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Avobenzone is a widely used UV filter. Under disinfection conditions 
various disinfection by-products (DBPs) are formed. The presence of 
Br– and I– led to formation of brominated and iodinated avobenzone 
DBPs. Aquatic chlorination of avobenzone formulations led to the 
increase in toxicity. Sunscreen formulation influences on degradability 
of avobenzone.

DBPs
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70th anniversary of  
Acta Chimica Slovenica

Dear readers of Acta Chimica Slovenica,

In this year Acta Chimica Slovenica, the journal pub-
lished by Slovenian Chemical Society, is celebrating 70th an-
niversary. Already in 1951 Kemijski zbornik was published 
as a kind of its predecessor and already then, its editors ex-
pressed the wish to launch a scientific journal. However, the 
first volume appeared only in 1954 as Vestnik Slovenskega 
kemijskega društva (Bulletin of the Slovenian Chemical Soci-
ety). Several renowned Slovenian scientists have served as 
editors and the journal was developing international recog-
nition. Several milestones have to be mentioned that had 
crucial influence on the development of Acta Chimica 
Slovenica. In 1978 (vol. 25) a new editorial board with Drago 
Kolar as the editor, Marko Razinger as the technical editor 
and Branko Stanovnik as the chairman of the editorial board 
started to publish Vestnik Slovenskega kemijskega društva on 
a regular basis as four issues per year. They also started to 

publish review articles and plenary lectures delivered at 
symposia and congresses organized by the Slovenian Chem-
ical Society as well as special issues dedicated to prominent 
chemists. In 1993 (vol. 40) the name of the journal was 
changed to Acta Chimica Slovenica. In 1998 two major steps 
were achieved by the editor Andrej Petrič - alongside with 
the printed version of articles also electronic version was 
published and Acta Chimica Slovenica started to be indexed 
in Web of Science. Two years later, in 2000, Acta Chimica 
Slovenica obtained its first impact factor. The journal further 
developed under the editors Janez Košmrlj, Aleksander 
Pavko and Ksenija Kogej. Under their leadership modern 
information technologies have been fully employed ena-
bling the transition from the printed to the electronic arti-
cles, greatly facilitating the accessibility of the journal, thus 
increasing the international reach of the journal and, of 
course, significantly increasing the impact of scientific pa-
pers published in Acta Chimica Slovenica on the develop-
ment of chemistry, chemical engineering, biochemistry, 
chemical education and other related disciplines. The broad 
international coverage of the journal due to the free access 
of the online articles and due to the indexing in various sci-
entific databases such as Web of Science, PubMed, Cross-
Ref, Chemical Abstract Plus, Scopus, SciFinder (CAS), Por-
tico and others, as well as due to introduction of DOI 
numbers, have enabled Acta Chimica Slovenica to establish a 
strong presence in the international scientific community. 
The quality of the journal’s publications is also demonstrat-
ed by the fact that the most cited articles published in the 
time span 1998–2023 have more than 200 citations. Many 
years of dedicated work of the editors and editorial boards, 
the strong support provided by the Slovenian Chemical So-
ciety and the support of Slovenian universities, faculties and 
institutes have enabled 70 years of development and pro-
gress in the field of publishing the Slovenian scientific jour-
nal Acta Chimica Slovenica. This has given the journal an 
excellent platform for further activities. It was a great privi-
lege for me to serve Acta Chimica Slovenica for many years 
as co-editor in the field of Inorganic Chemistry and to be-
come Editor-in-Chief in January 2023 at the beginning of 
the 70th anniversary of our journal.
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The contribution of Acta Chimica Slovenica and Slo-
venian Chemical Society as its publisher to the scientific 
community can be assessed by data accessible in Web of 
Science. These data are available since the year 1998 when 
Acta Chimica Slovenica started to be indexed in Web of 
Science. We can see interesting transition and develop-
ment of the journal. In the period 1998–2001, Acta Chim-
ica Slovenica published between 40 and 50 articles per year 
(WoS statistics include scientific and professional articles), 
however, by 2002 the number of articles per year had al-
most doubled (Figure 1). The number of articles published 
additionally increased in 2007, when 132 articles were 
published, about three times as many as in 1998. The num-
ber of articles published annually since 2007 has fluctuated 
around 120, with the highest number of articles published 
in 2008 (146 articles) and the lowest number in the last 
year, when 94 articles were published. The number of cita-
tions has also increased markedly since 1998, confirming 
the international relevance and importance of the scientif-
ic results published in the journal (Figure 1). 

International involvement can also be monitored by 
the proportion of publications by foreign authors. In the 
period 1998–2022, the journal published papers having 
authors from 89 countries. Slovenian authors contributed 

the majority of the articles to Acta Chimica Slovenica dur-
ing this period (35.3%), followed by the authors from Iran 
(11.2%), China (6.8%), India (6.7%), Turkey (6.4%) and 
Croatia (4.1%) (Figure 2). Between 2% and 4% per country 
were contributed by the authors from Egypt, Romania, 
Serbia, the Czech Republic, the USA and Germany. Be-
tween 1 and 2% per country were contributed by the re-
searchers from Poland, Bulgaria, France, Pakistan, 
Ukraine, Italy, Slovakia, Hungary and Austria. Less than 
1% per country came from the 68 countries, representing 
a total of 17.3%. 

Figure 2: Publication shares by country.

Figure 1: Number of publications in Acta Chimica Slovenica and number of all citations per year. 
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A breakdown by the continent shows that during the 
period 1998–2022, contributions from Europe dominated 
(69.3%), followed by those from Asia (37.6%), Africa 
(5.9%), the Americas (4.8%), and Australia and Oceania 
(0.7%) (Figure 3).

Figure 3: Publication shares by continent.

The free online access of articles and indexing of the 
journal content in the most important scientific databases 
are the cornerstones of international accessibility, making 
the content available to all researchers worldwide thus cre-
ating opportunities for the visibility of the research pub-
lished. Acta Chimica Slovenica fulfils all these conditions 
and thus enables authors to disseminate their results effi-
ciently. We can clearly see that articles published in Acta 
Chimica Slovenica can achieve international visibility and 
recognition in the scientific community as demonstrated 
by many highly cited articles in our journal. Below follow 
short presentations of the articles published in the time pe-
riod 1998–2022 that received more than 100 citations. 

The two most cited articles in Acta Chimica Sloveni-
ca in the time period 1998–2022 have both 232 citations 
(data access December 5th 2023).  Article entitled Charac-
terization of phenol-formaldehyde prepolymer resins by in 
line FT-IR spectroscopy published in 2005 by Slovenian 
authors I. Poljanšek and M. Krajnc reports on different 
resol phenol-formaldehyde prepolymer resins synthe-
sized with different formaldehyde/phenol ratios. The phe-
nolic resin composition depends on monomer ratio, cata-
lyst, reaction conditions, and residual free monomers. 
Temperature and pH conditions under which reactions of 
phenols with formaldehyde are carried out have a pro-
found effect on the characteristics of the resulting prod-
ucts. Three reaction sequences must be considered: for-
maldehyde addition to phenol, chain growth or 
prepolymer formation and finally the cross linking or cur-
ing reaction. Two prepolymer types are obtained depend-
ing on pH, novolacs in an acidic pH region whereas resols 

by alkaline reaction. Resol resins are synthesized with a 
molar excess of formaldehyde (1<F/P<3). These are mo-
no- or polynuclear hydroxymethylphenols which are sta-
ble at room temperatures, but are transformed into three 
dimensional, cross linked, insoluble and infusible poly-
mers by the application of heat. An ATR-FTIR spectrom-
etry technique (ReactIR 4000) with light conduit and dia-
mond-composite sensor was used to perform in-line 
monitoring of phenol-formaldehyde prepolymer synthe-
sis. This technique was found to be ideal for determining 
residual free phenol and formaldehyde, individual phenol 
and formaldehyde conversions and prepolymer composi-
tion changes as a function of time when the condensation 
reaction was carried out. The kinetics data obtained 
through the ReactIR 4000 in-line reaction analysis system 
agreed well with those determined by the traditional titra-
tion method. ReactIR technology replaces time consum-
ing and inaccurate off-line methodology (Acta Chim. Slov. 
2005, 52, 283–244). 

Another contribution with the same number of cita-
titons entitled Biodegradation of malachite green by Kocu-
ria rosea MTCC 1532 published in 2006 by Indian authors 
G. Parshetti, S. Kalme, G. Saratale and S. Govindwar re-
ports on completely decolorized malachite green under 
static anoxic condition within 5 h by bacteria Kocuria ro-
sea MTCC 1532; however decolorization was not observed 
at shaking condition. K. rosea have also shown decoloriza-
tion of azo, triphenylmethane and industrial dyes (cotton 
blue, methyl orange, reactive blue 25, direct blue-6, reac-
tive yellow 81, and red HE4B). Semi-synthetic media con-
taining molasses, urea and sucrose have shown 100, 91, 
81% decolorization respectively. Induction in the activities 
of malachite green reductase and DCIP reductase was ob-
served during MG decolorization suggesting their involve-
ment in the decolorization process. UV-Visible absorption 
spectrum, HPLC and FTIR analysis showed degradation 
of MG. Toxicity study revealed the degradation of MG into 
non-toxic products by K. rosea (Acta Chim. Slov. 2006, 53, 
492–498).

The third most cited contribution with 152 citations 
entitled Equilibrium sorption study of Al3+, Co2+ and Ag+ in 
aqueous solutions by fluted pumpkin (Telfairia occidentalis 
HOOK f) waste biomass was published in 2005 by Nigerian 
authors M. Horsfall Jnr and A. I. Spiff. Authors combined 
an ensemble of equilibrium sorption techniques to study 
the influence of ionic radius on the sorption characteris-
tics of Al3+, Co2+ in Ag+ by fluted pumpkin waste biomass. 
The experimental results were analyzed in terms of five 
two-parameter adsorption isotherm equations-the Lang-
muir, Freundlich, Temkin, Dubinin-Radushkevich and 
Flory-Huggins isotherms. According to the evaluation us-

https://acta-arhiv.chem-soc.si/52/52-3-238.pdf
https://acta-arhiv.chem-soc.si/52/52-3-238.pdf
https://acta-arhiv.chem-soc.si/53/53-4-492.pdf
https://acta-arhiv.chem-soc.si/53/53-4-492.pdf
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ing Langmuir equation, the monolayer sorption capacity 
obtained was 16.98 mg/g, 10.34 mg/g and 8.03 mg/g for 
Al3+, Co2+ in Ag+ respectively. The data further showed 
that, the Freundlich and Langmuir isotherms described 
the data appropriable than Temkin, Dubinin-Radush-
kevich and Flory-Huggins isotherms. The result showed 
that fluted pumpkin waste could be used for the removal of 
Al3+, Co2+ in Ag+ from wastewater and ionic radius influ-
ences the rate of metal ion migration to the biomass sur-
face and the adsorption intensity of the metal (Acta Chim. 
Slov. 2005, 52, 174–181).

The fourth contribution with 139 citations entitled 
Kinetics and mechanism of reactive red 141 degradation by 
a bacterial isolate Rhizobium radiobacter MTCC 8161 was 
published in 2008 by Indian authors A. Telke, D. Kalyani, 
J. Jadhav and S. Govindwar. Authors isolated a bacterium 
Rhizobium radiobacter MTCC 8161 from effluent treat-
ment plant of textile and dying industry of Ichalkaranji, 
India. The bacterial isolate Rhizobium radiobacter MTCC 
8161 was capable of decolorizing various azo, triphenyl-
methane (TPM), disperse and reactive textile dyes with 
decolorizing efficiency varying from 80–95%. This strain 
decolorized (90%) a deep red sulfonated diazo dye Reac-
tive Red 141 (50 mg/L) with 0.807 mg of dye reduced/g of 
dry cells/h of specific decolorization rate in static anoxic 
condition at optimum pH 7.0 and temperature 30 °C with 
83.33% reduction in COD. The degradation efficiency of 
this strain using urea and yeast extract showed fast decol-
orization among different carbon, nitrogen source. The 
induction of various oxidative and reductive enzymes in-
dicates involvement of these enzymes in color removal. 
Phytotoxicity studies revealed less toxic nature of decolor-
ized products (1000 mg/L) as compared to original dye. 
FTIR spectroscopy and GC-MS analysis indicated naph-
thalene diazonium, p-dinitrobenzene and 2-nitroso naph-
thol as the final products of Reactive Red 141 (Acta Chim. 
Slov. 2008, 55, 320–329).

A contribution with 132 citations entitled Evaluation 
of the hydration of Portland cement containing various car-
bonates by means of thermal analysis was published in 2006 
by Slovenian authors R. Gabrovšek, T. Vuk and V. Kaučič. 
Authors report on hydration of portland cement contain-
ing a fixed amount of mineral admixtures (calcium car-
bonate or dolomite or magnesite) at 60 °C for 7- and 28 
days. Phase compositions were evaluated by thermogravi-
metric analysis and by powder X-ray diffraction. Measure-
ments of surface area indicated the development of the 
hydrated microstructure. Detailed analysis of DTG de-
composition profiles of portlandite and carbonate enabled 
the evaluation of certain admixture-related parameters 
concerning portlandite formation and also indicated the 

behavior of specific carbonates during the hydration pro-
cess (Acta Chim. Slov. 2006, 53, 159–165).

A contribution with also 132 citations entitled A 
comparative study of several transition metals in Fenton-like 
reaction systems at circum-neutral pH was published in 
2003 by Slovenian authors M. Strlič, J. Kolar, V.-S. Šelih, D. 
Kočar and B. Pihlar. Authors used N,N’-(5-nitro-1,3-phe-
nylene)bisglutaramide hydroxylation assay for spectro-
photometric determination of the rate of oxidising species 
generation in Fenton-like systems to obtain comparative 
data for Cd(II), Co(II), Cr(III), Cu(II), Fe( III), Mn(II), 
Ni(II), and Zn(II). The pH range of interest was 5.5–9.5 
and was controlled by addition of an appropriate phos-
phate buffer. The temperature of the reaction mixture was 
controlled in the range 25–80 °C. The rates of production 
of oxidising species at pH 7 decrease in the following or-
der: Cu(II) > Cr(III) > Co(II) > Fe(III) > Mn(II) > Ni(II), 
while Cd(II) and Zn( II) did not exhibit any catalytic activ-
ity and Ni( II) only led to a significant production of oxi-
dising species at pH > 7.5. In mixtures of Cu( II) and Fe( 
III) the rate of oxidising species production may be con-
sidered as the sum of contributions of individual metals. 
This was not the case of a mixture containing additional 
small amounts of Zn( II), Co( II) and Mn( II). The later 
two had strong pro-oxidative effects, the addition of Zn( 
II) had an anti-oxidative effect. Apparent activation ener-
gies for oxidising species generation are in the range 75–
110 kJ mol–1, and decrease in the following order: Cu( II) > 
Ni( II) > Mn( II) > Fe( III) > Co( II) (Acta Chim. Slov. 
2003, 50, 619–632).

A contribution with 120 citations entitled Applica-
tion of polyaniline and its composites for adsorption/recov-
ery of chromium(VI) from aqueous solutions was published 
in 2006 by an Iranian author R. Ansari. The paper deals 
with adsorption of Cr(VI) from aqueous solutions using 
sawdust coated by polyaniline (SD/PAn) and polyaniline 
composites with nylon 66 and polyurethane. Nylon and 
polyurethane are available common polymers that can be 
easily dissolved in the solvents of PAn (formic acid and 
NMP). So, the PAn composites with these polymers can be 
readily prepared via solvent cast method. Polyaniline 
(PAn) was synthesized chemically and coated on the sur-
face of sawdust (SD) from formic acid via cast method. It 
was found that polyaniline in the acid doped form (e.g. 
HCl), can be used for Cr(VI) ion removal in acidic aque-
ous solutions (pH ≤ 2). Adsorption occurs only under 
acidic conditions and it decreases with increasing the pH 
of solution significantly. The proposed mechanism for ad-
sorption of Cr(VI) with our currently developed adsor-
bent seems to be mostly occurring via an anion exchange 
process. Adsorption of Cr(VI) from water using SD/PAn 

https://acta-arhiv.chem-soc.si/52/52-2-174.pdf
https://acta-arhiv.chem-soc.si/52/52-2-174.pdf
https://acta-arhiv.chem-soc.si/55/55-2-320.pdf
https://acta-arhiv.chem-soc.si/55/55-2-320.pdf
https://acta-arhiv.chem-soc.si/53/53-2-159.pdf
https://acta-arhiv.chem-soc.si/50/50-4-619.pdf
https://acta-arhiv.chem-soc.si/50/50-4-619.pdf
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column is both a simple and efficient method compared to 
the other adsorbents reported by previous investigators 
(Acta Chim. Slov. 2006, 53, 88–94).

