning the 2a/I2 and 2b/I2 interaction in acetone, only the 
thioamide (E)-2b successfully formed a heterocyclic product. Thus, as outlined in 
Scheme 3, the two-component heterocyclization reaction between (E)-(5-ethoxy-
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carbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthioamide 2b and acetone medi-
ated by iodine led to the formation of thiazolo[3,2-c]pyrimidine 7. However, 
despite its limitations, this transformation significantly contributed to a better 
understanding of the chemistry of 4-oxothiazolidines. That is especially true for 
reactions with electrophiles. Besides, it undoubtedly opens up applications for 
transformations of similar molecular systems. Moreover, this research describes 
an iodine-mediated heterocyclization leading to a thiazolopyrimidine scaffold as 
the biologically important class of heterocyclic compounds. Generally, the liter-
ature on iodine-mediated heterocyclization leading to fused pyrimidine scaffolds 
is limited, with just a few reports published thus far.13–15 

 
Scheme 3. The 2-alkylidene-4-oxothiazolidine to thiazolo[3,2-c]pyrimidine transformation is 

mediated by iodine. 

EXPERIMENTAL 
General 

Melting points were determined on a Micro-Heiztisch Boetius PHMK apparatus or Büchi 
apparatus. Analytical thin-layer chromatography (TLC) was carried out by using Merck 60 
F254 precoated silica gel plates (0.20 mm thickness), and the spots were visualized by iodine. 
Column chromatography was carried out on SiO2 (silica gel 60 Å, 12-26, ICN Biomedicals). 
The NMR spectra were obtained using a Varian Gemini 2000 instrument (1H at 200 MHz, 13C 
at 50.3 MHz). Chemical shifts are reported in ppm on the δ scale from TMS as an internal 
standard in the solvents specified. Low-resolution mass spectra were recorded using a Fin-
nigan MAT 8230 BE spectrometer at 70 eV (EI). Isobutane was used as the ionizing gas for 
the chemical ionization (CI) mass spectra. Elemental analyses were performed at the micro-
analysis laboratory at the Department of Chemistry, University of Belgrade. HRMS of ethyl 2-
(5,5-dimethyl-3-oxo-7-thioxo-3,5,6,7-tetrahydro-2H-thiazolo[3,2-c]pyrimidin-2-yl) acetate 7 
was carried out on 6210 TOF LC/MS coupled with HPLC 1200 Series Agilent Technologies. 

Experimental procedures for synthesising starting compounds and their analytical and 
spectral data are provided in the Supplementary material to this paper. 
Synthesis of ethyl 2-(5,5-dimethyl-3-oxo-7-thioxo-3,5,6,7-tetrahydro-2H-thiazolo[3,2-c]pyri-
midin-2-yl)acetate 7 

To a stirred suspension of (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-
ethanthioamide 2b (0.10 g, 0.39 mmol) and acetone (10 mL) was added one molar equivalent 
of iodine (0.10 g, 0.39 mmol) at 0 °C (an ice bath). After 10 min, when was added another 
molar equivalent of iodine, the initially heterogeneous mixture became homogeneous. The 
reaction was prolonged at this temperature for an additional 2.5 h when TLC indicated the 
complete consumption of starting (E)-2b. Afterwards, the reaction mixture was kept in the ref-
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rigerator for 48 h, heated to room temperature and evaporated. To the dryness, the dark resi-
due was added CH2Cl2 (15 mL) and the obtained solution was extracted twice with 1.2 % 
Na2S2O3 (20 mL). The collected extracts were dried under Na2SO4, filtered and evaporated to 
dryness. The filtered solution was concentrated under reduced pressure, and the resulting solid 
residue was chromatographed (toluene/ethyl acetate volume ratio, 10:0 → 6:1), affording the 
desired product as a yellow solid in moderate yield (0.059 g, 51 %). 

Analytical and spectral data of compound 7 are given in the Supplementary material to 
this paper.  

TABLE I. Selected 13C- and 1H-NMR (DMSO-d6) chemical shifts (ppm) of ethyl 
thiazolo[3,2-c]pyrimidin-2-yl)acetate 7 and thiazolidine derivatives 2a–c 

 
Ent. Compd. Solvent C=S C=Olactam C(2')-H C(2) C(2') ΔδC(2)=C(2') 
1 (Z)-2a DMSO-d6 193.2 174.4 6.16 158.4 100.6 57.8 
2 (E)-2b DMSO-d6 191.4 174.4 5.64 154.9 97.2 57.7 
3 (Z)-2c DMSO-d6 190.4 174.3 6.21 156.1 101.2 54.9 
4   C=S C=Olactam C(8)-H C(8) C(8a) ΔδC(8)=C(8a) 
5 7 DMSO-d6 184.5 172.2 5.73 146.8 101.0 45.8 

RESULTS AND DISCUSSION 

The structural assignment of 7 (Scheme 3; Table I) was made based on 
spectroscopic data (1H- and 13C-NMR, HRMS). Careful analysis of its NMR 
spectroscopic data revealed spectral features that correlated with the structure of 
ethyl thiazolo[3,2-c]pyrimidin-2-yl)acetate 7. Further, the compound had the 
HRMS spectrum consistent with an elemental composition of C12H16N2O3S2.  

Regarding the comparison between the structural characteristics of thiazol-
odines 2a–c and thiazolopyrimidine 7, their selected experimental 1H- and 13C- 
-NMR chemical shifts are presented in Table I (entries 1–3 for 2a–c; entry 5 for 
7). In principle, compounds 2a–c and 7 showed similar 1H- and 13C-NMR spec-
tral characteristics for almost all identical structural motifs, including those for 
thioamide carbon atoms (column 4, DMSO-d6; δ 190.4–193.2 ppm for 2a–c; δ 
184.5 ppm for 7), lactam carbon atoms (column 5, DMSO-d6; δ 174.3–174.4 
ppm for 2a–c; δ 172.2 ppm for 7) and the olefinic protons (column 6, DMSO-d6; 
δ 5.64–6.21 ppm for 2a–c; δ 5.73 ppm for 7). These results strongly indicated 
that thiazolodines 2a–c and thiazolopyrimidine 7 belong to the structurally 
closely related compounds. 
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Furthermore, concerning the 13C-NMR spectral data of olefinic carbon 
atoms of the C=C double bond of these compounds (Table I; C(2)C(2')/2a–c; 
C(8)C(8a)/7), they showed the low field position of the signal corresponding to 
the C(2) and C(8a) atoms at the donor side of 2a–c and 7, respectively (column 7, 
DMSO-d6; δ 154.9–158.4 ppm for 2a–c; δ 146.8 ppm for 7) and the high field 
position of the signal assigned to their C(2') and C(8a) atoms at the acceptor side 
of the C=C double bond, respectively (column 8, DMSO-d6; δ 97.2–101.2 ppm 
for 2a–c; δ 101.0 ppm for 7). This difference in the chemical shift values 
(ΔδC=C) of their olefinic carbon atoms is a characteristic feature of their push- 
-pull character, i.e., the significant charge polarization occurred within the C=C 
double bond. Therefore, since, as we proved previously,10 experimentally deter-
mined ΔδC=C values should increase with the increasing push-pull character of 
the double bond for the 2-alkylidene-4-oxothiazolidines possessing a similar 
EWG, the push-pull effect of the 7 is considerably lower than of the 2a–c 
(column 9, DMSO-d6; δ 54.9–57.8 ppm for 2a–c; δ 45.8 ppm for 7). 

Since in both 7 and 2a–c, the (Don)2−C=C−EWG fragments are very sim-
ilar, the resultant significant reduction of the push-pull effect upon going from 
2a–c to 7 could be a result of the difference in the electron-donating ability of 
their donors (NHring/Sring, 2a–c; Nring/Sring, 7; Scheme 4). In this sense, they 
have a much better electron-donating ability (increased base strength) in 2a–c 
compared with 7 due to the better stabilization of IIIA than IIIB by the strong 
NH/S intramolecular hydrogen bonding in the (E)-IIIA and by the strong Sexo/  
/Sendo intramolecular interaction in the (Z)-IIIA. Finally, due to a weaker push- 
-pull effect in 7 compared to 2a–c, the interaction between 7 and I2 is signific-
antly lower. That facilitated the (E)-2b to 7 heterocyclization and the refinement 
procedure of compound 7. 

 
Scheme 4. The structures of thiazolo[3,2-c]pyrimidine 7 and thiazolidines 2a–c. 
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During the planning of a synthetic strategy of 4-oxothiazolidine-2-ylidine 
thioamide 2 transformations with iodine, the two reaction paths were assumed: i) 
the iodine-mediated cyclization, affording to the heterocycles such as product 7, 
containing a pyrimidine heterocyclic core (reaction path 1; Schemes 3 and 5) and 
ii) the nucleophilic iodine attack on the thioamide sulfur atom, producing the 
complex mixture of iodine adducts 13–15, respectively (reaction path 2; Scheme 6). 

 
Scheme 5. The proposed reaction mechanism of 4-oxothiazolidine (E)-2b to 

thiazolo[3,2-c]pyrimidine 7 transformations. 

Generally, the proposed undesired reaction path 2 (Scheme 6), as well as the 
performed synthetic route 1 in terms of iodine-promoted heterocyclization lead-
ing to 7 (Schemes 3 and 5), are based on the ability of the halogens X 
(typically, X is Cl, Br or I) that, as electron acceptor species, as the RX (Lewis 
acid), where the R ranges from another halogen atom to the large organic or 
inorganic residue interact with donor species D (Lewis base), yielding a subclass 
of the charge transfer (CT), or electron donor–acceptor (EDA) complex family 
(adducts).16–27 In these so-called halogen-bonded (XB) complexes (adducts) 
RX⋅⋅⋅D, the donor species can be an anion or a neutral species possessing at least 
one nucleophilic region, e.g., one or more electron lone pairs containing atoms 
(e.g., electron donor atoms such as oxygen, nitrogen, sulfur, selenium or π-sys-
tem). To those, the interaction of iodine with various Lewis bases, expressed via 
association constants (KXB),19,21,28,29 showed that the interactions between iod-
ine and thioamides are medium to strong I2/Lewis base interactions, which cor-
roborates with the proposed reaction mechanisms in Schemes 5 and 6. 

Regarding the potential trend in the behaviour of 2 under reaction conditions 
assumed in Scheme 6, which could lead to the complex mixture of iodine adducts,  
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Scheme 6. The assumed 2/I2 interactions produce the complex mixture of iodine adducts. 

all possible products have been proposed based on the literature data related to 
the medium (product 13) to strong (products 14/15b and more complex ones) 
thioamide/I2 interactions.16–25 The previously published data on the brominating 
reactions of thiazolidine derivatives 1 (products 3 and 5; Scheme 2)5 were pat-
terns of potential ligands in the 14 and 15b. Therefore, the possible formation of 
iodine adducts such as 13 and ionic species 14 and 15b, which consist of iod-
ine(I) cation coordinated with two thioamide ligands, respectively,17,19–23,25 sug-
gested in Scheme 6, or even more complex structures forming as a result of 
further oxidation transformations, such as disulfide cations,16–19,24 could be the 
best rationalized in the light of the MO theory: the increased the donor–acceptor 
interaction, the greater the amount of negative charge transferred from the donor 
to the σ* anti-bonding orbital of I2, and the greater the I−I bond lengthening,21 
leading to the 13 with reduced I–I bond order or even more complex adducts 14 
and 15b produced by I–I bond heterolytic cleavage. 

The main factors that determined the possibility of occurrence of the 2-alkyl-
idene-4-oxothiazolidine to thiazolo[3,2-c]pyrimidine transformation are: i) the 
nature of 4-oxothiazolidine derivatives, i.e., their push-pull effect and their strong 
affinity toward electrophile species, ii) the iodine chemistry and, closely related 
with this, the halogen bonding26,27 as the crucial one that, along with the push- 
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-pull effect of 2, pulled in the direction of this transformation and, as a third 
factor, iii) the reaction conditions. In this sense, the mechanism of 4-oxothiazol-
idine (E)-2b to thiazolo[3,2-c]pyrimidine 7 heterocyclization (Scheme 5) can be 
rationalized by the series of steps involving an initial attack on the carbonyl car-
bon of iodine–acetone adduct 8 by the nucleophilic thioamide nitrogen atom of 
(E)-2b, which occurs with the loss of H2O, giving rise to the like Schiff base 9. 
The conformational change (E)-9A → (E)-9B produced a hydrogen-bonded six- 
-membered chelate ring in the (E)-9B, which was transformed in the 10 by the 
addition of iodine. Then, the proton shifted from the lactam to the imine nitrogen 
atom in the 10 to give 11. That followed the 11 → 12 transformations, which set 
the step for the cyclization. Thus, the final attack of the lactam nitrogen on the 
positively charged carbon atom of iminium ion 12 led to the formation of the pyr-
imidine ring in product 7. 

Additionally, to my knowledge, the (E)-2b → 7 reaction mechanism outlined 
in Scheme 5 represents a new one. Regarding this, a few steps have drawn par-
ticular attention, as follows, and described below: i) (E)-2b → (E)-9 transform-
ation, ii) the 10 → 11 rearrangements and iii) formation of vinylogous N-thio-
acyliminium ion 12 in the 11 → 12 transformations. 

Concerning the (E)-2b → (E)-9 reaction as the slowest step of the (E)-2b → 
7 transformations, at first look, it seems that this type of transformation pro-
ducing the Schiff bases like 9 is a widespread one, occurring among the numer-
ous thioamides and carbonyl compounds. However, it is limited to only one rep-
ort so far.30 

Furthermore, the 10 → 11 rearrangements could be a crucial step in a com-
plete (E)-2b → 7 transformations (Schemes 5 and 7). Since the hydrogen bond is 
an initial stage to proton-transfer reactions, which can proceed in the case of 
strong ones,31 then compound 10 is one in which a strong hydrogen bond has 
established, leading to a very rapid proton transfer and the formation of product 11. 

 
Scheme 7. Intramolecular proton transfer in the 11. 

This work has postulated that iminium ion 12 could be a key intermediate of 
the (E)-2b → 7 transformations (Scheme 5). Generally, the iminium ions, such as 
Mannich-intermediate 16, N-acyl derivative 17, carbamate 18, amide 19, N-tosyl 
cations 20, hydrazonium cation 21 and vinylogous N-acyliminium ion 22, are 
well known in the literature and they are involved in the construction of many 
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heterocyclic compounds (Scheme 8).32–34 In this sense, the novel vinylogous 
N-thioacyliminium ion 12, as well as the iodine adducts of an iminium ion like 
10 and 11, as the key intermediates in (E)-2b → 7 transformation present addit-
ional contributions in the field in terms of better understanding this type trans-
formation (Scheme 5). 

 
Scheme 8. The iminium ions. 

In conclusion, for a series of reaction steps of the (E)-2b → 7 transform-
ations (Scheme 5), one can conclude that is the strict regularity of the catalytic 
activity of iodine based on the principle of a switch-on/ turn-off act, i.e., “act 
purposefully” according to the structural characteristics of the intermediates. In 
this way, the action of iodine results in the production of a series of intermediates 
ending with chelate intermediate 10, where the activity of iodine culminates in 
the promotion of proton transfer from the thiolactam NH group to imino group to 
form intermediate 11. 

Finally, as described below, the difference in the interaction of 2a–c with 
iodine in the presence of acetone can be explained by their different structural 
characteristics, closely related to their different behaviour in potential Z/E 
configurational isomerization in a polar solvent. 

Our previous works described the basic principle of Z/E isomerization of 
thiazolidine derivatives 1 and 2.10–12 These results unequivocally proved that due 
to the push-pull effect, the facile Z/E configurational isomerization of 1,2 occurs 
spontaneously in solution due to the lowering of the rotational barrier around the 
C=C double bond. The direction of this isomerization dictates the solvent polar-
ity. Thus, forming the stable solvent-solute intermolecular interactions and break-
ing the intramolecular hydrogen bond in the (E)-1 and (E)-2, depicted in Scheme 
9 as the structure I, the polar solvents shift the Z/E equilibrium to the left. On the 
other hand, in nonpolar solvents, intramolecular hydrogen bonding is favored, 
and in such conditions (E)-isomers become the dominant species. 

Therefore, when considering the failed potential (Z)-2a to 7a transformation 
via its counterpart (E)-2a (Scheme 9), the best explanation for this could be, as 
we previously proved, the trend to complete or complete shift to the left of the 
Z/E configurational isomerization of 2-alkylidene-4-ocoxothiazolidines 1 and 2, 
occurring under polar solvent conditions.10–12 In this sense, as in the case of 
most thiazolidine derivatives (Z)-1,12 there is no evidence that (Z)-2a to (E)-2a 
transformation occurs under polar solvent conditions. Even if it happened to a 
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low extent in acetone, it probably would not lead to a valid amount of 7a due to 
competition between (Z)-2a to 7a and (Z)-2a to (Z)-2a/iodine adducts transform-
ations via (Z)-2b → (E)-2b isomerization (Scheme 9). Regarding those, the 
behaviour of (E)-2b, under polar solvent conditions, constitutionally very similar 
to (Z)-2a, corroborates with the above conclusions and findings.10 Concerning 
the (Z)-2c/iodine interaction, the (Z)-2c → 7c transformation is impossible due to 
this compound belonging to secondary thioamides, and the formation of a Schiff 
base 9c did not occur. 

 
Scheme 9. Configurational isomerization of thiazolidines 1,2 and the interactions of the 2a 

and 2c derivatives with iodine in acetone. 

Given the above-described, competitions between (E)-2b → 7 and (Z)- 
-2b,(Z)-9 → (Z)-2b,(Z)-9/iodine adducts transformations via (E)-2b,(E)-9 → (Z)- 
-2b,(Z)-9 isomerizations could be reliable (Scheme 10). Thus, in that case, the 

 
Scheme 10. Competition between reaction paths 1 and 2 in the interaction of thiazolidine 

(E)-2b with iodine. 
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regioselective 2-alkylidene-4-oxothiazolidine (E)-2b to thiazolopyrimidine 7 
transformation should be a kinetically controlled reaction. Furthermore, based on 
the proposed reaction mechanism of the (E)-2b → 7 transformation (Scheme 5), 
it is powerfully guided by the electron deficiency of iodine, which strengthens the 
thiazolidine push-pull effect in the series iodine adduct intermediates such as 10 
and 11. The same should be for reaction path 2 (Scheme 6), affording to the com-
plex mixture of the iodine adducts, which could take place between the precursor 
compounds (Z)-2b and (Z)-9 with iodine, as the reactive species (Scheme 10). 

CONCLUSION 

In conclusion, the interaction between thioamides 2a–c and iodine in acetone 
followed two main reaction pathways: 1) heterocyclization of thiazolidine (E)-2b 
to give a thiazolopyrimidine 7 (reaction path 1) and 2) electrophilic iodine attack 
on the thioamide sulfur atom of derivatives (Z)-2a and (Z)-2c, producing a com-
plex mixture of iodine adducts (reaction path 2). The difference in the interaction 
of 2a–c with iodine in the presence of acetone has been explained by their dif-
ferent structural characteristics, closely related to their different behaviour in pot-
ential Z/E configurational isomerization in a polar solvent, such as acetone. In 
such conditions, the equilibrium of Z/E isomerization has strongly shifted to the 
Z-isomer. Furthermore, this research thoroughly studied the (E)-2b to 7 trans-
formations as the first description of an iodine-mediated heterocyclization lead-
ing to a thiazolopyrimidine scaffold. 
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И З В О Д  

ИНТЕРАКЦИЈА ИЗМЕЂУ 4-ОКСОТИАЗОЛИДИН-2-ИЛИДЕН ТИОАМИДА И ЈОДА: 
РЕГИОСЕЛЕКТИВНА ДВОКОМПОНЕНТНА ТРАНСФОРМАЦИЈА 4-ОКСОТИАЗОЛИДИН- 

-2-ИЛИДЕН ТИОАМИДА У ТИАЗОЛО[3,2-c]ПИРИМИДИН ПОСРЕДОВАНА ЈОДОМ 

АЛЕКСАНДАР РАШОВИЋ 

Универзитет у Београду, Институт за хемију, технологију и металургију, Центар за хемију, 

Његошева 12, 11 000 Београд 

Ова студија истраживала је интеракцију између одабраних 4-оксотиазолидин-2-или-
ден тиоамида 2а–c и јода у ацетону. Интеракција је пратила два главна реакциона пута: 1) 
циклизација посредована јодом која је резултирала формирањем тиазолопиримидина 7 и 
2) електрофилни напад јода на атом сумпора тиоамида, стварајући сложену смешу јодних 
адуката. Пошто је у поларним растварачима равнотежа Z/E изомеризације снажно поме-
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рена према (Z)-изомеру, само је тиоамид (E)-2b успешно формирао тиазолопиримидин 7. 
Друга два дериватa, (Z)-2a и (Z)-2c, пратила су други реакциони пут. Фактори који утичу 
на хетероциклизацију (E)-2b и на њене интермедијере детаљно су испитани. Ово истра-
живање даје први опис хетероциклизације посредоване јодом која води до тиазолопири-
мидинске структуре. Литература о хетероциклизацији посредованој јодом којом се доби-
јају кондензовани пиримидини је ограничена, што наглашава значај ове студије. 

(Примљено 9. децембра 2023, ревидирано 6. јуна, прихваћено 30. децембра 2024) 
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SYNTHESIS, ISOLATED YIELDS, ANALYTICAL AND SPECTRAL DATA OF 
STARTING COMPOUNDS 

General procedure for the preparation of 4-oxothiazolidine-2-ylidine thioamides 2a-c 
The push-pull 2-alkylidene-4-oxothiazolidine 2a-c derivatives were prepared according 

to the following general protocol previously reported1 and slightly modified with respect to 
the amount of K2CO3, which was for this purpose used as the catalyst. To a suspension of the 
corresponding β-thioxonitrile 28 (0.01 mol) and freshly distilled α-mercaptoester (0.0172 
mol; 72% molar excess) 27 in 16 mL of ethanol, a catalytic amount of K2CO3 was added (in 
4.5 mol% of the starting material) (Table 1). CAUTION: All reactions involving mercapto 
ester, owing to the unpleasant odor, should be carried out in a well-ventilated hood. The 
mixture was heated and stirred in an oil bath at 75 °C for 3-4 h when TLC indicated the 
accomplishment of the reaction. After that, the reaction mixture was cooled down to room 
temperature and the precipitated products (E)-2b and (Z)-2a were collected by filtration, 
washed with ethanol and recrystallized from 96% ethanol and DMSO-water mixture (0.1 g, 
7:5, v/v), respectively, to provide the final products (83-91%). Alternatively, in the case of the 
preparation of (Z)-2c, the filtered solution was concentrated under reduced pressure, and the 
residue was chromatographed by column chromatography on silica gel (toluene/ethyl acetate, 
10:0 → 1:6) affording the desired product (61%). The structures of derivatives 2 were 
determined using the spectroscopic technique (1H and 13C NMR)2 and elemental analysis. 

 

 

* Correspondence to this paper should be addressed to Dejan Opsenica, JSCS Organic Chem-
istry Sub-Editor, E-mail: jscs-oh@shd.org.rs  
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(Z)-(4-Oxothiazolidin-2-ylidene)ethanthioamide (2a) 

According to the general procedure, the title compound was obtained from 1.46 g (14.6 
mmol) of 2-cyanoethanthioamide, 3.02 g (25.1 mmol) of ethyl 2-mercaptoacetate and a 
catalytic amount of K2CO3 (0.25 g; 1.8 mmol) in ethanol (29 mL) as yellowish solid (2.31 g, 
91%). M.P.: > 240 °C (decomposes after reaching this temperature). 1H NMR (200 MHz, 
DMSO-d6, δ): 3.61 (s, 2H, CH2S), 6.16 (s, 1H, =CH), 8.44-8.65 (d, 2H, NHamide), 11.51 (s, 
1H, NHlactam). 13C NMR (50.3 MHz, DMSO-d6, δ): 32.9 (CH2S), 100.6 (=CH), 158.4 (C=), 
174.4 (COlactam), 193.2 (C=S). MS (CI): m/z 175 (M+1)+. Combustion analysis for 
C5H6N2OS2: Calculated. C 34.46, H 3.47, N 16.08; found: C 34.84, H 3.24, N 16.02. 
(E)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthioamide (2b) 

According to the general procedure, the title compound was obtained from 1.20 g (12.0 
mmol) of 2-cyanoethanthioamide, 4.27 g (20.7 mmol) of diethyl 2-mercaptosuccinate and a 
catalytic amount of K2CO3 (0.21 g; 1.5 mmol) in ethanol (19 mL) as yellow solid (2.59 g, 
83%). M.P.: 208 °C.  1H NMR (200 MHz, DMSO-d6, δ): 1.18 (t, 3H, J = 7.2 Hz, CH3), 3.05-
3.09 (m, 2H, CHAHBCOO), 4.09 (q, 2H, J = 7.2 Hz, CH2O), 4.45-4.51 (m, 1H, CHXS), 5.64 
(s, 1H, =CH), 8.81-8.87 (d, 2H, NHamide), 13.28 (s, 1H, NHlactam). 13C NMR (50.3 MHz, 
DMSO-d6, δ): 14.2 (CH3), 36.3 (CH2COO), 41.8 (CHXS), 61.0 (CH2O), 97.2 (=CH), 154.9 
(C=), 170.4 (COester), 174.4 (COlactam), 191.4 (C=S). MS (CI): m/z 261 (M+1)+. Combustion 
analysis for C9H12N2O3S2: Calculated. C 41.52, H 4.65, N 10.76; found: C 41.78, H 4.42, N 
10.60. 
(Z)-(4-Oxothiazolidin-2-ylidene)-N-(2-phenylethyl)ethanthioamide (2c) 

From 0.20 g (1.0 mmol) of 2-cyano-N-phenethylethanthioamide, 0.19 g (1.9 mmol) of 
ethyl 2-mercaptoacetate and a catalytic amount of K2CO3 (0,03 g; 0,19 mmol) in ethanol (2 
mL) after column chromatography the title compound was isolated as yellowish solid (0.16 g, 
61%). M.P.: 170-172 °C.  1H NMR (200 MHz, DMSO-d6, δ): 2.86 (t, 2H, J = 7.0 Hz, CH2Ph), 
3.62-3.73 (m, 2H, NCH2), the (s, 2H, CH2S) signal is overlaped with the signal assigned to the 
(NCH2) protons, 6.21 (s, 1H, =CH), 7.16-7.35 (m, 5H, Ph), 9.58 (t, 1H, J = 5.2 Hz, NHamide), 
11.51 (s, 1H, NHlactam). 13C NMR (50.3 MHz, DMSO-d6, δ): 32.9 (CH2S), 33.8 (CH2Ph), 
45.5 (NCH2), 101.2 (=CH), 126.4 (p-Ph), 128.7 (o-Ph), 128.8 (m-Ph), 139.6 (Cipso-Ph), 156.1 
(C=), 174.3 (COlactam), 190.4 (C=S). MS (CI): m/z 279 (M+1)+. Combustion analysis for 
C13H14N2OS2: Calculated. C 56.09, H 5.07, N 10.06; found: C 56.32, H 5.12, N, 9.83. 
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Synthesis of 2-cyano-N-phenethylethanthioamide (28b)* 

 
A mixture of 2-cyano-N-phenethylethanamide 29b (0.70 g, 3.72 mmol) and P4S10 (1.24 

g, 2.80 mmol) in dry toluene (30 mL) was heated in an oil bath at 75 °C. CAUTION: All 
reactions involving phosphorous decasulfide reagent, due to the unpleasant odor, should be 
carried out in a well-ventilated hood. The mixture was stirred at this temperature for an 
additional 3 h when TLC indicated the complete consumption of 2-cyano-N-
phenethylethanamide 29b. After cooling to room temperature, the heterogeneous solution was 
filtered and concentrated under reduced pressure. The resulting residue was chromatographed 
by column chromatography on silica gel (toluene/ethyl acetate, 10:0 → 7:3) affording desired 
product as a yellow solid in moderate yield (0.45 g, 59%). M.P.: 93 °C.  1H NMR (200 MHz, 
DMSO-d6, δ): 2.89 (t, 2H, J = 7.2 Hz, CH2Ph), 3.69-3.76 (m, 2H, NCH2), 4.03 (s, 2H, CH2), 
7.18-7.37 (m, 5H, Ph), 10.49 (s, 1H, NHamide). 13C NMR (50.3 MHz, DMSO-d6, δ): 32.9 
(CH2), 34.1 (CH2Ph), 47.3 (NCH2), 116.7 (CN), 126.6 (p-Ph), 128.7 (o-Ph), 128.8 (m-Ph), 
138.9 (Cipso-Ph), 190.3 (C=S). MS (CI): m/z 205 (M+1)+. Combustion analysis for 
C11H12N2S: Calculated. C 64.67, H 5.92, N 13.71; found: C 64.47, H 5.90, N 13.52. 

 
Yellow solid. M.P.: 145-147 °C. 1H NMR  1H NMR (200 MHz, DMSO-d6, δ): 1.18 (t, 

3H, J = 7.0 Hz, CH3), 1.63 (s, 3H, CH3), 1.77 (s, 3H, CH3), 3.08-3.10 (m, 2H, CHAHBCOO), 
4.09 (q, 2H, J = 7.0 Hz, CH2O), 4.50-4.55 (m, 1H, CHXS), 5.73 (d, 1H, J = 1.0 Hz, =CH), 
9.54 (s, 1H, NHlactam).  13C NMR (50.3 MHz, DMSO-d6, δ): 14.2 (CH3), 25.6 (CH3), 26.2 
(CH3), 36.1 (CH2COO), 42.6 (CHXS), 60.9 (CH2O), 74.2 (CNCH3), 101.0 (=CH), 146.8 (C=), 
170.2 (COester), 172.2 (COlactam), 184.5 (C=S). HRMS (TOF) m/z: calcd. for C12H16N2O3S2 
[M+H]+: 301.06751, found: 301.06817. 
  

 

* As the precursor of the (Z)-2a and (E)-2b, nitrile 28a was used as a commercial 
compound. On the other side, the cyano-N-(2-phenyl)etanthioamide 28b, i.e., the precursor of 
the (Z)-2c was prepared by the below described thionation procedure. 
Ethyl 2-(5,5-dimethyl-3-oxo-7-thioxo-3,5,6,7-tetrahydro-2H-thiazolo[3,2-c]pyrimidin-2-
yl)acetate 7 
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SPECTRAL DATA 

 
Fig. S-1. 1H NMR spectrum of the thiazolopyrimidine 7. 
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Fig. S-2. 13C NMR spectrum of the thiazolopyrimidine 7. 
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Fig. S-3. HRMS (TOF) of the thiazolopyrimidine 7. 
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Abstract: Zinc oxide (ZnO) nanosized structures were synthesized successfully 
using a benign method. The latter can be achieved by introducing sesame seed 
extract into the formation process of ZnO nanostructures as a reducing agent, 
converting zinc ions to Zn. The structural and optical properties of the prepared 
ZnO particles were studied using many techniques such as UV–Vis spectro-
photometry, field emission scanning electron microscopy (FE-SEM), energy- 
-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and Fourier- 
-transform infrared spectroscopy (FTIR). The estimated band gap energy of ZnO 
nanoparticles formed in the presence and absence of extract was found to be 3.94 
and 3.88 eV, respectively, suggesting the effect of quantum confinement. The 
prepared particles have a flower-like shape with the appearance of small spher-
ical particles. A Tauc plot was utilized to estimate the band gap energy of ZnO 
nanoparticles. The findings show that ZnO nanoparticles display bactericidal 
properties against Staphylococcus hominins, which are Gram-positive bacteria, 
and also on Gram-negative bacteria such as Proteus mirabilis, E. coli, Acin-
etobacter baumannii, Pseudomonas aeruginosa and Klebsiella pneumonia. 

Keywords: ZnO-NPs; antibacterial activity; sesame seeds. 