A contribution with 119 citations entitled Sol-gel pre-
pared NiO thin films for electrochromic applications was 
published in 2006 by Slovenian authors R. Cerc Korošec 
and P. Bukovec. The paper summarizes on the topic of 
changes in optical properties of electrochromic material in 
the visible part of the spectrum under a certain applied 
potential. The change is reversible and the material returns 
to its original state under the opposite electric field. Re-
cently, electrochromism has been applied in electrochro-
mic devices, where in a battery-like assembly the through-
put of solar light is controlled by the voltage and is usually 
termed a smart window. In the first part of this article a 
brief theoretical introduction to electrochromism and the 
functioning of smart windows is given. Since in the last 
decade nickel oxide has been extensively studied as an 
ion-storage material in electrochromic devices, some 
properties of nickel oxide are explained in the following 
part. The electrochromic response ( reversibility during 
potential switching and the degree of coloration) of a nick-
el oxide thin film, used in a electrochromic device, strong-
ly depends on the degree of heat treatment. Thermal anal-
ysis of thin films can give valuable information about a 
suitable temperature and the duration of heat-treatment 
when thin films are prepared by chemical methods of dep-
osition. Since thermal analysis of thin films deposited on a 
substrate is not a common analytical technique, basic 
strategies are also summarized in the article. After this the-
oretical introduction, the application of TG analysis to op-
timisation of the electrochromic response of sol-gel pre-
pared Ni oxide thin films is presented. The electrochromic 
properties of thin films, thermally treated to different de-
grees, were tested using spectroelectrochemical methods. 
Additional techniques (IR, TEM, AFM and EXAFS) were 
indispensable in following structural and morphological 
changes during the heat treatment (Acta Chim. Slov. 2006, 
53, 136–147).

A contribution with 105 citations entitled Character-
ization of Cobalt Oxide Nanoparticles Prepared by the Ther-
mal Decomposition of [Co(NH3)5(H2O)](NO3)3 Complex 
and Study of Their Photocatalytic Activity was published in 
2016 by Iranian authors S. Farhadi, M. Javanmard and G. 
Nadri. The authors report on thermal decomposition of 
the [Co(NH3)5(H2O)](NO3)3  precursor complex  under 
solid state conditions. Thermal analysis (TG/DTA) showed 
that the complexwas easily decomposedinto the Co3O4 na-
noparticles at low temperature (175 °C) without using any 
expensive and toxic solvent or a complicated equipment. 
The obtained product was identified by X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FT-IR), 
Raman spectroscopy, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM) and en-
ergy-dispersive X-ray spectroscopy (EDX). Optical and 
magnetic properties of the products were studied by 
UV-visible spectroscopy and a vibrating sample magneto-
meter (VSM), respectively. FT-IR, XRD and EDX analyses 
confirmed the formation of highly pure spinel-type 
Co3O4 phase with cubic structure. SEM and TEM images 
showed that the Co3O4  nanoparticles have a sphere-like 
morphology with an average size of 17.5 nm. The optical 
absorption spectrum of the Co3O4 nanoparticles showed 
two band gaps of 2.20 and 3.45 eV, which in turn con-
firmed the semiconducting properties. The magnetic 
measurement showed a weak ferromagnetic order at room 
temperature. Photocatalytic degradation of methylene 
blue (MB) demonstrated that the as-prepared Co3O4 nan-
oparticles have good photocatalytic activity under visi-
ble-light irradiation (Acta Chim. Slov. 2016, 63, 335–343). 

A contribution with 102 citations entitled Removal of 
methylene blue from aqueous solutions by wheat bran was 
published in 2007 by Algerian authors O. Hamdaoui and 
M. Chiha. In this work, a fundamental investigation on the 
removal of methylene blue from aqueous solutions by 
wheat bran is conducted in batch conditions. Removal ki-
netic data are determined, and the effects of different ex-
perimental parameters, such as wheat bran mass, initial 
concentration of methylene blue, agitation speed, solution 
pH, particle size, temperature, and ionic strength on the 
kinetics of methylene blue removal are investigated. The 
cationic dye recovery increases with an increase of sorbent 
mass, solution pH, and temperature. Methylene blue re-
moval decreases with an increase of initial concentration, 
particle size, and ionic strength. The agitation speed 
showed a limited influence on the removal kinetics. Mod-
eling of kinetic results shows that sorption process is best 
described by the pseudo- second order model, with deter-
mination coefficients higher than 0.996 under all experi-
mental conditions. The applicability of both internal and 
external diffusion models shows that liquid-film and par-
ticle diffusion are effective sorption mechanisms. The acti-
vation energy of sorption calculated using the pseudo- 
second order rate constants is found to be 13.41 kJ mol–1 
from an Arrhenius plot. The low value of the activation 
energy indicates that sorption is an activated and physical 
process. Thus, wheat bran, a low cost and easily available 
biomaterial, can be efficiently used as an excellent sorbent 
for the removal of dyes from wastewater. It can be safely 
concluded that wheat bran is much economical, effectual, 
viable, and can be an alternative to more costly adsorbents 
(Acta Chim. Slov. 2007, 54, 407–418). 

https://acta-arhiv.chem-soc.si/53/53-1-88.pdf
https://acta-arhiv.chem-soc.si/53/53-2-136%28int%29.pdf
https://acta-arhiv.chem-soc.si/53/53-2-136%28int%29.pdf
https://doi.org/10.17344/acsi.2016.2305
https://acta-arhiv.chem-soc.si/54/54-2-407.pdf
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However, the number of citations gives only a partial 
insight into the impact of an article, as older articles may 
have an advantage over more recent articles due to the 
longer period of time they can be cited. Another possible 
insight into scientific importance is provided by the aver-
age number of citations per year. Here, we can highlight 
two contributions with very high average number of cita-
tions per year that were not presented above. Contribution 
with 89 total citations and an average number of citations 
per year 14.8 entitled Synthesis and Characterization of 
Zinc Oxide Nanoparticles with Small Particle Size Distribu-
tion was published in 2018 by Malaysian authors N. M. 
Shamhari, B. S. Wee, S. F. Chin, K. Y. Kok. The authors re-
port on a solvothermal synthesis having a great potential 
to synthesize zinc oxide nanoparticles (ZnO NPs) with less 
than 10 nm size. In this study, a rapid synthesis of ZnO 
NPs was presented in which ZnO NPs with more uniform 
shape and highly dispersed were synthesized using zinc 
acetate dihydrate (Zn(CH3COO)2∙2H2O) and potassium 
hydroxide (KOH) as a precursor and absolute ethanol as 
solvent via solvothermal method. Few techniques were ex-
ploited to characterize synthesized ZnO NPs including 
X-ray diffraction (XRD), transmission electron micro-
scope (TEM), Brunauer-Emmett-Teller (BET), ener-
gy-dispersive X-ray spectroscopy (EDX), fourier trans-
form infrared (FT-IR) spectroscopy, and ultraviolet visible 
(UV-Vis) spectroscopy. Synthesized ZnO NPs that were 
prepared via solvothermal synthesis method at 60 oC for 3 
hours exhibited a wurtzite structure with a crystalline size 
of 10.08 nm and particle size of 7.4 ± 1.2 nm. The UV-vis 
absorption spectrum has shown peak at 357 nm indicate 
the presence of ZnO NPs. Hence, better quality with uni-
form size ZnO NPs can be easily synthesized with reduced 
amount of time via solvothermal synthesis method rather 
than using other complicated and lengthy synthesis meth-
ods (Acta Chim. Slov. 2018, 65, 578–585).

A contribution with 88 total citations and average 
number of citations per year 8.8 entitled An Overview of 
the Optical and Electrochemical Methods for Detection of 
DNA – Drug Interactions was published in 2014 by Serbian 
authors M. M. Aleksić, V. Kapetanović. This review paper 
gives an overview on a large number of inorganic and or-

ganic compounds that are able to bind to DNA and form 
complexes. Among them, drugs are very important, espe-
cially chemotherapeutics. This paper presents the over-
view of DNA structural characteristics and types of inter-
actions (covalent and non-covalent) between DNA 
molecule and drugs. Covalent binding of the drug is irre-
versible and leads to complete inhibition of DNA function, 
what conclusively, causes the cell death. On the other 
hand, non-covalent binding is reversible and based on the 
principle of molecular recognition. Special attention is giv-
en to elucidation of the specific sites in DNA molecule for 
drug binding. According to their structural characteristics, 
drugs that react non-covalently with DNA are mainly in-
tercalators, but also minor and major groove binders. 
When the complex between drug and DNA is formed, 
both the drug molecule, as well as DNA, experienced some 
mo- difications. This paper presents the overview of the 
methods used for the study of the interactions between 
DNA and drugs with the aim of detection and explanation 
of the resulting changes. For this purpose many spectro-
scopic methods like UV/VIS, fluorescence, infrared and 
NMR, polarized light spectroscopies like circular and line-
ar dichroism, and fluorescence anisotropy or resonance is 
used. The development of the electrochemical DNA bio-
sensors has opened a wide perspective using particularly 
sensitive and selective electrochemical methods for the 
detection of specific DNA interactions. The presented re-
sults summarize literature data obtained by the mentioned 
methods. The results are used to confirm the DNA dam-
age, to determine drug binding sites and sequence prefer-
ence, as well as conformational changes due to drug–DNA 
interaction (Acta Chim. Slov. 2014, 61, 555–573).

The 70th anniversary of Acta Chimica Slovenica is 
thus an excellent opportunity to highlight the achieve-
ments and enthusiasm of all editorial team members that 
served in the past seventy years and those that still serve in 
this capacity. The anniversary gives also a new impetus for 
further development, growth and improvement in order to 
serve the scientific community even better and to address 
all the challenges we are facing and will be facing in the 
contemporary fast-changing world of science, research 
and dissemination of the results.

Franc Perdih
Editor-in-Chief
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Abstract
Nanoparticles are typically nanoscopic materials with at least one of the dimensions below 100 nm having diverse ap-
plications in many industries. The latest developments in nanotechnology provide a wide range of methods for studying 
and monitoring various medical and biological processes at the nanoscale. Nanoparticles can help diagnose and treat 
diseases, such as cancer, by carrying drugs directly to cancer cells. They can also be used to detect disease biomarkers in 
the body, helping to provide early diagnosis. It is plausible that nanoparticles could be used in theranostic applications 
and targeted drug delivery. This could significantly improve patient outcomes and reduce the amount of time, effort, 
and money needed to diagnose and treat diseases. It could also reduce the side effects of treatments, providing more 
precise and effective treatments. Nanoparticles for biomedical applications include polymeric and metal nanoparticles; 
liposomes and micelles; dendrimers and quantum dots; etc. Among the nanoparticles, gold nanoparticles (GNPs) have 
emerged as a promising platform for drug delivery applications. GNPs are highly advantageous for drug delivery appli-
cations due to their excellent biocompatibility, stability, and tunable physical and chemical properties. The present review 
provides an in-depth discussion of the various approaches to GNPs synthesis and drug delivery applications.

Keywords: Bio-degradable; gold nanoparticles; drug delivery; drug targeting; cancer therapy; gene delivery; protein 
delivery, Vaccine delivery; siRNA delivery.

1. Introduction
Researchers across the world have offered viable 

solutions for the optimal delivery of challenging therapeu-
tic agents so as to achieve the best clinical outcomes in di-
verse disease conditions. In this scenario, nanotechnolo-
gy-driven technology platforms stood very effective for 
drug delivery and other biomedical applications.1–8 One of 
the first metals discovered, gold, has had a long and illus-
trious study and implementation chronology. Arab, Chi-
nese, and even Indian researchers attempted to create col-
loidal gold as early as the fifth and fourth century BC, 
according to early treatises on the subject. European alche-
mist laboratories investigated and used colloidal gold dur-
ing the Middle Ages for the treatment of various ailments 
including syphilis, leprosy, plague, epilepsy, diarrhea, and 
mental disorders. In the last few years, nanoparticles based 
on gold chemistry have drawn considerable research and 
practical attention. They are versatile biological agents that 
can be used in a variety of applications, including very sen-

sitive analytical assessments, the creation of ablation heat 
and radiation, and the transfer of drugs and genes.9–11 In 
order to interact with cells or biomolecules in biomedical 
applications, gold nanoparticles (GNPs) must be external-
ly functionalized. A high surface area to volume ratio, the 
ability to be modified with ligands containing functional 
groups such as thiols, phosphines, and amines, and the 
ability to bind to gold surfaces are some of the unique 
properties of the GNP that have been developed.12–14 Ad-
ditional moieties, including proteins, oligonucleotides, 
and antibodies, can be attached to the ligands using these 
functional groups. Compared to GNPs, silver nanoparti-
cles can be more reactive and prone to oxidation, poten-
tially limiting their stability and performance over time.15

While silver nanoparticles have antimicrobial prop-
erties, excessive release of silver ions from the nanoparti-
cles can raise toxicity concerns, particularly in biological 
and environmental contexts. GNPs are favored for their 
biocompatibility, stability, and functionalization capabil-
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ities, making them suitable for biomedical and targeted 
delivery applications. These nanoparticles can be easily 
functionalized with biomolecules, such as antibodies and 
peptides, for targeted drug delivery and molecular interac-
tions. The stability of GNPs ensures that these functional-
ized coatings remain intact, allowing for precise and con-
trolled interactions with biological systems. GNPs exhibit 
unique catalytic properties, particularly in selective oxida-
tion reactions. While silver nanoparticles also possess cat-
alytic activity, the selectivity and efficiency of GNPs make 
them preferable for certain catalytic applications. These 
unique physical and chemical properties of GNPs allow 
for various applications. Recent research suggests that 
GNPs can be used as efficient medication carriers since 
they can enter organelles in addition to infiltrating blood 
vessels to reach the tumor's site.14,16 GNPs can also release 
their payload at the target spot in response to an internal 
or external stimulus. Our review makes an effort to present 
a thorough overview of the most promising uses of GNPs 
in contemporary scientific studies, while also taking into 
account the amount of data produced and the rate at which 
it is updated.

2. Synthesis of GNPs
Synthesis of GNPs follows the same "Top-Down" and 

"Bottom-Up" methodologies as other inorganic and metal 
nanoparticle synthesis. Synthesizing GNPs from bulk ma-
terial and breaking them down into nanoparticles in a va-
riety of ways is the top-down approach. On the other hand, 
nanoparticles are synthesized using the bottom-up meth-
od, which begins at the atomic level. Laser ablation, ion 
sputtering, ultraviolet, and infrared irradiation, and aero-
sol technology are all examples of top-down approaches to 
synthesis, while the reduction of gold III ions (Au3+) is an 
example of a bottom-up strategy.17 The synthesis strategies 
are discussed in the following section. (Figure 1).

Figure 1: Strategies for synthesis of gold nanoparticles.

2. 1. Citrate Reduction (Turkevich Method)
Most methods of synthesizing GNPs require reduc-

ing an aqueous gold solution to gold nanoparticles (in 

fact, elemental gold) using specific reducing chemicals, 
followed by stabilizing the newly created nanoparticles. In 
the second stage of stabilization, sulfonated and non-sul-
foned sulphur compounds, polymers, and surfactants are 
all utilized to prevent GNPs from aggregating.18,19

Recently few green approaches have also been in-
troduced for the fabrication process. Green chemistry re-
fers to chemical synthesis techniques that are safe for the 
environment and do not harm live organisms.18 There is 
evidence that the biomaterial Egg shell membrane (ESM) 
can be used to effectively produce GNPs via green biosyn-
thesis.19

The most popular technique for generating GNPs is 
the Turkevich reductive approach.20 In this process, sodi-
um citrate (Na3C6H5O7) and chloroauric acid (HAuCl4) 
react to produce colloidal gold.21 The reduction of citrate 
was modified by the group of scientists led by Frens to get 
GNPs with sizes ranging from 2 to 330 nanometers.22,23 
The particle size of the GNPs fabricated via the Turkevich 
method is grossly affected by various parameters like the 
molar ratio of the reactants, production batch size, reac-
tion temperature, pH, and the order of addition of reac-
tants.20

2. 2. Brust-Schiffrin Strategy
GNPs with lower dispersion values may be produced 

via Brust Schiffirin reaction.21 The procedure involves pro-
ducing GNPs from chloroauric acid (HAuCl4) in a 
non-aqueous solution by reducing Au(III) with sodium 
borohydride and tetraoctyl ammonium bromide.22 The 
addition of the reducing agent causes the organic phase to 
change color from orange to dark brown. This demon-
strates the existence of GNPs.

The Brust-Schiffrin strategy has been widely applied 
in the preparation of GNPs, and it has played a significant 
role in the advancement of nanotechnology.22 GNPs have 
unique properties due to their small size and high surface 
area-to-volume ratio, making them attractive for various 
applications in catalysis, electronics, medicine, and more. 
Let's explore how the Brust-Schiffrin strategy is helpful in 
the preparation of gold nanoparticles:

Core Formation: The first step in the Brust-Schiffrin 
method involves functional group transformations.24 In 
the context of GNPs synthesis, this step focuses on creat-
ing a gold core with the desired size. Usually, a gold pre-
cursor, such as gold chloride (AuCl₃), is reduced using a 
suitable reducing agent. For example, sodium borohydride 
(NaBH₄) is a common reducing agent in this context. The 
reduction reaction leads to the formation of tiny gold clus-
ters or nuclei.24

Surfactant-Mediated Growth: The Brust-Schiffrin 
strategy relies on surfactants, which are molecules that can 
stabilize and control the growth of nanoparticles. In the 
case of GNPs, ligands like alkanethiols or alkylamines are 
commonly used as surfactants.24 These surfactants bind to 
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the GNPs' surfaces, preventing them from agglomerating 
and stabilizing their size and shape.

Convergent Assembly: After obtaining the gold nu-
clei, the next step is the convergent assembly, where the 
small gold clusters are brought together to grow into larger 
nanoparticles.24 In this process, the surfactants play a cru-
cial role. They act as linkers, guiding the gold clusters to-
ward each other, resulting in the formation of larger nano-
particles.

Protecting Group Strategy: In the context of GNPs 
synthesis, the protecting group strategy is not directly in-
volved, as it is typically applied in multi-step organic syn-
thesis.22 However, the surfactants mentioned earlier can be 
considered akin to protecting groups, as they prevent the 
gold clusters from coalescing and facilitate controlled 
growth.

The Brust-Schiffrin strategy in GNPs synthesis has 
many advantages. The modular nature of the strategy al-
lows for the synthesis of GNPs with different sizes and sur-
face functionalities. By controlling the starting materials, 
surfactants, and reaction conditions, researchers can fine-
tune the properties of the nanoparticles for specific appli-
cations. The strategy enables precise control over the size 
of the resulting nanoparticles. The initial size of the gold 
nuclei can be adjusted by varying the amount of reducing 
agent and reaction time. The surfactants further regulate 
the growth of the nanoparticles, ensuring a uniform and 
controlled size distribution. Furthermore, the use of sur-
factants in the Brust-Schiffrin method promotes the for-
mation of monodisperse nanoparticles, meaning that the 
particles have a narrow size distribution. This is crucial for 
many applications where consistent particle size is desira-
ble. The Brust-Schiffrin strategy often yields a high per-
centage of monodisperse nanoparticles, contributing to its 
efficiency and cost-effectiveness. Hence, the Brust-Schif-
frin strategy has proven to be a valuable approach for the 
preparation of GNPs. It offers control over the size, shape, 
and surface properties of the nanoparticles, making them 
suitable for various applications in nanotechnology and 
beyond. The ability to synthesize GNPs with precise char-
acteristics has opened up new possibilities in fields such as 
catalysis, sensing, imaging, and targeted drug delivery.22

2. 3. Electrochemical Strategy
GNPs can be created electrochemically in a two-elec-

trode cell with the cathode reduced and the anode oxi-
dized. Reetz and Helbig (1994) introduced the concept of 
creating nanoparticles via electrochemical techniques.23 
This method has been considered preferable to other ways 
of nanoparticle synthesis because of its low processing 
temperature, low cost, high quality, simple equipment, 
and ease of process management.25 The electrochemical 
synthesis method was used to create GNPs on the sur-
face of multi-walled carbon nanotubes with glassy carbon 
electrodes. 26 Tetra dodecyl ammonium bromide as a sur-

factant stabilizer has been used to stabilize the size-con-
trolled GNPs fabricated via electrochemical synthesis.27

In an electrochemical cell, the cathode is immersed 
in an electrolyte solution containing gold ions, such as 
HAuCl4. An external power source, such as a battery or a 
potentiostat, is connected to the cathode and anode, cre-
ating an electric potential between the two electrodes. At 
the cathode, gold ions (Au3+) from the electrolyte solution 
gain electrons and undergo reduction, resulting in the for-
mation of elemental gold (Au0) nanoparticles on or near 
the cathode surface.28 This reduction process is the key 
step in the electrochemical synthesis of GNPs. Simultane-
ously, at the anode, a counterreaction occurs to balance the 
reduction process at the cathode. In the case of an aqueous 
electrolyte, water molecules may be oxidized to produce 
oxygen gas and protons (H+). The size and shape of the 
synthesized GNPs can be controlled by adjusting the ex-
perimental parameters, such as the applied potential, the 
concentration of gold ions in the electrolyte, and the re-
action time.

Electrochemical methods offer several advantages 
for GNPs synthesis, including precise control over the size 
and shape of the nanoparticles and the ability to perform 
the synthesis in a more environmentally friendly manner. 
Additionally, this approach can be easily scaled up for 
large-scale production of GNPs.

Role of Electrodes: The cathode is the electrode 
where reduction reactions occur. In the case of GNPs syn-
thesis, the cathode serves as the site for the reduction of 
gold ions (Au3+) to elemental gold (Au0) that forms the 
nanoparticles.28 Electrons from an external power source 
are supplied to the cathode, promoting the reduction re-
action. Typically, the cathode is made of a conductive ma-
terial, such as a metal or a conductive glass substrate. On 
the other hand, the anode is the electrode where oxida-
tion reactions occur. During the electrochemical synthesis 
of GNPs, the anode is typically made of an inert material 
that does not participate in chemical reactions. Its primary 
function is to provide a site for the oxidation of a coun-
ter-reaction that balances the reduction occurring at the 
cathode. For example, in an aqueous solution, water mol-
ecules can be oxidized to produce oxygen gas and protons 
(H+), thus balancing the reduction of gold ions at the cath-
ode.28,29

2. 4. Seeding Growth Strategy
Since several years ago, attention has been focused 

on the large-scale synthesis of GNPs in order to meet the 
huge demand for these materials. Using Oleyl amine as 
a reducing and stabilizing agent, GNPs with an average 
diameter of 9 nm were created in toluene.30 These GNPs 
operate as seeds for subsequent growth reactions in which 
the identical precursors are progressively added to the re-
action vessel (Figure 2). Tan et al (2015) synthesized sta-
ble GNPs (size ranging 7–30 nm) using a seeding growth 
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technique.31 The dispersion is highly disseminated and 
consistent with the particle size, as seen by the Transmis-
sion electron microscopy (TEM) images and optical ab-
sorption spectra of the GNPs.

Figure 2. Synthesis of gold nanoparticle via seeding growth strategy.

In this approach, the synthesis is initiated using pre-
formed seed nanoparticles with specific crystal facets. The 
seed nanoparticles act as nuclei for further crystal growth, 
guiding the formation of anisotropic shapes like gold na-
norods, nanostars, nanocubes, and nanoplates.32

Compared to other synthesis methods, the seeding 
growth strategy offers several advantages. One notable ad-
vantage is the ability to precisely control the size and shape 
of the nanoparticles by adjusting the seed size and growth 
conditions. This level of control is particularly important 
in nanotechnology and nanoscience applications where 
specific shapes are required to tailor the nanoparticles' 
properties for different uses.

Once the seed nanoparticles are synthesized, they 
can be used as templates for the large-scale production of 
anisotropic GNPs.32 The ability to synthesize a large num-
ber of nanoparticles with consistent shapes and sizes is ad-
vantageous for industrial applications, where reproduci-
bility and scalability are critical factors.

Furthermore, the seeding growth method enables 
the synthesis of complex nanoparticle shapes that might be 
challenging to achieve using other techniques. For exam-
ple, gold nanostars, with their unique sharp protrusions, 
have specific plasmonic properties that make them attrac-
tive for biomedical imaging and therapeutic applications.

In research and industrial settings, large-scale syn-
thesis of GNPs with controlled shapes is essential for vari-
ous applications. For instance, in the field of catalysis, 
well-defined nanoparticle shapes can enhance catalytic 
activity and selectivity. In biomedicine, the size and shape 
of GNPs play a crucial role in their interactions with bio-
logical systems, influencing their behavior as drug carri-
ers, imaging agents, or therapeutics.

To demonstrate the significance of the seeding 

growth strategy, researchers often specify the number of 
nanoparticles synthesized. The ability to produce grams or 
even kilograms of anisotropic GNPs with reproducible 
shapes and properties showcases the suitability of this 
method for practical applications.33

Overall, the seeding growth strategy for GNPs syn-
thesis is a versatile and efficient method for large-scale 
production of nanoparticles with tunable shapes. Its po-
tential for creating well-defined anisotropic shapes makes 
it an attractive choice for various technological and bio-
medical applications. Researchers continue to refine and 
optimize this method to meet the increasing demand for 
tailored nanoparticles with precise properties and func-
tionalities.

2. 5. Photochemical Strategy
Due to the improved spatial and temporal control 

that these technologies provide, photochemical approach-
es have attracted a lot of attention in the production of me-
tallic NPs.34 A typical experiment involves irradiation of 
visible or ultraviolet (UV) light on solutions containing 
the metal precursors. Photochemical routes in nanotech-
nology are preferable to other approaches, such as chemi-
cal approaches, because they avoid the use of toxic or 
harmful compounds, do not require expensive equipment 
or highly skilled personnel, and, most importantly, can be 
completed at ambient conditions, such as room tempera-
ture and atmospheric pressure.34–36

The photochemical method for GNPs synthesis is a 
versatile and widely used approach that involves the use 
of light energy to drive the reduction of gold ions and the 
subsequent formation of GNPs.37 This method typically 
employs a photosensitive compound, known as a photo-
sensitizer or a stabilizer, which absorbs light and transfers 
the energy to the gold ions, initiating the reduction pro-
cess (Figure 3).

Figure 3. Photochemical synthesis of gold nanoparticles.

The key steps involved in the photochemical synthe-
sis of GNPs are as follows:
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Photosensitizer Selection: The choice of a suitable 
photosensitizer is crucial in this method. Photosensitizers 
are molecules that have the ability to absorb light energy 
and undergo a photochemical reaction. These molecules 
should be compatible with the gold precursor solution and 
facilitate the reduction of gold ions when excited by light.

Light Irradiation: The photosensitizer-bound gold 
precursor solution is exposed to light of a specific wave-
length that matches the absorption spectrum of the photo-
sensitizer.37 This light irradiation leads to the activation of 
the photosensitizer, resulting in the generation of reactive 
species or electrons with high reducing potential.

Gold Ion Reduction: The activated photosensitizer 
transfers the energy to the gold ions present in the solu-
tion. The excited gold ions then undergo reduction to form 
GNPs. The reaction typically involves the transfer of elec-
trons from the excited state of the photosensitizer to the 
gold ions, leading to the conversion of Au3+ (gold ions) to 
Au0 (elemental gold).

Nanoparticle Stabilization: As the reduction process 
proceeds, the formed GNPs are often stabilized and capped 
by the surrounding stabilizing agents or the photosensitiz-
er itself. These stabilizing agents prevent the nanoparticles 
from aggregating and aid in controlling the size and shape 
of the nanoparticles.

The photochemical method offers several advantages 
for GNPs synthesis. One of the significant advantages is 
the ease of control over the size and shape of the nanopar-
ticles. By adjusting the light intensity, duration of light ex-
posure, and concentration of the photosensitizer, research-
ers can tune the synthesis conditions to obtain GNPs with 
specific properties tailored for different applications.37

Moreover, the photochemical method is relatively 
fast, allowing for rapid nanoparticle synthesis. It also offers 
the potential for spatial control over nanoparticle forma-
tion, enabling localized synthesis in specific regions using 
patterned light sources or photomasks.

Researchers have explored various photosensitizers 
for GNPs synthesis, including organic dyes, metal com-
plexes, and semiconductor nanomaterials like quantum 
dots.38 Each type of photosensitizer has its specific advan-
tages and can lead to different nanoparticle properties.

The photochemical method has found applications 
in diverse fields, including nanomedicine, catalysis, and 
sensing. The ability to use light as a trigger for nanoparticle 
synthesis offers unique opportunities for on-demand and 
controlled nanoparticle production, making it a promising 
technique for future advancements in nanotechnology and 
nanoscience.

It is worth noting that while the photochemical 
method is powerful, the choice of the photosensitizer, light 
source, and reaction conditions should be carefully opti-
mized to achieve desired nanoparticle properties and pre-
vent unwanted side reactions.39 Therefore, researchers 
continue to explore and develop this method, advancing 
the synthesis of GNPs for a wide range of applications.

2. 6. Ultrasound-aided Synthesis of GNP
Sonochemistry, a rapidly growing area of chemistry 

that is focused on the ultrasonic (US) effect and acoustic 
cavitation, has grown significantly during the past sever-
al decades. In a liquid media, US-induced pressure vari-
ations cause bubbles to develop, expand, and implosively 
collapse. There is a significant buildup of energy inside the 
bubble as a result of the bubble collapsing. The tiny bub-
bles may potentially deagglomerate nanoparticles, break 
larger particles into smaller ones, or collapse at the surface 
of a solid substrate and activate it. Researchers across the 
world tried this technology for the fabrication of GNPs.40–

44 GNPs synthesized with ultrasound have been shown to 
have a smaller particle size (13.65 nm vs 16.80 nm), and 
greater yield than their non-ultrasound counterparts.44 
In another effort, Chen et al (2011) reported a single-step 
fabrication of spherical and plate-shaped GNPs using the 
ultrasonication method.43

Significance of the Cavitation Process
In the ultrasound-aided synthesis of GNPs, the phe-

nomenon of cavitation plays a crucial role in enhancing the 
nanoparticle formation process. Cavitation is a physical 
process that occurs when ultrasound waves pass through 
a liquid medium, leading to the formation, growth, and 
implosion of microscopic bubbles.

During the ultrasound-assisted synthesis of GNPs, 
the gold precursor solution is exposed to ultrasonic 
waves.45,46 These waves create alternating high-pressure 
and low-pressure regions in the liquid medium. When the 
pressure in the low-pressure regions drops below the va-
por pressure of the liquid, small gas bubbles are formed. 
These bubbles continue to grow during the low-pressure 
phase of the ultrasound wave.