INTRODUCTION 
Bacteria are known to be the cause of many infectious illnesses. The treatment 

of such diseases has become challenging due to their resistance to antibiotics.1,2 
To protect human society, new medications or techniques for killing these micro-
organisms must be developed. Nanotechnology is a developing area where the 
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nanostructures of varying shapes and sizes can be manufactured, offering potential 
applications as antibiotics.3 Because of their tiny size at the nanoscale, the nano-
structures can infiltrate bacteria cell walls and engage with the cell membrane 
subsequent to adhering to the cell wall.3 Unlike their larger counterparts, these 
particles possess expansive surface areas, amplifying their reactivity and potential 
toxicity. Many metal oxide nanoparticles are incredibly damaging to certain types 
of bacteria. For example, titanium dioxide (TiO2) nanoparticles can eliminate 
Escherichia coli bacteria.4 Likewise, the nanoparticles of magnesium oxide (MgO) 
and calcium oxide (CaO) show the bactericidal effects against Bacillus cereus, 
Bacillus globigii and E. coli.5,6  

Zinc oxide (ZnO) nanoparticles (NPs) are highly regarded as effective photo-
catalysts and antimicrobial agents because they can generate free radicals.7 When 
ZnO particles encounter the solar radiation exceeding their band gap energy, 
electrons become energized to the conduction band (CB), leaving vacancies known 
as holes in the valence band (VB).8 The photogenerated electrons and holes gen-
erated on the surface of ZnO lead to the creation of highly reactive oxygen species 
(ROS), like superoxide anion (•O2) and hydroxyl radical (•OH). These extremely 
reactive oxygen species perform antibacterial and photodegradative activities by 
destroying bacteria’s DNA and membrane. Moreover, studies show that Zn ion 
could damage the bacteria's cell membrane, changing the metabolic pathway. Yang 
et al. showed that the antibacterial effectiveness of ZnO-NPs at concentrations of 
10 and 50 mg L–1 were 28.30 and 55.03 %, respectively. Their findings showed 
that increasing the concentration of ZnO-NPs increases the antibacterial effect due 
to their small size and high specific surface area.9 This antibacterial activity of 
ZnO-NPs paves the way for use in many potential fields, such as in producing UV- 
-blocking clothing, sunscreens, infant rash ointments, paints, drug delivery and 
even food preservatives.10–12 

ZnO-NPs can be produced using various techniques, including co-precip-
itation,13 sol–gel,14,15 hydrothermal16 and solochemical.7 The size, shape, surface 
area, electronic states and surface charge of nanostructures majorly impact their 
biological activities. Therefore, the synthesis process must be chosen to produce 
nanosized materials with the best activity for the intended applications. This work 
is aimed to present a method to fabricate ZnO nanostructures using an eco-friendly 
and straightforward green method and chemical precipitation method. Their bac-
terial activity is examined against Gram-positive bacteria (Staphylococcus 
hominis) and Gram-negative bacteria (Proteus mirabilis, E coli, Acinetobacter 
baumannii, Pseudomonas aeruginosa and Klebsiella pneumonia). The basic idea 
behind this green synthesis is to use parts of plants such as seeds, leaves, and roots 
as reducing and stabilizing agents instead of chemical solvents and agents. The 
green synthesized ZnO-NPs were considered safe for pharmaceutical and bio-
medical applications.17 
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MATERIALS AND METHODS 
Materials  

In this project, zinc sulfate heptahydrate (ZnSO4·7H2O, 99 %) was purchased from 
Thomas Baker. Scharlau supplied sodium hydroxide (NaOH, 99 %).  
Preparation of sesame seed solution  

The sesame seeds were purchased from the local market and crashed into tiny fragments. 
Five grams of sesame seeds were dissolved in de-ionized water (100 mL). A magnetic stirrer 
(set at 150 rpm) was used to stir the solution for a few minutes at 60 °C. After that, filter paper 
No. 1 was used to achieve filtration, and the filtrate was refrigerated (4 °C) before being used 
to prepare zinc oxide nanoparticles. 
Preparation of ZnO-NPs 

One mM of ZnSO4·7H2O was prepared and stirred for 60 min at 25 °C. After adding 50 
mL of the sesame seed extract to the precursor solution, the latter was stirred for 10 min. 
Subsequently, NaOH (1 M) was gradually added until the pH of the solution reached 10 while 
maintaining 70 °C and stirring. A yellowish–white precipitate was observed at the bottom of 
the mixture flask, suggesting the formation of ZnO (capped-ZnO-NPs). The centrifuge was used 
to collect the residue, which was formed, for 20 min at 4000 rpm. Ultimately, the final product 
underwent 4 h of vacuum oven drying at 80 °C after being repeatedly cleaned with distilled 
water. A similar procedure was performed to form the uncapped-ZnO nanoparticles without the 
addition of the sesame seed extract.   
Characterization techniques 

Various characterization approaches were used to investigate the physicochemical pro-
perties of synthesized ZnO. UV-1800 Shimadzu spectrophotometer (Japan) was used to study 
the optical properties of zinc oxide nanostructures. The functional groups of the sesame seed 
extract were identified using the Fourier-transform infrared spectrum (FT-IR, Shimadzu). Using 
CuKα radiation (λ = 0.154056 nm) and a scanning range of 20 to 80°, the X-ray diffraction 
(XRD) patterns were recorded. 
Biological activity of ZnO-NPs 

Various strains of bacteria sourced from different medical cases, including skin infections, 
urinary tract infections, genital infections, tonsillitis and ear infections, were tested. These 
bacteria were identified through biochemical methods and VITEK2 analysis.  

ZnO-NPs were prepared by dissolving 10 mg of ZnO powder in 100 mL distilled water. 
A pure culture of a bacterial organism that has been previously described (107 CFU) was used 
for the test. The inoculum was prepared by transferring five isolated colonies cultured on blood 
agar plates into 5 mL broth. This mixture was then incubated for 120 min to generate a moder-
ately cloudy bacterial suspension. To acquire an inoculum from the standardized culture, a 
sterile swab was used and then transferred onto a Müeller–Hinton plate to dry. 

Next, the diffusion test (Kirby–Bauer susceptibility test) was used to determine the bac-
terial sensitivity to antibacterial agents. After inoculating the medium agar with the bacterial 
isolates, pores are created on agar plates using a poorer cork before drying the plates. The 
solution of ZnO was added into the pores and incubated overnight (37 °C). A caliper was used 
to measure the inhibitory zones. According to the standard zones from the Clinical and Labor-
atory Standard Institute (CLSI), the organism's resistance was identified.18  
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RESULTS AND DISCUSSION 

In Fig 1a, the appearance of the blue shift in the UV–Vis spectra of capped 
and uncapped-ZnO concerning their counterpart bulk (373 nm)19 confirms the 
formation of ZnO at nanoscale levels. A large shift was observed when the sesame 
extract was introduced (capped-ZnO). A possible explanation for this shift is that 
adding the sesame extract prevents the further addition of atoms to the already 
existing particles. To estimate the energy of the band gap for the prepared ZnO- 
-NPs, Tauc plot was used:20,21 

 g( )nh C h Eα ν ν= −  (1) 

Herein, the band gap energy is Eg, the coefficient of absorption represented 
by α. The n indicates a direct electronic transition and equals 0.5, which denotes 
Tauc exponent,22 the proportional constant is C and the energy photon is hv. 

Extending the linear portion of the UV–Vis spectrum along the photon energy 
axis in Fig. 1b, the band gap energy is determined to be 3.94 and 3.88 eV for 
capped and uncapped-ZnO, respectively. This value exceeds bulk ZnO (3.37 eV)23 
due to elections confinement at the nanoscale.24 The band gap energy value closely 
aligns with findings from prior experiments, conducted by Miri et al.22  

 
Fig. 1. a) UV–Vis spectrum of zinc oxide nanostructures formed in the presence of sesame 

seeds and b) the Tauc plot used to calculate the band gap (Eg), which equals 3.94 eV. 

The field emission scanning electron microscopy (FE-SEM) examined the 
surface morphology of both capped and uncapped-ZnO nanostructures. Fig. 2a 
shows that introducing sesame seeds into the synthesis process of ZnO particles 
has no effect on the morphology of the prepared samples. Both methods give 
particles with flower-like shapes in addition to the appearance of small spherical 
particles. The energy-dispersive X-ray spectroscopy (EDS) was used to study the 
elements that could be present in the sample. The energy dispersive X-ray analysis 
(EDX) chart for capped-ZnO in Fig. 2c (uncapped-ZnO nanoparticles not shown 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 BIOLOGICAL ACTIVITY OF ZINC OXIDE NANOPARTICLES 31 

in Fig. 2c as the chart is similar to capped-ZnO) in Fig. 2b shows that the sample 
contains zinc and oxygen elements in its structure, confirming the formation of 
ZnO nanostructures. The appearance of the gold component in the chart is attri-
buted to the coating process for the semiconductor to make the sample con-
ductor.25 

 

 
Fig. 2. a) The field emission scanning electron microscopy (FE-SEM) image of the prepared 

zinc oxide nanostructures in the presence of sesame seeds extract, b) FE-SEM image for 
uncapped-ZnO nanostructures and c) the energy dispersive X-ray analysis (EDX) chart 

showing the element in the capped-zinc oxide nanostructures sample. 

The crystalline structure of the synthesized ZnO-NPs was examined using 
XRD. It is clear from Fig. 3 that the diffraction peaks appear at 30.03, 37.878, 
48.21, 56.20, 63.69 and 67.24° correspond to 100, 002, 101, 102, 110 and 103 
planes, respectively. This finding suggests that the as-prepared ZnO has a hexa-
gonal wurtzite structure, which aligns with the previous studies.26,27 The crys-
tallite size was calculated for the highest intensity peak of 100 using Scherrer 
formula,28,29 and it was found to be 20.2 nm. The interesting point here is that 
there was no effect seen at all on the crystalline properties of ZnO nanostructures 
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after introducing sesame seeds extract. Our speculation for this observation is that 
the bioactive components in the extract are attached to ZnO surface and form weak 
van der Waals forces, without any effect on the crystalline structures of ZnO. 

 
Fig. 3. X-ray diffraction (XRD) pattern for zinc oxide nanostructures prepared with sesame seed. 

FTIR spectra for capped- and uncapped-ZnO nanostructures were measured 
between 500 and 4000 cm–1. In both samples, the peak centered at 558 cm–1 is 
assigned to Zn–O vibration mode,30 confirming the formation of ZnO-NPs (see 
Fig. 4). The spectrum of sesame seeds capped-ZnO exhibits several additional 
peaks which probably relates to the presence of bioactive constituents extracted 
from sesame seeds. For example, the peak appeared at 3340 cm–1 could be related 
to the presence of the OH group from the alkaloid compound on the ZnO surface, 
while the absorption band at ~2950 cm–1 corresponds to the C–H group.31,32 The 
two peaks at 1527 and 1653 cm–1 is ascribed to N–H binding and C–O, respect-
ively, which represent the sugars existed within ZnO nanostructures. A strong peak 
centered at ~880 cm–1 is assigned to (RCOOH), which is possibly related to phen-
olic compounds. The emergence of these peaks is ascribed to the presence of bio-
active constituents extracted from sesame seeds. These components serve as red-
ucing agents by supplying electrons, thereby facilitating the reduction of Zn2+ to 
Zn+ and subsequently to Zn (Zn nanoparticles).33 

The antibacterial activity of prepared ZnO-NPs against different bacteria types 
was determined using a diffusion test for both capped, uncapped-ZnO nanopar-
ticles and Zn ions alone. The appearance of clear zones on the Petri dishes indicates 
the ability of ZnO-NPs to inhibit the under-studying bacterial growth. The results 
found that uncapped ZnO-NPs had less effect as comparing to the capped ZnO- 
-NPs with the sesame seeds extract; while Zn ions appear with no effect at all 
(Table I). Fig. 5a shows the antibiotic effect of ZnO nanocrystals against Pseudo-
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monads aeruginosa (upper part), Klebsiella pneumonia (lower part) and Fig. 5b E. 
coli bacteria. 

 
Fig. 4. Fourier-transform infrared spectroscopy (FTIR) for zinc oxide nanostructures. 

TABLE I. The antibacterial effect of Zinc oxide nanoparticles (ZnO-NPs) was determined from 
the inhibition zones 
No. Bacterial isolates Inhibition zone, mm 
1 Proteus mirabilis 15 
2 Escherichia coli 28 
3 Staphylococcus hominis 22 
4 Acinetobacter baumannii 18 
5 Pseudomonas aeruginosa 25 
6 Klebsiella pneumoniae 20 

The rest of the chosen bacteria in this study and their inhibition zones, which 
formed around the particles, were calculated and presented in Table I. E. coli is 
more sensitive to the ZnO nanoparticles based on its inhibition zone (28 mm). It 
was known that the larger the inhibitory zone, the greater the sensitivity to the ZnO 
particles. According to a previous Klink et al.34 study, the inhibition zone should 
be ≥10 mm for effectiveness. Although P. mirabilis shows a smaller inhibition 
zone (15 mm) than other strains, it is still considered adequate. 

The best explanation for the antibiotic effect is that the small ZnO particles 
result in a high surface-to-volume ratio and more adherence to the Gram-positive 
and harmful bacteria. Several mechanisms for the antibacterial action of ZnO-NPs 
have been proposed. A possible mechanism is the adsorption of ZnO-NPs on the 
bacterial surface, which leads to product various intermediates and electrostatic 
interactions.35 
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Fig. 5. The inhibition zones of zinc oxide nanoparticles against bacterial isolates: 

a) Pseudomonas aeruginosa (upper part) and Klebsiella pneumonia (lower part) bacteria; 
b) Escherichia coli bacteria. 

On the other hand, Mendes et al.17 have recently studied the membrane 
integrity of P.s aeruginosa, E. coli, S. aureus and B. subtilis cells. They noted 
cytoplasmic membrane disruption across all strains upon the introduction of ZnO 
particles due to their adhesion to bacterial surfaces. The negative charges on cell 
surfaces are primarily due to lipoteichoic acid within the membrane and teichoic 
acid in the peptidoglycan layer. The electrostatic interactions attract positive 
charges from ZnO nanocrystals to the cell surface. Consequently, the variance in 
the electrostatic gradient leads to surface damage to the cells.36 

On the other hand, the reason why bacteria could resist ZnO ions, might be 
due to that, bacteria have developed sophisticated mechanisms to regulate the 
concentration of meta ions within their cells; this is achieved through efflux and 
influx pump systems, ensuring stable internal environment, zinc (Zn2+) is a vital 
example of a metal ion that bacteria meticulously control.37 

Several bacterial species, including Staphylococci, Streptococci and E. coli, 
possess genes dedicated to zinc transport; for example, in S. aureus, the ZntA and 
ZntR genes play a crucial role in zinc homeostasis; the ZntA protein, located in the 
cell membrane, acts as an efflux pump, actively removing excess zinc ions.38 
Meanwhile, the ZntR protein functions as an adjuster, adjusting the activity of the 
Znt operon (including ZntA) based on zinc availability.39 

CONCLUSIONS 

This study is concentrated on the formation and characterization of zinc oxide 
nanostructures using two methods: green and chemical precipitation. Various ana-
lytical techniques, such as UV–Vis spectrophotometry, FE-SEM, EDS, XRD and 
FTIR spectroscopy, were used to characterize the prepared ZnO-NPs. The findings 
show that capped and uncapped-ZnO are crystalline with a wurtzite structure, and 
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the crystalline size is 20.3 nm. No effect was observed on the morphology of ZnO 
after adding the extract. According to the calculated band gap, the quantum con-
finement effect becomes stringer after introducing the sesame seeds extract. Zinc 
oxide nanoparticles show an antibacterial effect against all the chosen bacteria, and 
E. coli exhibited an enormous sensitivity for ZnO-NPs. 

И З В О Д  

НАНОЧЕСТИЦЕ ЦИНК-ОКСИДА: ЕКСПЕРИМЕНТАЛНА СТУДИЈА О СИНТЕЗИ, 
КАРАКТЕРИЗАЦИЈИ И БИОЛОШКОЈ АКТИВНОСТИ 

AULA M. AL HINDAWI1, ZAHRAA M. ABD AL-AAMA1, JUMAN KHALEEL AL-SABBAGH2 и MOHAMMED AWAD3,4 

1Department of Chemistry, College of Education for Pure Science, University of Kerbala, Karbala, Iraq, 
2College of Veterinary Medicine, University of Kerbala, Karbala, Iraq, 3School of Engineering, Samarkand 

International University of Technology, Samarkand, Uzbekistan и 4Department of Chemical Engineering, 

Toronto Metropolitan University, Toronto, Canada 

Честице цинк-оксида нановеличине су успешно синтетисане применом безбедног 
метода, коришћењем екстракта семена сусама као редукујућег агенса у току процеса 
формирања наноструктура ZnO, који преводи јоне цинка у Zn. Стуктурне и оптичке 
особине припремљених ZnO честица су испитане применом већег броја техника, ка о што 
су UV–Vis спектрофотометрија, скенирајућа електронска микроскопија са емисионим 
пољем (FE-SEM), спектроскопија Х-зрака са расподелом енергијe (EDS), дифракција 
X-зрака (XRD) и Фурије трансформишућа инфрацрвена спектроскопија (FTIR). Проце-
њене енергетске разлике за ZnO наночестице настале у присуству и одсуству екстракта су 
биле 3,94 eV, односно 3,88 eV, сугеришући ефекат квантног ограничења. Добијене 
честице имају облик цвета и изгледају као мале сфере. Tauc дијаграм је коришћен за 
процену енергетске разлике ZnO наночестица. Резултати су показали да ZnO наночестице 
испољавају бактерицидну активност спрам Грам-позитивне бактерије Staphylococcus 

hominins, као и спрам Грам-негативних бактерија Proteus mirabilis, E. coli, Acinetobacter 

baumannii, Pseudomonas aeruginosa и Klebsiella pneumonia. 

(Примљено 19. марта, ревидирано 22. априла, прихваћено 24. августа 2024) 
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Abstract: In this study, 51 coumarin-1,2,3-triazole hybrids with known mini-
mum inhibitory concentration (MIC) values against Staphylococcus aureus 
were used for the generation of a Monte Carlo based optimized QSAR model 
on correlations and logic (CORAL) software. The entire dataset was divided 
into four different sets, namely the training set (Tr), the invisible training set 
(iTr), the calibration set (C) and the validation set (V) of three random splits. 
For each split, five models were generated using various combinations of 
SMILES, graphs and hybrid optimal descriptors with various connectivity ind-
ices. Finally, fifteen models were obtained from three random, non-identical 
splits. For the best model from each split, the correlation coefficient (r2) ranged 
from 0.9672 to 0.8693, while the cross-validated correlation coefficient (Q2) 
ranged from 0.9478 to 0.8250. The mean absolute error (MAE) for the best 
models was less than 0.065. Additionally, favourable values of the index of 
ideality of correlation (IIC) and correlation intensity index (CII) were reported, 
justifying the robustness, reliability and predictive potential of the developed 
models. Further, good and bad fingerprints were estimated based on correlation 
weights for structural attributes. 

Keywords: CORAL software; antibacterial; structural attributes; index of ideal-
ity of correlation; correlation intensity index. 

INTRODUCTION 
Natural products have played a crucial role in the discovery of drugs for 

almost all types of diseases.1 The natural products, as such and their semisyn-
thetic analogs, contribute to more than half of the approved drugs of today.2,3 
Because of safety and compatibility, natural products are and will be at the center 
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of the drug discovery process.4 Traditional drug discovery methods often rely on 
trial-and-error approaches, which are time-consuming and resource-intensive.5 
However, due to dependence on several factors, it is not possible to estimate 
exactly, but on average, the development of a single drug from a new chemical 
entity may cost up to $1 billion over twelve to fifteen years.5,6 While natural 
products continue to inspire drug discovery efforts, there is a growing recognition 
of the need for innovative approaches that integrate advances in computational 
biology, synthetic chemistry and biotechnology to overcome the limitations of 
traditional drug discovery.7,8 By leveraging interdisciplinary approaches and cut-
ting-edge technologies, researchers can harness the potential of natural resources 
more effectively and develop novel therapeutics with improved efficacy, safety 
and sustainability.9 Computer-aided drug design (CADD) has emerged as a 
powerful tool in the field of pharmaceutical research that utilizes computational 
methods to facilitate the discovery and development of new drugs.10 The CADD 
approach integrates principles from various disciplines, such as chemistry, bio-
logy and computer science, to expedite the drug discovery process.11,12 CADD- 
-based rational drug design approaches, viz., virtual screening by docking simul-
ations, quantitative structure-activity relationship (QSAR) studies for lead 
optimization and prediction of bioactivities and in silico prediction of physio-
chemical characteristics of molecules in terms of absorption, distribution, meta-
bolism and toxicity, help the researchers prioritize the most promising candidates 
for further experimental validation, significantly reducing the time and cost asso-
ciated with traditional screening methods.10 

QSAR studies play a pivotal role in drug discovery and development by 
enabling the rational design, optimization, and selection of potential drug can-
didates. QSAR models provide valuable insights into the relationship between 
the chemical structure of compounds and their biological activities.13 QSAR 
modelling utilizes computational techniques to analyse the structural features of 
molecules and predict their pharmacological properties, thus facilitating the iden-
tification of potential drug candidates.10 The application of QSAR studies is 
poised to revolutionize the drug discovery process, driving innovation and accel-
erating the development of new therapeutic agents to address unmet medical 
needs.10 The most popular classic approach to QSAR modeling utilizes des-
criptors of molecular structure by using a simplified molecular input line entry 
system (SMILES) to correlate with the biological activity reported in wet lab 
experiments.14 These models are formulated as a training set (for defining the 
model) and a test set or validation set (for checking the model with compounds of 
an external validation) and are often associated with one or more drawbacks.14 A 
developed model must be robust enough to have high predictive power.14 To 
validate a QSAR as scientifically legitimate and so enable its regulatory appro-
val, the Organization for Economic Cooperation and Development (OECD) has 
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proposed five guidelines.15 For any QSAR model, “appropriate measures of 
goodness-of-fit, robustness, and predictivity” must be established, according to 
Principle 4 of OECD.15 It highlights the necessity for both the QSAR model’s 
external validation (predictivity) and internal validation (as demonstrated by 
robustness and goodness-of-fit). The key to determining the trustworthiness of 
predictions is to determine whether the built models can be used with any con-
fidence on new sets of data by using validation procedures.13,15 The correlations 
and logic (CORAL), a freeware software for QSAR modelling uses the standard-
ized SMILES-based optimal descriptors.16 CORAL generates random models 
based on the Monte Carlo approach, and from a probabilistic perspective, the 
algorithms employed in CORAL can provide some answers to the limitations of 
classic QSAR modeling issues.16 If the statistical quality of the model can be 
replicated in a series of attempts to create the model for both the training and 
validation sets, then a random model may be a reasonable predictor for an end-
point.16,17 Following this logic, CORAL allows random splits to build a robust 
QSAR model. One can utilize the balance of correlations that is provided by the 
CORAL in addition to the conventional scheme that was previously dealt 
with.16,17 The division of the training set into a calibration set and a sub-train-
ing/invisible training set is the fundamental concept of the balancing of correl-
ations.16 The calibration set serves as the basis for the initial validation of the 
model and the preliminary check assists in preventing overtraining. An additional 
measure to enhance predictability has involved analysing the balance of correl-
ations with optimal slopes.16 If the values of the cluster’s slopes on the internal 
training and calibration sets are as close to each other as possible, the plot of the 
experimental versus calculated endpoint values will be perfect.16,18 

Coumarins (2H-1-benzopyran-2-one) are a varied class of naturally occur-
ring pharmacophores with a wide range of bioactivities, viz., anti-inflammatory, 
antioxidant, antinociceptive, hepatoprotective, antithrombotic, antiviral, antimic-
robial, antituberculosis, anticancer, antidepressant, antihyperlipidemic, anti-
Alzheimer, anticholinesterase and antiviral activities.19,20 On the other hand, tri-
azoles are five-membered heterocyclic compounds containing three nitrogen 
atoms that exist in two isomeric forms: 1,2,3-triazoles and 1,2,4-triazoles.21,22 
Commonly found in both natural and synthetic leads, 1,2,3-triazoles have a wide 
range of biological actions, including antitubercular, anticancer, antibacterial and 
antifungal properties.21,22 Being enriched with electronegative nitrogen atoms 
that can interact in a variety of ways with biological targets, the 1,2,3-triazole 
ring system has emerged as a versatile and intriguing scaffold in medicinal 
chemistry, offering a myriad of pharmacological effects that contribute to its sig-
nificance in drug discovery.21,22 In recent attempts to synthesize multitargeting 
“hybrid molecules” there are enough reports on different coumarin-1,2,3-triazole- 
-based molecular hybrids synthesized by coupling the coumarin to 1,2,3-triazole 
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as pharmacologically active segments, either in the presence or absence of tether-
ing agents (spacer/linker).21,22 Additionally, enough SAR has been identified in 
numerous series of potentially active coumarin hybrids with antibacterial, anti-
cancer, antitubercular, antifungal, anti-Alzheimer, antidiabetic, antidepressant 
and antithrombotic properties that have been synthesized.21,22  

In the given frame of context, from our recently published review encom-
passing the antibacterial coumarin-1,2,3-triazole hybrids, we collected data on 
coumarin-1,2,3-triazole hybrids with known activity against Staphylococcus 
aureus in terms of MIC values.21 The collected data were used for the develop-
ment of Monte Carlo optimization-based predictive QSAR modeling of S. aureus 
inhibitory activity of coumarin-1,2,3-triazole hybrids. 

EXPERIMENTAL 
Data collection 

A total of 51 coumarin-1,2,3-triazole derivatives showing minimum inhibitory concen-
tration (MIC) values in the range of 0.4 to 75 μg mL-1 against S. aureus were retrieved from 
the earlier published reports.21,23-30 The molecular structures were drawn using ChemDraw 
v22, saved in “.cdxml” format, and then converted to simplified molecular-input line-entry 
system (SMILES) by using optical structure recognition (OSRA) online tool 
(https://cactus.nci.nih.gov/cgi-bin/osra/index.cgi). The input files for building the QSAR 
models corresponding to SMILES of the derivatives along with their MIC values were saved 
as text (.txt, also see Table S-I of the Supplementary material to this paper). 
Descriptor calculation  

Three types of descriptors: i) SMILES-based, ii) graph-based and iii) hybrid descriptors, 
which are combinations of SMILES and graphs, were calculated using CORAL software 
(http://www.insilico.eu/coral).17  

SMILES-based descriptors. The optimal SMILES based descriptor were calculated as 
follows: 
 SMILESDCW(T, Nepoch) = α∑CW(Sk) + β∑CW(SSk) + γ∑CW(SSSk) + 
 + δCW(PAIR) + xCW(BOND) + yCW(NOSP) + zCW(HALO) + 
 + mCW(HARD) (1) 
where T is the threshold used to classify molecular features into rare (noise) and active based 
on their frequency, and Nepoch is the number of iterations of the optimization process. CW 
represents the correlation weight for the above-mentioned eight types of structural attributes. 
Sk, SSk and SSSk are local SMILES attributes as representations of molecular fragments. 
PAIR, BOND, NOSP and HALO are global SMILES attributes, while the HARD index 
represents the association of BOND, NOSP and HALO attributes. The coefficients α, β, γ, δ, 
x, y, z and m are assigned binary values only, i.e., 0 if the attribute is not used in building the 
model or 1 if the attribute is used in building the model. Sk represents the sole SMILES 
element (e.g., Cl..., C..., N...), SSk denotes the combination of two SMILES elements con-
nected with each other, and they can be represented as C1... (..., =... O..., etc). SSSk stands for 
the combination of the three SMILES elements, represented as C... C... (..., C... #... N..., etc). 
PAIR denotes the simultaneous presence of two SMILES atom compounds during descriptor 
calculation. The index BOND is related to the presence of three categories of chemical bonds 
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i.e., “=” double bond, “#” triple bond, and “@@” stereospecific chemical bond. NOSP 
indicates the presence or absence of nitrogen, oxygen, sulphur and phosphorous atoms. The 
index HALO is related to the presence or absence of only three halogen atoms, i.e., fluorine, 
chlorine and bromine.  

Graph-based descriptors. In CORAL, three types of graph-based descriptors, namely 
HSG (hydrogen-suppressed graph), HFG (hydrogen-filled graph), and GAO (graph of atomic 
orbitals), with many invariants, are available. The optimal graph-based descriptors are 
calculated as follows: 

 GraphDCW(T, Nepoch) = ∑CW(Ak) + α∑CW(0ECk) + β∑CW(1ECk) +  
 γ∑CW(2ECk) + δ∑CW(3ECk) (2) 

where CW is the correlation weight of the invariants of the molecular graph. The indexes Ak is 
the correlation weight of atomic elements, and 0ECk, 1ECk, 2ECk and 3ECk are the Morgan 
extended connectivity for each vertex in the molecular graph of the zero, first, second and 
third order, respectively. The coefficients α, β, γ and δ belong to invariants of molecular 
graphs, which can take up only binary values, i.e., 0 if not used or 1 if used in model building. 

Hybrid descriptors. Hybrid descriptors are the combination of SMILES-based and graph- 
-based descriptors and are calculated as follows: 

 HybridDCW(T, Nepoch) = GraphDCW(T, Nepoch) + SMILESDCW(T, Nepoch) (3) 

Monte Carlo optimization 
A three-step process was chosen for the generation of a Monte Carlo-based optimized 

model. As required in the input format of CORAL software, the very first step entails pre-
paring SMILES attributes from the molecular structures in various splits. The optimization of 
T and Nepoch values for each model independently is the second step. Here, Nepoch is the num-
ber of iterations in the Monte Carlo optimization, and T is the number of thresholds for 
classifying the molecular characteristics taken from the SMILES. Herein, values 1–4 of T and 
15–60 of Nepoch were considered the most preferable combination.31 The third and final step 
belongs to the calculation of descriptors (SMILES, graph and hybrid) and optimization of 
correlation weights (CW) using the balance correlation scheme of the Monte Carlo algo-
rithm.32 The entire dataset was divided into four different sets, namely the training set (Tr), 
the invisible training set (iTr), the calibration set (C) and the validation set (V) of three ran-
dom splits. The distribution of compounds in training and various sets of three random splits 
have been provided in Table S-II of the Supplementary material. For each split, five models 
were generated using various combinations of SMILES, graphs and hybrid optimal descriptors 
with various connectivity indices. Finally, fifteen models were obtained from three random 
non-identical splits. 
Mechanistic interpretation 

Correlation weights (CW) for structural attributes (SAKs), i.e., descriptors for SMILES, 
hybrids and fragments of local symmetry, were obtained in several probes of the Monte Carlo 
optimization for the best models (M4, M10 and M11). Structural attributes were classified 
into four types: promoters of increase, promoters of decrease, undefined and blocked. Those 
SAKs whose CW are positive indicate that these attributes of the derivatives of coumarin are 
promoters of an increase in MIC. SAKs with negative CW are responsible for decreasing the 
MIC of the derivatives. SAKs having both positive and negative correlation weights fall in the 
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undefined category, and all the attributes, where CW shows null values, fall under the blocked 
category. 

RESULTS AND DISCUSSION 

Several earlier published reports on the antibacterial activity of coumarin- 
-1,2,3-triazole hybrids, have been compiled in the review by our group.21 These 
reports comprise a preliminary screening of the antibacterial activity of the syn-
thesized hybrid molecules against various Gram-positive and Gram-negative bac-
terial strains. The results of most of the preliminary screening have been pub-
lished in terms of zone of inhibition or in MIC values. We collected the coum-
arin-1,2,3-triazole hybrids with antibacterial activities tested against S. aureus 
presented in MIC for the current study.21 The descriptors of 51 molecules with 
known MICs were calculated using CORAL software, which calculates SMILES- 
-based, graph-based and hybrid descriptors, which are combinations of SMILES 
and graph-based descriptors. The literature reports highlight the outstanding 
forecasting capability of QSAR models on SMILES-based optimal descriptors as 
calculated by CORAL.16,33 Using the Monte Carlo optimization method, the 
CORAL software allows the user to build QSAR models as a mathematical func-
tion of descriptors (also known as correlation weights of fragments of quasi- 
-SMILES) with biological activity.16 The entire dataset was divided into four 
different sets, namely the training set (Tr), the invisible training set (iTr), the 
calibration set (C) and the validation set (V) of three random non-identical splits: 
Split 1 (Tr = 16 compounds, iTr = 14 compounds, C = 11 compounds and V = 10 
compounds); Split 2 (Tr = 15 compounds, iTr = 14 compounds, C = 11 
compounds and V = 11 compounds); Split 3 (Tr = 11 compounds, iTr = 15 
compounds, C = 14 compounds and V = 11 compounds; also see Table S-II). 
Each set aimed to solve an individual task. The training set aims to find the 
maximum correlation coefficient between endpoint and descriptor for compounds 
present. The invisible training set aimed at finding out whether the correlation is 
satisfactory for similar substances that are not involved in the training set. The 
calibration set identifies the starting point of overtraining. For each split, five 
models were generated using various combinations of SMILES, graph and hybrid 
optimal descriptors with various connectivity indices. Finally, fifteen models 
were generated after the search for the best preferable threshold value and Nepoch 
value for Monte Carlo optimization. The statistical parameters, correlation coef-
ficient (r2) cross-validated correlation coefficient (Q2), standard error of estim-
ation (s), Fischer ratio (F), mean absolute error (MAE), index of ideality of 
correlation (IIC) and correlation intensity index (CII), were calculated to evaluate 
the predictive potential of each model (Table I). 