As the ultrasound wave progresses to its high-pres-
sure phase, the surrounding pressure rapidly increases. 
The rapid change in pressure causes the bubbles to violent-
ly collapse or implode. This implosion generates intense 
localized energy, resulting in high temperatures and pres-
sures in the vicinity of the collapsing bubbles. These ex-
treme conditions trigger the reduction of gold ions present 
in the solution, leading to the formation of GNPs.45

The cavitation process during ultrasound-aided 
GNP synthesis enhances the kinetics of the reduction re-
action and promotes the formation of smaller and more 
uniform nanoparticles. The violent collapse of bubbles 
generates hotspots with high energy, which facilitate the 
reduction of gold ions to elemental gold more efficiently. 
Additionally, the turbulence created by cavitation helps in 
mixing and homogenizing the reaction mixture, leading to 
better control over nanoparticle size and shape.

Furthermore, the cavitation phenomenon can aid in 
the reduction of polydispersity, resulting in a narrower size 
distribution of the synthesized GNPs.47 The rapid and lo-
calized nature of the cavitation process also enables the 
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synthesis of GNPs with shorter reaction times compared 
to conventional methods.

The ultrasound-aided synthesis of GNPs through 
cavitation has found applications in various fields, includ-
ing catalysis, biomedical imaging, and drug delivery. The 
ability to control nanoparticle size and morphology with 
enhanced efficiency makes this approach valuable for tai-
loring GNPs for specific applications.

However, it is important to carefully optimize the ul-
trasound parameters, such as frequency, power, and expo-
sure time, to avoid undesired effects like overheating or the 
formation of non-uniform nanoparticles.45,47,48 Research-
ers continue to explore and refine ultrasound-aided syn-
thesis methods to harness the benefits of cavitation for 
precise and controlled nanoparticle synthesis.

2. 7. Laser Ablation Synthesis of GNPs
Pulsed lasers are utilized nowadays to treat materials 

and advance numerous chemical reactions. When a target 
submerged in a liquid is exposed to pulsed laser energy, 
the target and solution form a dispersion after cavitation 
bubbles, shock waves, and secondary photons are pro-
duced.

By using laser ablation, precise and repeatable re-
sults have been achieved in terms of both form and size. 
Sahebi et al (2019) reported the fabrication of colloidal 
GNPs using pulsed laser ablation reduction of aqueous 
gold precursor.49 By applying the laser ablation ap-
proach with a low-power neodymium yttrium alumi-
num garnet (Nd:YAG) laser at the fundamental wave-
length, high-purity GNPs have been effectively 
produced by Khumaeni et al.50 In order to create GNPs, 
an experimental pulse laser beam was focused onto a 
high-purity gold sheet, which was then placed into 
deionized water. GNPs were produced in tetrahydrofu-
ran utilizing the pulsed laser ablation approach in an-
other investigation.51 The average size of produced 
GNPs was reduced from 11 nm to 6 nm after 30 minutes 
of ablation. According to the report, these observations 
were triggered by the quick laser pulse's forced convec-
tion flow and shock waves, which fragmented the ablat-
ed GNPs even more into tiny sizes.

In recent times, pulsed lasers have been used to treat 
materials and enhance various chemical reactions. When 
a target is immersed in a liquid and exposed to pulsed la-
ser energy, the target, and solution form a dispersion due 
to the formation of cavitation bubbles, shock waves, and 
secondary photons.52

In summary, the use of pulsed lasers in the prepara-
tion of GNPs has shown promising results, with research-
ers achieving high purity and controlled sizes by utilizing 
the laser ablation approach. The technique offers a reliable 
and efficient way to synthesize GNPs with potential appli-
cations in various fields, including catalysis, biomedicine, 
and nanotechnology.

2. 8. Biological Method
The biosynthesis of nanoparticles is a straightfor-

ward, one-step, green process. The dissolved metal ions 
are converted into nanometals by biochemical reactions in 
biological agents. For the production of metal nanoparti-
cles, many biological agents are used, such as plant tissues, 
fungi, bacteria, etc.53 To begin the synthesis of GNPs, the 
biological extract (such as bacterial, fungal, or plant mate-
rial) is added to the gold (III) chloride (HAuCI4) solution 
and thoroughly mixed. Gold III (Au3+) is reduced to gold 
with a neutral charge (Au0) in the first stage of biosynthe-
sis, and then GNPs are formed as a result of agglomeration 
of atoms and stabilization in the second step.53 It's interest-
ing to note that a wide range of bio-compounds, including 
enzymes, phenols, sugars, and others, can take part in both 
the stabilization and capping of nanoparticles as well as the 
reduction of gold.54

Eco-friendly extracellular production of metallic 
GNPs was carried out using leaf extracts from two plants, 
Magnolia kobus and Diopyros kaki.55 By employing plant 
leaf extracts as reducing agents to process an aqueous chlo-
roauric acid (HAuCl4) solution, stable GNPs were created. 
Scanning electron microscopy SEM and Transmission 
electron microscopy (TEM) pictures revealed that smaller 
spherical forms were produced at higher temperatures and 
leaf broth concentrations, while a mixture of plate (trian-
gles, pentagons, and hexagons) and spherical structures 
(size, 5–300 nm) were generated at lower temperatures 
and leaf broth concentrations.55 In another study, Brazil-
ian Red Propolis extract was used for the biosynthesis of 
GNPs.56 The outcomes revealed a potential low-cost green 
technique to create GNPs with considerable biological 
characteristics by using Brazilian red propolis. GNPs with 
spherical shape and an average size of 15 nm were syn-
thesized at 20–50 °C using different volumes of the using 
Platycodon grandiflorum plant leaf extracts.57 The diverse 
phenolic compounds present in the natural extracts has 
the potential to reduce Au (III).56,57 Brazilian Red Propolis 
is a unique type of propolis found in Brazil, specifically in 
the state of Alagoas, and is known for its distinct red color 
and potent biological properties.56,57 Propolis is a resinous 
substance that bees collect from various plants and trees, 
which they then modify by mixing it with their enzymes 
and beeswax. The resulting propolis is used by bees to seal 
and protect their hives from external threats, such as bac-
teria, fungi, and other pathogens.

3. Morphology of GNPs
GNPs can be synthesized using various methods, 

each yielding nanoparticles with different shapes and mor-
phologies. The Brust-Schiffrin method typically results in 
the formation of spherical GNPs. In this method, gold ions 
are reduced by sodium borohydride in the presence of a 
capping agent like alkylthiols, which controls the nanopar-
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ticle size and stabilizes the particles in a spherical shape.22,58 
Similarly, the Turkevich method predominantly produces 
spherical GNPs with sizes ranging from 10 to 100 nanom-
eters.20,59 In this approach, gold ions are reduced with cit-
rate ions, leading to the formation of well-defined spheri-
cal nanoparticles.

Anisotropic GNPs with diverse shapes can be syn-
thesized through the seed-mediated growth method. De-
pending on the reaction conditions, growth time, and sur-
factant types, this method can yield gold nanorods, 
nanostars, nanocubes, and nanospheres. Seed-mediated 
growth relies on controlling the crystal growth direction 
and adding seeds with specific crystal facets to induce ani-
sotropic growth and shape control. Electrochemical syn-
thesis of GNPs can also produce various shapes depending 
on the applied potential and reaction conditions.27,28 This 
method can yield gold nanospheres, nanorods, nanowires, 
and nanoplates. By controlling the potential and electro-
lytes, researchers can tailor the shape and size of the nano-
particles to suit specific applications.

Template-assisted synthesis involves using templates 
such as porous materials or dendrimers to guide the for-
mation of unique GNPs shapes. Depending on the struc-
ture and dimensions of the templates, this method can 
produce gold nanotubes, nanocages, or nanowells. Micro-
wave-assisted synthesis is a rapid and controlled method 
that can produce various shapes of GNPs, including nano-
spheres, nanorods, and nanoplates. The use of microwave 
irradiation allows for fast and efficient heating, leading to 
controlled nanoparticle growth.60

To accurately determine the shape of synthesized 
GNPs, researchers often use advanced characterization 
techniques such as transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), atomic 
force microscopy (AFM), or X-ray diffraction (XRD).2 
These techniques allow researchers to visualize and con-

firm the morphology and size of the nanoparticles, ensur-
ing the desired properties for specific applications. The 
ability to control the shape of GNPs is crucial as it impacts 
their physical, chemical, and optical properties, making 
them suitable for a wide range of applications in catalysis, 
biomedical imaging, drug delivery, and sensing.

4. Delivery of Therapeutic Agents 
Using GNPs

Recent years have seen a significant increase in inter-
est in drug delivery techniques for the best and safest de-
livery of therapeutic agents.6–71 Nanotechnology-based 
platforms are among the cutting-edge methods for deliver-
ing pharmacologically active compounds that are the sub-
ject of extensive research.5,6,63,64 Diverse categories of na-
nocarriers have been exploited by researchers to deliver 
challenging therapeutic molecules. Metal nanoparticles 
are also in the race and GNPs found many applications in 
drug delivery apart from other biomedical applications. 
The following section discusses the recent drug delivery 
applications of GNPs. However, delivery strategies of pro-
tein conjugates and antibodies for the treatment of cancers 
are not included in this review. A very brief overview of 
the drug delivery aspects of GNPs is presented in Table 1.

4. 1. Small Molecule Drugs Delivery
GNPs have become increasingly popular for deliv-

ering small-molecule drugs during the last few decades. 
These nanosized carriers provide a suitable method of de-
livering small compounds as well as biomacromolecules 
to cells/tissues due to their distinct size-dependent phys-
icochemical properties, flexibility, sub-cellular size, and 
bio-compatibility.

Table 1. Overview of gold nanoparticles in drug delivery applications.

Therapeutic agent delivered Objective of delivery Level of proof References

5-fluorouracil, and doxorubicin Targeted delivery Glioblastoma cell model [64]
Doxorubicin, and aptamer Targeted delivery A549 and 4T1 cells [65]
Doxorubicin Extended delivery MDA-MB-468, βTC-3, and HFb cell lines [66]
Withaferin A Targeted delivery  Murine melanoma cells, Chinese hamster ovary,  [67]
  and mouse embryonic fibroblast cells 
Betulinic Acid Targeted delivery Human Caco-2, HeLa and MCF-7 cancer cell lines [68]
Doxorubicin pH dependent targeted delivery Human breast, cervical, and hepatocellular carcinoma  [69]
  cell lines 
Linalool Targeted delivery breast cancer cell line [70]
Doxorubicin Targeted delivery HeLa cells [71]
EGFR siRNA Lung cancer treatment BEAS-2B, and A549 cells [72]
Bcl-2 siRNA and doxorubicin Breast cancer treatment Triple-negative breast cancer, and MCF7 cell line [73]
siRNA Targeted controlled release Immunodeficient mice bearing A549 tumor xenograft [74]
siRNA Laser transfection Canine pleomorphic adenoma ZMTH3 cells [75]
siRNA Topical delivery Normal human keratinocytes, spontaneously  [79]
  immortalized cells, and HeLa cells 
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A pH-responsive drug delivery system composed of 
GNPs and chitosan with aptamer was reported to deliv-
er anticancer agents (5-fluorouracil and doxorubicin).65 
The drug-loaded GNPs were found monodispersed with 
a mean size of 196.2 ± 2.89 nm. Cellular internalization 
of the nanoparticles was also confirmed by transmission 
electron microscopic investigations.65 In another intrigu-
ing research, GNPs-chitosan conjugates with aptamers 
were deployed successfully for the targeted delivery of 
doxorubicin.66 The tumor specificity of the nano drug 
delivery system was confirmed in the in vivo studies66 
Surface functionalization of GNPs with chondroitin sul-
fate and chitosan was successful for extended delivery of 
doxorubicin.67 Glucocorticoid receptor-dependent can-
cer cell-selective cytotoxicity was demonstrated by GNPs 
conjugated with thiol-modified dexamethasone and with-
aferin.68 These compounds also inhibited the growth of 
an aggressive mouse melanoma tumor, decreased mouse 
mortality, and prevented tumor cell metastasis. A success-
ful mitochondrial targeting of betulinic acid was report-
ed deploying functionalized GNPs.69 The effectiveness of 
mitochondrial targeting was shown by these conjugated 
GNPs, which significantly inhibited the development 
of cancer cells. In vitro, the targeted nano complexes re-
corded IC50 values in the range of 3.12–13.2 micro mo-
lar (µM) compared to that of the free betulinic acid (BA) 
(9.74–36.31 µM). High amplitude mitochondrial depolar-
ization, caspase 3/7 activation, and an associated arrest at 
the G0/G1 phase of the cell cycle were implicated in their 
modes of action.69 Spherical-shaped GNPs fabricated with 
sodium tripolyphosphate as a linking agent and function-
alized with chitosan and folate-linked chitosan exhibited 
a pH-dependent doxorubicin release.70 The nanoconju-
gates were found superior to free doxorubicin in terms 
of chemotherapeutic activities against cancer cell lines. 
Linalool-loaded GNPs conjugated with a penta peptide 
Cys-Ala-Leu-Asn-Asn (CALNN) peptide exhibited prom-
ising anticancer activities against breast cancer Michigan 
Cancer Foundation (MCF-7) cell line.71 Doxorubicin 
was delivered using GNPs made from Azadirachta indica 
leaf extract.72 The GNPs were found to be stable due to 
the biological capping agents. The resulting complex was 
found less hazardous to normal cells Madin-Darby canine 
kidney (MDCK cells) and highly toxic to malignant cells 
(HeLa cells).72

4. 2.  Nucleic acids / Small Interfering RNAs 
Delivery
Small interfering RNAs (siRNAs), among other nu-

cleic acids, are commonly delivered using nanosized car-
riers in therapeutic settings. Cell membrane interaction is 
essential for controlling absorption in different delivery 
modalities. Different portals that enter mammalian cells 
have different types, sizes, destinations, and cargo fates. 
A nucleic acid's ability to be released at its site of action 

and function depends on the mechanism of cellular entry. 
For delivering siRNA-loaded nanoparticles to specific in-
tracellular locations for a distinct biological impact, small, 
monodisperse nanoparticles with a defined potential and 
surface chemistry work best. SiRNA therapies have made 
great progress, but optimal delivery remains a problem be-
fore they can be used clinically.

However, siRNAs are large, negatively charged mole-
cules, which makes it difficult for them to passively diffuse 
through the cell membrane. They require assistance to en-
ter the target cells. Techniques that focus on changing the 
size and surface characteristics of nanoparticles make ex-
cellent models for understanding drug targeting and cel-
lular absorption. SiRNA and oligonucleotides have been 
delivered into cells using GNPs.

GNPs were fabricated with biocompatible collagen 
to improve siRNA loading capacity carrying epidermal 
growth factor receptor siRNA to treat lung cancer.73 The 
conjugated GNPs were biocompatible to normal airway is 
a well-established and widely used human bronchial ep-
ithelial cell line epithelial cells (BEAS-2B) than to cancer 
cells (A549). The nanocomplexes were comparable or even 
more efficient, compared with lipofetamine, in carrying 
siRNA to knock down Epidermal Growth Factor Receptor 
(EGFR of A549) cells.73 Tunc et al. (2022) made an intrigu-
ing effort by implementing an approach that combined the 
use of gene therapy and chemotherapy.74

For the regulated delivery of siRNAs to the target 
cells, a nanoconjugate of GNP and oligonucleotides was 
created.75 In comparison to the commercial transfection 
reagent lipofectamine 3000, the core 3D shell nanocon-
struct with the outer coating made up of aptamer-incorpo-
rated Y-shaped backbone-rigidified triangular DNA bricks 
was more effective at inducing tumor cell apoptosis. It also 
effectively reduced the expression of PLK1 mRNA, refers 
to the messenger RNA (mRNA) molecule that encodes 
for the PLK1 gene (PLK1 mRNA) and PLK1 protein.75 In 
order to successfully bind siRNA at the right weight ratio 
by electrostatic force and produce well-dispersed nano-
particles, polyethyleneimine-capped GNPs were created.76 
Although confocal laser scanning microscopy observa-
tion and fluorescence-activated cell sorting analyses have 
shown more internalized polyethyleneimine (PEI) and 
small interfering RNA (siRNA) (PEI/siRNA) complexes in 
cells, polyethyleneimine-capped GNPs induced more sig-
nificant and enhanced reduction in targeted green fluores-
cent protein expression in metastatic ductal adenocarcino-
ma (MDA-MB-435s) cells with siRNA binding.76 Topical 
routes of drug delivery have been greatly exploited for the 
clinical management of diseases which largely manifest 
on the skin. However, macromolecules or proteins cannot 
penetrate through the epidermal barrier when delivered 
via the transdermal route due to their large size.77–79 Spher-
ical nucleic acid nanoparticle conjugates were created for 
simultaneous transfection and gene regulation in another 
intriguing study.80 These nanoparticle conjugates didn't 
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need to be altered or transfected with cationic components 
to stimulate cellular entrance. Nearly all of the cells in the 
more than 50 cell lines, primary cells, cultured tissues, and 
whole organs that these nanostructures entered.80

5. Cellular Uptake Mechanism of GNPs
Cellular entry mechanisms, especially related to 

GNPs, involve various processes by which these nan-
oparticles are taken up by mammalian cells. GNPs have 
gained considerable attention in biomedical research due 
to their unique physicochemical properties and potential 
applications in drug delivery, imaging, and therapeutics. 
Understanding the mechanisms of cellular entry is cru-
cial for optimizing GNP-based applications and ensuring 
their safe and effective use. Endocytosis is a fundamental 
cellular process through which cells internalize extracel-
lular materials, including nanoparticles, into intracellular 
vesicles. Several types of endocytosis exist, and the most 
relevant to GNPs are clathrin-mediated endocytosis, ca-
veolae-mediated endocytosis, and macropinocytosis.81–83 
Clathrin-mediated endocytosis involves the formation of 
clathrin-coated pits on the cell membrane, which then 
invaginate and pinch off to form clathrin-coated vesicles 
containing the GNPs. Caveolae are small invaginations of 
the cell membrane that play a role in the uptake of cer-
tain nanoparticles, including GNPs. In micropinocytosis, 
the cell engulfs extracellular fluid along with the GNPs 
into large endocytic vesicles called macropinosomes. For 
small-sized GNPs (less than 5–6 nm), passive diffusion 
across the cell membrane can occur. However, this mech-
anism is not as prevalent for larger-sized GNPs, as their 
entry is hindered by the cell's lipid bilayer.84

Some GNPs can exploit specific cell surface recep-
tors by attaching ligands (e.g., peptides, antibodies) to 
their surface. This ligand-receptor interaction facilitates 
receptor-mediated endocytosis, leading to the internaliza-
tion of the GNP-receptor complex into the cell.85 Certain 
types of GNPs, particularly those functionalized with fu-
sogenic peptides or lipids, can undergo direct membrane 
fusion with the cell membrane. This process allows the 
GNPs to enter the cell cytoplasm without the need for en-
docytosis.86

It's important to note that the cellular entry mech-
anisms of GNPs can be influenced by various factors, in-
cluding their size, shape, surface charge, surface function-
alization, and the type of mammalian cell involved.82,84,85,87 
Additionally, the cellular entry pathways may vary de-
pending on the specific GNP formulation and the cellular 
context.

Researchers continue to investigate these mecha-
nisms to optimize GNP-based applications and improve 
their targeting, delivery, and safety profiles. Understand-
ing the cellular entry of GNPs is a critical step in harness-
ing their potential for various biomedical applications.

6. Conclusion
The biocompatibility, variable size, and easy func-

tionalization make GNPs appealing delivery vehicles for 
nucleic acids. GNP-based covalent and non-covalent nu-
cleic acid carriers alter cellular uptake, endosomal escape, 
and nucleic acid release. To present, the promise of these 
systems has primarily been shown in vitro; nonetheless, 
there remain difficulties to overcome before GNP-nucle-
ic acid conjugates may be used in clinical settings. First, 
short- and long-term GNP cytotoxicity must be reduced. 
Numerous studies have shown the biocompatibility of 
therapeutic NPs using basic cytotoxicity trials.88–93 How-
ever, a full toxicological assessment (cell membrane dam-
age, oxidative stress, genotoxicity, etc.) must be addressed. 
To reduce negative effects, these vehicles must be target-
ed to particular organs and tissues. This targeting can 
be achieved by decorating delivery vehicles with specific 
antibodies targeting disease cells and (ii) grafting non-in-
teracting functional groups (e.g., polyethylene glycol and 
zwitter ionic entities) on the surface to avoid plasma pro-
tein adsorption, improving pharmacokinetics and evading 
immune surveillance. Immunological concerns must be 
investigated before the clinical usage of any novel sub-
stance. AuNPs offer a platform with all the features needed 
to tackle these problems and should continue to provide 
essential in vitro tools and therapeutically relevant deliv-
ery vehicles.
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Povzetek
Nanodelci so običajno nanoskopski materiali z vsaj eno od dimenzij pod 100 nm, ki se uporabljajo v številnih panogah. 
Najnovejši razvoj na področju nanotehnologije omogoča široko paleto metod za proučevanje in spremljanje različnih 
medicinskih in bioloških procesov na nanometrski ravni. Nanodelci lahko pomagajo pri diagnosticiranju in zdravljenju 
bolezni, kot je rak, saj dostavljajo zdravila neposredno do rakavih celic. Uporabljajo se lahko tudi za odkrivanje bioloških 
označevalcev bolezni v telesu, kar pomaga pri zgodnjem diagnosticiranju. Verjetno je, da bi se nanodelci lahko upora-
bljali v teranostičnih aplikacijah in pri ciljani dostavi učinkovin. To bi lahko bistveno izboljšalo izide zdravljenja bolnikov 
ter zmanjšalo količino časa, truda in denarja, potrebnega za diagnosticiranje in zdravljenje bolezni. Prav tako bi lahko 
zmanjšalo stranske učinke zdravljenja ter zagotovilo natančnejše in učinkovitejše zdravljenje. Nanodelci za uporabo v 
biomedicini vključujejo polimerne in kovinske nanodelce, liposome in micele, dendrimere, kvantne pike itd. Med nan-
odelci so se zlati nanodelci (GNP) izkazali kot obetavna platforma za uporabo pri dostavi zdravil. GNP so zaradi svoje 
odlične biokompatibilnosti, stabilnosti ter nastavljivih fizikalnih in kemijskih lastnosti zelo primerni za dostavo zdravil. 
Pregledni članek vsebuje poglobljeno razpravo o različnih pristopih k sintezi GNP in aplikacijah za dostavo učinkovin.
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Abstract
One new mononuclear nickel(II) thiosemicarbazone complex (1), has been synthesised from the Schiff base ligand de-
rived from p-anisaldehyde and thiosemicarbazide. Complex 1 was characterized by using different spectroscopic tech-
niques and single crystal X-ray structural analysis. The time dependent density functional theory (TD-DFT) was applied 
to simulate the electronic spectra of the complex 1 with the help of Polarizable Continuum Model (PCM). Complex 1 
acts as functional model towards catechole-oxidase activity and the catalytic property has been evaluated from Line-
weaver-Burk plot using the Michaelis-Menten approach of enzyme catalysis with a kcat value of the order of 708 h−1

.

Keywords Catecholase-like activity, crystal structure, DFT study, Ni(II) complex, Schiff base

1. Introduction
Biomimetic models of metalloenzymes have 

emerged as an important class of compounds for their ap-
plication to catalytic organic conversions which are other-
wise difficult to achieve.1–4 In catechole-oxidase metallo-
enzyme one hydroxide ion forms a bridge between the 
dinuclear copper(II) active site.5–6 Among different Schiff 
bases, thiosemicarbazones are considered as extremely 
suitable ligands for their different coordination behaviour, 
as it can bind in both anionic as well as neutral form.7–10 
Various copper(II) complexes showing catechol- oxidase 
activity have been reported11–13 along with complexes of 
other transition metals such as manganese(II),14 nick-
el(II),15 iron(III),16 cobalt(II/III),5,17 and zinc(II).18 In par-
ticular it was observed that catecholase-like activity was 

exhibited by metal complexes comprising of ligands with 
N,N-, N,O- or N,S-donor set.19–25

Till date dinuclear nickel(II) metal complexes have 
been frequently studied for their catecholase activity,26–29 
but systematic reports of mononuclear nickel(II) complex-
es which can be used as catecholase mimicking systems are 
less reported.30,31 These facts prompted us to synthesise a 
nickel(II) complex with the Schiff base ligand 2-(4-meth-
oxybenzylidene)hydrazine-1-carbothioamide(HL) bear-
ing both hard and soft N,S-donor site (Scheme 1). The 
present Ni(II) complex has been reported earlier together 
with Cu and Pd derivative containing the same ligand, but 
not supported by X-ray single crystal analysis.32

The catalytic efficiency of the complex 1 towards cat-
echolase-like activity was studied in detail and it was re-
vealed that it is an efficient species for the oxidation of 
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3,5-di-tert-butylcatechol (3,5-DTBC) to 3,5-di-tert-bu-
tylbenzoquinone (3,5-DTBQ) (Scheme 2).

Scheme 2. Catecholase-like activity exhibited by the complex 1.

2. Experimental Section
2. 1. Materials

All materials were of reagent grade and were used 
without further purification. Nickel(II) nitrate hexahydrate 
[Ni(NO3)2·6H2O], thiosemicarbazide (Sigma Aldrich), and 
p-anisaldehyde (Sigma-Aldrich) were used as received.

2. 2. Physical Techniques
Fourier Transform Infrared spectrum (4000–400 

cm−1) of the complex 1 was recorded on a Perkin-Elmer 
SPECTRUM-2 FT-IR spectrophotometer in solid KBr ma-
trices. Electronic spectrum was recorded at 300 K on a 
Perkin-Elmer Lamda-35 UV-Vis spectrophotometer in 
DMSO. C, H, N microanalyses were carried out with a Per-
kin-Elmer 2400 II elemental analyzer. Electrochemical 
studies were performed in DMSO with a CH 660E cyclic 
voltammeter at a scan rate of 50 mV sec−1 by using saturat-
ed calomel electrode (SCE) as a reference in a three-elec-
trode system and tetrabutylammonium perchlorate as 
supporting electrolyte. Nitrogen gas was bubbled through 
the sample solution at a constant rate for 1 minute.

2. 3. Synthesis
2. 3. 1. Synthesis of Schiff Base (HL)

A methanolic solution of p-anisaldehyde (608.35 µL, 
5 mmol) was added to a methanolic solution of thiosemi-
carbazide (0.4557 g, 5 mmol) in same ratio and the reac-
tion mixture was refluxed for two hours. Then the reaction 
mixture was cooled at room temperature and used without 
further purification.

2. 3. 2. Synthesis of Nickel(II) Complex (1)
Ni(NO3)2·6H2O (0.183 g, 1 mmol) in methanol me-

dium was added into the solution of the Schiff base in 1:1 
millimolar ratio and the reaction mixture was refluxed for 
two hours. Then the solution was filtered and left for slow 
evaporation. After a few days, brown coloured single crys-
tals were obtained and separated out. Yield: 68%. Anal. 
Calc. for [C18H20N6NiO2S2]: C, 45.45; H, 4.21; N, 17.68% 
Found: C, 45.41; H, 4.18; N, 17.66%. IR bands: (ν, cm−1) 
1609 ν(C=N); 560 ν(Ni-N); 493 ν(Ni-S), 671 ν(C-S), 3466 
ν(O-H). UV-Vis: λmax (nm) (DMSO): 283, 401, 565.

2. 3. 4.  Crystallographic Data Collection and 
Refinement

Diffraction data collection of the complex 1 was per-
formed at the X-ray diffraction beam line (XRD1) of the 
Elettra Synchrotron of Trieste (Italy), with a Pilatus2M im-
age plate detector. Complete dataset was collected at 100(2) 
K with a monochromatic wavelength of 0.7000 Å. The dif-
fraction data were indexed, integrated, and scaled using 
XDS.33 The structure was solved by direct methods using 
SIR2014.34 Fourier analysis and refinement were per-
formed by the full-matrix least-squares methods based on 
F2 implemented in SHELXL-2019/2.35 All non-hydrogen 

Scheme 1. Synthesis of ligand HL and complex 1.
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atoms were refined anisotropically. The molecular graph-
ics and crystallographic illustrations complex were pre-
pared using DIAMOND 436 program. All the relevant 
crystallographic data and details of structure refinement 
are summarized in Table 1.

Table 1. Crystal data and details of structure refinement of complex 1.

empirical formula C18H20N6NiO2S2
formula weight (g mol−1) 475.23
Crystal system Monoclinic
Space group P21/c
a (Å) 12.473(3)
b (Å) 5.5140(11)
c (Å) 14.195(3)
β (deg) 101.88(3)
V (Å3)  955.4(3)
Z 2
dcalc (g cm−3) 1.652
Μ (mm−1) 1.203 
F(000) 492
crystal size (mm3) 0.11 × 0.30 × 0.32
Collected reflections 29501
Independent reflections  2907
Rint 0.0264
Goodness-of-fit on F2 1.099 
Final R1, wR2 indices [I > 2σ(I)] 0.0272, 0.0684 
R1, wR2 indices (all data) 0.0279, 0.0689 
Residuals (eÅ−3) 0.505, −0.597

2. 3. 5. DFT Studies
The energy minimized structure of the complex 1 (in 

the isolated form) was obtained using density functional 
theory (DFT) calculation. For this study, B3LYP disper-
sion corrected hybrid functional along with mixed basis 
sets LANL2DZ for Ni(II) ion and 6-311G(d,p) for other 
atoms were used with spin-unrestricted scheme. The ini-
tial coordinates for structure optimization were taken 
from the X-ray crystallographic structure. The Gaussian 
09 software with D1 revision and Gauss View537,38 were 
used for DFT calculations and molecular visualization 
software, respectively. Using the optimized structure, the 
electronic absorption spectrum, at the same level of theo-
ry, was calculated in DMSO solvent using the Polarizable 
Continuum Model (PCM). Frontier molecular orbitals 
(FMOs) like HOMO and LUMO were drawn by Gauss 
View6. Gauss Sum was utilized to get the contribution of 
orbitals and outcome obtained in TD-DFT.

3. Result and Discussion
3. 1. Infrared Spectra Study

The FT-IR-spectrum of complex 1, shown in Fig. S1, 
exhibited a distinctive band at 1609 cm−1, which can be as-

signed to the C=N 39 stretching frequency of azomethine 
group. The bands at 560 and 493 cm−1 are due to the forma-
tion of Ni-N and Ni-S bonds39,40 and the band detected in 
the region of 671 cm−1 can be attributed to the C-S stretch-
ing frequency.41 In addition, the complex showed a promi-
nent IR band at 3466 cm−1due O-H stretching frequency.

3. 2. Electronic Spectral Study
The electronic spectrum of complex 1 in DMSO solu-

tion at a concentration of 10−3 M is shown in Fig. S2. The 
complex exhibited three characteristics peaks in the region 
283–565 nm. The sharp high intensity band observed at 
283 nm can be attributed to π→π* transition42 of coordinat-
ed imine of the ligand. A moderate intense peak observed 
at 401 nm was assigned to n→π* transition43 and a very low 
intensity band, detected at 565 nm correspondent to d→d 
transition. The electronic spectrum of 1 was carried out for 
three successive days maintaining same concentration and 
same solvent, but no significant change was detected.

3. 3. Cyclic Voltammetric Study
The cyclic voltammogram of complex 1 (displayed in 

Fig. S3) shows one irreversible oxidative peak at +1.30 V 
(versus SCE) in the anodic region that can be attributed to 
the oxidation of Ni(II) to Ni(III). The irreversible reduc-
tive peak at −0.65 V (versus SCE) in the cathodic region is 
due to the reduction of Ni(II) to Ni(I).