A developed QSAR model must, as always, be sufficiently robust to be able 
to forecast new molecular characteristics in an impartial, reliable and precise 
way.9,14 The so-called five OECD principles, which are internationally defined, 
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are: i) a defined endpoint; ii) an unambiguous algorithm; iii) a defined domain of 
applicability; iv) suitable measures of robustness, predictivity and goodness-of- 
-fit; v) a mechanistic interpretation, if feasible.15,34 Considering OECD prin-
ciples, the best models with higher predictive potential for each split are pre-
sented in Fig. 1, and their equations are depicted below: 
Split 1.  
pMIC = –4.1880389(±0.1069537) + 0.1795520(±0.0063400)×DCW(1,40) (M4) 
Split 2. 
pMIC = –4.4055993(±0.0701103) + 0.1119546(±0.0022489)×DCW(1,40) (M10) 
Split 3. 
pMIC =  –5.1755729(±0.1209286) + 0.1698881(±0.0045733)×DCW(1,70) (M11) 

TABLE I. Various models for S. aureus inhibitory activity using Monte Carlo optimization; T: 
threshold, N: Nepoch/Number of iterations, n: number of compounds in set, r2: correlation coef-
ficient, s: standard error of estimation, MAE: mean absolute error, F: Fischer ration, Tr: 
training set, iTr: invisible training set, C: calibration set, V: validation set 
No. Split Parameter T, N Set n r2 Q2 IIC CII s MAE F 
M1 1 SMILES 1, 40 Tr 16 0.4147 0.1668 0.5008 0.7502 0.455 0.347 10 
    iTr 14 0.9052 0.8791 0.4884 0.9264 0.510 0.343 115 
    C 11 0.7681 0.6661 0.8762 0.8670 0.362 0.284 30 
    V 10 0.8036 0.7118 0.1263 0.8281 0.535 0.355 33 
M2 1 SMILES 

and HSG 
with 0 
ECk 

1, 25 Tr 16 0.9062 0.8655 0.9519 0.9312 0.182 0.137 165 
   iTr 14 0.9009 0.8741 0.7171 0.9272 0.479 0.389 109 
   C 11 0.7638 0.6257 0.8736 0.8526 0.309 0.246 29 
   V 10 0.2453 -0.5510 0.1673 0.3575 0.897 0.493 3 
M3 1 SMILES 

and HSG 
with 1 
ECk 

1, 50 Tr 16 0.8467 0.7969 0.7157 0.8887 0.233 0.188 77 
   iTr 14 0.8470 0.8167 0.8623 0.8694 0.362 0.304 66 
   C 11 0.8959 0.8539 0.9465 0.9194 0.231 0.178 77 
   V 10 0.2455 -0.2148 0.1270 0.5582 0.969 0.610 3 
M4 1 SMILES 

and HFG 
with 0 
ECk 

1, 40 Tr 16 0.8738 0.8250 0.7270 0.9184 0.211 0.161 97 
   iTr 14 0.8819 0.8493 0.9371 0.9177 0.473 0.353 90 
   C 11 0.8732 0.8114 0.9343 0.9066 0.221 0.188 62 
   V 10 0.3808 0.0753 0.3603 0.5537 0.766 0.482 5 
M5 1 SMILES 

and HFG 
with 1 
ECk 

1, 45 Tr 16 0.8871 0.8462 0.7325 0.9097 0.200 0.155 110 
   iTr 14 0.8793 0.8515 0.6968 0.8947 0.414 0.354 87 
   C 11 0.6791 0.4856 0.8239 0.8121 0.340 0.272 19 
   V 10 0.4852 0.2614 0.1450 0.5698 0.580 0.360 8 
M6 2 

SMILES 

1, 30 Tr 15 0.8593 0.8258 0.6180 0.8861 0.288 0.226 79 
   iTr 14 0.8711 0.8339 0.3429 0.9105 0.286 0.223 81 
   C 11 0.6806 0.4677 0.8248 0.7768 0.434 0.301 19 
   V 11 0.6524 0.2616 0.4050 0.7163 0.419 0.249 17 
M7 2 SMILES 

and HSG 
with 0 
ECk 

1, 70 Tr 15 0.8447 0.8099 0.6127 0.8804 0.303 0.230 71 
   iTr 14 0.8773 0.8443 0.2638 0.9136 0.250 0.181 86 
   C 11 0.7032 0.5015 0.8384 0.8000 0.426 0.279 21 
   V 11 0.6121 0.4713 0.5489 0.7854 0.415 0.299 14 
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TABLE I. Continued 
No. Split Parameter T, N Set n r2 Q2 IIC CII s MAE F 
M8 2 SMILES 

and HSG 
with 1 
ECk 

1, 40 Tr 15 0.8519 0.8210 0.8076 0.8772 0.296 0.236 75 
   iTr 14 0.8973 0.8661 0.5188 0.9334 0.305 0.254 105 
   C 11 0.7634 0.6097 0.8735 0.8201 0.284 0.207 29 
   V 11 0.4633 0.1582 0.0625 0.6474 0.771 0.534 8 
M9 2 SMILES 

and HFG 
with 0 
ECk 

2, 25 Tr 15 0.8416 0.8015 0.6116 0.8806 0.306 0.246 69 
   iTr 14 0.8852 0.8598 0.4471 0.9171 0.302 0.237 93 
   C 11 0.6644 0.4191 0.8149 0.8271 0.438 0.334 18 
   V 11 0.6085 0.4633 0.2208 0.7015 0.801 0.572 14 
M10 2 SMILES 

and HFG 
with 1 
ECk 

1, 40 Tr 15 0.8693 0.8399 0.6216 0.9011 0.278 0.222 86 
   iTr 14 0.8923 0.8602 0.0793 0.9248 0.294 0.219 99 
   C 11 0.7627 0.5970 0.8733 0.8364 0.330 0.240 29 
   V 11 0.6788 0.3623 0.5865 0.7518 0.511 0.381 19 
M11 3 

SMILES 

1, 70 Tr 11 0.9672 0.9478 0.8195 0.9687 0.087 0.065 265 
   iTr 15 0.8475 0.8045 0.5932 0.8851 0.624 0.489 72 
   C 14 0.8889 0.8500 0.9428 0.9397 0.355 0.275 96 
   V 11 0.2995 -0.0298 0.5029 0.6025 0.737 0.563 4 
M12 3 SMILES 

and HSG 
with 0 
ECk 

1, 33 Tr 11 0.9579 0.9282 0.8156 0.9632 0.099 0.079 205 
   iTr 15 0.8301 0.7703 0.5334 0.8923 0.576 0.456 64 
   C 14 0.8099 0.7314 0.8998 0.9394 0.420 0.326 51 
   V 11 0.3844 0.0716 0.5218 0.6268 0.891 0.750 6 
M13 3 SMILES 

and HSG 
with 1 
ECk 

3, 15 Tr 11 0.8739 0.7521 0.5341 0.8810 0.171 0.128 62 
   iTr 15 0.7665 0.6942 0.5871 0.8499 0.543 0.418 43 
   C 14 0.7612 0.6833 0.8725 0.8876 0.500 0.415 38 
   V 11 0.3552 -0.2766 0.3893 0.5673 0.688 0.474 5 
M14 3 SMILES 

and HFG 
with 0 
ECk 

1, 23 Tr 11 0.9302 0.8892 0.8037 0.9414 0.127 0.093 120 
   iTr 15 0.8668 0.8322 0.5049 0.8942 0.761 0.535 85 
   C 14 0.8469 0.7822 0.9195 0.9543 0.440 0.347 66 
   V 11 0.3105 -0.0192 0.2676 0.6277 0.706 0.545 4 
M15 3 SMILES 

and HFG 
with 1 
ECk 

3, 75 Tr 11 0.8928 0.7935 0.7874 0.9286 0.158 0.130 75 
   iTr 15 0.7843 0.7114 0.4777 0.8490 0.436 0.317 47 
   C 14 0.6740 0.5633 0.8205 0.8872 0.567 0.483 25 
   V 11 0.3723 0.0122 0.2434 0.5971 0.649 0.462 5 

The problem of overtraining in prediction models can be calculated by using 
the newly introduced parameters, IIC and CII, which increase the predictive pot-
ential of the model.18,35 The IIC is based on the correlation coefficient and mean 
absolute error, while the CII indicates the statistical quality of linear regression 
models with a unique ability since it is a measure that is sensitive both to the 
value of the correlation coefficient and to the value of the mean absolute error 
(MAE).35 Both IIC and CII can expose the drawbacks of the predictive model 
usually seen with others. Favorable statistical parameters are obtained for all the 
models from each split. 
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Fig. 1. Monte Carlo optimization based on best QSAR models from each split: M4 from Split 

1 (A), M10 from Split 2 (B) and M11 from Split 3 (C). 

Mechanistic interpretation 
Correlation weights (CW) for structural attributes (SAKs) were estimated for 

both SMILES and hybrid descriptors using CORAL software. Structural attri-
butes were classified into four types: promoters of increased activity, i.e., good 
fingerprints (stable positive values), promoters of decreased activity, i.e., bad 
fingerprints (stable negative values), undefined and blocked. SAKs having both 
positive and negative correlation weights fall in the undefined category, while all 
the attributes, where CW shows null values, fall under the blocked category. The 
data on CW for each structural attribute, which were obtained in several probes of 
the Monte Carlo optimization for the best models (M4, M10 and M11), are 
shown in supplemental Table S-III of the Supplementary material. The structural 
attributes of coumarin-1,2,3-triazole hybrids responsible for the increase in MIC 
value (Fig. 2) were c...3...c... (i.e., presence of two aromatic cycles at three bond 
distances as can be seen in compound 42), c...2... (i.e., presence of aromatic cycle 
followed by two bonds as can be seen in compounds 21 and 22), c...c...c... (i.e., 
presence of three fused aromatic cycles as can be seen in compound 30), 
c...c...2... (i.e., presence of branching on adjacent aromatic cycle as seen in com-
pound 46), n...n... (i.e., presence of adjacent nitrogen atoms as in the compound 
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4), O...=...(... (i.e., presence of oxygen with double bonds as seen in the com-
pound 7), c...(...Cl… (i.e., presence of aromatic cycle and chlorine atom with 
branching as seen in compound 24) and c...(...N… (i.e., presence of aromatic 
cycle and nitrogen atom with branching in between as can be seen in compound 
31). On the other hand, among the hybrid descriptor correlation weights of Mor-
gan’s extended connectivity, the promoters responsible for the crucial increase in 
the inhibitory activity of the derivatives were found to be “EC0-O...1...”, “EC1- 
-C...6...”, “EC1-C...9....”, “EC1-N...5…”, “ EC1-Cl..6…”, “EC1-O...4…”, “EC1- 
-N...2...” and “EC1-N...8...” of the model. “BOND10000000” constitutes the 
presence of a double bond is very important for compound’s activity. 

 
Fig. 2. Good fingerprints causing the increase in activity against S. aureus. 

The structural attributes of coumarin-1,2,3-triazole hybrids responsible for 
the decrease in MIC value (bad fingerprints, Fig. 3) obtained from M4, M10, and 
M11 among SMILES descriptors were found to be c…(…=… (i.e., presence of 
branching between aromatic carbon and double bonding as in compound 37), 
c...4...c... (i.e., the presence of two aromatic cycles separated by four bonds as 
shown in compound 44) and c...(...C... (i.e., the presence of branching between 
aromatic ring and aliphatic carbon as in compound 37). On the other hand, 
among hybrid descriptors correlation weights of Morgan’s extended connectivity, 
the promoters responsible for the decrease of activity of the derivatives were 
found to be EC0-C...2..., EC1-C...10… 

It can be seen that promoters of the decrease effect are not very much 
affected by the Morgan’s extended connectivity in comparison to the promoters 
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of the increase. BOND11000000 (presence of a triple bond in the compound) and 
HALO00000000 (absence of a halogen atom) are detrimental to the inhibitory 
activity of bacteria. 

 
Fig. 3. Bad fingerprints causing the decrease in activity against S. aureus. 

CONCLUSION 

New 2D-QSAR models with good prediction ability were developed and 
validated for the prediction of the antibacterial activity of coumarin-1,2,3-triazole 
hybrids against S. aureus using the Monte Carlo optimization method. The con-
sideration of additional statistical parameters such as the index of ideality of cor-
relation and correlation intensity index gave clear insight into the improved pre-
dictability in all the QSAR models. Overall, among all the developed models, 
M11 may be considered best based on statistical parameters. The study provides 
a significant analysis of the important structural fingerprints required to be a pot-
entially active substrate against S. aureus. Overall, the models will help design 
novel chemical entities with the coumarin-1,2,3-triazole moiety for the develop-
ment of potent antibacterial drugs against S. aureus. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12871, or from the corres-
ponding author on request. 
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И З В О Д  
QSAR МОДЕЛОВАЊЕ ИНХИБИТОРНЕ АКТИВНОСТИ ХИБРИДА КУМАРИН-1,2,3- 

-ТРИАЗОЛА НА Staphylococcus aureus, ЗАСНОВАНО НА МОНТЕ КАРЛО 
ОПТИМИЗАЦИЈИ 

KRISHNA N. MISHRA, HARISH C. UPADHYAY и POONAM VERMA 

Laboratory of Chemistry, Department of Applied Sciences, Rajkiya Engineering College (Affiliated with Dr. 

A.P.J. Abdul Kalam Technical University, Lucknow), Churk, Sonbhadra-231206, India 

У овој студији су 51 кумарински-1,2,3-триазолски хибриди са познатим минимал-
ним вредностима инхибирајућих концентрација (MIC) према Staphylococcus aureus иско-
ришћени за генерисање, на Монте Карло заснованом, оптимизованог QSAR модела на 
correlations and logic (CORAL) софтверу. Целокупан скуп података је подељен на четири 
различита скупа података, наиме скуп за увежбавање (Tr), невидљиви скуп за увеж-
бавање (iTr), скуп за калибрисање (C) и скуп за валидацију (V) из три случајне поделе. За 
сваку поделу, било је генерисано пет модела користећи различите комбинације SMILES, 
графова и хибридних оптималних дескриптора са различитим индексима повезаности, 
петнаест модела је добијено из три насумичне неидентичне поделе. За најбољи модел из 
сваке поделе, корелациони коефицијент (r2) ишао је од 0,9672 до 0,8693, док унакрсно 
валидирани коефицијенти корелације (Q2) ишли су од 0,9478 до 0,8250. Просечна 
апсолутна грешка (MAE) за најбоље моделе је била мања од 0,065. Додатно, саопштене 
су пожељне вредности индекса идеалности корелације (IIC) и индекс интензитета коре-
лације (CII), потврђујући робусност, поузданост и потенцијал предвиђања развијених 
модела. Надаље, процењени су добри и лоши отисци прстију на основу корелационих 
тежина структурних атрибута. 

(Примљено 30. марта, ревидирано 22. септембра, прихваћено 12. новембра 2024) 
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TABLE S-I. List of Compounds with SMILES along with their antibacterial activity against S. 
aureus expressed in pMIC (–logMIC in µg mL-1) 

ID SMILES pMIC 
1 Cc3ccc2c(Cn1nnc(N)c1C#N)cc(=O)oc2c3 0.39794 
2 Cc3cc(C)c2c(Cn1nnc(N)c1C#N)cc(=O)oc2c3 0.09691 
3 COc3ccc2oc(=O)cc(Cn1nnc(N)c1C#N)c2c3 -0.79588 
4 N#Cc1c(N)nnn1Cc2cc(=O)oc4c2ccc3ccccc34 0.39794 
5 Cc3ccc2oc(=O)cc(Cn1nnc(N)c1C#N)c2c3 0.39794 
6 N#Cc1c(N)nnn1Cc3cc(=O)oc4ccc2ccccc2c34 -0.79588 
7 CCOC(=O)c1c(C)nnn1Cc2cc(=O)oc3cc(C)ccc23 -0.49415 
8 CCOC(=O)c1c(C)nnn1Cc2cc(=O)oc3cc(C)cc(C)c23 -1.39794 
9 CCOC(=O)c1c(C)nnn1Cc2cc(=O)oc3ccc(OC)cc23 -0.79588 
10 CCOC(=O)c1c(C)nnn1Cc2cc(=O)oc4c2ccc3ccccc34 0.09691 
11 CCOC(=O)c1c(C)nnn1Cc2cc(=O)oc3ccc(C)cc23 0.09691 
12 CCOC(=O)c1c(C)nnn1Cc3cc(=O)oc4ccc2ccccc2c34 0.39794 
13 Cc3ccc2c(Cn1nnc(C)c1C(=O)O)cc(=O)oc2c3 -0.79588 
14 Cc3cc(C)c2c(Cn1nnc(C)c1C(=O)O)cc(=O)oc2c3 -0.79588 
15 COc3ccc2oc(=O)cc(Cn1nnc(C)c1C(=O)O)c2c3 -0.49415 
16 Cc4nnn(Cc1cc(=O)oc3c1ccc2ccccc23)c4C(=O)O 0.69897 
17 Cc3ccc2oc(=O)cc(Cn1nnc(C)c1C(=O)O)c2c3 0.09691 
18 Cc4nnn(Cc2cc(=O)oc3ccc1ccccc1c23)c4C(=O)O 0.39794 
19 CC[N+](CC)(CC)CCCCCCCCCCOCc4cn(Cc2cc(=O)oc3cc1OC(C)(C)CCc1cc23)nn4 -1.07918 
20 Cc3cc(=O)oc4cc(OCC(O)Cn2nnc1ccccc12)ccc34 -1.20412 
21 O=c4cc(OCc2cn(Cc1ccc(N(=O)=O)cc1)nn2)c3ccccc3o4 -0.90309 
22 O=c4cc(OCc2cn(Cc1cccc(N(=O)=O)c1)nn2)c3ccccc3o4 -0.90309 
23 O=c4cc(OCc2cn(Cc1ccc(Cl)cc1)nn2)c3ccccc3o4 -1.20412 
24 O=c4cc(OCc2cn(Cc1cccc(Cl)c1)nn2)c3ccccc3o4 -0.90309 

 

* Corresponding author. E-mail: harishcu@recsonbhadra.ac.in  
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ID SMILES pMIC 
25 O=c4cc(OCc2cn(Cc1ccc(Br)cc1)nn2)c3ccccc3o4 -1.20412 
26 COc4ccc3oc(=O)cc(Cn2cc(C(O)c1ccccc1)nn2)c3c4 -1.57403 
27 Cc4ccc3oc(=O)cc(Cn2cc(C(O)c1ccccc1)nn2)c3c4 -1.273 
28 CC(C)(C)c4ccc3oc(=O)cc(Cn2cc(C(O)c1ccccc1)nn2)c3c4 -0.96848 
29 O=c5cc(Cn2cc(C(O)c1ccccc1)nn2)c4cc(Cc3ccccc3)ccc4o5 -1.273 
30 O=c5cc(Cn2cc(C(O)c1ccccc1)nn2)c4cc3ccccc3cc4o5 -1.273 
31 Cc3cc(OCc2cn(Cc1ccc(N(=O)=O)cc1)nn2)cc4oc(=O)ccc34 -0.90309 
32 Cc3cc(OCc2cn(Cc1cccc(N(=O)=O)c1)nn2)cc4oc(=O)ccc34 -0.90309 
33 Cc3cc(OCc2cn(Cc1ccc(Cl)cc1)nn2)cc4oc(=O)ccc34 -0.90309 
34 Cc3cc(OCc2cn(Cc1cccc(Cl)c1)nn2)cc4oc(=O)ccc34 -1.20412 
35 Cc3cc(OCc2cn(Cc1ccc(Br)cc1)nn2)cc4oc(=O)ccc34 -1.20412 
36 Cc3cc(OCc2cn(Cc1ccccc1)cn2)cc4oc(=O)ccc34 -0.90309 
37 Cc5ccc4oc(=O)cc(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)c4c5 -1.20412 
38 Cc5ccc4c(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)cc(=O)oc4c5 -1.49485 
39 O=c5cc(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)c4cc(Cl)ccc4o5 -0.60206 
40 O=c5cc(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)c4ccc(Cl)cc4o5 -0.60206 
41 COc5ccc4oc(=O)cc(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)c4c5 -0.90309 
42 COc5ccc4c(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)cc(=O)oc4c5 -1.20412 
43 O=c5cc(COC(Cn2cc(c1ccccc1)nn2)c3ccc(Cl)cc3Cl)c4ccc(Br)cc4o5 -1.20412 
44 O=C(O)c4ccc(n3cc(CNC(=O)c2cc1ccc(=O)oc1cc2O)nn3)cc4 0.18709 

45 COC(=O)c6cc5cc(C#CCCCCCCc4cn(C3(C(C)C)Oc2cc1oc(=O)ccc1cc2C3=O)nn4)c(
=O)oc5cc6O -1.83727 

46 COC(=O)c2cc1ccc(=O)oc1cc2c4cn(c3ccc(C(=O)O)cc3)nn4 -0.79796 
47 Cc4cc(=O)oc5cc(OCc3cn(C1CCCCC1Oc2cccnc2Cl)nn3)ccc45 -1 
48 Cc4cc(=O)oc5cc(OCc3cn(C1CCCC1Oc2cccnc2Cl)nn3)ccc45 -1 
49 Cc3cc(=O)oc4cc(OCc2cn(Cc1ccc(F)cc1)nn2)ccc34 -0.69897 
50 Cc3cc(=O)oc4cc(OCc2cn(Cc1ccc(C#N)cc1)nn2)ccc34 -1.87506 

51 CC[N+](CC)(CC)CCCCCCCCCCOCc4cn(Cc2cc(=O)oc3c(OC)c1OC(C)(C)CCc1cc23
)nn4 -1.74036 

TABLE S-II. Distribution of compounds in Training, Invisible training, Calibration, and 
Validation set in three random splits. 

Split 
number Training Invisible training Calibration Validation 

Split 1 
3, 6, 8, 12, 17, 20, 21, 
24, 26, 34, 36, 40, 46, 

48, 50, 51 

1, 9, 10, 11, 14, 16, 
25, 29, 30, 33,37, 41, 

45, 47 

2, 4, 7, 13, 15, 28, 31, 
35, 38, 43, 49  

5, 18, 19, 22, 23, 
27, 32, 39, 42, 44 

Split 2 
2, 4, 8, 13, 16, 26, 31, 
34, 37, 42, 43, 44, 46, 

47, 50 

1, 6, 10, 11, 15, 17, 
23, 25, 28, 29, 32, 

39, 41, 48 

3, 5, 7, 9, 14, 24, 27, 
38, 40, 45, 49 

12, 18, 19, 20, 21, 
22, 30, 33, 35, 36, 

51 

Split 3 5, 6, 7, 13, 15, 23, 24, 
28, 38, 39, 40 

3, 9, 14, 19, 22, 25, 
27, 29, 30, 35, 45, 

46, 48, 49, 50 

16, 17, 20, 31, 33, 34, 
42, 43, 44, 51, 2, 10, 

11, 12 

1, 4, 8, 18, 21, 26, 
32, 36, 37, 41, 47 
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TABLE S-III. Structural attributes (Good and bad fingerprints) of activity against S. aureus in 
three runs of Monte Carlo optimization 

SAk CWs P1 CWs P2 CWs P3 Defect [SAk] 
Promoters of activity (M4) 

EC0-O...1... 1.3803 1.0059 0.3405 0.0000 
c...3...c... 1.8324 1.1794 6.1565 0.0036 

[xyyx0]..... 0.4606 0.4647 4.9302 0.0000 
c...2....... 0.9736 0.0192 1.9032 0.0031 

[xyzyx0].... 0.9314 1.0758 1.0885 0.0066 
n...n....... 1.3189 0.9413 2.9101 0.0031 

O...=...(… 0.2947 0.1729 1.8528 0.0071 
c...c...c... 1.4163 0.9521 2.0173 0.0029 

BOND10000000 1.6066 1.9218 3.1289 0.0026 
HALO00000000 1.3248 1.3766 0.0045 0.0081 
NOSP01000000 1.5227 1.2056 2.2937 0.0151 

c...c...2... 1.7570 2.1183 1.5168 0.0115 
n...(...C... 1.3563 0.2484 2.0366 0.0198 
o...(...O... 0.5513 0.2877 0.5311 0.0065 
c...1...(... 0.0755 0.0070 0.8339 0.0123 
C...1....... 1.2124 1.3100 0.3349 0.0094 
c...3...4... 1.4420 0.9888 0.9371 0.0387 
c...C...(... 1.6156 0.5518 1.6063 0.0157 
[xyx4]...... 0.7896 1.1156 0.9742 0.0120 
n...1....... 0.5169 0.6534 1.4766 0.0189 
n...C...(... 0.5010 1.1322 1.6241 0.0274 
3...c...2... 1.6260 1.2054 0.9456 0.0289 
C...(...=... 1.3359 1.4561 1.2091 0.0275 
N...(....... 1.1769 1.1051 0.2718 0.0503 
c...(...N... 1.1440 1.1733 0.9345 0.0503 

Promoters of activity (M10) 
EC1-C...6... 0.9202 0.9533 0.8767 0.0000 
EC1-C...9... 0.9054 1.3435 1.0562 0.0000 
EC1-N...5… 0.4271 2.8375 1.4485 0.0000 
[xyyx0]..... 1.5770 1.8835 2.5635 0.0000 
c...(...=... 0.1594 1.0513 1.1669 0.0133 

BOND10000000 1.4929 2.5504 1.1049 0.0081 
c...c...2... 1.2138 1.5640 0.8367 0.0039 

[xyzyx0].... 0.4841 1.0311 0.4801 0.0077 
1...c...(... 0.8316 1.3412 0.9746 0.0150 
n...C...(... 1.3817 0.1151 0.6553 0.0153 
3...c...(... 0.2742 0.9664 1.3977 0.0043 
4...c...(... 0.4650 1.7684 1.4240 0.0275 
C...1....... 0.0756 1.1968 0.8009 0.0196 
C...c...2... 0.4792 3.0906 1.6450 0.0043 

EC1-Cl..6… 0.6074 1.6550 0.8792 0.0101 
NOSP11000000 0.0556 1.2363 1.2616 0.0303 

3...(....... 0.2700 1.2395 0.5709 0.0502 
C...O...(... 1.1106 0.8134 1.1900 0.0035 
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SAk CWs P1 CWs P2 CWs P3 Defect [SAk] 
EC1-O...4… 0.2074 1.1468 1.4376 0.0310 

N...(....... 0.9440 0.2287 2.3996 0.0189 
c...(...Cl.. 0.3360 1.7833 1.2956 0.0117 
c...(...N... 1.1713 1.6040 0.5362 0.0189 
c...C...(... 0.1849 2.4469 1.5329 0.0208 
n...1....... 1.3319 1.3245 0.1696 0.0251 
n...c...2... 0.4277 0.4810 0.3850 0.0208 
n...n...1... 1.0808 0.9214 1.1837 0.0251 
(...N...(... 0.7168 1.0285 0.2306 0.0081 

EC1-N...2... 0.4635 0.2711 0.5377 0.0163 
O...(...O... 0.4204 0.6575 1.1037 0.0364 
c...(...3... 0.1966 2.1458 1.3361 1.0000 
c...o...4... 1.1627 1.5654 0.2008 1.0000 
[xyx5]...... 0.8728 0.9104 1.4503 1.0000 
(...N...#... 0.0323 1.5227 0.7897 0.0442 
3...2....... 0.7651 1.6091 1.2781 0.0442 
4...c...2... 1.9553 1.8426 3.3051 1.0000 
C...c...4... 1.0932 1.2439 0.8365 0.0442 
C...n...1... 0.7667 1.3442 0.9407 0.0348 

EC1-N...8... 1.5275 1.1218 1.2967 1.0000 
c...1...C... 0.2776 1.1237 1.9595 0.0348 
c...2...3... 1.0613 1.1736 1.1102 0.0442 

Promoters of activity (M11) 
c...(....... 1.1802 0.5233 1.0124 0.0000 
c...1....... 2.1678 1.1924 1.1989 0.0034 
c...2....... 0.8964 1.8132 0.4523 0.0037 
c...c...3... 0.2430 0.3123 1.3495 0.0079 

[xyyx0]..... 11.8616 9.4184 6.5641 0.0000 
n...n....... 2.9301 1.8750 4.2672 0.0000 
1...c...(... 1.1262 3.4869 2.3150 0.0340 

BOND10000000 7.3038 7.3199 6.9298 0.0076 
c...1...c... 4.0590 5.3725 4.8629 0.0081 

[xyzyx0].... 4.1982 5.7704 3.7127 0.0160 
n...n...(... 2.2563 1.6402 1.6530 0.0087 
=...O...(... 0.2761 0.3821 0.1549 0.0183 
O...=...(... 0.8956 0.6069 0.9192 0.0183 
c...(...O... 1.5929 0.5332 1.3473 0.0192 
n...C...(... 1.8772 1.5804 2.7283 0.0357 
n...C....... 1.4897 3.5828 0.3799 0.0357 
n...(...1... 2.1957 2.1046 0.6110 0.0198 

Adversaries of activity (M4) 
EC0-C...3... -0.0063 -0.0650 -0.7341 0.0000 
EC0-C...4... -0.0496 -0.1014 -0.8191 0.0000 
EC0-H...1... -0.1827 -0.4861 -0.0113 0.0000 
EC0-N...2... -2.1326 -0.3570 -2.7170 0.0000 

C...(....... -0.0407 -0.3134 -0.7258 0.0047 
O...(....... -0.0597 -0.2022 -0.8645 0.0047 
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SAk CWs P1 CWs P2 CWs P3 Defect [SAk] 
c...1....... -0.3059 -0.2583 -0.7519 0.0037 
n...(....... -0.4778 -0.2105 -0.8867 0.0079 
n...n...(... -0.6126 -0.0923 -1.5594 0.0081 
c...4...c... -0.4408 -0.7683 -1.1420 0.0194 
c...c...4... -1.5229 -0.4043 -0.7252 0.0156 
c...(...C... -0.4640 -0.2863 -0.8204 0.0117 
C...c...2... -0.2957 -0.2947 -0.1831 0.0115 
c...C...O... -0.2511 -0.4756 -0.6577 0.0343 
n...n...2... -0.2690 -0.4488 -0.9846 0.0123 
C...C....... -0.4162 -0.0034 -0.0894 0.0292 

NOSP11000000 -0.4989 -1.0109 -0.0582 0.0536 
o...c...4... -0.6194 -0.5333 -0.2237 0.0503 

Adversaries of activity (M10) 
EC1-C...7... -0.3739 -0.2071 -0.3508 0.0000 
EC1-H...4... -0.3191 -0.1586 -0.2877 0.0000 

c...c...(... -0.4745 -0.2398 -0.3352 0.0000 
=...(....... -0.0985 -0.2175 -0.0736 0.0133 
=...O...(... -0.5946 -0.3410 -0.9036 0.0133 
c...c...1... -0.0411 -0.1527 -0.0192 0.0145 

EC1-O...7... -0.6302 -0.5737 -0.0433 0.0035 
n...(...1... -0.4972 -0.2252 -0.1054 0.0048 
C...c...3... -0.2623 -0.3367 -0.5491 0.0208 
(...C...(... -0.3545 -0.2937 -0.1888 0.0152 
(...O...(... -0.2777 -0.8833 -0.0415 0.0208 
C...n...2... -0.1559 -0.7780 -0.3644 0.0035 
c...5...c... -0.5686 -0.6239 -0.4424 0.0035 
c...c...5... -0.8525 -0.2827 -0.3115 0.0035 
C...(...C... -0.3105 -0.9544 -0.8406 0.0162 
N...#...C... -0.1494 -1.6585 -1.4759 0.0163 
c...O....... -0.8582 -2.3522 -1.0626 0.0081 
o...c...1... -0.4978 -0.4420 -0.4747 1.0000 

Adversaries of activity (M11) 
O...=....... -0.8329 -1.3695 -1.4543 0.0000 
c...3...c... -2.3114 -0.1758 -1.6712 0.0038 
c...c....... -1.0851 -0.3990 -1.1745 0.0000 
c...c...c... -0.0236 -1.4852 -0.1720 0.0079 
C...(....... -0.6451 -1.2806 -0.6066 0.0047 
O...(....... -0.8947 -0.7138 -0.6053 0.0098 

NOSP01000000 -0.2907 -0.1564 -0.9909 0.0069 
c...(...C... -1.6102 -1.2066 -1.3291 0.0098 
O...C....... -1.9894 -2.4534 -2.7427 0.0069 
c...(...=... -1.0120 -1.1744 -2.8074 0.0189 
c...C....... -0.9450 -0.9782 -0.4993 0.0109 

HALO00000000 -1.0185 -1.3042 -0.7699 0.0139 
n...n...2... -2.7940 -0.4582 -0.4058 0.0117 
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Abstract: Molten systems based on alkali metal halides with lithium oxide 
additives are promising as a working medium on pyrochemical reprocessing of 
nuclear waste. A mixture of alkali metal fluorides of eutectic composition 
(FLiNaK) is a suggested solvent due to the high solubility of actinide oxides, 
low viscosity, high boiling points, low vapor pressure and resistance to radiat-
ion damage. Thermal analysis, XRD, Raman spectroscopy and thermodynamic 
simulations were used to obtain evidences on the phase equilibria and liquidus 
points of the system (0.85 FLiNaK–0.15 CeF3)–Li2O, containing up to 8.8 mol. % 
lithium oxide. The solubility of lithium oxide in the fluoride melt FLiNaK– 
–CeF3 and the thermodynamic parameters of dissolution were obtained. The 
eutectic point (the Li2O content is 3.1 mol. %, Tm = 489 °С) and two peritectic 
points (lithium oxide content are 3.2 and 4.2 mol. %, and liquidus points are 
497 and 549 ºС, respectively) were found. Thermodynamic simulation results 
show an exothermic effect due to interaction between lithium oxide and fluor-
ide melt. The interaction product oxyfluoride CeOF was detected by XRD ana-
lysis and Raman spectroscopy. 

Keywords: lithium oxide; solubility; FLiNaK; cerium oxyfluoride; cerium 
fluoride; molten fluoride; phase diagram. 

INTRODUCTION 
Pyrochemical reprocessing of spent nuclear fuel is one of the most promising 

options for environmentally safe handling of nuclear waste. It involves the elec-
trolytic reduction process that converts the uranium oxide into metal in a molten 
salt electrolyte.1–6 Oxide–halide melts based on alkali metal halides with lithium 
oxide additives are tested as a working medium. During the electrolysis of these 
melts, the released at the indifferent cathode lithium reduces actinide oxides to 
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the corresponding metals.3,4,7 For the process to proceed successfully, the con-
centration of lithium oxide must be at least 3 mol. %.7 

The solubility of lithium oxide in LiCl and LiCl–KCl melts has been well 
studied.7–9 It reaches 11.5 mol. % (923 K) for the LiCl solvent,5 and decreases as 
potassium chloride is introduced into the solvent. In a melt of eutectic compo-
sition (58.5 LiCl–41.5 KCl) at 823 K, the solubility of lithium oxide is 1.32 mol. 
%.8 The result presented in the literature7 is interesting: it turns out that the 
addition of SrCl2 (7 wt. %) enhance the Li2O solubility with respect to that in 
pure LiCl (from 8.8 to 9.1 wt. %). 

There is little information on the solubility of lithium oxide in fluoride melts. 
It is reported in10 that the solubility of lithium oxide in a melt of composition 
(0.8 LiF–0.2 CaF2) at a temperature of 1058 K is 10.6 wt. %, and increases on 
temperature increasing, reaching 14.8 wt. % at 1133 K. 

Another promising solvent is a mixture of alkali metal fluorides of the eutec-
tic composition LiF–NaF–KF (46.5–11.5–42 mol. %)–FLiNaK. Despite the fact 
that molten alkali metal fluorides are among the most aggressive to structural 
materials, it is the melts that have huge advantages due to high thermal conduct-
ivity, low viscosity, high boiling points, low vapor pressure, the highest heat cap-
acity and stability to radiation damage. Unfortunately, the solubility of lithium 
oxide in the FLiNaK melt is low and is estimated to not exceed 1 %.11 

We may anticipate that the introduction of rare earth fluorides into a molten 
mixture of alkali metal fluorides will lead to an increase in the solubility of 
lithium oxide due to chemical interaction. The basis for this assumption are the 
results12 indicating the solubility of rare-earth oxides in fluoride melts is extrem-
ely low, but abruptly increase when rare-earth fluoride is introduced into the 
melt. This result is associated with the interaction of the fluoride melt with rare- 
-earth oxide during dissolution and the formation of oxide–fluoride complexes 
LnOxFy.13 

In this work, as an example, we adopted the FLiNaK fluoride system with 
the addition of 15 mol. % cerium fluoride and studied the solubility of lithium 
oxide in this molten system.  

First of all, when modeling the physicochemical behavior of plutonium com-
pounds, cerium containing salts can be used as environmentally safe simul-
ators.14,15 

Next, the FLiNaK and FLiNaK–CeF3 molten mixtures with small addition 
of Li2O were simulated within the ab initio theory to obtain the local structure 
patterns.16,17 The introduction of cerium ions (in CeF3) into the oxide–fluoride 
melt, FLiNaK–Li2O, leads to significant changes in the parameters of the local 
structure: in the FLiNaK–CeF3–Li2O melt, cerium ions displace lithium from the 
immediate environment of oxygen. The longest-lived configuration includes oxy-
gen, surrounded by cerium and lithium cations. The average lifetime of an O–Ce 
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ion pair exceeds 10 ps, while the average lifetime of an O–Li ion pair decreases 
from 5 (in FLiNaK–Li2O melt) to 1.1 ps. This change in the local structure and 
dynamics of ions of the oxide–fluoride molten system FLiNaK–CeF3–Li2O 
compared to the FLiNaK–Li2O melt allows, in particular, to make a prediction 
about the higher solubility of lithium oxide in melts containing cerium fluoride, 
compared to its solubility in FLiNaK. And finally, using the HSC Chemistry 9 
software package,18 we calculated the thermodynamic parameters of possible 
reactions of interaction of cerium fluoride with lithium oxide: 
 Li2O + 0.5CeF3 = 0.5LiCeO2 + 1.5LiF  
 ΔG = −128 kJ mol–1; k = 4.48×107; 600 °C  (1) 
 Li2O + CeF3 = CeOF + 2LiF 
 ΔG = −332 kJ mol–1; k = 7.24×1019; 600 °C (2) 

The calculation results showed negative values of the change of the Gibbs 
energy and large values of the thermodynamic reaction constant of the proposed 
reactions. It can be expected that the interaction of lithium oxide with CeF3 dis-
solved in the fluoride melt will increase the solubility of lithium oxide. 

The purpose of this study was to obtain information on the phase equilibria 
and liquidus points of the system (0.85 FLiNaK–0.15 CeF3)–Li2O, containing up 
to 8.8 mol. % lithium oxide; to determine the solubility of lithium oxide in the 
fluoride melt FLiNaK–CeF3, and to estimate the thermodynamic parameters of 
dissolution. 

EXPERIMENTAL 
Experimental techniques 

Certification of the starting fluoride systems, determination of phase transformations 
points and accompanying thermal effects were carried out on a synchronous thermal analyzer 
STA 449C Jupiter coupled (NETZSCH, Germany). The instrument was calibrated using refer-
ence samples of RbNO3, KClO4, Ag2SO4, CsCl, K2CrO4 and biphenyl C10H12 (NETZSCH). 
The mass of the initial samples was 10-13 mg, the heating rate was 5 °C min-1. The tempe-
rature range for thermal analysis was 25–700 °C. To protect the device, measurements were 
carried out in a flow of protective gas (high purity Ar, 99.998 %). The gas flow rate was 20 ml 
min-1. The sample was placed in a Pt–Rh crucible with a pierced lid. According to the tech-
nical characteristics of the device, the error in determining the temperature was less than 1 °C, 
the error in measuring mass was 10-6 g. 

XRD analysis and Raman spectroscopy were used to certificate of CeF3, Li2O, and to 
identify reaction products. X-ray patterns were recorded using an automatic X-ray diffracto-
meter Rigaku D/MAX-2200VL/PC (CuKα radiation, Rigaku MiniFlex 600 diffractometer, 
Tokyo, Japan), phases were identified using MDI Jade 6.5 software. 

Raman spectra were recorded using the U1000 Raman microscope–spectrometer (Reni-
shaw, UK) over a range 50–1000 cm-1, and Ava-Raman fiber-optic spectrometric complex 
(Avantes, Eerbeek, The Netherlands) over a range 150–5400 cm-1. 
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Reagents preparation and certification 
The eutectic mixture FLiNaK was prepared using extra pure LiF, NaF and potassium 

bifluoride KF·HF (Vekton Company, Saints Petersburg, Russia). It is known that when heated 
to 300–400 °C, the acid salt KF·HF decomposes with the formation of potassium fluoride and 
gaseous HF according to reaction: KF·HF → KF + HF↑.  

The formation of hydrogen fluoride is a positive factor affecting the purity of the 
obtained FLiNaK.19 The required weighed portions of the initial reagents (LiF, NaF and KF·HF) 
were heated in a glassy carbon crucible at a rate of 2.5 °C min-1 to a temperature of 750 °C 
and kept for 2 h, followed by cooling to room temperature. The melting point (460 °C) and 
enthalpy of melting of the obtained fluoride eutectic composition (414 J g-1, Fig. 1a) are 
consistent with the reference data.20  

 
Fig. 1. The STA results: a) FLiNaK; b) 0.85 FLiNaK–0.15 CeF3. 

The methods of Raman spectroscopy and XRD analysis were used to certify pure CeF3 
(99.9 %, CAS 7758-88-5, CHIMKRAFT Company, Russia). It is known that cerium fluoride 
under normal conditions has a crystal lattice of D3d

4 symmetry, containing six formula units 
per unit cell. The selection rules determine 17 active modes (5А1g + 12Eg) in the Raman 
spectrum.21 Some of them, apparently, had weak intensity and were not recorded. In accord-
ance with the results,21 in the recorded spectrum of CeF3 (Fig. 2a), the vibration bands at 396, 
240, 295, 314 cm-1 are associated with the А1g vibration modes, whereas those recorded at 77, 
145, 203, 225, 306, 319, 386 cm-1 are associated with Eg modes. Vibration bands related to 
other phases, as well as bands of adsorbed water, were not found. XRD analysis of the used 
CeF3 reagent also confirmed its single-phase nature (Fig. 2b). FLiNaK–CeF3 mixtures, con-
taining 15 mol. % of cerium fluoride, were prepared in a glove box in an inert atmosphere (Ar, 
moisture and oxygen content did not exceed 10 ppm). The mixtures of a given composition 
were exposed in a glassy carbon crucible for 5 h at the temperatures exceeding the liquidus 
point (512 °C)22 of the studied compositions by 150–200 °C.22 The STA analysis results of 
obtained mixture are shown  in Fig. 1b. The solidus and liquidus points are consistent with the 
reference data.22 

Lithium oxide was obtained by thermal decomposition of anhydrous lithium hydroxide.9 
In the Raman spectrum over the range 150–5400 cm-1 of synthesized Li2O, the only one 
vibration band was noted at 524 cm-1, which is consistent with the data.23,24 We note the act-
ive interaction of lithium oxide with water vapor and CO2 in the air atmosphere. Fig. 3 shows 
the Raman spectra of a Li2O sample recorded sequentially when it was kept in an air atmo-
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sphere. The formation of lithium hydroxide (vibration band at 3667 cm-1), crystalline hydrate, 
LiOH⋅H2O (3556 cm-1) and lithium carbonate (195, 1093, 1465 cm-1) were noticed. To pre-
vent the formation of these impurities, the synthesized Li2O was stored in a glove box in an 
inert atmosphere. 

 
Fig. 2. Results of the cerium fluoride certification: a) Raman spectrum; b) XRD analysis. 

 
Fig. 3. Raman spectrа of the Li2O on various exposure times in the air atmosphere. Products 

of interaction with water vapor and CO2 are marked. 

RESULTS AND DISCUSSION 

Phase equilibria and liquidus points of the (0.85 FLiNaK–0.15 CeF3)–Li2O system 
As an example, Fig. 4 shows several DSC curves obtained on studying the 

thermal behavior of the (0.85 FLiNaK–0.15 CeF3)–Li2O system. It can be seen 
that the introduction of lithium oxide into the fluoride system affects the number 
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of thermal effects and the phase transformations points. Taking into account the 
complete set of data obtained, the phase diagram of the system (0.85 FLiNaK– 
–0.15 CeF3)–Li2O, containing up to 8.8 mol. % lithium oxide, was constructed 
(Fig. 5). 

 
Fig. 4. DSC curves of the (0.85 FLiNaK–0.15 CeF3)–Li2O systems, containing 2.3 (a), 

4.01 (b) and 8.8 mol. % (c) of lithium oxide. 

In the system under study, the presence of a eutectic point was established 
(the Li2O content is 3.1 mol. %, Tm = 489 °С), as well as two peritectic points 
(lithium oxide content 3.2 and 4.2 mol. %, and liquidus points 497 and 549 °С, 
respectively). The presence of the peritectic points indicates the formation in the 
system of thermally unstable incongruently melting compounds. The compo-
sitions of these compounds are outside the studied concentration range of the lith-
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ium oxide. The solidus point of the system is 489 °С. An additional thermal 
effect was recorded at 456 °C, which can be associated with the polymorphic 
transformation of the oxyfluoride compound formed in the system. Using the 
XRD and Raman spectroscopy, a phase analysis of the frozen melts containing 
3.5 mol. % Li2O, was carried out (Figs. 6 and 7). 

 
Fig. 5. Part of the phase diagram of the system (0.85 FLiNaK–0.15 CeF3)–Li2O. 

 
Fig. 6. XRD results of the frozen melt (0.85 FLiNaK–0.15 CeF3)–Li2O containing 3.5 mol. % 

of lithium oxide. 
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According to the XRD analysis, the presence of tetragonal (space symmetry 
group P4/nmm) and rhombohedral (space symmetry group R3m) oxyfluorides 
CeOF (Fig. 6) were established. The Raman microspectroscopy confirms these 
results: for different microparticles of the sample, vibration spectra of CeOF 
associated with P4/nmm and R3m space symmetry group25,26 were recorded 
independently (Fig. 7). 

Fig. 7. Raman spectra of the different microparticles 
frozen melt (0.85 FLiNaK–0.15 CeF3)–Li2O con-
taining 3.5 mol. % of lithium oxide. 

The liquidus points of the oxide–fluoride system are presented in Table I. At 
first, the Li2O additions decrease the temperature of initial crystallisation and 
then increase it. The change of the dependence flow may be due to the new solid 
phase which was the first to crystallise during the melt cooling. For the present 
instance it should be the CeOF. The coordinates of the points on the ascending 
branches of the liquidus curve correspond to the lithium oxide solubility (S) in 
the melt. 

TABLE I. The liquidus points of the systems (0.85 FLiNaK–0.15 CeF3)–Li2O 
Li2O content, mol. % 0 1 2.1 2.3 3.2 3.5 4.01 6.62 7.52 8.8 
Tliq / °C 512 510 507 501 493 519 542 611 625 647 
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Solubility of Li2O in 0.85 FLiNaK–0.15 CeF3 molten system 
Using data on the liquidus points of the system (0.85 FLiNaK–0.15 CeF3)– 

–Li2O, the lithium oxide solubility for different temperatures was calculated. The 
results are presented in Fig. 8. The Li2O solubility increases exponentially on the 
temperature increasing according to the equation: S = 0,078e0.0073T, where T is 
the temperature in °С and S is Li2O solubility in mol. %. 

Fig. 8. The temperature dependence of Li2O sol-
ubility in fluoride molten system 0.85 FLiNaK– 
–0.15 CeF3. 

Fig. 9 shows the temperature dependence of Li2O solubility related to the 
ln S–1/T coordinates over the temperatures 493–647 °C. It can be approximated 
by the linear equation: ln S = A + B/T, where A and B are empirical coefficients: 
ln S = 2.7598 – 4811.9/T ± 0.04. 

 
Fig. 9. The temperature dependence of Li2O solubility in 0.85 FLiNaK–0.15 CeF3 molten 

system related to the ln S–1/T coordinates. 

The conditional value of the change in Gibbs energy of dissolution of 1 mol 
of the oxide, ΔG*dis, is determined by the equation:  
 ΔG*dis = −RTln K* (3) 
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where K* = K/[f(Li2O)] is the conditional equilibrium constant of the dissolution 
process. K* is equal to the Li2O solubility (S, mol. fr.). At the same time for the 
studied Li2O concentration range (up to 8.8 mol. %) the Li2O activity coef-
ficients f(Li2O) are assumed to be unchangeable. 

Thus, we have obtained the following equation of the temperature depen-
dence of the conditional change in Gibbs energy of dissolution:  
 ΔG*dis = ΔH* − TΔS* = −RT(A + B/T) (4) 

Accordingly, it is possible to calculate the conditional values of the change 
in enthalpy (ΔH* = –RB) and entropy (ΔS* = RA) when 1 mol of lithium oxide is 
dissolved in the melt (Table II). 

TABLE II. The thermodynamic characteristics of Li2O dissolution in fluoride molten system 
0.85 FLiNaK–0.15 CeF3 
T 
°C (K) 

S  
mol. % 

ΔG*sol 
J mol-1 

ΔH* 
kJ mol-1

ΔS* 
J mol-1 K-1

ΔG°m
18 

J mol-1 
RTln (f(Li2O)) 

J mol-1 f(Li2O) 

500 (773) 3 22271   21644 –627 0.91 
550 (823) 5 21124   20744 –380 0.95 
600 (873) 6 19976 40.01 22.94 19774 –202 0.97 
650 (923) 9 18829   18746 –83 0.99 

Positive values of the enthalpy of dissolution indicate the endothermic effect 
of the process.  

Based on these data, such thermodynamic parameters of dissolution as an 
excessive change in the Gibbs energy of mixing a liquid supercooled oxide with 
a molten solvent and the activity coefficients of Li2O in the melt can also be 
determined.27,28 

Let’s consider the equilibrium of solid Li2O(s) oxide and solution Li2O(sol) 
in a 0.85 FLiNaK–0.15 CeF3 melt at a constant temperature:  
 Li2O(s)  Li2O(sol) (5) 

Given the equality of the chemical potentials of solid and dissolved Li2O, we 
have written: μ°(Li2O,s) = μ(Li2O,sol). Here μ(Li2O,sol) = μ°(Li2O,liq) + 
+ RTln a(Li2O,sol).           

For the standard state for the solution, we take supercooled liquid lithium 
oxide at a given temperature, and: 
 μ(Li2O,sol) = μ°(Li2O,liq) + RTln N(Li2O,sol) + RTln f(Li2O,sol) (6) 

Here N(Li2O,sol) and f(Li2O,sol) are concentration and activity coefficients 
of Li2O in the melt. 

Thus, we can write the change of Gibbs energy, ΔG°m(T), during Li2O 
melting at temperature T by the equation:  
ΔG°m(T) = μ°(Li2O,liq) – μ°(Li2O,s) = –RTln N((Li2O,sol) – RTln f(Li2O,sol) (7) 
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The change of the Gibbs energy on the dissolution process is expressed by 
the equation: 
 ΔG*sol(T) = −RTln S = ΔG°m(T) + RTln f(Li2O,sol) (8) 

The RTln f(Li2O,sol) characterizes the excess changes of Gibbs energy of 
mixing of liquid overcooled oxide and a solvent melt. 

The thermodynamic parameters of the Li2O dissolution in 0.85 FLiNaK– 
–0.15 CeF3 molten system calculated in this way using18 and experimental sol-
ubility values are shown in Table II. Small negative values of RTln f(Li2O,sol) 
indicate an exothermic interaction between lithium oxide and solvent when 
mixed. With increasing temperature, the value of RTln f(Li2O,sol) takes on more 
positive values, which indicates a decrease in the exothermic effect of the inter-
action. Accordingly, the activity coefficients f(Li2O,sol) have values slightly 
lower than unity, which increase with temperature. 

CONCLUSION 

Pyrochemical reprocessing of nuclear fuel is the promising option for envi-
ronmentally safe handling of nuclear waste. Molten systems based on alkali 
metal fluorides (FLiNaK) with lithium oxide additives are suggested as a work-
ing medium. The data on the solubility of lithium oxide in fluoride melts is in 
demand. DSC analysis, XRD, Raman spectroscopy and thermodynamic simul-
ations were used to obtain evidences on the phase equilibria and liquidus points 
of the system 0.85 (FLiNaK–0.15 CeF3)–Li2O, containing up to 8.8 mol. % lith-
ium oxide. The eutectic point (the Li2O content is 3.1 mol. %, Tm = 489 °С) and 
two peritectic points (lithium oxide content are 3.2 and 4.2 mol. %, and liquidus 
points are 497 and 549 °С, respectively) were found. Using the DSC results on 
the liquidus points, the solubility of lithium oxide was determined. The tempe-
rature dependence of Li2O solubility (S, mol. %) is described by an equation: S =  
= 0,078e0.0073T. Thermodynamic simulation results show an exothermic effect 
due to interaction between lithium oxide and fluoride melt. The interaction pro-
duct oxyfluoride CeOF was detected by XRD analysis and Raman spectroscopy. 
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Растопи базирани на халогенидима алкалних метала уз додатке литијум оксида су 
потенцијално добра радна средина за пирохемијску додатну обраду нуклеарног отпада. 
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Смеша флуорида алкалних метала еутектичког састава (FLiNaK) је предложен растварач 
због високе растворљивости оксида актиноида, ниске вискозности, високих тачки кљу-
чања, ниског напона паре и отпорности на оштећења од радијације. Термална анализа, 
XRD, раманска спектроскопија и термодинамичке симулације су коришћене да би се 
добили докази о равнотежи фаза и температури топљења система (0,85 FLiNaK–0,15 
CeF3)–Li2O, који садржи 8,8 mol. % литијум-оксида. Одређена је растврљивост литијум- 
-оксида у растопу флуорида FLiNaK–CeF3 као и термодинамички парамтери раства-
рања. Нађене су еутектичка тачка (садржај Li2O је 3,1 mol. %, Tm = 489 °С) и две пери-
тактичке тачке (садржај литијум-оксида: 3,2 and 4,2 mol. % и тачке топљења: 497 и 549 
°С, редом). Резултати термодинамичких симулација су показали егзотермни ефекат 
услед интеракција између литијум оксида и растопа флуорида. Производ интеракције је 
оксифлуорид CeOF који је детектован XRD анализом и раманском спектроскопијом. 

(Примљено 4. марта, ревидирано 17. марта, прихваћено 27. марта 2024) 
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Analytical method development and validation of antifungal drugs in 
updated ointment formulation using UV spectroscopy and RP-HPLC 
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Abstract: A precise, simple and validated reverse-phase high-performance liquid 
chromatography (RP-HPLC) method alongside spectrophotometric analysis has 
been established for the simultaneous quantification of clobetasol propionate, 
miconazole nitrate and salicylic acid in an updated ointment formulation. The 
impact of organic modifiers on the retention of the target compounds was 
assessed. The chromatographic analysis was conducted using a simple low-pres-
sure gradient method with UV detection at 282 nm on a C18 column (5 µm, 4.6 
mm×250 mm HSS). The mobile phase consisted of a mixture of methanol, 
acetonitrile and tetraethylamine acetate buffer at pH 4, adjusted with acetic acid 
in a 40:40:20 volume ratio, at a flow rate of 1.2 mL min-1. The method demon-
strated linearity in the 5–15 μg mL-1 concentration range for clobetasol propion-
ate, 30–90 μg mL-1 for miconazole nitrate, and 15–45 μg mL-1 for salicylic acid. 
The limits of detection and quantification were determined to be 1.49 and 4.53 
μg mL-1 for clobetasol propionate, 8.72 and 26.43 μg mL-1 for miconazole nitrate 
and 3.37 and 10.22 μg mL-1 for salicylic acid, respectively. The recoveries for 
drugs in formulation range from 95 to 99 %. 

Keywords: clobetasol propionate; miconazole nitrate; salicylic acid; high-per-
formance liquid chromatography; UV spectroscopy. 

INTRODUCTION 
Fungal infections present a notable challenge to skin wellness, impacting 

people across all age groups. From irritating nail infections to bothersome con-
ditions such as jock itch, athlete’s foot, and ringworm, the array of fungal ailments 

 

* Corresponding author. E-mail: jambulingam48@gmail.com  
https://doi.org/10.2298/JSC240301072K 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



68 KARUPPIAHYA et al. 

calls for efficient treatment. If neglected, these infections can progress to more 
serious health issues, underscoring the importance of prompt intervention.1 

Clobetasol propionate (Fig. S-2, of the Supplementary material to this paper) 
chemically designated as [(8S,9R,10S,11S,13S,14S,16S,17R)-17-(2-chloroacetyl)- 
-9-fluoro-11-hydroxy-10,13,16-trimethyl-3-oxo-6,7,8,11,12,14,15,16-octahydro-
cyclopenta[a]phenanthren-17-yl]propanoate is a potent topical glucocorticoid.2 It 
is an analogue of prednisolone, and it acts by binding glucocorticoid receptors in 
the cytoplasm, and activates gene transcription via the glucocorticoid receptor. 
This produces anti-inflammatory proteins and limits the activity of inflammatory 
mediators,3 thus increasing the creation of phospholipase A2 suppressor proteins, 
which regulate the release of arachidonic acid, an inflammation precursor. Mainly 
used in the treatment of psoriasis, eczema, contact dermatitis, and lichen planus.4 

Miconazole nitrate (Fig. S-3, Supplementary material) chemically named as 
1-[2-(2,4-dichlorophenyl)-2-[(2,4-dichlorophenyl)methoxy]ethyl]imidazole; nit-
ric acid and classified as an imidazole antifungal agent.5,6 Miconazole nitrate 
inhibits the synthesis of ergosterol, a crucial component of fungal cell membranes, 
effective in the treatment of many fungal infections.7,8   

Salicylic acid (Fig. S-1, Supplementary material) chemically named 2-hyd-
roxybenzoic acid works as a keratolytic agent, it helps to break down and exfoliate 
dead skin cells.9 This property makes it effective in treating conditions where there 
is an abnormal buildup of skin cells, such as acne, psoriasis and keratosis pilaris. 
Additionally, its anti-inflammatory and antimicrobial properties contribute to its 
usefulness in addressing various skin issues.10,11 

Various formulations of clobetasol propionate, salicylic acid and miconazole 
nitrate are available for topical use, encompassing ointments, creams, gels, foams, 
cosmetic products and acne treatment preparations.3,4,9,12 

A review of the literature showed that clobetasol propionate was determined 
using a variety of analytical techniques, including TLC-densitometric method,13 
RP-HPLC,2,11,8 UV spectrophotometry14 and UPLC-MS/MS.15 Spectrofluoro-
metric,16 RP-HPLC,5,7,8 UV Spectroscopy,7 UPLC,5 capillary zone electrophor-
esis,17 LC–MS/MS18 and gas chromatography-flame ionization detector (GC- 
-FID)19 were among the techniques used to analyze miconazole. LC–tandem mass 
spectrometry,9 liquid chromatography with solid phase extraction,20 TLC-densito-
metric techniques,21 LC–MS/MS,9 SPE-UHPLC–MS/MS,22 UPLCMS/MS,9 LC– 
–MS/MS,9 GC–MS,9 spectrofluorimetry,9 UV spectrometry,9 liquid–liquid 
extraction-HPLC9 and RP-HPLC9,11 were among the methods used to analyse 
salicylic acid. 

This article presents a comprehensive approach to treating skin conditions by 
combining antifungal and corticosteroid agents in topical formulation, namely an 
ointment. This synergistic strategy targets both fungal infections and inflammat-
ion, further enhanced by the addition of keratolytic agents to promote the skin cell 
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turnover and the absorption of active ingredients. Using  a polyethylene glycol base 
ensures the optimal penetration and the patient compliance, resulting in efficient 
relief and accelerated recovery across various dermatological conditions.23 

Furthermore, the article addresses a gap in analytical methods by proposing 
the development of an RP-HPLC and UV spectroscopy method to determine the 
percentage of drugs in the ointment, complementing the existing literature on salic-
ylic acid with clobetasol propionate,11 and miconazole nitrate with clobetasol 
propionate.8 The integration of these analytical techniques promises a more com-
prehensive understanding and the evaluation of multifaceted formulations in der-
matological care. The proposed method is reproducible, reliable and economical 
and permits the analysis of more samples in a short period of 15 min. 

EXPERIMENTAL 
Chemicals and reagent 

Clobetasol propionate and miconazole nitrate were obtained as a gift sample from Ajanta 
Pharma, Hyderabad. The following analytical grade reagents like salicylic acid, acetonitrile and 
HPLC water were obtained from Merck (Vikhroli, Mumbai). Acetic acid, triethylamine, 
methanol, polyethylene glycol (PEG) 400 and polyethylene glycol (PEG) 4000 were obtained 
from Lobachemei Pvt. Limited, Mumbai. 
Instrumentation 

Spectroscopic analysis was performed using a Shimadzu UV-1900i double-beam spectro-
photometer (Shimadzu, Japan) equipped with 1.0 cm quartz cells and data produced by the 
program Lab Solution version (1.13), data acquisition was performed using MATLAB, 6.2.1 
version. 

RP-HPLC was performed using a Shimadzu P-series PDA liquid chromatography system 
(Shimadzu, Japan) consisting of a column oven (CTO-10AS VP), a pump (LC-20ATD), a 
manual injector and a degasser (DGU20A3R/20A5R) and SPD 40 (photodiode array detector- 
-UV–Vis detector) was used for UV detection. Then the chromatographic conditions were 
controlled by a software package named Lab Solutions. 

Different column packing and mobile phases were tested to develop and formulate a 
method for the simultaneous determination of clobetasol propionate, miconazole nitrate and 
salicylic acid in ointment concerning the shape of peaks in the corresponding chromatogram. 
The final choice of the stationary phase consists of a C18 column (5µm, 4.6 mm×250 mm HSS), 
which shows great resolution and run time. The degassing of the mobile phase was performed 
by passing through a 0.45 µm membrane filter and sonicator. A flow rate of 1.2 mL min-1 was 
used for the separation, and an internal standard with UV detection at 282 nm was used as the 
detector wavelength, a column oven temperature of 30 °C was used with the injection volume 
of 20 µL.  
Preparation of topical formulation 

About 15 g of PEG 4000 and 31 mL of PEG 400, was stirred until the mixture had achieved 
a semisolid consistency at room temperature. Then the fusion technique was used to add the 
appropriate quantities of clobetasol propionate, miconazole nitrate and salicylic acid in success-
sion, ensuring thorough incorporation and a uniform distribution23 (Table S-I, Supplementary 
material). 
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Preparation of standards and sample stock solution (RP-HPLC and UV–Vis spectroscopy)  
A standard stock solution of clobetasol propionate, miconazole nitrate and salicylic acid 

was prepared at a concentration of (1000 μg mL-1). From this standard stock solution, the 
aliquots of different concentrations were prepared by the suitable dilutions using ethanol for 
spectroscopic measurements. In the same way sample solution was prepared for RP-HPLC 
using the diluent (acetonitrile:methanol at 50:50 volume ratio). 

A combined standard stock solution was prepared by accurately weighing and transferring 
10 mg of clobetasol propionate, 60 mg of miconazole nitrate and 30 mg of salicylic acid in a 
100 mL volumetric flask. Add the required amount of diluent and sonicate to dissolve and make 
up the volume to 100 mL which may contain 100 μg mL-1 of clobetasol propionate, 600 μg mL-1 
of miconazole nitrate and 300 μg mL-1 of salicylic acid. The final concentration was made to 
50, 75, 100, 125 and 150 μg mL-1, respectively by diluent. The final solutions were filtered 
using a membrane filter 0.45 μm of pore size. 

The sample stock solution was prepared by accurately weighing 2 g of antifungal topical 
formulation which contains 0.01 g clobetasol propionate, 0.6 g of salicylic acid, 0.039 g of 
miconazole nitrate in a 100 mL volumetric flask, add 50 mL of ethanol and sonicate to dissolve. 
After lightly warming the solution to dissolve completely the volume was made with solvent 
ethanol for spectroscopic measurements (1000 μg mL-1). From the sample stock solution, the 
final concentration was made to 20 μg mL-1 for spectroscopic analysis. In the same way sample 
solution was prepared for RP-HPLC using the diluent (acetonitrile:methanol at 50:50 volume 
ratio). 
Spectrophotometric analysis 

Wavelength selection. From the standard stock, 20 μg mL-1 of the solution was prepared 
and scanned from 200–400 nm. The maximum absorption was noted for clobetasol propionate 
at 239 nm, miconazole nitrate at 216 nm, and salicylic acid at 303 nm respectively. (Fig. S-4, 
Supplementary material). 
MATLAB analysis 

To achieve a concentration of 20 μg mL-1 for each analyte, dilutions were prepared from 
the standard stock solution. A 3×3 matrix was constructed using different wavelengths selected 
according to the maximum absorption of the compound in the UV spectrum (illustrated in Fig. 
1), and MATLAB was employed to calculate the amount of drugs in the formulation. 