3. 4. Structural Description
Brown single crystals of complex 1 were obtained by 

slow evaporation of a saturated methanolic solution. The 
X-ray structural analysis shows that the geometry of com-
plex 1 is square planar.

Fig. 1. ORTEP diagram (ellipsoid probability at 50%) of the cen-
trosymmetric complex 1 (primed atoms at −x, −y + 1, −z + 1).

The molecular structure consists of a centrosymmet-
ric neutral complex species [Ni(L)2], with the nickel atom 
located at an inversion center, so that the asymmetric unit 
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comprises only half complex. An ORTEP view of the com-
plex along with the atom numbering scheme is depicted in 
Fig. 1 and a selection of bond lengths and angles is given in 
Table 2 and 3, respectively, along with calculated values 
obtained from the DFT approach. The thiosemicarbazone 
ligands chelate the Ni(II) center via N,S-donor atoms in 
trans configuration resulting in two five membered rings. 
The Ni−N1 and Ni−S1 bond distances are of 1.9210(12) 
and 2.1820(5) Å with a chelating angle of 84.83(4)°. The 
ligand atoms are not coplanar and the phenyl ring forms a 
dihedral angle of 23.22(6)° with the coordination plane 
NiN2S2. These bonding parameters are in good agreement 
with the coordinating pattern of similar square planar Ni 
complexes with thiosemicarbazone ligands,44 where Ni−N 
and Ni−S bond distances were found in to fall in the range 
1.906(2) −1.9310(19) and 2.1735(7) −2.1796(6) Å, respec-
tively.

Table 2. Experimental and DFT calculated bond distances (Å) for 
complex 1.

Complex 1

Bond distances X-ray DFT
Ni−N1 1.9210(12) 1.9522
Ni−S1 2.1820(5) 2.1142

Table 3. Experimental and DFT calculated bond angles (°) for com-
plex 1.

Complex 1

Bond angles X-ray DFT
S1−Ni−N1 84.83(4)  84.42
S1−Ni−S1i 180.00 180.00
S1−Ni−N1i 95.17(4)  95.64
N1−Ni−N1i 180.00 180.00

Symmetry code for primed atoms: −x, −y + 1, −z + 1

Upon coordination the bond lengths in thiosemicar-
bazone ligand undergo some changes compared to the val-
ues measured in the free ligand.44 In particular, the C1–S1 
bond length of 1.670(2) Å elongates to 1.7387(14) Å, while 
the C1–N2 bond distance from 1.350(2) Å shortens to 
1.3000(17) Å in the complex. These features are consistent 
with the acquisition of a partial single bond character in 
the former, and a partial double bond in the latter.

In addition, the square-planar coordination geome-
try with the N2S2 donor atoms involves the thiolato sul-
phur and the nitrogen N1 atoms in Z configuration (Fig. 1) 
indicating that the complexation occurs after a 180° rota-
tion around the C1–N2 bond.44

The crystal packing evidences phenyl rings π-stack-
ing with distance between centroids of 3.6343(11) Å, in 
addition to weak H bonds involving the amino group NH2 

with O1 leading to a 2D supramolecular network (N3···O1 
= 3.0962(18) Å) as shown in Fig 2. Finally, the amino 
group NH2 interact also with S1 (N3···S1= 3.5493(18) Å) 
giving rise a 3D architecture.

Fig. 2. Detail of crystal packing of complex 1 with indication of 
π-stacking between phenyl ring and N-H···O hydrogen bonds (only 
H atoms at N3 are shown for clarity).

3. 5. DFT Studies

Density functional theory approach can be used to 
evaluate the experimental properties of the complex.45 The 
structure of the complex 1 obtained from X-ray crystallog-
raphy was optimized with the help of DFT method leading 
to a self-consistent field total energy and dipole moment of 
–3588436.369697 kJ/mol and 0.005993 Debye, respective-
ly. The structure of the complex 1 obtained after energy 
minimization is reported in Fig. 3a. Atom-by-atom over-
lay of asymmetric unit of X-ray crystal structure (orange) 
with energy minimized structure (violet) of the complex is 
displayed in Fig 3b. The difference of root mean square de-
viation of these structures was found to be 0.3623 Å, and 
most of the bond lengths and angles of the optimised 
structures corroborates with those of the corresponding 
X-ray structure. Few changes were observed for the atoms 
in the coordination sphere of the Ni center. The bond dis-
tances Ni–S, C–S, C=N, N–N, and N–Ni in the crystal 
structure are 2.18, 1.74, 1.31, 1.39, and 1.92 Å, respectively, 
whereas they are 2.11, 1.54, 1.42, 1.44, and 1.95, respec-
tively, in the case of optimised structure. Such structural 
differences can be attributed to the fact the experimental 
structure is obtained in the solid state and theoretical 
structure obtained in vacuum.

The electronic spectrum of the complex 1 was simu-
lated in the DMSO medium by using the time dependent 
density functional theory (TD-DFT) and compared with 
the experimental one. The simulated spectrum shows a 
strong absorption band at λmax = 410 nm (oscillator 
strength 0.87), while the complex shows an absorption 
band at λmax = 401 nm (Fig. 3c). The TD-DFT calculation 
shows that HOMO to LUMO (99%) and HOMO-1 to LU-
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MO transition are responsible for the above mentioned 
absorption band.

In the formation of metal complexes, energy and 
electron density in the complexes show drastic changes 
from those of the ligand. The chemical reactivity of a mol-
ecule depends upon the difference in energy between the 
highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO).46 In fact, high en-
ergy of HOMO facilitates the interaction of the molecule 
with other molecules through electron donation whereas, 
molecule with low energy LUMO can accept electron eas-
ily from other molecules.46,47 It is interesting to note that 

assembly of the Ni(II) ion with (Z)-2-(4-methoxyben-
zylidene)hydrazine-1-carbothioamide ligands induces 
lowering of the LUMO and enhancement of the HOMO 
energy with respect to the HL in the complex (Fig. 4). As a 
result, the energy gap between HOMO and LUMO of HL 
(2.09 eV) is much higher than that of the complex (1.14 
eV). Therefore, the complex 1 is more soft in nature and 
capable of interaction with other molecules through both 
electron donation and electron acceptance. In addition, 
the electron density of HOMO is concentrated over the 
large planar aromatic moiety, while in the case of LUMO, 
it is spread also over Ni atom (dxy). As a result, the complex 
1 can accept electron very easily at the metal centre in LU-
MO. All the aforesaid electronic and energy features make 
the complex a good catalyst.

3. 6. Catecholase Activity
In order to assess the strength of the complex 1 to 

mimic the catecholase activity, the substrate 3,5-di-tert-bu-
tylcatechol (3,5-DTBC)29 appears to be the most efficient 
substrate.48 This molecule has allow redox potential that fa-
cilitates oxidation process and bears bulky tert-butyl substit-
uents hindering any further over oxidation reaction and ring 
opening. The stability of the oxidised product 3,5-di-tert-bu-
tylbenzoquinone (3,5-DTBQ) is very high and the maxi-
mum absorption is shown at 400 nm in pure DMSO.49

3. 6. 1. Reaction with 3,5-DTBC as Substrate
A solution of 1 × 10–4 M of complex 1 in DMSO was 

mixed with a DMSO solution of 3,5-DTBC (1 × 10–2 M) at 

Fig. 3. (a) DFT energy minimized structure of the complex 1, (b) overlay of energy minimized (violet) and X-ray crystal structure (orange) of the 
complex 1, and (c) experimental and theoretical absorption spectra of the complex 1.

Fig. 4. HOMO and LUMO molecular orbitals and their energy of 
ligand and in complex 1.
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room temperature. The UV-Vis spectra of the mixture 
were recorded at regular intervals of 5 mins.48 After addi-
tion of the complex 1 to the solution of 3,5-DTBC, a steady 
rise in absorbance was observed with the appearance of a 
new band at 402 nm, correspond to the formation of 
3,5-di-tert-butylbenzoquinone (3,5-DTBQ) (Fig. 5).50

Fig. 5. Increase of the absorbance after the addition of 100 equiva-
lents of 3,5-DTBC to a 10−4 M solution of complex 1. The spectra 
were recorded at intervals of 5 min.

The log[Aα/(Aα – At)] versus time plot was utilised 
to determine the rate constant for a specific complex sub-
strate mixture (Fig. 6).48,49

Since saturation kinetics is followed by initial rate 
methods at higher substrate concentration, the Michaelis–
Menten model was used for the study of enzyme kinetics 
and the Lineweaver-Burk plot was employed to compute 
the various kinetics parameters for the complex 1. The 
Michaelis binding constant (Km), maximum velocity 
(Vmax) values and the rate constant for the dissociation of 
the substrate (i.e. turnover frequency, Kcat) were all calcu-
lated from the Lineweaver–Burk graph 1/V vs. 1/[S] (Fig. 
7) by utilizing the equation 1/V = {Km/Vmax}{1/[S]} +1/
Vmax.

The Vmax, Km, and Kcat kinetic parameters for the 
complex 1 were found to be 1.18 ×10–3 M min−1, 0.235 M 
and 708 h−1 respectively.40,44,48,49,51

Table 4. Kcat values for the oxidation of 3,5-DTBQ catalyzed by reported mononuclear 
Ni(II) complex along with other metal complexes.

Complex Solvent Kcat References

[Ni(L)2] Complex 1 DMSO 708 This work
[Ru(PPh3)Cl2(L2)] DMSO 2.346 × 103 23
[Ni(L3)]ClO4 CH3OH 8 ×103 40
[Ni(L4)]ClO4 CH3OH 2.7 ×103 40
[Ni(L5)2] DMSO 116 44
[Cu(L6)(CCl3COO)(H2O)].H2O  DMSO 1452.00 48
[Cu(L7)(H2O)Cl]2 DMSO 1458.00 48
{[Cu(HL8 )(H2O)](NO3)}n DMSO 5.19 × 103 49
[Cu2(L8 )2(H2O)3]n DMSO 5.56 × 103 49
[Ni(L9)2] CH3OH 140.72 50

Fig. 6. Change in absorption maxima at 402 nm with time for com-
plex 1.

Fig. 7. Plot of rate vs substrate concentration for complex 1. Inset 
shows the Lineweaver-Burk plot.
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Key: HL2= (E)-4-chloro-2-(((2-(dimethylamino)
ethyl)imino)methyl)phenol. HL3= 1-Phenyl-3-(2-piper-
azin-1-yl-ethylimino)-but-1-en-1-ol. HL4= 4-((2-(pip-
erazin-1-yl)ethyl)imino)pent-2-en-2-ol. HL5 = [N-(di-
ethylaminothiocarbonyl)-benzimidoylchloride-2-ami-
noacetophenone-N-methylthiosemicarbazone]. HL6 = 
Hpymab = (E)-2-((pyridine-2-yl)methyleneamino) ben-
zoic acid. HL7 = HPmyaib = (HPmyaib = 4-iodo-2-{(E)-
[(pyridin-2-yl)methyleneamino}benzoic acid). [H2L8 = 
H2Pymat = (E)-2-(1-(pyridin-2-yl)-methyleneamino)
terephthalic acid]. HL9 = 1,1’-(1E,1E)-(propane-1,3-di-
ylbis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidine)di-
naphthalene-2-ol.

3. 6. 2. Reaction Mechanism

The probable mechanism of 3,5-DTBC oxidation by 
complex 1 is shown in Scheme 3. When a mixture of starch 

and potassium iodide was added to a solution of the com-
plex 1 and 3,5-DTBC, the formation of a blue colour indi-
cate that H2O2 was produced during the progress of the 
reaction. Meanwhile it is noteworthy that no blue coloura-
tion was observed in presence of only 3,5-DTBC. The 
mechanism of formation of H2O2, obtained as a byproduct 
during the oxidation of 3,5-DTBC to 3,5-DTBQ catalysed 
by the complex 1 followed similar mechanism found in the 
literature.52

Following the generalized mechanism of catecholase 
reaction induced by the complex 1 (Scheme 3), it can be 
stated that the Ni(II) metal centre is the main facilitator for 
the transfer of electrons that delocalise more easily through 
the C=N bond of the Schiff base to the neighbouring con-
jugate system. In other words, the chelation of Schiff bases 
to the metal expands the aromatic system consisted of 
delocalized π-electrons with an achievable thione-thiol 
tautomerism (Scheme 3).10

Scheme 3. Plausible mechanism for the oxidation of 3,5-DTBC by complex 1.
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3. 6. 3.  Comparison with Previous Related Studies: 
Significant Aspects

Single crystal X-ray structure characterizations is of 
paramount importance to ascertain structure-property re-
lationships.19 In recent times, researchers have been de-
scribing many transition metal(II) systems to mimic Cat-
echolase activity. Some of the metal complexes are 
mononuclear, while a large number of metal complexes are 
dinuclear in nature, and it was found that some model cat-
alysts demonstrate high turnover number (Kcat), whereas 
opposite results were also presented.20 Therefore, we can 
make a conclusive remark, as per the available data of the 
Table 4, that a simple relationship between the nuclearity 
of the system and the observed Kcat value is not possible 
due to numerous variables involved, such as metal-metal 
distance, flexibility and electronic/steric properties of the 
ligand, exogenous bridging ligand, and coordination ge-
ometry around the metal centre.48,49

4. Conclusion
(i)  The present work focuses the synthesis and charac-

terization of one nickel (II) thiosemicarbazone com-
plex (1) of the Schiff base ligand (Z)-2-(4-methoxy-
benzylidene)hydrazine-1-carbothioamide (L) derived 
from p-anisaldehyde and thiosemicarbazide.

(ii)  Complex 1 was well characterized by elemental anal-
ysis, cyclic voltammetry and spectroscopic measure-
ments like FT-IR, UV-Vis spectroscopy, cyclic voltam-
metry along with single crystal X-ray analysis.

(iii)   Time dependent density functional theory (TD-DFT) 
was performed to simulate the electronic spectra of 
the complex 1 with the help of Polarizable Contin-
uum Model (PCM) which was further supported by 
Frontier molecular orbitals (FMOs).

(iv)   Complex 1 exhibits significant catecholase activity 
towards the aerial oxidation of 3,5-di-tert-butyl cat-
echol to the corresponding quinone in DMSO.
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Povzetek
Sintetizirali smo nov enojedrni nikljev(II) kompleks s tiosemikarbazonom (1), pri čemer smo kot ligand uporabili Schi-
ffovo bazo pripravljeno iz p-anisaldehida in tiosemikarbazida. Spojino 1 smo karakterizirali z uporabo različnih spek-
troskopskih tehnik in z monokristalno rentgensko strukturno analizo. Za simulacijo elektronskih spektrov spojine 1 smo 
uporabili časovno odvisno teorijo gostotnih funkcionalov (TD-DFT) z uporabo modela PCM. Kompleks 1 deluje kot 
funkcionalni model za oksidacijo katehola, pri čemer smo katalitske lastnosti določali iz Lineweaver-Burkovega diagra-
ma z uporabo Michaelis-Mentenovega pristopa encimske katalize z vrednostjo kcat = 708 h−1

.
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Abstract
Due to its transferability, the soil has been commonly used as evidence in criminal investigations. In this work, 172 soil 
samples were taken from five urban parks from the town of Tetovo (North Macedonia) and from additional four rural 
locations in its vicinity. The soil samples were examined using X-ray powder diffraction. The collected diffractograms 
were used for development of classification models based on supervised self-organizing maps for determination of their 
origin. The examination of generalization performances of the developed models showed that they were able to correctly 
classify between 95.6 and 97.8% of the samples from the independent test set. The influence of the weather and the sea-
sonal changes on the composition of the soil was also examined. For this purpose, three years after the initial soil samples 
were collected, additional 28 samples were analyzed from different locations. The best models presented in this work 
were able to successfully classify 27 of these additional samples.