 
Fig. 1. A 3×3 matrix used for calculating drug content via MATLAB. 

Chromatographic analysis 
Linearity range. Typical linear concentrations were constructed with five samples of the 

combined stock solution. The linearity range was 5–15 μg mL-1 for clobetasol propionate, 30– 
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–90 μg mL-1 for miconazole nitrate, and 15–45 μg mL-1 for salicylic acid. The linear line was 
obtained by plotting the ratios of the peak areas of clobetasol propionate, miconazole nitrate, 
and salicylic acid versus their concentration in μg mL-1. The regression equations were 
calculated by the Excel sheet. 

The accuracy samples were prepared at 80, 100 and 120 % in the same way as linearity 
samples. 

RESULTS AND DISCUSSION 

Several evaluation parameters of formulated ointment were investigated and 
confirmed that the formulation passes the evaluation test for the topical applic-
ation. The evaluation of physical parameters revealed that a white, uniform and 
consistent preparation with good homogeneity was found to have a pH of 4.9±0.06, 
indicating their potential suitability for dermatological care. The viscosity of 
formulation was performed at different speeds and values to adhere to the accept-
ance criteria for the skin application with 822,000 cps.  

The spreadability of the new formulation was determined to be 17 cm2 s–1, 
which indicates the moderate to high spreadability rate. The drug content is mea-
sured using liquid chromatography with a high recovery of 96, 99 and 95 % for 
clobetasol propionate, miconazole nitrate and salicylic acid, respectively (Table 
S-II, Supplementary material). 

Spectrophotometric analysis using MATLAB 
Using a 3×3 matrix in MATLAB software, the drug concentration in an 

ointment was calculated. Each entry in the matrix indicates the amount of different 
drugs that are present. By using these measurements from MATLAB in con-
junction with a series of calculations, the amount of drug in the topical formulation 
is calculated to be 98.6 % for clobetasol propionate, 92.2 % for miconazole nitrate, 
and 109.70 % for salicylic acid (Table S-III, Supplmentary material). 

Method development 
Several variables of the RP-HPLC method concerning their effect on the 

separation of clobetasol propionate, miconazole nitrate and salicylic acid were 
investigated. In comprehensive preliminary trials, a series of mobile phases with 
different pH in combination with different organic solvents were tested. 

The chromatographic conditions for the simultaneous quantification of clob-
etasol propionate, salicylic acid and miconazole nitrate using RP-HPLC were 
patiently constructed after experimenting with several mobile phases, solvent–buf-
fer ratios and pH conditions. The presence of organic modifiers in the mobile phase 
has a significant effect on the retention of analytes, which are mostly adsorbed onto 
the stationary phase. The systematic experimentation revealed that a mobile phase 
containing methanol, acetonitrile and tetraethylamine acetate buffer at pH 4, 
adjusted with acetic acid in a 40:40:20 volume ratio, provided the optimal retention 
times for the target compounds, all in less than 15 min. 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



72 KARUPPIAHYA et al. 

Given the solubility of all drugs in a methanol and acetonitrile mixture, for the 
initial trials these solvents were used. However, the inclusion of a buffer became 
necessary due to the weak acid nature of salicylic acid and the weak base properties 
of miconazole, demanding a buffer with a pKa value surpassing that of both drugs 
pH levels. Acetate buffer was thus incorporated into the mobile phase in varying 
compositions. Adjustments were meticulously made to pH, temperature and flow 
rate to perfect the method, ensuring precision, accuracy and suitability, which rev-
ealed better system suitability parameters (Table S-IV, Supplementary material). 

Method validation 
The International Council for Harmonisation of Technical Requirements for 

Pharmaceuticals for Human Use (ICH) provides guidelines for the validation of 
analytical procedures, commonly known as the ICH Q2(R1) guideline, which is 
used for validation of the optimized method.24  

Linearity 
The linearity was validated on samples of standard clobetasol propionate, 

miconazole nitrate and salicylic acid at five different concentrations (5–15, 30–90 
and 15–45 µg mL−1). The regression equations for clobetasol propionate, micon-
azole nitrate and salicylic acid were: y = 4063.3x + 1899.1, y = 1181.7x + 1196.3 
and y = 19107x + 20494. The correlation coefficients were 0.9922, 0.9957 and 
0.9954, respectively, where x represents concentration in µg mL−1, y represents 
HPLC peak area, which was automatically tracked by an integrator of the HPLC 
equipment and R implies the correlation coefficient. The data entry and analysis 
were successfully carried out on a personal computer using Microsoft Excel 
(Office Home & Student 2021 Microsoft Co., Redmond, USA, 2021), Table S-V 
and Fig. S-5, Supplementary material). 

Precision 
The triplicate samples of each drug were prepared and analysed using the 

proposed RP-HPLC technique on the same day and three days apart. The related 
coefficients of variation were then calculated. Table I summarizes the method’s 
intra- and inter-day variability. These findings support the method’s high accuracy 
and consistency, both within and between analytical sessions. The method’s accur-
acy is clear since the estimated relative standard deviations (RSD) are less than the 
maximum permissible value of 2 %, designated as RSDmax, as specified in Pharma-
copoeias.  

Accuracy 
The accuracy was determined by calculating the percentage recovery of the 

observed concentration related to the predicted concentration. To test the method's 
accuracy, the recovery values were calculated for solutions containing 80, 100 and 
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120 % of the specified clobetasol propionate, miconazole nitrate and salicylic acid 
concentrations. Table II illustrates the findings. The procedure is amazingly pre-
cise, ensuring that dependable results are achieved.  

TABLE I. Intra and inter-day precision data 

Nominal conc.  
μg mL-1 

Intraday Interday 
Mean of observed peak 

area ± SD RSD / % Mean of observed peak 
area ± SD RSD / % 

Clobetasol propionate 
5 2574 ±219.6 0.8532 26468 ±477.2 1.8029 

Miconazole nitrate 
30 41433.7 ±509.9 1.2308 41749 ±475.7 1.1395 

Salicylic acid 
15 360081 ±5978.6 1.6603 361016 ±5840.2 1.6177 

TABLE II. Accuracy data for ointment 

Level Sample 
μg mL-1 

Standard 
μg mL-1 

Nominal conc.
μg mL-1 Peak area Recovery 

μg mL-1 Recovery, % 

Clobetasol propionate 
80 1 3 4 20130 3.99 99.75 
100 1 4 5 23890 4.98 99.6 
120 1 5 6 27420 5.91 98.5 

Miconazole nitrate 
80 20 4 24 30519 23.96 99.83 
100 20 10 30 37326 29.83 99.43 
120 20 16 36 44389 35.91 99.75 

Salicylic acid 
80 6 6 12 271455 11.98 99.83 
100 6 9 15 325594 14.97 99.8 
120 6 12 18 373902 17.92 99.55 

Assay 
A reversed-phase high-performance liquid chromatographic technique for 

simultaneous determination of clobetasol propionate, miconazole nitrate and salic-
ylic acid concentration in an ointment has been developed. The active components 
were monitored by measuring the peak area of the ointment and the standard and 
the peak area ratio, when calculated, showed the great recovery rates and the assay 
success percentage. The specificity of the chromatographic technique was estab-
lished by screening a placebo solution and an assay solution together.  

The placebo solution was made in the same way as the examined solution but 
without the drugs (Table S-VI, Supplementary material). Figs. 2 and 3 shows the 
assay and the placebo chromatogram for sample and standard. 
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Fig. 2. Assay chromatogram for sample and standard (concentration of the combined standard 

and sample solution is 100 μg mL-1). 

 
Fig. 3. Specificity chromatogram contains 50 μg mL-1 of combined standard solution. 

Limit of detection and quantification 
The detection and quantitation limits were calculated as LOD (k = 3.3) and 

LOQ (k = 10) and found to be 1.49 and 4.53 μg mL–1 for clobetasol propionate, 
8.72 and 26.43 μg mL–1 for miconazole nitrate and 3.37 and 10.22 μg mL–1 for 
salicylic acid (Table S-VII, Supplementary material). 

Robustness 
The robustness of the RP HPLC method was assessed by introducing minor, 

stochastic alterations to the wavelength, temperature and flow rate. The variations 
were made to the flow rate (±0.1 mL min–1), the temperature (±2 °C) and the 
wavelength (±2 nm). As the determined relative standard deviations (RSD) are 
below the maximum acceptable value of 2 % (RSDmax), as specified in Pharma-
copoeias, the method’s reliability is confirmed (Tables SVIII–S-X, Supplementary 
material). 
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CONCLUSION 

The newly developed RP–HPLC and UV spectroscopy method, using the for-
mulated formulation, provides a simple and precise procedure for simultaneously 
determining clobetasol propionate, miconazole nitrate and salicylic acid in an 
updated ointment. This approach was distinguished by its simplicity, speed and 
effectiveness. The validation data provided excellent precision and accuracy, con-
firming the suggested method's reliability.  

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12827, or from the corres-
ponding author on request. 
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И З В О Д  

РАЗВОЈ АНАЛИТИЧКE МЕТОДE И ВАЛИДАЦИЈА АНТИФУНГАЛНИХ ЛЕКОВА У 
АЖУРИРАНОЈ ФОРМУЛАЦИЈИ МАСТИ ПРИМЕНОМ UV СПЕКТРОСКОПИЈЕ И 

RP-HPLC 

RETHINA KARUPPIAHYA1, SUBA GEETHA ARUNACHALAM1, SARAVANAN VENKATTAPURAM SAMPATH1, 

SAMBATHKUMAR RAMANATHAN1, ANANDA THANGADURAI SUBRAMANIAM2, RAVIKUMAR RAMASAMY1, 
ANUPRINCY PAULMURUGAN1 и JAMBULINGAM MUNUSAMY1 

1Department of Pharmaceutical Analysis, The Erode College of Pharmacy, Erode, Tamil Nadu, India и 
2Department of Pharmaceutical Analysis, JKKN College of Pharmacy, Kumarapalayam, 

Namakkal District, Tamil Nadu, India 

Прецизна, једноставна и валидирана метода реверсно-фазне течне хроматографије 
високих перформанси (RP-HPLC), заједно са спектрофотометријском анализом је успо-
стављена за истовремену квантификацију клобетасол-пропионата, миконазол-нитрата и 
салицилне киселине у ажурираној формулацији састава масти за кожу. Извршена је 
процена утицаја органских модификатора на синтезу циљних једињења. Хроматографска 
анализа је урађена коришћењем једноставне методе градијента ниског притиска са UV 
детекцијом на 282 nm на C18 колони (5 μm, 4,6 mm×250 mm HSS). Мобилна фаза се 
састојала од смеше метанола, ацетонитрила и тетраетиламин ацетатног пуфера (рН 4), 
подешеног сирћетном киселином у запреминском односу 40:40:20, при брзини протока 
од 1,2 μg mL-1. Метода је показала линеарност у опсегу концентрација од 5–15 μg mL-1 за 
клобетасол-пропионат, 30–90 μg mL-1 за миконазол-нитрат и 15–45 μg mL-1 за салицилну 
киселину. Одређене су границе детекције и квантификације: 1,49 и 4,53 μg mL-1 за кло-
бетасол-пропионат, 8,72 и 26,43 μg mL-1 за миконазол-нитрат и 3,37 и 3,37 μg mL-1 за 
салицилну киселину. Добијени резултат за лекове у формулацији је у опсегу од 95 до 99 %. 

(Примљено 1. марта, ревидирано 12. марта, прихваћено 18. августа 2024) 
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Fig. S-1. Salicylic acid   Fig. S-2. Clobetasol propionate 

 
Fig. S-3. Miconazole nitrate 
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Table S-I. Data for formulation  

Ingredients Quantity(g) 
TF 1 

Polyethylene glycol 400 35 
Polyethylene glycol 4000 15 

Clobetasol propionate 0.015 
Miconazole nitrate 0.6 

Salicylic acid 0.9 
 

Table S-II. Data for evaluation parameters. 

Evaluation parameters Formulation code
TF 1

Appearance White
Homogeneity Excellent
Consistency Semisolid

pH 4.9 ± 0.06
Viscosity 822000

Spreadability 17 cm2/s   

Drug content CP MN SA 
96% 99% 95% 

 

 
 Fig. S-4.  UV Spectrum overlay of clobetasol propionate (20 μg mL-1), miconazole nitrate (20 

μg mL-1), salicylic acid (20 μg mL-1).  
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Table S-III. Data for the amount of drug present in formulation using UV and MATLAB 

Drug Amount taken 
(μg mL-1) Absorbance Amount present 

(μg mL-1) % Assay 

CP 10 2.0115 9.86 98.6 
MN 60 1.9838 55.32 92.2 
SA 30 2.9853 32.911 109.70 

 

Table S-IV. Data for system suitability parameters 

Parameters Observed results (mean ± SD) 
(n = 3) % RSD 

 CP MN SA CP MN SA 
Retention time 

(Rt) in mins 
5.128 ± 
0.0097 

12.595 ± 
0.0244 

2.539 ±  
0.0054 0.1893 0.1935 0.2163 

Area  42912 ± 
14933.35 

72337 ± 
27396.39 

597798 ± 
214211.7 34.8 37.8732 35.833 

Theoretical 
plates (N) 

7,476 ± 
266.97 

15,362 ± 
856.09 

2871 ±  
158.32 3.5713 5.5729 5.5148 

Tailing factor 
(T) 

1.064 ± 
0.03724 

1.092 ± 
0.0206 

0.901 ±  
0.0451 3.4996 1.8924 5.0126 

Capacity factor 
(K')  

1.019 ± 
0.002571 

3.962 ± 
0.0125 - 0.2522 0.3168 - 

Resolution  12.127 ± 
0.22150 

23.2 ± 
0.4675 - 1.8266 2.1014 - 

HETP 20.086 ± 
0.7216 

9.787 ± 
0.5101 

52.374 ± 
2.8575 3.5927 5.2127 5.4559 

Table S-V. Linearity data for clobetasol propionate, miconazole nitrate, salicylic acid in RP-
HPLC 

Clobetasol 
propionate 

concentration 
(μg mL-1) 

Clobetasol 
propionate 
peak area 

(n = 3) 

Miconazole 
nitrate 

concentration 
(μg mL-1) 

Miconazole 
nitrate peak 
area (n = 3) 

Salicylic 
acid 

concentratio
n 

 (μg mL-1) 

Salicylic 
acid peak 

area 
(n = 3) 

5 25,500 30 40,085 15 3,31,393 
7.5 33,022 45 54,898 22.5 4,52,794 
10 40,568 60 68,046 30 5,92,080 

12.5 52,929 75 89,774 37.5 7,58,835 
15 62,539 90 1,08,881 45 8,53,890 
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Fig. S-5. Data for linearity in RP-HPLC 
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Table S-VI. Data for assay of ointment 

Drug 
Amount 

taken  
(μg mL-1) 

Peak area 
(n = 3) 

Amount 
obtained 

(μg mL-1) 

Amount obtained 
% Assay mean SD % RSD 

CP 10 
41614 9.65 

9.58 0.0624 0.651 95.8 41132 9.53 
41248 9.56 

MN 60 
72382 60.03 

59.88 0.1450 0.242 99.8 72040 59.74 
72199 59.88 

SA 30 
568558 28.38 

28.36 0.0472 0.166 94.5 568915 28.4 
567202 28.31 

 

Table S-VII. LOD and LOQ data for clobetasol propionate, miconazole nitrate, salicylic acid 

Drug 
Clobetasol propionate 

(μg mL-1) 
Miconazole nitrate 

(μg mL-1) 
Salicylic acid 

(μg mL-1) 
LOD 1.49 8.72 3.37 
LOQ 4.53 26.43 10.22 

 

Table S-VIII. Robustness data for ±0.1 mL min-1 in flow rate 
paramet

ers 
Peak area (n = 3) Mean ± SD % RSD 

CP MN SA CP MN SA CP MN SA 

Minus 
flow 

rate (1.1 
mL min-

1) 

40,6
20 

72,7
70 

5,67,4
80 41,13

0 ± 
451.1

53 

72,39
7 ± 

365.2
41 

5,68,1
03 ± 

1257.4
9 

1.09
69 

0.504
5 

0.221
35 

41,2
93 

72,3
82 

5,67,2
78 

41,4
77 

72,0
40 

5,69,5
50 

Plus, the 
flow 

rate (1.3 
mL min-

1) 

41,6
23 

71,5
21 

5,68,2
54 41,22

3 ± 
370.3

52 

71,69
3 ± 

187.9
05 

5,68,6
91 ± 

389.52 

0.89
84 

0.262
29 

0.068
49 

40,8
92 

71,8
56 

5,69,0
01 

41,1
54 

71,5
41 

5,68,8
19 
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Table S-IX. Robustness data for ±2 °C temperature 

Parameters Peak area (n = 3) Mean ± SD % RSD 
CP MN SA CP MN SA CP MN SA 

Minus temp. 
 (28 °C) 

41,518 71,652 5,70,445 41,191 ± 
372.93 

71,180 ± 
635.24 

5,70,729 ±
344.48 0.9054 0.89244 0.06036 41,271 70,458 5,70,629 

40,785 71,431 5,71,112 

Plus, temp. 
(32 °C) 

41,145 71,121 5,73,696 40,818 ± 
789.06 

72,161 ± 
901.42 

5,70,557 ± 
4506.48 1.9331 1.24919 0.78984 39,918 72,644 5,72,581 

41,391 72,718 5,65,393 
 

Table S-X. Robustness data for ±2 nm wavelength 

Parameters Peak area (n = 3) mean ± SD % RSD 
CP MN SA CP MN SA CP MN SA 

Minus 
wavelength 
(280 nm) 

41,518 71,841 5,68,753 41,361 ± 
136.69 

72,070 ± 
207.811 

5,69,060 ± 
779.258 0.3305 0.28835 0.1369441,293 72,247 5,68,481 

41,271 72,121 5,69,946 
Plus, 

wavelength 
(285 nm) 

40,892 71,950 5,75,985 41,100 ± 
456.08 

72,160 ± 
216.25 

5,77,079 ± 
1345.082 1.1097 0.29968 0.2330840,785 72,148 5,76,672 

41,623 72,382 5,78,581 
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Determination of indacaterol from inhaler capsules by square-wave 
voltammetry at the surface of the boron-doped diamond electrode 

HEMN ABDULAZEEZ H. BARZANİ1, HOSHYAR SAADİ ALİ2 and YAVUZ YARDIM3* 
1Lebanese French University, College of Health Science, Department of Medical Laboratory 

Science, 44001 Erbil, Iraq, 2Knowledge University, College of Science, Department of 
Medical Laboratory Science, Kirkuk Road, 44001, Erbil, Iraq and 3Yuzuncu Yil University, 
Faculty of Pharmacy and Science, Department of Analytical Chemistry, 65080 Van, Turkey 

(Received 21 February, revised 4 April, accepted 23 September 2024) 

Abstract: This research paper presents an electroanalytical investigation using 
the voltammetric method to quantify indacaterol maleate (IND) employing an 
unmodified boron-doped diamond (BDD) electrode. IND exhibited a distinct, 
irreversible oxidation peak at approximately 1.06 V (vs. Ag/AgCl) in a 0.1 mol 
L-1 phosphate buffer solution (PBS) with a pH of 2.5, as demonstrated by 
cyclic voltammetry (CV). A hypothetical mechanism for the electro-oxidation 
of IND, based on data gathered from CV investigations, was suggested. The 
square wave-adsorptive stripping voltammetric technique achieved acceptable 
linearity in PBS (pH 2.5) at approximately 0.90 V. The methodology demon-
strated linearity within the concentration range of 1.0 to 30.0 μg mL-1 
(equivalent to 1.97×10-6–5.89×10-5 mol L-1) and yielded a limit of detection 
(LOD) of 0.22 μg mL-1 (equivalent to 4.33×10-7 mol L-1). The proposed 
method’s applicability was assessed through the sensing of IND in drug for-
mulations. 

Keywords: indacaterol maleate; square-wave voltammetry; boron-doped diam-
ond electrode; inhaler capsules. 

INTRODUCTION 
In the realm of medical research, it is widely acknowledged that inhaled 

bronchodilators hold a position of utmost importance as the fundamental sym-
ptomatic maintenance therapy for the effective management of chronic obstruct-
ive pulmonary disease (COPD). This particular ailment, which afflicts a signific-
ant portion of the population, is recognized for its characteristic slow and prog-
ressive development of airflow limitation.1 COPD is characterized by its non- 
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-reversible nature and usually corresponds with an aberrant inflammatory react-
ion within the lungs triggered by exposure to harmful particles and gases.2,3 
Therapeutic interventions aimed at relaxing bronchial smooth muscle and imp-
roving lung function in patients with COPD have demonstrated rapid, productive, 
and durable therapeutic results.4,5 

Indacaterol maleate (IND), 5-[2-[(5,6-diethyl-2,3-dihydro-1H-inden-2-yl)-
amino]-1-hydroxyethyl]-8-hydroxyquinolin-2(1H)-one, C24H28N2O3⋅C4H4O4, 
molecular weight 508.6 as a maleate salt (392.49 as a base). The compound exhi-
bits a water solubility of approximately 7.9×10–3 g L–1, a log P value of 4.0 and 
pKa values of 9.8 for the essential group and 8.5 for the acidic group. Functioning 
as a long-acting β2-agonist (LABA), it stimulates β2-receptors, increasing intra-
cellular cyclic adenosine monophosphate (cAMP) levels.6 Recently approved in 
the European Union, this novel medication is a pre-metered single-unit dose cap-
sule-based ultra-long-acting β2-agonist for once-daily oral inhalation. It has 
gained approval from the United States Food and Drug Administration (FDA) for 
COPD management,7,8 leading to improved bronchial muscle tissue smoothness. 
This once-daily regimen, containing an FDA-approved LABA dose, enhances 
health status, reduces dyspnea and lowers exacerbations in COPD patients.9–11 

The deposition of inhaled medications in the pulmonary system is influenced 
by factors such as particle dimensions, inhalation apparatus structure, patient 
maneuver proficiency and airflow dynamics.12,13 Various pharmacokinetic tech-
niques assess lung deposition and therapeutic equivalency of inhaled treatments, 
using human plasma or urine as experimental samples.14,15 Another method 
evaluates the effects of inhalation strategies and flow rates. IND, a recently dev-
eloped long-acting β2-agonist, exhibits prolonged action due to its strong binding 
affinity to lipid raft domains in the airway membrane, impacting comparative 
lung deposition and systemic exposure upon inhalation.16 

IND, administered at a daily dosage of 150–300 µg, demonstrates a slow 
dissociation rate from receptors.17 Swift absorption upon oral administration 
results in extensive dispersion throughout the body, with an apparent volume of 
distribution of 10±4 L kg–1. Plasma protein binding percentages range from 94.1 
to 95.3 % and 95.1 to 96.2 %.17 Extensive metabolic processes lead to the for-
mation of the phenolic O-glucuronide. Primary adverse effects, especially in 
overdose cases, include nasopharyngitis, tremor, cough, upper respiratory tract 
infection, headache, tachycardia, palpitations, nausea, hypokalemia, vomiting, 
sleepiness, acidosis, cardiac arrhythmias, metabolic issues and hyperglycemia. 
IND’s notable safety contributes to enhanced patient compliance and therapeutic 
effectiveness. Recent studies indicate potential advantages of IND in COPD 
management.18,19 

Drug combinations, such as IND and glycopyrronium, are employed for the 
symptomatic management of chronic obstructive pulmonary disorder in adults. It 
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is crucial to emphasize consulting local prescribing information to obtain specific 
details on contraindications, special cautions, and precautions related to these 
medications. In this context, it is imperative to employ analytical methodologies 
that effectively substantiate the pharmacological attributes, therapeutic effective-
ness and tolerability investigations concerning IND.20 A limited range of phys-
icochemical approaches has been documented for the quantification of IND in 
biological fluids and pharmacological formulations. Some involve high-perform-
ance liquid chromatography (HPLC) with various detectors,21–27 ultra-perform-
ance liquid chromatography-diode array detector (UPLC-DAD),28 ion-pairing 
chromatographic (IPC),29 spectrophotometry,30–32 capillary electrophoresis 
(CE),33,34 potentiometry35 and voltammetry.36 However, only one study has 
shown that IND examination can be conducted using voltammetric approaches.36 

In analytical chemistry, a critical application involves the analysis of pharm-
aceutical and clinical specimens.37 Determining chemicals in various matrices is 
vital in pharmaceutical and medical sciences. For reliability and sensitivity, ana-
lytical techniques for such analyses should be applicable across a wide range of 
concentrations, quick, simple (suitable for non-experts) and cost-effective.38 

Electrochemical techniques, particularly voltammetric approaches, have gained 
prominence in drug and clinical analyses due to their benefits, including simp-
lification, cost-effectiveness, rapid evaluation and high sensitivity. Understanding 
the oxidation and reduction mechanisms of pharmacologically relevant chemicals 
is equally crucial.39 

A boron-doped diamond (BDD) electrode is a type of carbonaceous elec-
trode material with unique properties, including a wide operational range in both 
cathodic and anodic directions. The research focuses on key aspects, such as 
investigating low background current, analyzing low signal-to-noise ratio, dev-
eloping a process suitable for corrosive conditions, and establishing a repeatable 
response for electrochemical evaluations, all commonly observed in BDD. The 
wide operational range of the electrode material allows the analysis of electro-
active compounds often inaccessible using conventional carbon and metal elec-
trodes.40 In contrast to many electrode materials like glassy carbon, BDD elec-
trodes have limited capacity for modifications using modifying chemicals. This 
limitation stems from the restricted adsorption of both the sample and the mod-
ifying agent on the surfaces of BDD electrode materials.41 

According to available data, a singular electroanalytical technique for det-
ecting IND has been documented. The primary objective of this study is to est-
ablish a viable approach for IND analysis using a voltammetric modality that is 
cost-effective, expeditious and easy to apply. The effectiveness of the method-
ology was demonstrated through its application in a pharmaceutical formulation 
specimen under ideal conditions. 
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EXPERIMENTAL 
Chemicals 

The standard reference of IND maleate (ReagentPlus®, 99.81 %), purchased from 
ChemScene LLC (USA), was obtained. Due to its limited solubility in water, IND stock sol-
utions were prepared by dissolving in ethanol to a concentration of 1.0 mg mL-1 and refrig-
erating until intended use. IND stock solutions were produced in the selected electrolytes at a 
reduced concentration. Ultra-pure water from a Milli-Q water purifying system (Millipore, 
resistivity ≥ 18.2 MΩ cm) was used for preparation. Analytical-grade materials, including 0.1 
mol L-1 acetate buffer solution (ABS) at pH 4.7, 0.1 mol L-1 phosphate buffer solution (PBS) 
at pH 2.5 and 7.4, and 0.04 mol L-1 Britton–Robinson (BR) buffer among pH 2.0–8.0, were 
utilized. Voltammetric investigations conducted in aqueous buffer solutions were found to be 
independent of the presence of ethanol. The concentration of ethanol in the voltammetric cell 
was consistently kept below 10 % of the total volume. 
Apparatus and analytical procedure 

Using an electrochemical analyzer, specifically the μAutolab type III manufactured by 
Metrohm Autolab B.V. in the Netherlands, electrochemical measurements were conducted. 
The obtained data were collected and processed using GPES software, version 4.9. Baseline 
correction and smoothing of the peaks observed in the square wave voltammograms were 
performed using the Savicky–Golay method with a peak width of 0.01 V. For the electro-
chemical measurements, a three-electrode glass cell system with a 10 mL volume, maintained 
at ambient temperature, was employed. The cell configuration included a boron-doped 
diamond (BDD) working electrode, provided by Windsor Scientific Ltd., UK, with a boron 
content of 1000 ppm and a diameter of 3 mm. A platinum wire served as the auxiliary elec-
trode, and an Ag/AgCl electrode immersed in a 3 mol dm-3 NaCl solution, specifically the 
RE-1 model from BAS, USA, functioned as the reference electrode. All electrode potentials in 
the paper are referred to Ag/AgCl scale. The impact of employing BDD electrode pretreat-
ment methodologies on IND signals was examined. At the beginning of each experimental 
day, the BDD electrode underwent treatment, subjecting it to an anodic potential of 1.8 V for 
180 s, followed by exposure to a cathodic potential of –1.8 V for an equivalent duration. The 
activation procedure began with anodic polarization to cleanse the fouled BDD surface, res-
toring its reactivity for subsequent use. Subsequently, cathodic polarization was applied to 
regenerate the primarily hydrogen-terminated electrode surface, inducing its hydrophobic 
characteristics. To mitigate potential detriment to the electrode surface, a rudimentary manual 
cleansing procedure was executed before each electrochemical assessment. The BDD elec-
trode was gently abraded using a moistened, sleek polishing cloth (BAS velvet polishing pad) 
for less than 60 s, followed by a thorough water rinse.44 This implemented methodology 
ensures the attainment of a pristine electrode surface, preventing any potential adsorption of 
IND or its oxidation byproducts. 

The CV approach in the anodic direction (from 0.2 to 1.4 V) was employed to assess the 
electrochemical behavior and reaction mechanism of IND on the surface of a boron-doped 
diamond (BDD) electrode in the selected supporting electrolyte. Subsequently, square wave 
voltammetry (SWV) was used within a potential range of 0.25 to 1.30 V to identify the opti-
mal conditions, including the supporting electrolyte (at various pH levels), and to compare 
differential pulse voltammetry (DPV), accumulation variables and SWV parameters, all aimed 
at enhancing the sensitivity for IND detection. Additionally, the analytical capability of the 
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developed methodology, the influence of interfering substances, and the practical applicability 
of the technique were evaluated. 

To perform SW-AdSV sensing of IND, a three-electrode configuration was immersed in 
a voltammetric cell containing IND solutions and phosphate buffer solution (PBS) at pH 2.5. 
The voltammetric cell, under open-circuit conditions with a deposition time of 30 s, received a 
voltage application and was stirred at 500 rpm. After 10 s of equilibration, anodic scanning 
was recorded within the potential range of 0.25 to 1.3 V. The electrochemical analyses were 
conducted in triplicate, and the detection of IND in actual samples was carried out using the 
standard addition methodology. 
Preparation of samples  

The IND sample was obtained from a local pharmacy in the form of inhaler capsules 
(Inbroxa®, Deva Co., Türkiye), each containing 150 μg (195 μg IND maleate). The mass of 
ten capsules was precisely measured. After carefully extracting the outer shell of the capsules, 
the mass of the empty capsules was determined. The net weight per capsule was calculated by 
subtracting the weight of the empty capsules from the overall net weight. An appropriate 
amount of powder, equivalent to 1.0 mg of IND maleate, was quantified and placed in a 1-mL 
test tube, then saturated with the requisite volume of ethanol. Continuous agitation for approx-
imately 15 min ensured complete dissolution. An appropriate volume of the solution (50 μL) 
was transferred to an electrochemical cell containing 10 mL of phosphate buffer solution 
(PBS) at pH 2.5 and was examined on the same day of preparation using the developed 
method. The content of IND in the sample was determined using the standard addition 
method, by adding IND at concentrations of 1.0, 2.5, 5.0, 7.5, 10 and 15 μg mL-1 to the pro-
duct. Consequently, SW-AdS voltammograms were recorded after each addition. 

RESULTS AND DISCUSSION 

Investigation of the electrochemical behavior of IND on the boron-doped 
diamond electrode 

Applying the CV method to the BDD electrode allowed us to evaluate the 
electrochemical properties of IND. Using a voltage scanning rate of 100 mV s–1, 
three sequential cyclic voltammograms (CVs) for 100 μg mL–1 (1.97×10–4 
mol L–1) of IND were recorded between 0.2 and 1.40 V in 0.1 mol L–1 PBS at 
pH 2.5. The IND compound exhibited a distinct anodic peak (Ip) at a potential of 
approximately 1.06 V, following the completion of the initial cycle in the anodic 
direction (depicted in Fig. 1A). If the reversed scan does not exhibit a reduction 
peak, it indicates that the IND electrode reactions at the BDD electrode surface 
are irreversible, distinguishing them from other surface reactions. During the 
acquisition of sequential CVs, a decrease in the oxidation signal was observed, 
and potentially attributed to the adsorption of IND and/or its oxidation products 
on the surface of the BDD electrode, leading to deactivation, possibly through 
fouling. The investigation focused on exploring the influence of potential scan 
rate (ν) on the anodic peak current of 100 μg mL–1 IND, employing CV in a 0.1 
mol L–1 PBS solution (pH 2.5) to ensure that the anodic peak current could be 
clearly observed and measured with sufficient sensitivity and accuracy. The volt- 
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Fig. 1. A) The first three cycles (1–3) of 
cyclic voltammograms of 100 μg mL-1 
IND, scan rate 100 mV s-1 (the dashed 
lines indicate the background current); B) 
cyclic voltammograms of 100 μg mL-1 
IND recorded at 50, 100, 200, 300, 400 
and 500 mV s-1 (the inset shows the linear 
relationship between Ip versus v). 

age scan rate varied from 50 to 500 mV s–1, as shown in Fig. 1B. The peak 
current responses increased as v was raised, indicating the irreversibility of the 
electrode process, which is evident from the voltammograms where the oxidation 
peak potentials of IND shifted to slightly more positive values with increased 
scan rates. The relationship between the peak currents (Ip) and the ν was linear, 
as depicted by the equation Ip (µA) = 0.008ν (mV s–1) + 1.623, r = 0.993 (n = 6). 
This suggests that the electrode process is controlled by adsorption. Furthermore, 
a linear relationship was also evident when Ip was plotted against the square root 
of the scan rate (ν1/2), following the equation Ip (µA) = 0.290ν1/2 (mV s−1) – 
– 0.693, r = 0.992, indicating the involvement of a diffusion mechanism along-
side adsorption. The plot of log Ip versus log ν, which is represented by the 
equation log Ip (µA) = 0.581log ν (mV s−1) – 0.806, r = 0.996, further confirms 
this behaviour. The slope of approximately 0.59 suggests that the oxidation of 
IND is governed by both diffusion and adsorption processes, a dual mechanism 
corroborated by data from our group and others, not only for boron-doped diam-
ond electrodes,40 but also for various carbon-based electrode materials.42,43 To 
find the quantity of electrons (n) engaged in the IND oxidation phenomenon at 
the BDD electrode, the n value was computed utilizing the equation αn = 47.7/ 
/(Ep – Ep/2), where Ep – Ep/2 was determined to be 52 mV. In an entirely irrev-
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ersible electrode process, the α (charge transfer coefficient) is conventionally 
regarded as 0.5. Upon analysis, it was determined that the n value, denoting the 
stoichiometric coefficient, amounted to 1.83, which approximates to 2. This find-
ing aligns with the observations reported in a prior investigation pertaining to the 
oxidation mechanism of IND.36 Although the primary objective of this inves-
tigation does not encompass a comprehensive examination of the mechanism 
underlying the electrochemical oxidation of IND, an assessment will be con-
ducted utilizing the CVs obtained at the BDD electrode. Furthermore, by exam-
ining the voltammetric behaviour of IND at a titanium(IV) oxide nanoparticle 
(TiO2-NPs) and the ionic liquid (IL) n-hexyl-3-methylimidazolium 
hexafluorophosphate modified carbon paste electrode (referred to as TiO2-NPs– 
–IL-MCPE), it is possible to propose a preliminary oxidation reaction scheme for 
IND at a BDD electrode (as shown in Scheme 1). 

 
Scheme 1. Proposed oxidation reaction scheme for IND on the BDD electrode. 

The SW mode stripping waveform was employed in the subsequent stage of 
the study due to its improved sensitivity, lower consumption of electroactive 
molecules and quicker examination rate. Preliminary examinations revealed that 
the untreated BDD electrode was ineffective in countering passivation chal-
lenges, especially when confronted with high IND concentrations. The repeatable 
and sensitive response of the BDD surface could be compromised by the electro-
chemical oxidation of this compound, leading to potential passivation without 
pretreatment. SW-AdSV was employed to examine the efficacy of three distinct 
methodologies for a concentration of 30 μg mL–1 (5.89×10–5 mol L–1) of IND 
under open-circuit conditions, with an accumulation duration of 30 s. This period 
was chosen because it was sufficient for effective accumulation. The concen-
tration was selected because SWV is a very sensitive technique compared to CV, 
enabling effective manipulation and examination of the reaction on the BDD 
electrode surface in PBS at a pH of 2.5. Initially, anodic pretreatment (APT) was 
implemented on the BDD electrode surface, involving subjecting the electrode to 
a potential of 1.8 V for 180 s in a solution of 0.5 mol L–1 H2SO4. Secondly, the 
evaluation assessed the effects of cathodic pretreatment (CPT) on the BDD elec-
trode surface, involving applying a potential of –1.8 V for 180 s in a 0.5 mol L–1 
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H2SO4 solution. In due course, the BDD electrode surface underwent anodic pre-
treatment followed by cathodic pretreatment. During the preceding pretreatment 
protocol, the BDD electrode surface underwent necessary preparations. Notably, 
the most discerning outcomes were achieved through this procedure for the ana-
lysis of IND, as depicted in Fig. 2. Henceforth, this protocol was perpetuated in 
the subsequent segments of the investigation. 

Fig. 2. The electrochemical pretreatments 
were employed to acquire the SW voltam-
mograms at a concentration of 30.0 μg mL-1 
of IND in a 0.1 mol L-1 PBS solution at a 
pH of 2.5. The BDD electrode was used for 
this purpose. During the open-circuit con-
dition, the duration of accumulation is 30 s. 
The parameters for SWV are as follows: 
ΔEs = 10 mV; ΔEsw = 40 mV; f = 50 Hz. 

To determine the optimal medium, the SW-AdSV technique was applied to 
investigate how various pH levels influence the oxidation peak current responses 
of IND at the BDD electrode interface. SW-AdSVs were recorded within a pot-
ential range of 0.25 to 1.30 V, utilizing a BR buffer with a pH spanning from 2.0 
to 8.0. These measurements were conducted for a 30.0 μg mL–1 solution of IND, 
as depicted in Fig. 3A. As observed in Fig. 3A, the peak current densities exhi-
bited a decline upon reaching a pH of 5.0, followed by an increment until reach-
ing a pH of 7.0, and subsequently experienced a decline once again. Upon exam-
ining the anodic peak potentials within the pH range of 2.0–8.0, a discernible 
shift towards more negative values was observed with an increase in pH. The 
given equation illustrates the linear relationship between the pH values within the 
range of 2.0 to 8.0 and the anodic peak potentials of IND. It can be expressed as 
Ep (V) = –0.067pH + 1.083, r = 0.992. 

The equation mentioned above demonstrates the pH-dependent nature of the 
IND oxidation on the BDD electrode. Based on experimental results, it can be 
inferred that the electrode reaction involved an equimolar exchange of protons 
and electrons. This is supported by the observed slope of 0.067 V/pH, which 
closely aligns with the expected value of 0.059 V. The observed anodic peak of 
IND in this investigation is likely attributed to the oxidation of the hydroxyl moi-
ety within the molecular structure. A plausible mechanism outlining the electro-
oxidation of IND was presented in the Scheme 1. Fig. 3B illustrates the SW- 
-AdSV signals obtained in different electrolyte solutions. Oxidation peak 
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potentials of 0.89, 0.77 and 0.57 V were observed, along with anodic peak cur-
rents of 2.09, 1.62 and 1.82 μA in 0.1 mol L–1 PBS pH 2.5, ABS pH 4.7 and PBS 
pH 7.4, respectively. The obtained outcomes are consistent with those achieved 
in the BR buffer. As can be seen from Fig. 3A and B, the most distinctive SW- 
-AdSV signal of 30 μg mL–1 IND on the BDD electrode with the maximum peak 
current and the best shaped peak was obtained at PBS pH 2.5. Hence, this buffer 
was used for further studies. 

Fig. 3. SW-AdS voltammograms of 30 μg 
mL-1 IND in BR buffer pH 2.0–8.0 (A), 
and in various supporting electrolytes at 
different pH values (B) on BDD electrode. 
Other operating conditions were as indi-
cated in Fig. 2. 

A comparative analysis was performed to assess the relative sensitivity of 
two pulse approaches, namely DPV and SWV, in detecting the anodic peak cur-
rents of IND. The experimental findings revealed that the anodic peak currents of 
IND measured by SWV were approximately 5.58 times greater than those 
obtained by DPV (Fig. 4). Henceforth, further investigation shall be conducted 
employing the SWV methodology. 

Considering the adsorptive properties of IND on the BDD electrode, we 
investigated the effect of accumulation time (tacc) and deposition potential (Eacc) 
on 20.0 μg mL–1 IND. This concentration was chosen to ensure that the adsorp-
tive properties of IND were clearly observable, facilitating a thorough investig-
ation of the effects of tacc and d Eacc on the electrochemical behavior of IND, while  
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Fig. 4. DPAdS (a) and SW-AdS (b) 
voltammograms of 30 μg mL-1 IND in 
0.1 mol L-1 PBS at pH 2.5 on the BDD 
electrode. DPV parameters: modulation 
amplitude, 50 mV; step potential, 8 mV 
and modulation time 0.05 s. Other oper-
ating conditions were as indicated in 
Fig. 2. 

adhering to the ideal experimental conditions. Utilizing the open-circuit con-
dition, an investigation was conducted to examine the impact of tacc on the signal 
related to the anodic peak within the time frame of 0–150 s. It was observed that 
the peak currents increased up to 30 s. After reaching this point, they remained 
approximately constant, indicating that the electrode surface might have reached 
saturation. Therefore, tacc of 30 s was selected for all the SW-AdSV experiments. 
Subsequently, the peak currents showed a state of near-constant stability, indi-
cating that the IND had achieved saturation on the BDD electrode (Fig. 5A). 

Fig. 5. SW-AdS voltammograms for 20 μg 
mL-1 IND recorded in PBS (pH 2.5) after 
different accumulation period, tacc in the 
range 0–150 s at open-circuit condition (A) 
and after different accumulation potentials, 
Eacc at open-circuit condition or over the pot-
ential range 0.1 to 0.8 V using tacc at 30 s 
(B). The other operating conditions as indi-
cated in Fig. 2. 
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Conversely, the anodic peak current was evaluated at the specified Eacc by sub-
jecting the system to voltage values ranging from 0.1 to 0.8 V or by maintaining 
open-circuit conditions for a duration of 30 s. The current associated with the 
IND peak remained relatively constant throughout its operating range, indicating 
that this parameter had a negligible effect on the determination of the compound 
(Fig. 5B). Accordingly, the oxidation peak currents were ascertained while the 
system was in an open-circuit state. Consequently, endeavors were undertaken to 
enhance the impact of pulse parameters under the given conditions (frequency, f, 
25–125 Hz; step potential, ΔEs, 8–18 mV; square-wave amplitude, ΔEsw, 30–80 
mV). The optimization was conducted through the manipulation of a singular 
parameter while keeping all other variables in a state of constancy. Maximum 
sensitivity and best peak shape were obtained via the following parameters: f = 
= 75 Hz; ΔEs = 12 mV and ΔEsw = 50 mV (Fig. 6A–C). 

Fig. 6. SW-AdS voltammograms for 20 μg mL-1 
IND were recorded in PBS (pH 2.5) using 
different frequencies (f, between 25-125 Hz) (A), 
step potentials, ΔEs, 8–18 mV (B) and pulse 
amplitudes ΔEsw, 30–80 mV (C) on the BDD 
electrode. The accumulation duration under 
open-circuit conditions was 30 s. 
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Analytical applications 
The results presented thus far were utilized to assess the analytical perform-

ance by observing the concentration oxidation peaks of IND. Fig. 7 displays the 
voltammetric responses, while Table I elucidates the corresponding analytic para-
meters. The limits of detection (LOD) and quantification (LOQ) were determined 
using analytical curve data in the following manner: the LOD was calculated by 
multiplying three times the standard deviation of the peak currents (from ten 
runs) for the lowest concentration within the linear range and then dividing it by 
the slope of each calibration curve. 

Fig. 7. SW-AdSW voltammograms for 
the IND concentrations of 1.0, 2.5, 5.0, 
7.5, 10.0, 15.0, 20.0, 25.0 and 30.0 µg 
mL-1 (1–9) for the oxidation peaks in 
0.1 mol L-1 PBS at pH 2.5 on the BDD 
electrode. The depiction of background 
current is represented by the delineation 
of dotted lines. The IND quantification 
calibration charts are visually presented 
in the inset. During the open-circuit 
condition, the duration of accumulation 
is 30 s, and the SWV parameters: ΔEs =  
= 12 mV; ΔEsw = 50 mV; f = 75 Hz. 

Repeatability (intra-day precision) was investigated by conducting six tests 
on the same day, while intermediate precision (inter-day precision) was deter-
mined by conducting three assays on five separate days for 1.0 μg mL–1 IND 
under ideal experimental conditions (Table I). The positive outcomes demon-
strate that the BDD electrode is an effective electrochemical sensor for accurately 
determining the amounts of IND in samples taken from the wild. 

TABLE I. Analytical variables determined for the oxidation peak of IND by utilizing SW-
AdSV on the BDD electrode; Ep = peak potential; LWR = linear working range; LRE = linear 
regression equation; r = correlation coefficient; LOQ = limit of quantification; LOD = limit of 
detection 
Analytical parameter Value 
Ep +0.90 V 
LWR 1.0–30.0 μg mL-1 (1.97×10-6–5.89×10-5 mol L-1) 
LRE Ip (μA) = 0.118C (μg mL-1) + 0.011 
r 0.999 
LOQ 0.73 μg mL-1 (1.44×10-6 mol L-1) 
LOD 0.22 μg mL-1 (4.33×10-7 mol L-1) 
Intra-day repeatability (RSD / %, n = 10) 4.83 
Inter-day repeatability (RSD / %, n = 5) 5.58 
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To the best of our knowledge, previous studies have not employed bare 
electrodes for determining IND. Our analysis, utilizing non-modified BDD elec-
trodes, produced results showing lower sensitivity in terms of the limit of detect-
ion compared to prior findings36 (see Table II). However, the suggested method-
ology exhibits enhanced practicality, cost-effectiveness, and efficiency in mea-
suring IND compared to earlier research endeavors. Additionally, the use of non- 
-modified BDD electrodes eliminates the need for complex electrode modific-
ations, reducing both the time and costs associated with electrode preparation. 

TABLE II. A contrast of the IND’s linear range and detection limit with the previously rep-
orted work; TiO2-NP–IL-MCPE: titanium (IV) oxide nanoparticles ionic liquid carbon paste 
electrode, BDDE: boron-doped diamond electrode 
Electrode Linear range (mol L-1) LOD / mol L-1 Ref. 
TiO2-NP–IL-MCPE  
BDDE 

2×10-9–2×10-5 
1.97×10-6–5.89×10-5 

5×10-10

4.33×10-7 
36 

This work 

It is essential to highlight that the presence of electroactive chemicals has the 
potential to disrupt the peak of the analyte in both drug formulations and bio-
logical samples. The evaluation of IND determination selectivity on the BDD 
electrode involved investigating the impact of various molecules and ions com-
monly found in pharmaceutical formulations or urine specimens. This was 
accomplished by observing the alterations in the IND signal when these sub-
stances were introduced to a solution containing 1.0 μg mL–1 IND at concen-
tration ratios of 1:1, 1:10 and 1:25 (IND:interfering compound) under ideal 
conditions. The determination of the tolerance limit was assessed through the 
quantification of the concentration at which an average deviation of ±5 % was 
observed in the oxidation signal of IND. The experimental findings revealed that 
the presence of a 25-fold surplus of anions and cations (chloride, nitrate, sodium, 
potassium, magnesium, calcium, copper, iron and aluminum) did not exert a 
noteworthy influence on the anodic response of IND. Furthermore, it was noted 
that the impacts of substances commonly present in pharmaceutical composit-
ions, such as microcrystalline cellulose, gelatine, and lactose monohydrate, on 
the anodic currents response of IND were inconsequential when a 25-fold surplus 
was employed. The investigation focused on the effects of ascorbic acid (AA), 
dopamine (DOP) and uric acid (UA), which are commonly found in urine 
samples. The experimental findings indicate that the oxidation peak currents of 
IND were influenced by the separate solutions of DOP, AA, as well as UA while 
equimolar concentration was employed (Fig. 8). As a result, the direct use of the 
developed method for IND determination may be limited when analyzing real 
biological samples, such as plasma or urine. If needed, this issue can be addres-
sed before the voltammetric measurement of IND by employing appropriate sep-
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aration techniques. However, this limitation does not apply when analyzing 
pharmaceutical samples. 

Fig. 8. SW-AdS voltammograms of 1.0  μg 
mL-1 IND (a) in the presence of equimolar 
concentration ascorbic acid (b), uric acid 
(c) and dopamine (d) in 0.1 mol L-1 PBS at 
pH 2.5. Other operating conditions as indi-
cated in Fig. 7. 

In consideration of these findings, a range of standard addition techniques 
were employed to assess the concentration of the IND compound in the sample. 
The samples were prepared as described in the Experimental (Preparation of 
samples). In Fig. 9, we present a graphical representation of the standard addition 
technique applied to evaluate the oxidation signal of IND. Additionally, we pro-
vide a set of sample SW voltammograms for reference. 

Fig. 9. SW-AdSV of the diluted drug 
sample (dashed lines) and evaluated by 
using standard additions of 1.0 and 15.0  
μg mL-1 IND (1–6) in 0.1 mol L-1 PBS 
at pH 2.5. Inset depicts the result of 
analysis by standard addition method. 
Other operating conditions as indicated 
in Fig. 7. 

Standard solutions of IND (ranging from 1.0 to 15.0 μg mL–1) were prepared 
in an appropriate electrolyte solution and introduced into a voltammetric cell 
containing 10 mL of the sample solution. The voltammetric responses were then 
recorded to confirm the reliability of the established methodology for practical 
use. To quantify the recovered IND, we compared the concentrations of the 
spiked and unadulterated compounds. After carefully diluting the samples, we 
determined that the inhaler capsules contained 203.58 μg of IND maleate (with a 
relative standard deviation of 2.9 %). This value is 4.4 % higher than the manu-
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facturer’s stated label value of 195.0 μg, indicating that the measured amount is 
very close to the labeled value. The proximity of the measured value to the 
labeled value is considered close, as it falls within a 5 % range, which is gener-
ally acceptable in quality control assessments. The determined values for IND 
recovery are presented in Table III. As a result, the proposed methodology 
ensures the accuracy of voltammetric determination of IND in the commercial 
pharmaceutical formulation sample. 

TABLE III. The inhaler capsule samples were subjected to analysis using SWV on the BDD 
electrode after treatment with standard solutions of the active pharmaceutical ingredient (IND) 
Addeda, μg mL-1 Expectedb, μg mL-1 Foundc, μg mL-1 Recovery  ±  RSD, % 
0 ----- 5.22 - 
1.0 6.22 6.24 100.3 ± 4.7 
2.5 7.72 7.94 102.9 ± 3.8 
5.0 10.22 10.66 104.3 ± 3.6 
aIND concentration in the electrochemical cell containing 10 mL of PBS; bthe value to be obtained after adding 
IND to the electrochemical cell containing 10 mL of PB; cthe average of three replicate measurements 

CONCLUSIONS 

Developing a novel and alternative electroanalytical approach for IND 
evaluation required the use of the SW-AdSV methodology, paired with the BDD 
electrode. The anti-fouling features of the BDD electrode, achievable through a 
quick and easy cleaning approach, are crucial to highlight in this context. These 
characteristics allow the electrode to be utilized for an extended amount of time 
while maintaining consistent responses. The BDD electrode provided an electro-
chemical method for IND measurement that did not require any modifications 
and effectively replaced the need for modified electrodes. The results revealed an 
anodic peak corresponding to IND when using CV at a positive potential of 
approximately 1.06 V in a pH 2.5 PBS as the supporting electrolyte. Addition-
ally, the evaluated analytical parameters demonstrated good sensitivity, with a 
LOD of 4.33×10–7 and satisfactory repeatability (RSD = 4.83 %). The developed 
technique was tested for the evaluation of IND in a commercially available 
pharmaceutical composition and demonstrated excellent recoveries. Furthermore, 
the provided method has the potential for immediate use without the need for 
waste formation, complex sample extraction, increased chemical consumption, or 
expensive instrumentation. Evidently, the BDD electrode offers a straightfor-
ward, speedy, and cost-effective method for the routine pharmaceutical examin-
ation of IND. 
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И З В О Д  

ОДРЕЂИВАЊЕ ИНДАКАТЕРОЛА НА ПОВРШИНИ БОРОМ ДОПИРАНЕ ДИЈАМАНТСКЕ 
ЕЛЕКТРОДЕ, У КАПСУЛАМА ЗА ИНХАЛАЦИЈУ, КОРИШЋЕЊЕМ ВОЛТАМЕТРИЈЕ 

ПРАВОУГАОНИХ ТАЛАСА 

HEMN ABDULAZEEZ H. BARZANİ1, HOSHYAR SAADİ ALİ2 и YAVUZ YARDIM3 

1Lebanese French University, College of Health Science, Department of Medical Laboratory Science, 44001 

Erbil, Iraq, 2Knowledge University, College of Science, Department of Medical Laboratory Science, Kirkuk 

Road, 44001, Erbil, Iraq и 3Yuzuncu Yil University, Faculty of Pharmacy and Science, Department of 

Analytical Chemistry, 65080 Van, Turkey 

У овом раду је приказано електроаналитичко испитивање помоћу волтаметријске 
методе за квантификацију индакатерол малеата (IND) употребом немодификоване дија-
мантске електроде допиране бором (BDD). Применом цикличне волтамерије IND је 
показао јасан, иреверзибилан пик оксидације на приближно 1,06 V (у односу на 
Ag/AgCl) у 0,1 mol L-1 раствору фосфатног пуфера (PBS), pH 2,5. Предложен је хипо-
тетички механизам електрооксидације IND на основу података добијених цикличном 
волтаметријом. Применом адсорпционе стрипинг волтаметрије правоугаоних таласа 
постигнута је прихватљива линеарност у PBS раствору на pH 2,5 на приближно 0,90 V. 
Добијена је линеарност у опсегу концентрација од 1,0 to 30,0 μg mL-1 (еквивалентно 
1,97×10-6–5,89×10-5 mol L-1) и граница детекције од 0,22 μg mL-1 (еквивалентно 4.33×10-7 
mol L-1). Применљивост предложене методе је процењена одређивањем IND у форму-
лацијама лекова. 

(Примљено 21. фебруара, ревидирано 3. априла, прихваћено 23. септембра 2024) 
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Abstract: Acrylic acid derivatives are extensively utilized as initial monomers 
in dental materials. Nevertheless, these substances exhibit cytotoxicity towards 
different cell types, a phenomenon that must be reduced in future materials. 
The primary objective of this research is to establish a QSAR model for the 
prediction of cytotoxic effects and to identify molecular fragments and 
descriptors with mechanistic interpretations that play a role in cytotoxic effects. 
The Monte Carlo optimization technique employed QSAR models that are not 
reliant on conformation. These models utilized both molecular graph-based and 
SMILES-based descriptors. By employing a variety of statistical 
methodologies, an assessment of the predictive capabilities and resilience of 
the established QSAR models was achieved. The demonstrated numerical 
values used for their validation underscore the strong suitability of these QSAR 
models. The Monte Carlo optimization technique effectively identified 
molecular fragments represented in QSAR modeling through the use of 
SMILES notation, elucidating their impact on cytotoxicity, both positively and 
negatively. Given that the majority of molecular databases adhere to this 
molecular structure conformation, the featured QSAR models can serve as a 
rapid and precise screening tool for novel dental monomers. 

Keywords: QSAR; cytotoxicity; dental material; composite resin; SMILES; 
Monte Carlo optimization. 

INTRODUCTION 
Numerous dental procedures necessitate the utilization of polymers, which 

are composed of methacrylate-based monomers, including monomethacrylates or 
dimethacrylates.1,2 Some of the most frequently employed monomers in this con-
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text include urethane dimethacrylate (UDMA), triethylene glycol dimethacrylate 
(TEGDMA), 2-hydroxyethyl methacrylate (HEMA), bisphenol-A glycidil 
dimethacrylate (Bis-GMA), as well as other more recent functionalized mono-
mers.1–3 The biocompatibility of these materials holds significant relevance for 
clinical applications, considering that oral tissues come into direct contact with 
them.4 In dental practice, direct restorations involving dental adhesives and resin 
composites involve interaction with sensitive dentin-pulp complexes and acrylic 
acid-based monomers. This interaction can result in the diffusion of monomers 
from the restorative material through dentinal tubules, potentially causing adverse 
effects on pulp cells and compromising tooth vitality.5,6 Literary sources indicate 
certain biological effects, such as the mutagenicity of various monomers and the 
genotoxicity and estrogenicity of Bis-GMA.7 The primary mechanism underlying 
the free-radical polymerization reaction in dental materials is associated with 
methacrylate-based monomers. This chemical process may be linked to incomp-
lete monomer conversion, resulting in the presence of unreacted monomers.8 
Given that these unreacted monomers have the potential to leach into nearby 
aqueous environments and enter the body, they may pose risks of toxicity.9 
Incomplete polymerization not only has the potential to result in the removal of 
monomers from the formed polymer but can also contribute to the natural deg-
radation of the matrix. The degradation of the resin phase in composites within 
the oral environment may take place through processes like hydrolysis and aging, 
which can lead to the release of monomers as a result of the breakdown of the 
organic matrix.9,10 Resin composite biodegradation may be linked to allergic 
reactions, bone loss or irritation of the oral mucosa.12 The physicochemical char-
acteristics of dental materials, particularly concerning the molecular size of 
monomers, their chemical compositions and the presence of various functional 
groups, are the primary factors contributing to biodegradation and the subsequent 
leaching of materials.13,14 In the realm of dental materials research, biocom-
patibility investigations tied to quality control hold immense significance. To 
achieve this goal, cytotoxicity testing, which assesses cellular responses and the 
potential for cell death in response to new material formulations, plays a vital 
role in the development of novel dental materials. Minimizing and preventing 
cytotoxic effects are paramount, particularly in specialized fields such as endo-
dontics and operative dentistry.15 

One of the primary challenges with studies on cytotoxic effects is that they 
require a substantial amount of labor and time.16 To streamline and enhance the 
screening of novel molecules in the development of materials, a practical solution 
is the adoption of in silico-based modeling approaches, such as quantitative struc-
ture–activity relationships (QSAR).17 In contemporary QSAR studies, models 
are constructed by utilizing a variety of molecular descriptors derived from a 
specific molecule's structure. These descriptors have their own advantages and 
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limitations. Subsequently, they are transformed into a mathematical equation that 
correlates the biological activities of the examined molecules with their chemical 
attributes (molecular descriptors).18,19 The development of a QSAR model 
necessitates not only a strong predictive capacity, robustness and goodness of fit 
but also a well-defined domain of applicability. Additionally, QSAR modeling is 
subject to regulation by the Organization for Economic Co-Operation and Dev-
elopment (OECD), which has established several criteria that must be met for a 
QSAR model to be deemed valid. One of the key criteria involves the mechanis-
tic interpretation of molecular descriptors, which pertains to the utilization of 
descriptors linked to molecular structure and relevant molecular fragments. 

In recent years, a Monte Carlo optimization method, where the analyzed 
activity is regarded as a random event, has gained prominence as a promising 
approach in QSAR modeling. This approach relies on a conformation-indepen-
dent methodology and employs optimal descriptors derived from topological 
molecular characteristics, as well as molecules represented in the simplified 
molecular input line entry system (SMILES) notation.20,21 The described method 
offers a significant advantage over more commonly used approaches due to its 
simplicity and efficiency. Additionally, this method can identify molecular frag-
ments (calculated as SMILES notation descriptors) that influence the studied 
activity and can be linked to the chemical structures of the compounds under 
investigation The primary objective of this research is to create a conformation-
independent QSAR model utilizing the Monte Carlo optimization method for 
predicting the cytotoxic effects of acrylic acid-based monomers. Furthermore, 
another key goal of this research was to identify SMILES notation descriptors 
linked to molecular fragments that exert both positive and negative impacts on 
cytotoxic effects. 

EXPERIMENTAL 
To initiate the development of suitable QSAR models, a total of 39 acrylic acid-based 

dental monomers were initially drawn using ACD/ChemSketch software version 11.0. These 
molecules were subsequently transformed into SMILES notation using the same software.22 
The chemical structures of the compounds utilized for QSAR modeling, along with their cor-
responding SMILES notations, can be found in Table S-I (Supporting material to this paper). 
In this QSAR modeling, the pertinent cytotoxic effect activity was assessed using pIC50 values 
against Hela S3 cell lines, data from the literature were converted to pIC50 values, calculated 
as pIC50 = –log IC50. Once we completed the construction of the relevant database, we pro-
ceeded to perform three distinct random divisions of the main molecule database into two sets: 
the training set, comprising 29 compounds (75 %), and the test set, comprising 10 compounds 
(25 %). We also assessed the normality of the activity distribution, following the method 
outlined in the published literature.23 

To create conformation-independent QSAR models, we utilized the CORAL software 
(correlation and Logic, http://www.insilico.eu/coral), which is founded on the Monte Carlo 
method and its algorithm, considering the relevant activity as a random occurrence. We con-
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sidered two categories of molecular descriptors derived from the molecular graph and 
SMILES notation. Concerning molecular graphs, we defined invariants as local graph invari-
ants, including the Morgan extended connectivity index of increasing order (EC0), path 
numbers of lengths 2 and 3 (p2, p3), valence shells of ranges 2 and 3 (s2, s3), and the code of 
nearest neighbors (NNCk). In recent years, the SMILES notation has gained prominence as 
one of the most convenient representations, particularly in the field of chemoinformatics. 
SMILES notation is regarded as an appealing alternative to the traditional molecular graph 
representation. This characteristic is of great significance in medicinal chemistry because 
establishing correlations between molecular fragments and molecular graph-based descriptors 
can be quite complex.  

The local SMILES attribute, entitled the “SMILES atom”, is a SMILES string fragment 
with one ('C', 'N', '=') or two ('Cl', 'Br', '@@') symbols which cannot be decomposed further 
for conducting individual analyses. The calculation of DCW, one of the simplest local mole-
cular descriptors, is performed with a mathematical function of the mentioned SMILES atoms. 
In essence, the approach translates every character found in the SMILES string into a numer-
ical descriptor. To cite an example, the propionic acid molecule represented by the SMILES 
notation as “CCC(=O)O” can be considered. In this specific case, the calculation of the DCW 
could be performed on the basis of the individual CW characters: 
 DCW(“CCC(=O)O” = CW(“C”) + CW(“C”) + + CW(“C”) + CW(“(“) + 
 + CW(“=“) + CW(“O”) + CW(“)”) + CW(“O”) (1) 

While valuable information is obtained from single atom-based local SMILES descrip-
tors, in order to reveal more complex local chemical environments, one needs to go beyond 
individual atoms. Molecular fragments which significantly contribute to the overall molecular 
properties may be defined by combining two or three consecutive SMILES atoms. DCWs can 
then be calculated by using such fragments, further enhancing the information content avail-
able for QSAR modeling. For instance, propionic acid represented by the SMILES notation as 
“CCC(=O)O” could be considered. Through the combination of consecutive SMILES atoms, 
the following molecular fragments can be defined: 

 DCW(“CCC(=O)O”) = CW(“CC”) + CW(“CC”) + CW(“C(“) + 
 + CW(“(=“) + CW(“=O”) + CW(“O)”) + CW(“)O”) (2) 
When consecutive SMILES atoms are combined in order to define molecular fragments, 

there are significant advantages, although it is crucial to make certain considerations. For 
example, fragments such as “CO” and “OC” (or “CCO” and “OCC”) are to be treated as dis-
tinct entities, which might lead to unreliable QSAR models and inaccurate representations. A 
normalized combination of SMILES atoms is applied in order to address this particular issue. 
The utilization of this approach ensures that the fragments are identified and consistently 
encoded irrespective of the order in which the atoms occur. In order to achieve this, specific 
algorithms need to be used, or it could be achieved by administering the SMILES notation 
canonization, which defines a unique order on the basis of the atomic symbols.20,21 Global 
SMILES attribute based descriptors encompass broader characteristics of the whole molecule, 
such as whether specific functional groups or atom combinations are present or absent.20,21 
The information available for QSAR modeling can significantly be enriched through the 
incorporation of both local and global SMILES-based descriptors. What is more, SMILES 
notation-based molecular descriptors present a mechanistic interpretation, considering that this 
particular feature is in correlation with molecular fragments.20,21 The numerical value of every 
SMILES notation descriptor that a molecule has contributes to the correlation weight of the 
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said molecule (DCW), which is defined as the sum of all the defined correlation weights (CW) 
of SMILES descriptors: 
 DCW(T,Nepoch) = zCW(ATOMPAIR) +xCW(NOSP) + yCW(BOND) + tCW(HALO) +  
 + rCW(HARD) +  αΣCW(Sk) + βΣCW(SSk) + γΣCW(SSSk) (3) 
where z, x, y, t, α, β and γ are numbers 1 (yes) or 0 (no), while their values determine whether 
the specific SMILES descriptor is used in the development of the model. Symbol Sk represents 
one SMILES notation symbol (or two that are inseparable), and is related to the local descript-
tors. These local descriptors also represent linear combinations of two or three SMILES 
atoms, represented by symbols SSk and SSSk, respectively. This study includes the following 
global SMILES notation-based descriptors: HALO, ATOMPAIR, BOND, HARD and NOSP, 
all defined in accordance with the published methodology.20,21 The molecules’ DCW was 
calculated by using Eq. (4) because the QSAR model development in this study was per-
formed by combining both the SMILES notation (global and local) and the local graph invari-
ant descriptors, considering that this hybrid molecular descriptor approach ensures the dev-
elopment of more accurate and robust QSAR models than the ones based on a single type of 
descriptor: 
 DCW(T,Nepoch) = ΣCW(Sk) + ΣCW(SSk) + ΣCW(SSSk) + ΣCW(EC0k) + ΣCW(PT2k) + 

 + ΣCW(PT3k) + ΣCW(VS2k) + ΣCW(VS3k) + ΣCW(NNCk) (4) 
In addition to the aforementioned symbols: Sk, SSk and SSSk, Eq. (2) uses the following 

symbols as well: the Morgan connectivity index of the zero order (with the hydrogen sup-
pressed graph) – EC0k, paths in the lengths of 2 and 3 – PT2k and PT3k; valence shells 2 and 3 
– VS2k and VS3k; nearest neighbors – NNCk. The calculation of all the above-defined mole-
cular descriptors was made with the CORAL software (http://www.insilico.eu/coral). In this 
study, we employed all SMILES notation-based descriptors, encompassing local, global and 
HARD-index descriptors. A notable characteristic of the resulting QSAR model, developed 
using the Monte Carlo method, is the calculation of correlation weight (CW), which assigns a 
numerical value to each of the optimal descriptors utilized.21 The methodology for accomp-
lishing this process involves the generation of appropriate random numbers and assessing the 
fraction of numbers that conform to certain properties. In this process, CW values are ran-
domly allocated to all employed optimal descriptors, encompassing both molecular graph- 
-based and SMILES notation-based descriptors, in each individual Monte Carlo run. The 
Monte Carlo optimization procedure is then extended to compute the numerical data for the 
correlation weights, which aim to maximize the correlation coefficient between the studied 
activity and the employed optimal descriptors. In this context, the Monte Carlo method relies 
on two parameters: threshold (T) and the number of epochs (Nepoch).  