Keywords: Chemometrics, soil analysis, forensic analysis, X-ray powder diffraction

1. Introduction
An aerial view, on the agricultural land, in the right 

season, could reveal plots of land with variety of colors. It is 
amazing how relatively close these plots of land could be 
but their color can still differ.  For a chemist, the difference 
in the soil color or nuance of the soil color is the first clue 
that could lead to a conclusion about possible difference in 
its chemical composition.  The soil color is influenced by 
the minerals, the water and the organic matter present in it. 
For example, the soils with high concentration of calcium 
tend to be white, those with high concentration of iron are 
reddish, and those high in humus are dark brown to black.1 
The soil color is significant indicator of the chemical com-
position and a Munsell color chart could be enough for 
classification of soils for agricultural purposes. However, 
this approach is not enough for forensic investigations. Due 
to its high mineral content X-ray powder diffraction analy-
sis of the soils can provide additional and sufficient data 

which could be used as forensic evidence. The idea behind 
the soil as a forensic evidence comes from its divisibility 
and transferability.2 Namely, the soil taken from a perpetra-
tor’s shoes, car tires or tools, can be linked to a crime scene.3 

The soil samples have specific chemical and physi-
cal composition that has been analyzed with a variety of 
analytical methods. Scanning electron microscopy has 
been applied to identify unusual particles. This technique 
has also been coupled with EDS.4–6 The potential use of 
the soil as forensic evidence has been studied with atomic 
absorption spectrometry,7,8 inductively coupled plasma, 
with mass spectrometry,9,10 gas chromatography coupled 
with mass spectrometry,11,12 Raman spectroscopy,13–15 in-
frared absorption spectroscopy and infrared reflectance 
spectroscopy.16–23 The IR spectroscopy has been used for 
determination of both (1) organic and (2) mineral compo-
nents of the soil.18,24,25 

X-ray powder diffraction (XRD) is a nondestructive 
technique that can provide a rapid and accurate miner-
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alogical analysis of multicomponent mixtures without a 
need for extensive sample preparation.26 In addition to 
this, we have to state here that, for forensic purposes, X-ray 
powder diffraction has been previously used.19,20,27,28 

In this work, we present our efforts for the devel-
opment of chemometric method based on supervised 
self-organizing maps (SOM) used for classification of soil 
samples for determination of their origin for forensic pur-
poses.29 Chemometrics by itself has already found its ap-
plication in forensic science.30–39 In our previous work, we 
successfully developed models for classification of urban 
soils for forensic analysis from five locations using infra-
red spectroscopy as an experimental technique.40 Howev-
er, the signals (the bands) in infrared spectra are highly 
overlapped most of the time. That was the reason why, in 
order to obtain successful classification of the samples, we 
used one-against-the-rest approach. The performances of 
the one-against-the-rest approach were considerably bet-
ter compared to a single model approach used for classifi-
cation of all five types of urban soil samples.40

Compared to the signals in the infrared spectra, the 
signals obtained by X-ray powder diffraction are less over-
lapped. Having this information in mind, in this work we 
decided to use X-ray powder diffraction as an experimen-
tal technique for classification of samples from nine loca-
tions. Five urban location from the town of Tetovo, and 
four rural locations.

2. Experimental
For this purpose, the soil samples were collect-

ed from (1) five different parks from the town of Tetovo 
(North Macedonia) and from (2) four additional rural 
locations in its vicinity. These locations are presented on 
Table 1  and in Figure 1.

Table 1. Locations from which the soil samples were collected, the 
description of the locations and their labels.

Label Location

A Intercity Bus Station Park
B House of Culture Park
C Colorful Mosque Park
D State University of Tetovo Park
E Moša Pijade High School Park
F Village of Džepčište (north exit of the town)
G Near the tollbooths on the highway Skopje–Tetovo (east exit)
H Near the village of Gajre (west exit of the town)
I Near the village of Dolno Palčište (south exit of the town)

Three of the five parks (locations: A, B and C) are lo-
cated at approximate distances between 1 and 1.5 km. The 
distance between these three parks from the remaining two 
(locations: D and E) is about 2.5 km. It is also important 

to note that the distance between the remaining two parks 
(D – State University of Tetovo Park and E – Moša Pijade 
High School Park) is about 250–300 m. These two parks 
were selected in this way in order to examine whether the 
smaller distance will have influence on the performances 
of the classification models due to the possible similari-
ties of the composition of the soils. The distances between 
center of the town and the remaining four rural locations 
(F, G, H and I) are between 4.5 and 5 km.

Figure 1. The nine locations (a) inside and (b) around town of Teto-
vo. Locations A, B, C, D and E represent the five parks located in the 
town, while locations F, G, H and I represent locations from which 
rural samples were collected.

a

b
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Total number of 144 soil samples were collected from 
all nine locations. Sixteen samples were collected from 
each location. Each of the sixteen samples was taken from 
the predetermined square grid with area of about 9 m2 ( 
Figure 2). The distance between the sampling positions on 
the grid was about 1 m. The samples were collected from 
top soil layer (10 cm). 

Figure 2.  The grid used for soil sampling. The indices which are 
used on this grid are also used for labeling the different samples 
taken from the same location.

In order to properly analyze the results, it was im-
portant to label the collected samples in a systematic man-
ner. For this purpose, each of the samples were labeled as 
shown in Figure 2. On this figure each of the nodes, which 
correspond to different samples taken on location A, were 
labeled as: A11, A12, A13, A14; A21, A22 … A44.

Three years later (in the autumn of 2019), additional 
28 new soil samples were collected from seven of the nine 
locations. The selected locations were B, D, E (from three 
parks in Tetovo) as well as all four rural locations (F, G, 
H and I). This was performed in order (1) to validate our 
models with new data, but also (2) to examine the influ-
ence of the seasonal changes and the weather on the com-
position of the soil in these parks.

In addition to this, we did not get any information 
form the local Police Department that these locations were 
scene of the crime in order to validate our models with 
their data.

Also, it has to be stated that at this point of our ex-
perimental work (in the autumn of 2019), we did not take 
new samples from the locations A and C because, during 
these three years, larger horticultural interventions were 
performed in these two parks by the Municipality of Te-
tovo.

The samples of the soil were dried at ambient con-
ditions for few days. They were sieved with 20 mesh Tyler 
sieve. The material that passed the sieve was collected and 
marked. Collected samples were dried at temperature of 
110 °C.  The dried samples were kept in desiccator. In ad-

dition to this, before the diffractograms were recorded the 
samples were powdered in a mortar with a pestle.

The X-ray diffractograms of all samples were re-
corded using the Rigaku Ultima IV powder X-ray dif-
fractometer in the Bragg-Brentano geometry with CuKα 
radiation (λ = 1.54178 Å) at room temperature. The sam-
ple holder was a 2 mm thick glass plate with dimensions 
60 mm × 35 mm and 20 mm × 20 mm depression for the 
sample. The depression in the holder was filled with sam-
ple and was flattened. The mass of the analyzed samples 
was approximately 200 mg.

Diffraction patterns were measured in the 2ϑ range 
from 5° to 60° with a step size of 0.02° and scanning speed 
of 20° per minute. The accelerating voltage and the elec-
tric current were set to 40 kV and 40 mA, respectively. The 
divergence slit parameter (DivSlit) was 2/3 degrees, the 
height limiting slit parameter (DivH.L.Slit) was 10 mm 
and the anti-scatter slit parameter (SctSlit) was 8.0 mm.

2. 1. Data Pre-processing and Algorithms Used
In order to properly prepare the data for optimi-

zation of the SOMs, it was necessary to pre-process the 
obtained diffractograms. The experimentally collected 
diffractograms of the soil samples were stored in a single 
data matrix. The data matrix was composed of 172 diffrac-
tograms (rows) and 2749 intensities at different 2θ values 
(columns). 

In this study, the first step in the pre-processing (see 
Figure 3) was the baseline correction of the diffracto-
grams. After that, baseline corrected diffractograms were 
normalized to unit area under the curve. Further, in order 
to make the (1) optimization faster, (2) to reduce the noise 
in the diffractograms as well as (3) to reduce the number 
of data points because most of the intensities on different 
2θ values are correlated, data reduction was performed by 
averaging each consecutive non-overlapping interval com-
posed of 11 intensities using the following formula:

 (1)

dij in the equation (1) represents the data point from 
pre-processed matrix consisting of diffractograms, i – is 
the sample number, j – represent the intensity values at dif-
ferent 2θ values, whereas dim is data point from i-th sample 
and m-th column in the reduced data matrix. Using this 
approach, the number of intensities were reduced from 
2749 down to 259 (Figure 3). The diffractograms obtained 
using this data pre-processing procedure were stored in 
single data matrix (D).

The previously obtained data matrix (D) was further 
reduced using principal component analysis (PCA). In or-
der to perform PCA the variables (the columns in D) were 
auto-scaled. Using PCA we were able to extract the largest 
fraction of the information stored in D into small num-
ber of principal components. Finally, the obtained princi-
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pal components were used for training of the supervised 
self-organizing maps.

2. 2. Supervised Self-organizing Maps
According to its inventor, Teuvo Kohonen, self-or-

ganizing maps (alternative names: Kohonen maps or Ko-
honen neural networks) were originally developed as al-
gorithm for unsupervised learning.29,41 In chemistry and 
related sciences, most often the unsupervised version of 
this algorithm is used.42,43 Today, the unsupervised vari-
ant of the algorithm is simply called self-organizing maps 
or Kohonen neural networks. While the supervised version 
of the algorithm, which is not used as frequently as the 
previously mentioned version, is called supervised self-or-
ganizing maps. The supervised version of SOM is used in 
cases when there is not a clear separation among different 
types of samples.29 In order to adapt the SOM algorithm 
for classification purposes (see Figure 4), it is necessary to 
augment each training vector (ds) with unit vector (du) as-
signed into one of the nine classes of samples in our case 

(Figure 4a). This augmentation of the training set vectors 
(samples) with du helps in better separation of the different 
types of samples during the training.

During the prediction phase the weight levels which 
correspond to the unit vectors (wu) are removed (Figure 
4b). In other words, for each sample in the training set ds 
the corresponding du must be used during training. While 
during the prediction phase, for the unknown samples – x 
only, xs part is compared with the corresponding part of 
the weight vectors (wu) of the trained supervised SOM.

Supervised self-organizing maps were implemented 
in Matlab44 programming language using SOM Toolbox 
developed by J. Vesanto45–47 on a Windows computer.

2. 3. Genetic Algorithms 
In this work, the optimization of the supervised SOM 

models was performed in automated manner using genetic 
algorithms. Genetic algorithms have been used successfully 
for solving different problems in the field of chemistry and 
related sciences since the beginning of the last decade of 

Figure 3. Illustration of the main steps of the preprocessing of the experimentally obtained diffractograms. a – original diffractogram; b – baseline 
corrected diffractogram; c – normalized diffractogram to unit area under the curve with data points reduced down to 259 using equation (1).
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the 20th century.48–51 The theory of genetic algorithms has 
been described several times in the chemometric literature 
during the same decade.52–54 We have to mention here that, 
most often, in chemometrics GAs have gave been used for 
selection of variables.52–54 In our work, we use GAs not 
only as a variable selection tool but also in order to find 
optimal parameters of the developed models.40,55,56

Genetic algorithms were also implemented in Mat-
lab programming language. For this purpose, Genetic Al-

gorithm Toolbox developed at University of Sheffield was 

used.57

3. Results and Discussion
3. 1. Main Mineralogical Components

It is important to state that diffractograms from 
different locations are similar (see Figure 5 for the urban 
samples and Figure 6 for the rural samples). For more de-

tailed comparison all diffractograms are available in the 

Figure 4. Illustration of the structure of the supervised self-organizing maps during the phases of (a) training and (b) prediction. As shown on this 
figure in the training phase the vector which represents samples is augmented with different unit vector for five different classes of samples. While 
using the supervised SOM for prediction purposes, the weight levels that correspond to unit vectors are removed.
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Supplementary Material together with some additional 
figures. One can notice that the main differences in the 
diffractograms are in the relative intensities of the major 
components of the soil samples. 

Main mineralogical components of the analyzed soil 
samples were found by comparing the obtained diffrac-
tograms with the diffractograms stored in COD58–64 and 
PDF-2 databases65 using Match! software.66 The results 
show that the main component in the samples is SiO2 (sili-
con dioxide) in a form of quartz. Three additional minerals 
with lower mass fractions were also detected as possible 
constituents of the samples. It is interesting to state that 
they all have an empirical formula MAlSi3O8, where M 
represents potassium or sodium. When M represents so-
dium, the mineral is known as albite. In the case when M 
is potassium, the mineral is orthoclase (which can make 
solid solutions with albite). The third mineral present in 
our samples is, probably, the high-temperature polymorph 
of albite known as sanidine.

It is important to state here that there are diffraction 
peaks in the recorded diffractograms which do not corre-
spond to the previously mentioned minerals. These signals 
probably belong to the additional mineral components. 
However, due to the fact that their mass fraction and 
consequently the intensities of their signals are weak we 
were not able to identify them using previously described 
approach. Also, earlier we pointed out that the diffracto-
grams from all locations are similar (Figure 5 and Figure 

6). Most of the differences among the diffractograms are in 
the regions with diffraction peaks that have smaller inten-
sities. This is one of the reasons why genetic algorithm was 
used for variable selection. In cases like this, optimization 
using GA performs selection of the intensities at 2θ values 
which can help in finding better classification models and, 
at the same time, it eliminates the intensities at 2θ values 
which are similar for all samples.

3. 2. Principal Component Analysis
The principal component analysis (PCA) which was 

performed on the auto-scaled data matrix showed us that 
about 92% of the variance in the pre-processed diffrac-
tograms was captured by first 16 principal components 
(PCs). As previously stated, these PCs were used for devel-
opment of the SOM models which will be able to classify 
the samples according to their geographic origin. Howev-
er, before the development of the models started, we used 
PCA as an auxiliary tool in order to evaluate whether the 
samples from different location were at least partially sep-
arated. This is important since the main goal of this work 
is determination of the origin of the soil samples. The first 
two principal components (labeled as: PC1 and PC2) are 
presented on Figure  7a. The first (PC1) and third (PC3) 
principal components are presented on Figure 5b. A care-
ful examination of these two figures (Figure  7a and b) 
shows that all samples taken from the rural locations (F, G, 

Figure 6. X-ray powder diffractograms for the selected samples from four rural locations. (The files with all samples from these five locations are 
given as Supplementary Material.)
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H and I) are grouped in the first and fourth quadrant. Hav-
ing in mind that these two figures are projections of the 
three-dimensional space defined by PC1, PC2 and PC3, 
it is easy to see that the samples from these four locations 
form well separated clusters. The reason for this might be 
the fact that most of the rural locations from which the 
samples were collected are at distances larger than 4 km. 
Only the distance between locations H and I is smaller 
than 4 km. 

In the second and third quadrant, the remaining 
samples from the urban location are grouped. Here it could 
be seen that there is a partial overlap among the samples 
from all urban locations. Also, most of the samples from 
location C are well separated from the remaining samples 
(see Figure 7b). Likewise, the reason for larger overlap be-
tween these clusters might be the fact that these locations 
are closer one to another. As previously stated, the distanc-

es between the parks (1) next to the Intercity Bus Station 
(labeled as A), (2)  House of Culture Park (labeled as B) 
and (3) Colorful Mosque Park (labels: C) vary between 1 
and 1.5 km. While the distance between the park labeled 
as D (State University of Tetovo Park) and park labeled as 
E (Moša Pijade High School Park) is only about 300 m.