In the creation of QSAR models, we explored values ranging from 0 to 10 for T and from 
0 to 70 for Nepoch. The process of identifying the most predictive combination of T and 
Nepoch was determined based on a methodology outlined in published references.24-26 The 
primary objective of any QSAR modeling process is to create a robust model that can predict 
the properties of new molecules with objectivity, reliability, and precision. To assess the 
quality of the developed QSAR models, we employed the following methods: internal valid-
ation using the training set, external validation using the validation set and data randomization 
through a Y-scrambling test. We accomplished this by employing various statistical para-
meters, including the correlation coefficient (r2), cross-validated correlation coefficient (q2), 
standard error of estimation (s), mean absolute error (MAE), Fischer ratio (F), root-mean- 
-square error (RMSE), Rm

2, and MAE-based metrics.23,27-31 Recently, a novel criterion known 
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as the index of ideality of correlation (IIC) has been proposed for evaluating the predictive 
capacity of QSAR models.25,26 This criterion takes into account not only the correlation 
coefficient but also the distribution of data points relative to the diagonal line, in the coordin-
ates of observed and calculated values for the studied endpoint. The set of correlation weights: 
CW(x) are coefficients producing a maximal value of the target function within the Monte 
Carlo optimization procedure and the target function can be defined as: 

 training invisible-training training invisible-training Const.TF R R R R= + − − ×  (5) 

where Rtraining is the correlation coefficient between endpoint and the DCW(T*, N*) for com-
pounds in the training set, the Rinvisible-training corresponds to the same parameter in the invis-
ible training set; praxis has shown that Const. = 0.1 is a more or less satisfactory choice for 
manifold computational experiments with different endpoints. However, while keeping the 
value of Const. invariant, the target function can be modified as: 
 m Const.TF TF IIC= + ×  (6) 

with the IIC parameter calculated as the following form: 

 test test
test test

test test

min( , )
max( , )

MAE MAEIIC r
MAE MAE

− +

− += ×  (7) 

where, using the differences: 
 Observed Calculatedk k kΔ = −  (8) 

With data available for all Δk values in the test set, it is possible to compute the sum of 
negative and positive Δk values, akin to the calculation of mean absolute error (MAE): 

 test 1
1 , 0,  is the number of 0N

k k kkMAE N
N

−
− −

=−= Δ Δ < Δ <  (9) 

 test 1
1 , 0,  is the number of 0N

k k kkMAE N
N

+
+ −

=+= Δ Δ ≥ Δ ≥  (10) 

RESULTS AND DISCUSSION 

The concept of the applicability domain (AD) plays a pivotal role in guiding 
the selection of molecules.32–34 To establish the AD, we followed a published 
methodology and confirmed that all molecules in this study fell within the 
defined AD range, with no outliers identified.21 Utilizing the least squares 
method, we present the most optimal QSAR models for the studied activity, with 
respect to the T and Nepoch values, in the form: 
 Split 1: pIC50 = –0.3378(±0.0938) + 0.0194(±0.0005)×DCW(4,9) (11) 
 Split 2: pIC50 = 0.2293(±0.0350) + 0.0411(±0.0005)×DCW(1,6) (12) 
 Split 3: pIC50 = 0.3749(±0.0353) + 0.0326(±0.0005)×DCW(1,18) (13) 

The values of the statistical metrics used to assess the quality of the dev-
eloped QSAR models for predicting the cytotoxicity of acrylic acid-based dental 
monomers are presented in Table S-I. These metrics suggest that the method 
employed was successful in creating a QSAR model with good reproducibility, 
which was further validated using the concordance correlation coefficient. The 
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predictability of the developed QSAR model was assessed based on the values 
presented in Table S-II of the Supplementary material, confirming the model’s 
validity. Additionally, the model was classified as valid using MAE-based met-
rics. We conducted the ultimate evaluation of the developed QSAR models, both 
for the training and the test set, using the index of ideality of correlation and 
obtained values that indicate the high predictive potential of the developed 
QSAR models. Furthermore, we conducted Y-randomization, involving the ran-
dom shuffling of Y values in 1000 trials across ten separate runs, to gauge the 
robustness of the developed QSAR models.23 The values shown in Table S-III of 
the Supplementary material suggest that there was no chance correlation among 
the developed models. Among the statistical methods used, the most favorable 
QSAR model was derived from the first split. Notably, the best model was 
achieved with a T value of 4, and the most suitable Nepoch value was determined 
to be 9. The most successful Monte Carlo optimization runs (with the highest r2 
values) for the developed QSAR models from all splits are visually depicted in 
Figs. 1–3. 

 
Fig. 1. Graphical presentation of the best Monte Carlo optimization run (the highest value for 
r2) for the developed QSAR model for Split 1. (Ac(expr.) – experimental value for molecule 

pIC50; Ac(calc.) – calculated value for molecule pIC50 using developed QSAR model; 
Diff. = Ac(expr.) – Ac(calc.). 

One of the primary objectives of this study was to identify molecular frag-
ments, characterized as the SMILES notation’s optimal descriptors, that exert 
both positive and negative effects on the studied activity.21,35–37 The complete 
list of molecular descriptors, which are derived from both the SMILES notation 
and the molecular graph, can be found in Table S-IV of the Supplementary mat-
erial. An illustration of the calculation of a molecule’s summarized correlation 
weight (DCW) and the studied activity (pIC50) is provided in Table I. In this 
example, molecular graph-based descriptors were excluded to facilitate a more 
straightforward interpretation. 
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Fig. 2. Graphical presentation of the best Monte Carlo optimization run (the highest value for 
r2) for the developed QSAR model for Split 2. (Ac(expr.) – experimental value for molecule 

pIC50; Ac(calc.) – calculated value for molecule pIC50 using developed QSAR model; 
Diff. = Ac(expr.) – Ac(calc.). 

 
Fig. 3. Graphical presentation of the best Monte Carlo optimization run (the highest value for 
r2) for the developed QSAR model for Split 3. (Ac(expr.) – experimental value for molecule 

pIC50; Ac(calc.) – calculated value for molecule pIC50 using developed QSAR model; 
Diff. = Ac(expr.) – Ac(calc.). 

Following the published methodology, we categorized the obtained SAks as 
promoters of the cytotoxicity of acrylic acid-based dental monomers.21,35–37 In 
Table II, we have listed selected SAKs along with their mechanistic interpret-
ations, while the complete list can be found in Table S-II. We have provided an 
analysis of the contribution of molecular fragments to the cytotoxicity of acrylic 
acid-based dental monomers in Fig. 4. In the presented figure, green denotes 
groups that have a positive influence, while red denotes groups that have a neg-
ative influence on the studied effect. As mentioned, each SAK contributes its CW 
value. 

TABLE I. Example of DCW calculation 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 QSAR FOR DENTAL MONOMERS CYTOTOXICITY 103 

 

IUPAC name: [2-hydroxy-3-(2-methylprop-2-enoyloxy)propyl]- 
-2-methylprop-2-enoate 

SMILES notation: OC(COC(=O)C(=C)C)COC(=O)C(=C)C 
DCW = 57.88841 

pIC50(calc.) = 2.6094 
SAk CW(SAk) SAk CW(SAk) SAk CW(SAk) SAk CW(SAk) 

1000100000 2.0407 BOND10000 1.411 Cmax.0...... 0.0745 O...=....... –0.9669 
(........... 2.3831 C...(....... –0.8598 HALO00000 3.1001 O...C...(... 1.0934 

(...C...(... –0.5923 C...(...=... –0.916 Nmax.0...... 1.8318 O...C....... –0.922 
++O---B2= 2.9389 C...(...C... 1.4187 NOSP01000 1.9941 Omax.5...... 0 

=...(....... –0.7396 C........... –0.8583 O...(....... –0.6732 Smax.0...... 2.3577 
=........... –0.0911 C...=...(... –0.9573 O...(...C... 2.1158 O...=...(... –0.5599 
=...C...(... 2.1233 C...=....... 4.2232 O........... –0.5305   
=...O...(... –0.4744 C...O...C... –0.6593     

TABLE II. Mechanistic interpretation of selected SAks 
Promoters of pIC50 increase  Promoters of pIC50 decrease 

(...(....... 
(........... 

Simple molecular branching and 
complex  

(...O...(... Complex molecular branching with 
oxygen atom involving 

++++N---
B2== 

Presence of independent nitrogen atom 
and double bond in molecule 

C...(....... 
(...C...(... 

Molecular branching on carbon 
atom 

++++N---
O=== 

Presence of independent nitrogen and 
oxygen atoms in molecule 

=........... Double bond 

++++O---
B2== 

Presence of independent oxygen 
atom and double bond in 

molecule 
=...(....... Double bond involved in molecular 

branching 

1........... Presence of ring in molecule =...O...(... Double bond with oxygen atom 
involved in molecular branching 

C...1....... 
C...1...C... 

Presence of ring in molecule 
with carbon atoms C...(...=... Double bond with carbon atom 

involved in molecular branching 
N...C...C... Ethyl amine fragment C........... Carbon atom 
C...=....... 
C...=...C... Double bond with carbon atom N........... Nitrogen atom 

O........... Oxygen atom 

C...N...C... Sequence of carbon-nitrogen-
carbon atoms N...C....... Methyl amine group, or sequence of 

nitrogen-carbon atom 
c........... 
c...c....... 

Aromatic carbon in molecular 
structure  c...(...C... Branched carbon atom bounded to 

aromatic carbon 
c...C....... 
c...O....... 

Carbon or oxygen atom bounded 
to aromatic carbon c...O...C... Methyl group bounded to aromatic 

carbon 

Based on the results obtained from QSAR modeling, the SMILES notation 
descriptors associated with molecular fragments that have a positive impact on 
pIC50 for the cytotoxicity of acrylic acid-based dental monomers, leading to a 
decrease in cytotoxicity, include: “C...C...” (ethyl group) – representing two car-
bon atoms in sequence in any part of the molecule; “O...C...” (methoxy group) – 
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denoting a sequence of oxygen and carbon atoms in any part of the molecule; 
“O...C...C” (ethoxy group) – representing oxygen and two carbon atoms in sequ-
ence in any part of the molecule. 

Fig. 4. Molecular fragments contribution 
to the cytotoxicity of acrylic acid-based 
dental monomers (green – increase, red – 
decrease). 

In more complex molecular groups, some fragments contribute to an inc-
rease in the pIC50 value, while others contribute to a decrease. Therefore, to fully 
understand how these complex molecular fragments influence the cytotoxicity 
effect, it is essential not only to perform a qualitative analysis of individual mole-
cular fragments but also a quantitative analysis of their CW numerical values. For 
instance, a molecular fragment found in Fig. 2 that incorporates a carboxyl group 
contains specific subfragments that either exert a detrimental influence on pIC50, 
such as “C............” representing a solitary carbon atom or a methyl group, 
“O............” signifying an individual oxygen atom, “=...........” indicating the pre-
sence of a double bond, “=...(.......” denoting a double bond integrated into mole-
cular branching, and “C a double bond with a carbon atom involved in molecular 
branching.” In contrast, within the same carboxyl group, there are subfragments 
with a beneficial effect on pIC50, including “(...(.......” and “(...........” – both 
linked to molecular branching, “C...(.......” and “(...C...(...” – related to branching 
on carbon atoms and “C...=......” and “C...=...C...” – subfragments associated with 
double bonds featuring carbon atoms. This illustrates how intricate molecular 
structures can encompass various subfragments that contribute both positively 
and negatively to the observed cytotoxicity effect, underscoring the necessity for 
a comprehensive qualitative and quantitative analysis. 

CONCLUSION 

The primary objective of this research is to create robust QSAR models cap-
able of predicting the cytotoxicity of acrylic acid-based dental monomers with 
high predictability. This predictability is assessed through the use of various stat-
istical parameters. The conformation-independent models, developed based on 
optimal descriptors derived from both local graph and SMILES notation invari-
ants, are calculated using the Monte Carlo optimization method. The application 
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of a variety of statistical techniques allowed for the assessment of the predictive 
potential and robustness of the developed QSAR models. The validity of these 
models is confirmed by the numerical values obtained during their validation. 
The Monte Carlo optimization method effectively identified molecular frag-
ments, which are employed as SMILES notation fragments in QSAR modeling, 
with both positive and negative effects on the cytotoxicity of acrylic acid-based 
dental monomers. In conclusion, the methodology presented in this research can 
be employed to pursue the development of new dental materials with reduced 
cytotoxicity. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12828, or from the corres-
ponding author on request. 
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И З В О Д  

QSAR МОДЕЛОВАЊЕ ЦИТОТОКСИЧНОСТИ ДЕНТАЛНИХ МОНОМЕРА БАЗИРАНИХ 
НА ДЕРИВАТИМА АКРИЛНЕ КИСЕЛИНЕ ПРИМЕНОМ МОНТЕ КАРЛО 

ОПТИМИЗАЦИЈЕ 

МИРЈАНА БОШКОВИЋ1, САША СТАНКОВИЋ1, ЈЕЛЕНА В. ЖИВКОВИЋ2 и АЛЕКСАНДАР М. ВЕСЕЛИНОВИЋ2* 

1Унивезитет у Нишу, Медицински факултет, Катедра Стоматолошка протетика, Булевар 

др Зорана Ђинђића 81, Ниш и 2Унивезитет у Нишу, Медицински факултет, Катедра Хемија, 

Булевар др Зорана Ђинђића 81, Ниш 

Полимери који се примењују у стоматолошкој пракси често су формирани помоћу 
деривата акрилне киселине као почетног мономера. Међутим, наведени деривати показују 
цитотоксичност према различитим типовима ћелија, што је ефекат који мора бити смањен 
у будућим материјалима. Основни циљ овог истраживања је да се успостави QSAR модел 
за предвиђање цитотоксичних ефеката деривата акрилне киселине као и да идентификује 
молекулске фрагменте, молекулске дескрипторе са механичким тумачењем, који имају 
утицај на цитотоксичност. Основни алгоритам за добијање QSAR модела био је Монте 
Карло техника оптимизације, а модели су користили конформационо независне молекул-
ске дескрипторе засноване на молекуларном графу и на SMILES нотацији. Различити 
статистички параметри су коришћени да би се валидирали добијени QSAR модели и 
добијени резултати указују на добру предиктивност QSAR модела. С обзиром на то да 
већина база података молекула користи SMILES нотацију за представљање молекулске 
структуре, представљени QSAR модели могу послужити као брз и ефикасан алат за пре-
трагу нових мономера. 

(Примљено 1. марта, ревидирано 15. априла, прихваћено 2. јуна 2024) 
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dioxide coated on alumina as a new adsorbent for the effective 

removal of phenol from aqueous samples 
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Abstract: An effective sorbent, nano-manganese dioxide coated on alumina 
(NMO/Al) nanocomposite, as an economical adsorbent, was prepared in the 
present study. To this end, morphological, chemical and surface characteristics 
of NMO/Al were determined through various techniques. The NMO/Al nano-
composite could be thus separated effortlessly from water samples using a filter 
paper and then, the removal of phenol from the wastewater samples was evalu-
ated. Accordingly, various empirical parameters affecting this removal including 
pH, ionic strength, time, temperature and phenol concentration were examined. 
In order to investigate the adsorption equilibrium, Langmuir, Freundlich and 
Temkin equations were utilized. The Langmuir adsorption model had a higher 
correlation coefficient  (R2) indicating better fit to the adsorption characteristics. 
Various kinetic models were employed to evaluate the adsorption kinetics of 
phenol on the NMO/Al nanocomposite. Based on the results, the Elovich model 
exhibited the best fit with a sorption capacity of 21.34 mg g-1. Additionally, the 
adsorbed phenol was desorbed from the NMO/Al surface by using ethanol with 
high efficiency, and then the NMO/Al nanocomposite was used again to remove 
phenol. The results showed that the NMO/Al nanocomposite could be reused for 
more than five cycles. Based on the findings, the phenol adsorption process from 
wastewater using NMO/Al nanocomposite is considered an efficient adsorption 
approach in a large-scale adsorption system. 

Keywords: nano manganese dioxide; alumina; nanocomposite; phenol; removal. 
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INTRODUCTION 
With the growing pace of industrial development, pollution of water resources 

has become significantly hazardous throughout the world. There are various 
applications for phenol, such as in medicine, pesticides, explosives, garments, 
petrochemicals and other fields. However, the usage of phenol generates a sig-
nificant amount of toxic, carcinogenic and difficult-to-degrade phenol wastewater, 
which has severe consequences for human health and the environment. Indeed, the 
treatment of phenol wastewater is of paramount importance.1 The United States 
Environmental Protection Agency has classified phenol as a critical pollutant due 
to its high toxicity and its widespread contamination of water resources.2 Long- 
-term exposure to phenol can have adverse effects on human organs, including the 
possibility of causing cancer. As a result, the recommended discharge limit for 
phenol in surface water is less than 1 µg L–1.3 Therefore, the treatment of phenol 
wastewater is an urgent and critical issue.4 To address this issue, various physical, 
chemical, and biological processes have been employed for the removal and/or 
recovery of phenol. Some of these processes include biosorption,  electro-fenton, 
extraction with solvent, electrodialysis, degradation, biodegradation, membrane 
methods and sorption.6–10 But most of the mentioned techniques are relatively 
expensive or had been reported costly in treating secondary toxic sludge. Com-
pared to other processes, absorption is still economically the most profitable 
method due to its advantages such as simple design, ease of adsorbent regen-
eration, adsorption capacity and minimum capital investment requirements. 

Different adsorbents such as organic framework,2 activated persulfate,1,4 
bimetallic/carbon nanocomposite,5 ZnO nanoparticles,6 nanocomposites,7 granul-
ated cork,8 modified SiO2,9 magnetic activated carbon-cobalt nanoparticles,10 
non-living Phanerochaete,11 kaolin/γ-Fe2O3,12 magnetic diatomite13 and so on, 
were used for removal of phenol. Alumina (Al2O3) is a suitable adsorbent material 
for treatment of effluents due to its good porosity, and thermal stability, that mak-
ing it an economical alternative.14 Moreover, alumina is naturally available and 
can be easily obtained through chemical reaction from Al(OH)3. To further imp-
rove its adsorption efficiency, alumina can be modified through physical or chem-
ical treatment, which increases the density of active sites on its surface.  While 
alumina is a sorbent with many benefits, it can be further improved for enhanced 
adsorption potential toward organic molecules by modifying it with metals, metal 
oxides, or other substances. Additionally, due to Lewis acid and base groups on 
the surface of Al2O3, strong interactions between the surface of alumina and metal 
oxides have been formed and therefore the absorption and catalytic properties of 
alumina was improved.15 Previously, manganese dioxide coated on alumina was 
used to remove arsenic and fluoride ions from water samples, but based on our 
knowledge this adsorbent has not been used to remove the phenol and in addition, 
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the method of coating manganese dioxide on alumina in the present work is dif-
ferent from the method of the previous works.16,17   

In the present study, nano manganese dioxide coated on alumina nanocom-
posite (NMO/Al) with high absorption capacity was successfully prepared. The 
NMO/Al nanocomposite was employed for the removal of phenol under various 
experimental conditions. Furthermore, the impacts of initial adsorbate concentrat-
ion, contact time, pH and sorbent capacity on the phenol removal were assessed. 

EXPERIMENTAL 
Reagents and equipment 

Phenol was obtained from Merck, and was used to prepare a 1000.0 mg L-1 solution in 
deionized water. Al2O3 (0.063–0.2 mm, Merck) was used for the preparation of NMO/Al 
nanocomposite. The absorbance of phenol was measured using a Varian Cary 50 Scan UV–Vis 
spectrophotometer with quartz cells. Phenol absorbance values were measured at 270 nm, which 
is the wavelength of maximum absorbance. pH was measured by Metrohm pH-meter (model 
713) with a combined glass electrode (Metrohm). The solutions were agitated by IKA stirrer, 
model KS (Staufen, Germany). After adsorbing of phenol from sample solution, the NMO/Al 
was recovered by a filter paper.  

X-ray diffraction (XRD) was performed using a Bruker D8 Advance diffractometer with 
CuKα radiation. The microstructure of NMO/Al was observed using a scanning electron micro-
scope (SEM, Cam Scan MV2300, Cambridge, UK). X-ray photoelectron spectroscopy (XPS) 
was conducted using an AXIS-Ultra device from Kratos Analytical Ltd. with monochromatic 
aluminum (Al)/Kα radiation (225 W; 15 mA; 15 kV). Fourier transform infrared (FT-IR) spectra 
were recorded using a Brucker Tensor 27 spectrometer with the KBr wafer technique. 
Preparation of NMO/Al 

Manganese dioxide was precipitated onto alumina in an aqueous solution through a reduct-
ive reaction:18 
 2KMnO4 + 8HCl → 2MnO2 + 2KCl + 3Cl2 + 4H2O  (1) 

To perform this reaction, 4.0 g of potassium permanganate was added to 50 mL of 
deionized water containing 4.0 g of alumina. Then, 8 mL of concentrated HCl was added 
dropwise to the mixture while continuously stirring and heating it on a hot plate at 90 °C. The 
stirring and heating process were continued for 1 h. The coated alumina was then filtered, 
washed with boiling water, dried in an oven at 80 °C for 6 h, and stored in a bottle for later use. 
Phenol removal method 

To evaluate the ability of NMO/Al nanocomposite for phenol removal, the tests were done 
in a batch method at 25 °C and to increase the accuracy of each test, it was repeated 3 times. To 
determine the highest yield of NMO/Al nanocomposite for phenol removal, the effective 
parameters on the phenol removal such as contact time, solution temperature, solution pH, ionic 
strength and phenol concentration were assessed and optimized.  

For this assesses, 0.05 g of NMO/Al was added to a solution containing phenol. The 
Erlenmeyer flasks were agitated (340 rpm) using an IKA stirrer model KS for a certain period 
of time. After agitation, filter paper was used to separate the NMO/Al from the solution, and 
then the absorbance of the solution under the filter was measured using an UV–Vis (270 nm). 
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For assesses of the initial concentration of phenol onto phenol removal, the concentration 
range of 50 to 150 mg L-1 at pH 7 was assessed. For this purpose, a concentration of 50 mg L-1 
was used to examine the adsorption under other conditions. 

The effect of solution pH on the phenol removal was examined over a pH range of 2 to 9. 
Furthermore, adsorption thermodynamic was assessed at various temperatures (275–309 K). 
Various concentrations of sodium chloride solution (ranging from 0 to 0.5 mol L-1) were 
assessed to investigate the salting effect on the phenol removal (Supplementary material to this 
paper). It should be noted that, the percentage removal (Re%) was calculated: 

 0

0
100 tc cRe%

c
−=  (2) 

where c0 (mg L-1) refers to the initial concentration and ct (mg/L) refers to the amount of phenol 
at time t. 

The amount of phenol adsorbed by the NMO/Al nanocomposite after time t (qt, mg g-1) 
was calculated: 

 0 t
t

c cq V
w
−=  (3) 

where V (L) refers to the volume of solution, and w (g) refers to the mass of the adsorbent. 
Assesses of desorption 

Similar to the adsorption tests, NMO/Al (0.05 g) was added to a phenol solution (50 mg 
L-1) with a contact time of 60 min at 298 K. After this, filter paper was used to separate the 
NMO/Al loaded with phenol from the solution, and in the following, deionized water used to 
wash and remove any unabsorbed traces of phenol. 

The consumed NMO/Al nanocomposite, that saturated with phenol, was regenerated using 
ethanol (10 mL) that added to the phenol-saturated NMO/Al and stirred for 30 min at 298 K 
and 340 rpm. Once desorption was completed, the adsorbent was separated, washed with deion-
ized water and for the next use, placed in an oven with a temperature of 378 K to dry. To assess 
the reusability of the NMO/Al, the absorption and desorption process was repeated 5 times. 

RESULTS AND DISCUSSION 

NMO/Al characterization 
The functional groups on the surfaces of alumina and NMO/Al were assessed 

by FT-IR spectroscopy. FT-IR spectra (shown in Fig. 1a) were recorded using the 
KBr wafer technique over a range of 400–4000 cm–1. To prepare the wafers, a 
mixture of 1 mg of the sample and 100 mg of KBr was used. 

The absorption bands observed at 3447 and 1617 cm–1 in the FT-IR spectra 
are attributed to the stretching and bending vibrations of adsorbed water molecules 
(ν(OH)), respectively. The broad peak at 811 cm–1 is caused by the Al–O vib-
ration.19 The appearance of new bands at 458, 517 and 711 cm–1  can be attributed 
to the Mn–O vibration, which makes the NMO/Al nanocomposite spectrum dif-
ferent from the alumina spectrum. Therefore, the presence of MnO2 on the surface 
of alumina was confirmed. 
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Fig. 1. a) FT-IR spectra of Al2O3 and NMO/Al, b) XRD of NMO/Al, c) XPS of NMO/Al and 

(d) SEM of NMO/Al. 

The crystalline structure of the NMO/Al nanocomposite was characterized by 
XRD analysis (as shown in Fig. 1b). The diffraction peaks present at 2θ values of 
32.5, 37.6, 39.6, 45.9, 61.1 and 67.1°, could be related to crystal plates (220), (311), 
(222), (400), (511) and (440), respectively. These peaks suggest the cubic structure 
of γ-Al2O3 (JCPDS Card no. 01-1303). The calculations made using the Debye– 
–Scherrer equation showed the size of the γ-Al2O3 to be 27 nm. 

Furthermore, as shown in Fig. 1b, the diffraction peaks present at 2θ values of 
12.9, 18.3, 28.8, 37.7, 42.1, 49.9, 56.44, 60.26, 69.7, 71.3 and 73.7°, could be 
related to crystal plates (110), (200), (310), (211), (301), (411), (600), (521), (541), 
(222) and (730), respectively. With respect to these results, the successful synthesis 
of tetragonal crystalline α-MnO2 was confirmed (standard card JSPDF 44-0141).20 

Also, X-ray photoelectron spectroscopy (XPS) was used to determine the 
chemical compositions of the NMO/Al nanocomposite. The presence of Al, Mn 
and O elements in the NMO/Al nanocomposite was confirmed by using XPS of 
NMO/Al (Fig. 1c). Quantitative data analysis of the XPS spectra yielded weight 
ratio of 21.96 % for Al, 22.81 % for Mn and 55.23 % for O in the NMO/Al nano-
composite. 

The morphological features of the NMO/Al nanocomposite showed in Fig. 1d. 
The SEM images of NMO/Al reveal that it has a spherical shape. The porous mic-
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rostructure of NMO/Al suggests that it has a large surface area, therefore, it has a 
good potential to be used as an adsorbent with a high adsorption capacity of pol-
lutants. 

The effect of pH 
A very important factor in the adsorption process is the pH of the solution 

because the functional groups on the surface of the adsorbent as well as the 
chemical structure of the phenol molecule could be affected by pH of solution.21,22 
So, the effect of pH on the removal percentage (Re%) of phenol was evaluated in 
this study over a pH range of 2–9 (Fig. 2a). The results showed that the maximum 
sorption of phenol occurred in the pH range of 7–9. 

 
Fig. 2. a) The impact of pH on the adsorption of phenol onto the NMO/Al. Conditions: 25 mL 
phenol 50.0 mg/L. Agitation time: 60 min. Agitation velocity: 340 rpm. NMO/Al, 0.05 g and 
b) the impact of contact time on the adsorption of phenol onto the NMO/Al. Conditions have 

been similar to case a except to the agitating time. 

The acid dissociation constant (pKa) value for phenol was 9.89; therefore,  at 
pHs less than pKa, phenol molecules exist in non-dissociated state, and the reason 
for phenol adsorption can be attributed to π–π dispersion interaction, physical ads-
orption, hydrogen bonding and hydrophobic interaction.23 With respect to the 
obtained results, other experiments for removal of phenol were done at pH 7. 

The assesses of contact time and initial concentrations 
The impacts of initial concentration and contact time on the Re% of phenol 

could be showed in Figs. 2b and 3, respectively.  
According to Fig. 2b, the phenol adsorption enhances quickly in the early 30 

min and reaches balance at 60 min. With the start of the adsorption process, phenol 
molecules gradually occupy the active sites on the NMO/Al surface, in the next 
step, phenol molecules must be transferred from the bulk solution to the active sites 
on the surface of the NMO/Al nanocomposite. This gradual diffusion would dec-
line the sorption level of phenol after 30 min. 

Various initial concentrations of phenol (50, 75, 100, 125 and 150 mg L–1) 
were also used to examine the impact of initial concentration of phenol on adsorp-
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tion by the NMO/Al. According to Fig. 3a, adsorption capacity of phenol by the 
NMO/Al enhances when initial concentration of phenol increases. By increasing 
the initial concentration of phenol, the concentration gradient increases and acts as 
a driving force and as a result causes more absorption of phenol.22 Clearly, ads-
orption procedure largely depends on contact time and initial concentration of 
phenol. Therefore, a contact time (60 min) and a c0 (50 mg L–1) can be chosen for 
other experiments. 

 
Fig. 3. a) The impact of initial concentrations of phenol, b) Langmuir, c) Freundlich and 

d) Temkin adsorption isotherms to adsorb phenol onto the NMO/Al at room temperatures. 

Adsorption isotherm 
To explain the adsorption capacities of phenol on the NMO/Al, the equilib-

rium experimental data was analyzed to assess the fitness of the data to the Lang-
muir, Freundlich and Temkin isotherm models. The non-linear Langmuir isotherm 
model is given below:24 

 0 L e
e

L e1
Q K cq

K c
=

+
 (4) 

In Eq. (4), the equilibrium concentration of phenol (mg L–1) has been denoted 
to ce, the adsorbed phenol (mg g–1) in the equilibrium time has been denoted to qe, 
the monolayer adsorption capacity of NMO/Al nanocomposite has been denoted 
to Q0 (mg g–1) and the Langmuir constant has been denoted to KL (L mg˗1). 

The Langmuir model assumes that adsorption occurs on a homogeneous sur-
face with a finite number of identical sites, and the adsorption of one molecule 
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does not affect the adsorption of another. Using the linear form of Langmuir iso-
therm model, we can obtain the Langmuir isotherm variables:24 

 e e

e 0 L 0

1c c
q Q K Q

= +  (5) 

The plot of ce/qe versus ce is a straight line with a slope of 1/Q0 and an inter-
cept of 1/Q0KL. The values of Q0 and KL can be obtained from the slope and 
intercept of the linear plot, respectively (as shown in Fig. 3b). 

According to Table I, the Langmuir isotherm parameters Q0 and KL were 
determined to be 53.2 mg/g and 0.034 L mg–1, respectively, with a correlation 
coefficient (R) value of 0.9991. The highest monolayer adsorption capacity for 
phenol onto the NMO/Al at 298 K was found to be 53.2 mg g–1. This suggests that 
the NMO/Al has a good adsorption capacity for removing phenol from the aqueous 
solutions. 

TABLE I. The isotherm constants to adsorb phenol onto the surface of NMO/Al 
Isotherm model Parameter Value 
Langmuir Q / mg g-1 53.2 

KL / L g-1 0.33 
R2 0.9983 

Freundlich Kf / mg g-1 22.29 
1/n 0.222 
R2 0.9844 

Temkin Kt / L mol-1 3.37 
B 17.81 
R2 0.9888 

The Freundlich isotherm is another empirical equation used to describe ads-
orption on a heterogeneous surface. It assumes that the adsorption occurs at sites 
with different adsorption energies, and the amount of adsorbate adsorbed increases 
with increasing concentration. The linearized form of the Freundlich isotherm 
equation is given as:25 

 e f e
1log log logq K c
n

= +  (6) 

where Kf is the Freundlich constant related to the adsorption capacity (mg g–1)(L 
mg–1)1/n, and n is the Freundlich exponent related to the intensity of adsorption. 

The plot of log qe versus log ce is a straight line with a slope of 1/n and an 
intercept of log Kf. The values of n and Kf can be obtained from the slope and 
intercept of the linear plot, respectively (as shown in Fig. 3c). 

Table I presents the Freundlich isotherm parameters for the adsorption of 
phenol on the NMO/Al. The value of n, which is an experimental parameter, 
changes with the degree of inhomogeneity of the bonded phenol on the surface of 
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adsorbent. The n value greater than 1 indicates the optimal adsorption. The value 
of Kf indicates the capacity of phenol adsorption. Additionally, the adsorption 
intensity will be more significant when the n-value is greater.25 

The linear form of the Temkin isotherm is expressed as:25 
 e t eln lnq B K B c= +  (7) 

The adsorbate–adsorbent interactions considered by Temkin isotherm 
assumes that the heat of adsorption decreases linearly with covering the absorbent 
surface by the adsorbate substance. In Eq. (7), qe and ce have the same definitions 
as before, B refers to the Temkin constant associated with the adsorption heat and 
Kt refers to the constant of equilibrium (L mg–1). 

The plot of qe versus ln ce is a straight line with slope of B and an intercept of 
Bln Kt. B and Kt can be obtained from the slope and intercept of the resulting line, 
respectively. The linear plot of qe versus ln ce for the adsorption of phenol on 
NMO/Al was showed in Fig. 3d. 

Table I provides the Temkin constants and R2 value for the adsorption of 
phenol on the NMO/Al. These constants give us information about the adsorption 
heat and maximum binding energy of the adsorbate on the adsorbent.  

Table I indicates that the Langmuir model provides a better fit to the experi-
mental data, as evidenced by its higher R2 value. The maximum monolayer 
adsorption capacity for phenol on the NMO/Al was found to be 53.2 mg g–1 at 25 
°C. Since the value of n in the Freundlich equation (4.504) is between 1 and 10, 
the absorption of phenol is favorable.25 

Kinetic examination  
To assess phenol adsorption kinetics on the NMO/Al, the intraparticle diffus-

ion model (IPD), the Lagergren;s pseudo-first and second-order models and the 
Elovich model were evaluated. The pseudo-first order model is as follows:26 
 e e 1log( ) lntq q q K t− = −  (8) 

In Eq. (8), K1 is the rate constant of the pseudo-first order sorption (min–1). 
The value of qe and K1 can be determined from the intercept and the slope of the 
plot of log (qe – qt) versus t, as shown in Fig. 4a. 

Pseudo second-order model is defined as follows:26 

 2
2 e

d ( )
d

t
t

q k q q
t

= −  (9) 

Rearranging the variables gives:  

 22
e

d d
( )

t

t

q k t
q q

=
−

 (10) 
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When Eq. (10) has been integrated in the boundary conditions t = 0 (q = 0) to 
t = t (q = qt): 

 2 e2 e

1
t

t t
q qk q

= +   (11) 

In the above equation, k2 represents the rate constant of pseudo-second order 
adsorption (g/(mg min)). The value of qe and k2 can be also calculated from slope 
and intercept of plot (t/qt versus t), as shown in Fig. 4b. 

 
Fig. 4. The phenol adsorption kinetic onto the NMO/Al at room temperature: a) pseudo-first 

order,b) pseudo-second order, c) Elovich and d) intraparticle diffusions plots. 

The Elovich equation was also used to qualitatively describe the chemi-
sorption process.25 The linear form of the Elovich model is expressed as: 

 1 1ln lntq tαβ
β β

= +  (12) 

In Eq. (12), α (g mg–1 min–1) refers to the sorption rate and β (g mg–1) refers 
to activation energy of chemisorption. Chemisorption is a process in which the 
adsorbate molecules are bonded to the surface of the adsorbent through chemical 
bonds. The sorption rate represents the rate at which the adsorbate molecules are 
chemically bonded to the surface of the adsorbent. The activation energy repre-
sents the minimum energy required for the adsorbate molecules to overcome the 
energy barrier and form chemical bonds with the adsorbent surface. 
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The values of α and β can be determined from the plot of qt versus ln t, as 
shown in Fig. 4c. 

In the intraparticle diffusion model, the plot of qt versus t1/2 gives a straight 
line, which can be expressed as:26 

 1/2
idtq K t C= +  (13) 

In this equation, the rate constant of intraparticle diffusion (mg g–1 min–1/2) 
was denoted to Kid and the intercept of the line denoted to C (Fig. 4d). 

The resulted kinetic parameters from these models summarizes in Table II. 
The calculated qe value for the Elovich model is in close agreement with the exp-
erimental qe value, indicating a good fit of this model to the experimental data. The 
Kid for phenol was 3.14 mg g–1 min–1/2, which shows the high tendency of the 
NMO/Al for removal of phenol.27 

TABLE II. Kinetics constants for phenol sorption onto the NMO/Al 
Kinetic model Coefficient Value 

qe experimental (mg g-1) 22.38 
Pseudo-first order k1 / min-1 0.023 

qe calculated (mg g-1) 4.11 
R2 0.9027 

Pseudo-second order k2 / g mg–1 min-1 0.0012 
qe calculated (mg g-1) 30.77 

R2 0.9886 
Elovich model α / mg g-1 min-1 19.40 

β / g mg-1 0.144 
qe calculated (mg g-1) 21.34 

R2 0.9757 
Intra-particle diffusion model Kid / mg g-1 min-1/2) 3.14 

qe calculated (mg g-1) 22.7 
R2 0.9953 

NMO/Al reusability 
Adsorbent reusability is a leading factor in the environmentally-friendly and 

economical process of adsorption. The problem with contaminated adsorbent dis-
posal to the environment may be thus decreased due to adsorbent reusability. The 
results showed that the Re% of phenol in cycles 1 to 5 were 97.2, 94.7, 89.6, 85.1 
and 80.3, respectively, that indicating the excellent reusability of NMO/Al. 

Treatment of wastewater sample 
The real wastewater samples were collected from an industrial center in Ker-

man Province, Iran, and then examined for the respective content using inductively 
coupled plasma-optical emission spectrometry (ICP-OES) as shown in Table III. 
In the next step, real wastewater samples were spiked with phenol (50 mg L–1) and 
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treated with the NMO/Al under optimized conditions. The mixture was then separ-
ated and analyzed for metal ion levels and phenol content using ICP-OES and 
spectrophotometer, respectively (Table III). The results showed that the NMO/Al 
was highly efficient in removing phenol and some metal ions from the wastewater 
samples.  

TABLE III. Application of the NMO/Al to remove phenol from wastewater sample 

Component Concentration before 
treatmenta, mg L-1 

Concentration after 
treatment, mg L-1 Re% 

Phenol 50.0 3.2 93.6 
Cr 5.3 0.6 88.7 
Pb 5.4 0.7 87.0 
Cu 8.1 0.8 90.1 
Ni 6.2 0.9 85.5 
Cd 4.5 0.5 88.9 
Mn 4.3 Not detect 100 
Co 5.2 Not detect 100 
As 3.7 Not detect 100 
aOriginal sample spiked with 50 mg L-1 of phenol 

CONCLUSION 

In this study, a novel and effective adsorbent was developed by chemically 
depositing MnO2 nanoparticles onto the surface of alumina. The results obtained 
from FT-IR, SEM, XRD and XPS analyses confirmed the successful grafting of 
MnO2 nanoparticles onto the alumina surface. The applicability of the NMO/Al as 
a new adsorbent was further confirmed by the ability to effectively remove phenol 
from an effluent sample. The Langmuir isotherm model well indicated the equil-
ibrium data, and the highest phenol adsorption capacity on the NMO/Al was rep-
orted by 53.2 mg g–1. The desorption experiment results showed that the NMO/Al 
adsorbent can be recovered and reused for up to five cycles. In the further works, 
the NMO/Al nanocomposite could be magnetized using iron oxide or cobalt oxide 
nanoparticles and then used to remove various contaminants from contaminated 
samples. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12633, or from the corres-
ponding author on request. 
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И З В О Д  

ПРИПРЕМА, КАРАКТЕРИЗАЦИЈА И ЕВАЛУАЦИЈА НАНО-МАНГАН-ДИОКСИДА КОЈИ 
ОБЛАЖЕ ГЛИНИЦУ, КАО НОВОГ АДСОРБЕНТА ЗА ЕФИКАСНО УКЛАЊАЊЕ ФЕНОЛА 

ИЗ ВОДЕНИХ УЗОРАКА 

SAYED ZIA MOHAMMADI1, FARIDEH MOUSAZADEH2, LEILA SALAJEGHEH-TEZERJI1, BATOUL LASHKARI3 
и ELINA BANI-ASADI2 

1Department of Chemistry, Payame Noor University, Tehran, Iran, 2School of Public Health, Bam University 

of Medical Sciences, Bam, Iran и 3Department of New Materials, Institute of Science and High Technology 

and Environmental Sciences, Graduate University of Advanced Technology, Kerman, Iran 

Ефикасан сорбент, нано-манган-диоксид на нанокомпозиту глинице (NMO/Al) при-
премљен је као економичан адсорбент у овом раду. У том циљу, различитим техникама су 
одређене морфолошке, хемијске и површинске карактеристике NMO/Al. NMO/Al наноком-
позит се може без напора одвојити од узорака воде помоћу филтер папира, да би затим било 
процењено уклањање фенола из узорака отпадне воде. Сходно томе, испитани су различити 
емпиријски параметри који утичу на ово уклањање укључујући pH, јонску јачину, време, 
температуру и концентрацију фенола. Да би се испитала адсорпциона равнотежа, кориш-
ћене су Langmuir, Freundlich и Temkin једначине. Langmuir адсорпциони модел је имао 
већи коефицијент корелације (R2), што указује на боље уклапање у карактеристике адсорп-
ције. За процену кинетике адсорпције фенола на NMO/Al нанокомпозиту коришћени су 
различити кинетички модели. На основу резултата, Elovich модел је показао најбоље сла-
гање са капацитетом сорпције од 21,34 mg g-1. Додатно, адсорбовани фенол је ефикасно 
десорбован са NMO/Al површине коришћењем етанола, а затим је NMO/Al нанокомпозит 
поново коришћен за уклањање фенола. Резултати су показали да се NMO/Al нанокомпозит 
може користити у више од пет циклуса. На основу налаза, процес адсорпције фенола из 
отпадне воде коришћењем NMO/Al нанокомпозита се сматра ефикасним адсорпционим 
приступом у систему адсорпције великих размера. 

(Примљено 21. октобра, ревидирано 14. новембра 2023, прихваћено 6. априла 2024) 
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Fig. S-1. Ionic strength impact on adsorption of phenol onto the NMO/Al.  
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Abstract: Sustainability is important for future ecology and the increase of 
waste in recent years negatively affects sustainability. The management of 
waste and using them in the technology field could be a solution for sustain-
ability. Nanotechnology is a developing technology aiming to improve the 
physical, chemical and biological properties of matter with the size of 1–100 
nm. Nanoparticles could be synthesized by different methods such as physical, 
biological, and chemical. The green synthesis (biological synthesis) method is 
the most preferred when compared to chemical and physical methods because 
it is eco-friendly, energy-saving, cheaper, less waste-producing, easy to scale, 
sustainable and biologically compatible. Walnut is a versatile fruit with its 
leaves, dry and green fruit, timber, inner/outer shell and outer peel. Its inner 
shell and outer peel are not used as food and are waste. In this study, a waste 
walnut inner shell was used to synthesize silver nanoparticles (WS-AgNPs). 
WS-AgNPs were synthesized by green technique, characterized and biochem-
ical properties were determined. WS-AgNPs exhibited the maximum absorb-
ance at 460nm with 46–51 nm size and they inhibited urease enzyme by 
82.16±1.30 %. It was clear that herbal-based wastes could be used in nanotech-
nology and have the potential to be used in medicine. 

Keywords: waste management; green synthesis; silver nanoparticles; H. pylori; 
antioxidant. 

INTRODUCTION 
Sustainability is defined as the ability to continue the functions, processes, 

and productivity of ecology and ecological systems in the future.1 It has been 
emphasized in recent studies that the world’s resources and the environment are 
moving toward the limit of depletion as a result of human activities.1 With the 
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increasing population and developing technology, the amount of waste is also 
increasing due to the variety of materials produced. According to the report pub-
lished by the Turkish Statistical Institute (TUIK) on December 23, 2021, a total 
of 104.8 million tons of waste was generated in thermal power plants, manu-
facturing industry areas, organized industrial zones, mining enterprises, health 
centres and households throughout. 30 Million tons of this waste was generated 
in 2020. The total amount of waste was reported nearly 94.9 million tons in 2018 
and increased by 10.5 % in 2021 compared to 2018.2 The amount of waste per 
capita for Turkey was 1.16 kg per day in 2018. The total amount of processed 
waste increased by 22 % compared to 2018.2 Considered from this perspective, 
sustainability can only be achieved by using the resources provided by nature at a 
pace that allows them to renew themselves.1 For this purpose, it is important to 
develop production processes that use inputs with low environmental impacts, 
have high efficiency, contain little or zero waste, and do not create pollution. 
Waste prevention, also known as zero waste, is an approach that includes the 
most efficient use of resources, reducing the amount of waste generated and 
recycling waste.3 It is clearly seen that preventing the increase in the amount of 
waste or recycling waste is extremely important. Studies should be carried out 
within the scope of the principles of sustainable cities and communities and 
responsible production and consumption, which are among the sustainable dev-
elopment goals. One of the important studies carried out within the scope of sus-
tainability is the production of waste-based nanoparticles by green synthesis tech-
nique and their introduction into the field of technology. 

Nanotechnology is a new technology that allows the processing of particles 
in sizes between 1–100 nm.4,5 Nanotechnology is widely used in medicine, dent-
istry, drug delivery systems, many biomedical applications, the environment and 
engineering. Silver nanoparticles (AgNP) are important with their properties such 
as chemical stability, conductivity and catalytic and antibacterial activities. Com-
pared to other elements, silver has a more antimicrobial effect and it is the least 
toxic element. AgNPs can be synthesized by many different methods such as 
chemical, biological and physical. The most common is the biological synthesis 
method, and it is also known as green synthesis. The green synthesis is the most 
preferred because it is ecologically friendly, energy-saving, cheaper, less waste-
producing, easy to scale, sustainable, using no toxic chemicals and has biological 
compatibility.5 In addition to the use of bacteria, mould, yeast, algae and plants 
as a reducing and stabilizing agent, it is not toxic due to the absence of chem-
icals. Nanoparticles could be synthesized faster than other applications by green 
synthesis. It is the most preferred method due to its biocompatibility. Silver 
nanoparticles could be synthesised by the green synthesis technique.6 The silver 
nanoparticles are used in antimicrobial application areas, separation of toxic 
compounds, biosensors, environment and various treatment systems.7–9 In addit-

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 WASTE WALNUT SHELL-BASED SILVER NANOPARTICLES 125 

ion to these, silver nanoparticles have an applications in areas like the prevention 
of diseases in agriculture, the rapid elimination of existing diseases, increasing 
the ability of plants to absorb nutrients from the soil in agriculture, antibacterial 
and odour-repellent textile products, anti-scratch car paints, dirt-repellent coat-
ings, transparent protective sunscreens and self-cleaning glass silver.4–9 

Walnut is a versatile fruit with its leaves, dry and green fruits, inner mem-
brane and outer shell. Walnut is a widely consumed nut because it contains valu-
able nutrients and oils. Its fruit could be used as food but its inner membrane and 
outer shell are waste not used in any application (Fig. 1).  

 
Fig. 1. Inner shell of walnut. 

In this study, the waste inner shell of walnut was used as an electron pre-
cursor and the potential of employing waste walnut was examined via nanotech-
nology. For this purpose, waste inner shell-based silver nanoparticles were syn-
thesized, characterized and biochemical properties were determined. Thus, the 
walnut inner shell was used in nanotechnology within the scope of sustainability 
and evaluated for use in different applications. 

EXPERIMENTAL 
WS-AgNPs were synthesized according to Keskin (2022) with minor modifications.10 

For this purpose, walnut inner shell extract and 0.05 M silver nitrate (AgNO3) solution were 
mixed in a dark flask at a 1:1 volume ratio. The mixture was stirred for ~2 h at room tempe-
rature. The changes of color to dark brown were noted and confirmation of nanoparticle syn-
thesis was done by UV absorption spectroscopy (Hach, DR/4000U) between 250 and 750 nm. 
The UV scanning was performed for each 30 min and the maximum absorbance at maximum 
wavelength of each scan was graphed. At the end of the synthesis, centrifugation was per-
formed for 15 min at 9000 rpm with a high-speed centrifuge device to precipitate AgNPs from 
the aqueous medium. The resulting AgNPs were washed with distilled water to wash off imp-
urities and dried at 75 °C. Obtained nanoparticles were characterized by scanning electron 
microscopy (SEM, ZEISS/Supra 40 VP), Fourier transform infrared spectroscopy (FTIR) 
(Thermo Fisher) and energy dispersive X-ray (EDX).  
Total phenolic content of walnut (Juglans regia L.) inner shell extract and WS-AgNPs 

The total phenolic content of natural products could be determined according to the Folin 
method.11,12 The phenolic compounds and Folin–Ciocâlteu reagent become a colored complex 
and give a maximum absorbance at 765 nm. Gallic acid (GA) is usually used as a standard to 
produce a calibration curve.11,12 The results are represented in mg of GA equivalent (GAE) 
per g. The analyses were performed in triplicate. 
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Antioxidant activity of WS-AgNPs 
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity. DPPH radical is a 

commercially available radical and a 100 µM methanol solution of this radical was used in the 
experiments.13 WS-AgNPs sample solutions were prepared at different concentrations (0.25, 
0.5, 1, 1.25 and 1.5 mg mL-1). Equal volumes (750 µL) of DPPH solution and WS-AgNPs 
sample solutions (different concentrations) were mixed and kept at room temperature for 50 
min. At the end of the time, absorbance was recorded at 517 nm where DPPH gives maximum 
absorbance. These absorbance values were plotted against the corresponding concentrations 
and SC50 values were calculated and expressed against the Trolox standard.13 The analysis 
was performed for walnut inner shell extract and all analyses were performed in triplicate. 

Iron reduction capacity (FRAP). FRAP method is the most commonly used method for 
the determination of the antioxidant capacity of natural products and is based on the principle 
that antioxidant substances in natural products reduce iron (III) ions in Fe(III)–TPTZ com-
plex.14 Fe(III) reduced by antioxidant substances present in solution gives absorbance at 593 
nm. The results were expressed in µM FeSO4·7H2O. 

Urease inhibition. Urease (E. C 3.5.1.5) is an enzyme that converts urea to ammonia and 
carbon dioxide. The formation of urea was determined using the indophenol method.15 200 µL 
Jack Bean urease, 500 µL buffer (100 mM urea, 0.01 M K2HPO4, 1 mM EDTA and 0.01 M 
LiCl, pH 8.2), and 100 µL inner shell extract were incubated for 20 min at room temperature. 
After incubation, phenol solution (550 µL, 1 % phenol, and 0.005 % sodium nitroprusside) 
and alkaline mixture (650 µL, 0.5 % sodium hydroxide and 0.1 % NaOCl) were added to the 
tubes and absorbance were recorded at 625 nm after 50 min. IC50 values were determined 
using standards at different concentrations. The same procedure was performed for WS-AgNPs 
at different concentrations (0.25, 0.5, 1, 1.25 and 1.5 mg mL-1). All analyses were performed 
in triplicate. 

RESULTS AND DISCUSSION 

The population growth and the difficulties in disposing of the increasing 
amount of waste are catastrophic to the environment and climate conditions. For 
a sustainable environment, it is important to recycle waste and bring it into the 
field of technology. Organic solid waste management and ecological worries 
have been escalating in recent days.16 Hence, fruit wastes, such as fruit peels, and 
other organic fractions of domestic solid wastes may be used effectively in 
nanotechnology-based applications.17–19 In this study, silver nanoparticles were 
obtained by green synthesis technique using walnut inner membrane, which is 
produced in significant amounts in our country and its use is quite limited. Dif-
ferent parts of walnut contain linolelaidic acid, 1-heptatriacotanol, oleamide, 
ethyl isoalcoholate, hexadecanoic acid, cinnamic acid, brassica sterol acetate and 
β-sitosterol.20–23 It was stated that specially walnut inner shell is rich in polysac-
charides and polyphenols and contains also fat, protein, amino acids, flavonoids, 
saponins and alkaloids.24 The fact that the walnut inner membrane is rich in bio-
active components indicates that it may be an important agent in silver nano-
particle synthesis (Fig. 2).  
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Fig. 2. Potential mechanism of synthesis of WS-AgNPs.25 

The optical properties of synthesized nanoparticles were determined using a 
UV–Vis spectrophotometer. It was determined that the obtained nanoparticles 
gave maximum absorbance at 460 nm (Fig. 3). The reduction of Ag+ to Ag was 
defined by intermittently measuring the absorption spectra of the reaction solut-
ion using a UV–Vis spectrophotometer. Usually, due to the excitation of free 
electrons, AgNPs would display a surface plasmon resonance (SPR) band at 450– 
–550 nm,16 400–500nm26 and 430 nm.27 In the current study, the SPR value of 
WS-AgNPs was detected at 460 nm. The obtained data in this study is similar to 
the previously reported AgNPs synthesis result.16,28–30 
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Fig. 3. UV spectrum of WS-AgNPs; a) Walnut inner shell extract; b) WS- AgNPs solution. 

Functional groups of walnut inner shell extract and WS-AgNPs supernatant 
were determined using FT-IR and the results were shown in Figs. 4 and 5, res-
pectively. FTIR data allow us to compare walnut inner shell extract and WS-
AgNPs supernatant functional groups to determine possible reactions. As seen in 
Figs. 4 and 5, there were changes at 2122.54 cm–1 band and there was a new 
band at 1065.98 cm–1. The band at 3200 to 3400 cm–1 represents O–H stretching 
groups.31 In the study, silver nanoparticles were synthesized from maize (Zea 
mays L.) extract. According to this study, AgNPs had differences at functional 
groups of 3336.64–3334.57 cm–1 O–H bands and there are no differences at 
1636.82–1636.48 cm–1 C–C bands.31 It was clear that the functional groups and 
maximum absorbance of AgNPs vary over a wide range and the results obtained 
in this study were compatible with the literature.16,28–31  

 
Fig. 4. Walnut inner shell extract FT-IR data. 

The size of nanoparticles varied between 46 and 51 nm (Fig. 6). The histo-
gram was obtained by using Fig. 6. In another study, Tribulus terrestris based 
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silver nanoparticles were synthesized and particle size was determined in a range 
between 15 and 65 nm.32 In the literature, AgNPs were obtained in different sizes 
such as 14.3–14.7,29 16.7,30 12.63,31 46.2632 and 65.92.33 It was seen that par-
ticle sizes of silver nanoparticles could be changed in a wide range.26–33 

 
Fig. 5. WS-AgNPs supernatant FT-IR data. 

 
Fig. 6. SEM image and histogram of WS-AgNPs. 

The WS-AgNPs had a peak at 3 keV in EDX analyses (Fig. 7). EDX ana-
lysis for silver nanoparticles usually shows characteristic peaks in EDX spectra 
around 3 keV due to surface plasmon resonances with weak carbon, oxygen and 
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nitrogen peaks.34 In this study, silver nanoparticles showed a strong well-defined 
signal at 3 keV. 

 
Fig. 7. EDX results of WS-AgNPs. 

The total phenolic content of walnut inner shell extract and WS-AgNPs were 
determined as 21.33±0.18 and 27.63±0.22 mg GAE/g DW and the inhibition 
effect of urease enzyme was calculated as 52.83±1.19% and 82.16±1.30 %, res-
pectively (Table I). In a study, Asphodelus aestivus Brot. aerial part extract-based 
silver nanoparticles were synthesized and antioxidant activity was determined. It 
was reported that the AgNPs (67.54 %) had a good inhibition effect according to 
plant extract (31.82 %) for DPPH.35 In another study, Primula vulgaris based 
silver nanoparticles were synthesized and the total phenolic content and anti-
oxidant activity of NPs were determined. The antioxidant activity of AgNPs, bio-
synthesized using P. vulgaris flower extract, was found 90.6 %.36 It was clear 
that the antioxidant activity and total phenolic content could be changed in a 
wide range and our results were compatible with the literature.35–42 

Helicobacter pylori is the most common infectious bacteria affecting almost 
half of the world’s population with diseases such as gastritis, peptic ulcers and 
gastric cancer. While proton pump inhibitors, antibiotic combinations, and bis-
muth compounds are used in the first-line treatment of patients infected with H. 
pylori and symptomatic patients, treatment is usually unnecessary in symptom- 
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-free patients due to the risk of reinfection in a short time.43 Despite all these 
treatment options, H. pylori infection is still an important health problem due to 
antibiotic resistance. 

TABLE I. Biochemical properties of Walnut inner shell extract and WS-AgNPs 

Sample Total phenolic content 
mg GAE g-1 DW sample 

FRAP 
µM TE g-1 

DPPH 
% 

Urease inhibition 
% 

Walnut inner 
shell extract 

21.33±0.18 107.44±2.04 72.71±0.98 52.83±1.19 

WS-AgNPs 27.63±0.22 181.12±1.89 85.23±1.02 82.16±1.30 

H. pylori in order to survive, in the stomach strong acid pH, needs to reach 
the mucus layer. The flagella and the urease enzyme secreted by the bacterium 
enable it to reach the mucus layer. The urease enzyme breaks down urea secreted 
by gastric epithelial cells into ammonia and the ammonia released causes an 
increase in the pH of the stomach and provides a suitable environment for the 
bacteria to survive. Therefore, inhibition of the urease enzyme is very important. 
In this study, the synthesized nanoparticles inhibited the urease enzyme by 
82.16±1.30 %. Borase et al. synthesized silver nanoparticles based on Ficus 
carica in their study and stated that the extract and silver nanoparticles inhibited 
ammonium formation by 4.73 % and nearly 80 %, respectively.44 Amin et al. 
synthesized silver nanoparticles based on Solanum xanthocarpum L. and found 
that the nanoparticles inhibited the urease enzyme by 64 %.45 Gul et al. synthe-
sized silver nanoparticles based on Ricinus communis and reported that the nano-
particles inhibited the urease enzyme by 94.2 %.25 Many studies are showing that 
silver nanoparticles obtained by using different herbal sources have many effects 
such as antimicrobial, antioxidant, etc. (Table II). In this study, it was determined 
that the particles obtained had antioxidant activity and inhibited the urease enzyme. 

TABLE II. Synthesis of AgNPs by using different sources 

Biological source UV absorb-
ance, nm 

Av. size, 
nm Biomedical application Reference

Honey 443/456 14.3/14.7 Antibacterial activity 29 
Aristolochia 
bracteolata Lam 

430 16.7 Antioxidant and antibacterial activities 30 

Zea mays L. 461.25 12.63 Antimicrobial activity 31 
Tagetes erecta L. 422 46.26 Antioxidant activity 32 
Glycosmis 
mauritiana 

435 65.92 Antioxidant activity, antimicrobial 
activity and enzyme inhibition 

properties 

33 

Solanum 
xanthocarpum L. 

406 4 to 18 Antioxidant activity and enzyme 
inhibition properties 

45 

Mikania cordata 451 26.8–46.0 Antioxidant and antibacterial activities 46 
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TABLE II. Continued 

Biological source UV absorb-
ance, nm 

Av. size, 
nm Biomedical application Reference

Tribulus terrestris 400–450 21–73 Antioxidant activity and enzyme 
inhibition properties 

47 

Humulus lupulus L. 450 30.60 to 
36.72 

Antioxidant activity and enzyme 
inhibition properties 

48 

Parsley stem 460 31 Antioxidant activity 49 
Citrullus 
colocynthis 

450 10–45 Antioxidant and anti-gout activities 50 

This study 460 46–51 Antioxidant activity and enzyme 
inhibition properties 

– 

CONCLUSION 

Walnut is a widely consumed nut because it contains valuable nutrients and 
oils. Due to the consumption of walnuts as food, the inner shell of the walnut 
remains a significant amount of waste along with its phytochemicals. In this 
study walnut inner shell-based silver nanoparticles were synthesized, character-
ized and biochemical properties determined. It was shown by this study that 
herbal-based wastes could be used in nanotechnology for different purposes. The 
walnut inner shell extract was used as an electron processor to synthesize WS- 
-AgNPs. After detailed characterization, it was determined that WS-AgNPs are a 
good antioxidant and urease inhibitor. It could be concluded that WS-AgNPs had 
potential as an antimicrobial agent and could be used in many applications for 
health benefits. 
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И З В О Д  

ЗЕЛЕНА СИНТЕЗА, КАРАКТЕРИЗАЦИЈА И БИОХЕМИЈСКА СВОЈСТВА НАНОЧЕСТИЦА 
СРЕБРА НА БАЗИ ОТПАДНЕ УНУТРАШЊЕ ЉУСКЕ ОРАХА (Juglans regia L.) 

MERVE CAN1 и MERVE KESKİN2 

1Graduate Education Institute, Bilecik Seyh Edebali University, Bilecik, Türkiye и 2Vocational School of 

Health Services, Bilecik Seyh Edebali University, Bilecik, Türkiye 

Одрживост је важна за будућу екологију, а пораст отпада последњих година нега-
тивно утиче на одрживост. Управљање отпадом и његово коришћење у области технологије 
могло би да буде решење за одрживост. Нанотехнологија је технологија у развоју, која се 
примењује за побољшање физичких, хемијских и биолошких својстава материје величине 
1–100 nm. Наночестице се могу синтетизовати различитим методама као што су физичке, 
биолошке и хемијске. Метода зелене синтезе (биолошке синтезе) је најповољнија у поре-
ђењу са хемијским и физичким јер је еколошки прихватљива, штедљива, јефтинија, мање 
ствара отпад, лака за скалирање, одржива и биолошки компатибилна. Орах је воће које 
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има разноврсну употребу, од листова, сувог и зеленог воћа, дрвета, унутрашње/спољне 
љуске и коре. Његова унутрашња и спољашња љуска се не користе као храна и представ-
љају отпад. У овој студији, отпадна унутрашња љуска ораха коришћена је за синтезу сребр-
них наночестица (WS-AgNP). WS-AgNP су синтетизоване зеленом техником, окарактери-
сане и одређена су им биохемијска својства. Честице WS-AgNP величинe 46–51 nm су 
показале максимум апсорпције на 460 nm, и инхибирале су ензим уреазу за 82,16±1,30 %. 
Очигледно је да се отпад на бази биљака може користити у нанотехнологији и да такође 
има потенцијал да се користи у медицини. 

(Примљено 10. новембра, ревидирано 28. децембра 2023, прихваћено 3. марта 2024) 
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