3. 3.  Optimization of the SOM Models Using 
Genetic Algorithms
As earlier stated, the optimization of the models 

based on supervised self-organizing maps was performed 
using GAs. For optimization purposes, we used popula-

tions composed of 100 binary chromosomes. The initial 
values of genes in the chromosomes were randomly gen-
erated. Different parts of these chromosomes were respon-
sible for decoding different parameters for the supervised 
SOMs. In this case 259 genes were used for variable se-
lection. After the variable selection was performed, PCA 
was applied on the selected intensities. The number of PCs 
used during the optimization varied between 1 and 16. For 
this purpose, four additional genes were allocated in the 
chromosomes. Eight more genes were allocated for decod-
ing the width and length of the supervised SOM. These 
two parameters were changed in the interval between 7 
and 22. Four more genes were dedicated for selection of 
the number of epochs in the rough training phase, which 
is performed in larger neighborhood and larger learning 
rate. The number of epochs here was changed in the inter-
val between 10 and 25. Finally, for the number of epochs in 

the fine-tuning phase, additional seven genes were select-
ed. The use of seven binary genes could produce the max-
imal number of epochs 127 and the minimal number of 
epoch zero. In order to avoid the zero which appears here, 
but also to be sure that number of epochs in the fine-tun-
ing phase is larger than that obtained in the rough training 
phase, the number of epochs obtained by these genes was 
increased by the number of epochs obtained for the rough 
training phase.

Before the optimization with GA started, we had to 
properly separate the data set into training and test data 
sets in order to obtain good generalization performanc-
es. The training data set was used for the optimization of 

Figure 7. The soil samples presented in the space defined by first (PC1) and second (PC2) as well as the first (PC1) and third (PC3) principal com-
ponent obtained from autoscaled matrix.
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the models. During the optimization, the generalization 
performances of the models were controlled by cross-val-
idation. After the optimization was finished, additional 
validation of the models was performed using the test 
set composed of samples which were not used during the 
training of the models. The original data set (D) was di-
vided into training and test set using Kennard-Stone algo-
rithm separately for each location.67 Using this algorithm, 
five of the sixteen diffractograms from each location were 
selected to be part of the test set. The remaining eleven 
samples were stored into the training data set. As a result, 
our training set was composed of 99 diffractograms and 
the test set was composed of the remaining 45 diffracto-
grams.

The entire search for optimal classification model 
performed by GA was repeated several times. Using this 
approach, we were able to obtain more than 100 models 
with good generalization performances. Some of the best 
models are presented on Table 2. The criteria for selection 
of these models for presentation were: (1) The size of the 
SOMs should be different; (2) If the only difference be-
tween the models were in number of the training epochs, 
then the one with smaller number of epochs was selected; 
(3) Finally, the most important criteria was the perfor-
mances on the independent test set.

The examination of the results obtained for the test 
set (presented in Table 2) shows that three soil samples are 
most often misclassified. Two of these samples (labeled as 
D41 and E11) are from the locations that are at a distance 
of about 300 m. These two locations are: D – State Univer-
sity of Tetovo Park and E – Moša Pijade High School Park. 
As an illustration, the trained supervised SOM, which cor-
responds to model 1 in Table 2, is presented on Figure 6. 
Percentage of incorrectly classified samples from the test 
set which was used for examination of the generalization 
performances of the trained SOM vary between 2.2% for 
the model number 6 up to 4.4% for all other models pre-
sented in Table 2.

In our previous work, when we developed differ-
ent models for classification of the urban soils based on 
infrared spectroscopy, the samples from these two parks 
were most often misclassified, probably due to smaller dif-
ference in the composition of the soils on these two lo-

cations.40 In this case, the sample D41 is misclassified as 
a sample from Moša Pijade High School Park (label: E). 
However, the second of these samples (label: E11) is classi-
fied together with the samples taken from the park which 
is in the neighborhood of the Colorful Mosque (labels: C).

The third misclassified sample was taken from Inter-
city Bus Station Park (labels: A). This sample was classified 
together with the samples from House of Culture Park (la-
bels: B) by two of the presented models.

Compared to the results which we obtained using 
infrared spectra of the urban soils, where only one sam-
ple was misclassified, we have to state that, in that case, 
due to higher overlap between signals in the infrared spec-
tra there we were not able to develop good classification 
models which will be able to classify all five urban soils 
samples.40 In that case, as stated earlier, we were forced to 
use one-against-the-rest approach and, consequently, we 
developed five separate models in order to obtain good 
classification models for all five locations. 

Due to exposure to (1) seasonal changes, (2) biolog-
ical processes and (3) the changing weather conditions, 
the composition of the soil is slowly changing. Sometimes, 
during the forensic investigations, by order of court or 
in the cases where the crime has been detected few years 
after it has been committed, in order to perform reliable 
detection of the origin of the soils, it is important to know 
how these variations in composition of the soils could in-
fluence the results. In order to examine the influence of the 
previously mentioned factors on the performances of the 
models developed here, three years after the initial samples 
were collected four more samples were collected from sev-
en of nine original locations used in this study. The seven 
selected locations are labeled: B, D, E, F, G, H and I (see 
Table 1 for more details). Total number of newly collected 
samples was 28. These samples were treated in a same way 
as the initial 144 samples from all nine locations (see Ex-
perimental part).

As shown in Figure 8 which represents model 1 (pre-
sented in Table 2), only one sample from location E (with 
label E3) is misclassified as a sample from the nearby park 
(State University of Tetovo Park).

For the remaining models, the misclassified samples 
are also presented in Table 2. Here one can see that only 

Table 2. Six selected models with best performances (misclassified samples). The size of the network, the training parameters, the number of princi-
pal components used for training of supervised SOMs, as well as the labels of the misclassified samples are also presented.

Mo- Size of the Training  Misclassified samples Labels for the misclassified samples
del SOM epochs No of principal Train- Cross    Test set  Real samples
 Width Length Rough Fine components ing validation Test Real A42 D41 E11 E3 E4 H4

1 14 11 16 228 8 0 0 2 1  E C D  
2 15 9 17 131 9 0 1 2 1  E C   G
3 17 9 13 260 6 0 1 2 2 B E  D A 
4 8 20 16 101 7 0 3 2 1  E C   G
5 12 13 15 91 6 0 1 1 2 B    B G
6 21 8 17 163 7 0 1 1 1   C D
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three of these samples are misclassified by more than one 
model. One of these samples (E3) was already discussed. 
The remaining two samples are labeled as E4 and H4. Two 
of the samples are from Moša Pijade High School Park (E3 
and E4). Here the sample labeled as E4 is mapped once in 
the part of the supervised SOM that serves for recognition 
of the samples from location A and the second time it is 
misclassified together with the samples from location B.

4. Conclusion 
In this study 144 samples from five urban and four 

rural locations were analyzed using supervised self-or-
ganizing maps. As a tool for automated search for the best 
models, genetic algorithms were used. Performances of 
the models during the optimization were controlled using 
cross-validation. Further, the generalization performances 
were examined using the test set which was not used dur-
ing the training. The best models obtained and presented 
in this study were able to correctly classify between 95.6 
and 97.8% of the test samples.

Having in mind that in our previous work, where the 
classification was performed using infrared spectra of the 
analyzed samples, due to the highly overlapping signals we 
had to develop five different models for successful classi-
fication of the samples from five urban locations. In this 
study, probably because the signals from the minor compo-
nents of the analyzed soils in the X-ray diffractograms were 
well separated and, with the help from GA, we were able to 
select intensities which could help in better discrimination 
of the soil sample we were able to successfully classify most 
of the samples from all nine locations with a single model.

The performances of the models obtained here are 
comparable to those obtained in our previous work.40 
However, there in order to perform successful classifica-
tion of the samples from the five locations there we had 

to develop separate models for each location. While here, 
using X-ray diffractograms of the samples, with only one 
model, we were able to correctly classify between 95.6 and 
97.8% of the samples. 

As previously stated in this study, it is also important 
to check the robustness of the model on the changes of 
the composition of the samples due to the changes of the 
environment. For this purpose, additional 28 samples were 
collected from seven locations (B, D, E, F, G, H and I). The 
best models presented here are capable of correctly classi-
fying 27 of 28 samples collected three years after the initial 
soil samples were analyzed.

5. References
  1.  P. R. Owens, E. M. Rutledge, Morphology, chapter in Ency-

clopedia of soils in the environment, D. Hillel (Ed.), Elsevier, 
Amsterdam, 2005.

  2.  K. Inmana, N. Rudin, Forensic Sci. Int. 2002, 126, 11–16. 
DOI:10.1016/s0379-0738(02)00031-2.

  3.  D. Werner, C. Burnier, Y. Yu, A. R. Marolf, Y. Wang, G. Mas-
sonnet, Sci. Justice 2019, 59, 643–653. 

 DOI:10.1016/j.scijus.2019.07.004
  4.  K. Pye, D. Croft, Forensic Sci. Int. 2007, 165, 52–63. 
 DOI:10.1016/j.forsciint.2006.03.001.
  5.  B. G. Rawlins, S. J. Kemp, E. H. Hodgkinson, J. B. Riding, C. 

H. Vane, C. Poulton, K. Freeborough, J. Forensic Sci. 2006, 51, 
832–845. http://doi.10.1111/j.1556-4029.2006.00152.x

  6.  S. Cengiza, A. C. Karaca, I. Çakır, H. B. Üner, A. Sevindik, 
Forensic Sci. Int. 2004, 141, 33–37. 

 DOI:10.1016/j.forsciint.2003.12.006.
  7.  P. A. Bull, A. Parker, R. M. Morgan, Forensic Sci. Int. 2006, 

162, 6–12. DOI:10.1016/j.forsciint.2006.06.075.
  8.  R. M. Morgan, P. A. Bull, Environ. Forensics 2006, 7, 325–334. 

DOI:10.1080/15275920600996248. 
  9.  L. Arroyo, T. Trejos, T. Hosick, S. Machemer, J. R. Almirall, P. 

Figure 8. Supervised self-organizing map which corresponds to model 1 in Table 2 labelled with (a) samples from the training set, (b) samples from 
the test set and (c) with samples collected three years later in order to examine the influence of the weather and the seasonal changes on the compo-
sition of the soil on different locations. The misclassified samples are labelled with bold characters in different color than the remaining labels.

https://doi.10.1016/s0379-0738(02)00031-2
https://doi.org/10.1016/j.scijus.2019.07.004
https://doi.10.1016/j.forsciint.2006.03.001
http://doi.10.1111/j.1556-4029.2006.00152.x
https://doi.10.1016/j.forsciint.2003.12.006
https://doi.10.1016/j.forsciint.2006.06.075
https://doi.10.1080/15275920600996248


498 Acta Chim. Slov. 2023, 70, 489–499

Idrizi et al.:  X-ray Powder Diffraction and Supervised Self-Ogranizing    ...

R. Gardinali, Environ. Forensics 2010, 11, 315–327. 
 DOI:10.1080/15275922.2010.494949.
10.  L. Reidy, K. Bu, Murrell, G. James, V. Cizdziel, Forensic Sci. 

Int. 2013, 233, 37–44. DOI:10.1016/j.forsciint.2013.08.019.
11.  J. M. L. Mazzettoa, V. F. Meloa, E. J. Bonfleura, P. Vidal-Tor-

radob, J. Dieckowa, Sci. Justice 2019, 59, 635–642. 
 DOI:10.1016/j.scijus.2019.07.003.
12.  P. M. Medeiros, B. R. T. Simoneit, J. Sep. Sci. 2007, 30, 1516–

1536. DOI:10.1002/jssc.200600399.
13.  S. C. Jantzi, J. R. Almirall, Anal. Bioanal. Chem. 2011, 400, 

3341–3351. DOI:10.1007/s00216-011-4869-7 
14.  B. W. Kammrath, A. Koutrakos, J. Castillo, C. Langley, D. H. 

Jones, Forensic Sci. Int. 2018, 285, e25–e33. 
 DOI:10.1016/j.forsciint.2017.12.034 
15.  K. Ritz, L. Dawson, D. Miller (Еds.), Criminal and Environ-

mental Soil Forensics. Soil Forensics International, Edinburgh 
Conference Centre, Springer, 2008. 

16.  X. Xu, C. Du, F. Ma, Y. Shen, J. Zhou, Forensic Sci. Int. 2020, 
310, 110222. DOI:10.1016/j.forsciint.2020.110222

17.  R. J. Cox, H. L. Peterson, J. Young, C. Cusik, E. O. Espinoza, 
Forensic Sci. Int. 2000, 108, 107–116. 

 DOI:10.1016/S0379-0738(99)00203-0
18.  B. A. Weinger, J. A. Reffner, P. R. De Forest, J. Forensic Sci. 

2009, 54, 851–856. DOI:10.1111/j.1556-4029.2009.01064.x
19.  L. A. Dawson, S. Hillier, Surf. Interface Anal. 2010, 42, 363–

377.   DOI:10.1002/sia.3315
20.  M. D. Suarez, R. J. Southard, S. J. Parikh, J. Forensic Sci. 2015, 

60, 894–905. DOI:10.1111/1556-4029.12762.
21.  J. M. Soriano-Disla, L. J. Janik, R. A. V. Rossel, L. M. Mac-

donald, M. J. McLaughlin, Appl. Spectrosc. Rev. 2014, 49, 
139–186. DOI:10.1080/05704928.2013.811081 

22.  V. Sharma, J. Yadav, R. Kumar, D. Tesarova, A. Ekielski, P. K. 
Mishrad, Vib. Spectrosc. 2020, 110, 103097. 

 DOI:10.1016/j.vibspec.2020.103097.
23.  V. Sharma, S. Bhardwaj, R. Kumar, Vib. Spectrosc. 2019, 101, 

81–91. DOI:10.1016/j.vibspec.2019.02.006.
24.  R. R. E. Artz, S. J. Chapman, A. H. J. Robertson, J. M. 

Potts, F. Laggoun-Défarge, S. Gogo, L. Comont, J. R. Dis-
nar, A. J. Francez, Soil Biol. Biochem. 2008, 40, 515–527. 
DOI:10.1016/j.soilbio.2007.09.019.

25.  Š. Matějková, T. Šimon, Plant Soil Environ. 2012, 58, 192–195. 
DOI:10.17221/317/2011-PSE 

26.  S. Bashir, J. Liu, Advanced nanomaterials and their applica-
tions in renewable energy, Elsevier, Amsterdam, 2015.

27.  L. V. Prandel, V. F. Melo, A. M. Brinatti, S. C. Saab, F. A. S. 
Salvador, J. Forensic Sci. 2018, 63, 251–257. 

 DOI:10.1111/1556-4029.13476. 
28.  A. Ruffella, P. Wiltshireb, Forensic Sci. Int. 2004, 145, 13–23. 

DOI:10.1016/j.forsciint.2004.03.017.
29.  T. Kohonen, Self-Organizing Maps, 3rd Edition, Springer, 

Berlin, 2001.
30.  R. Chauhan, R. Kumar, V. Sharma, Microchem. J. 2018, 139, 

74–84. DOI:10.1016/j.microc.2018.02.020 
31.  V. Sharma, R. Kumar, TrAC – Trends Anal. Chem. 2018, 107, 

181–195. DOI:10.1016/j.trac.2018.08.006 
32.  R. Kumar, V. Sharma, TrAC – Trends Anal. Chem. 2018, 105, 

191–201. DOI:10.1016/j.trac.2018.05.010 
33.  M. Baron, J. G. Rodriguez, R. Croxton, R. Gonzalez, R. Jime-

nez, J. Appl. Spectrosc. 2011, 65, 1151–1161. 
 DOI:10.1366/10-06197 
34.  R. Chauhan, R. Kumar, P. K. Diwan, V. Sharma, Forensic 

Chem. 2020, 100191. DOI:10.1016/j.forc.2019.100191
35.  M. E. Sigman, M. R. Williams, WIREs Forensic. Sci. 2020, 2, 

e1368. DOI:10.1002/wfs2.1368
36.  C. S. Leea, T. M. Sung, H. S. Kim, C. H. Jeon, J. Anal. Appl. 

Pyrol. 2012, 96, 33–42. DOI:10.1016/j.jaap.2012.02.017
37.  M. I. Kaniu, K. H. Angeyo, Geoderma 2015, 241–242, 32–40. 

DOI:10.1016/j.geoderma.2014.10.014.
38.  N. C. Thanasoulias, E. T. Piliouris, M. S. E. Kotti, N. P. 

Evmiridis, Forensic Sci. Int. 2002, 130, 73–82. 
 DOI:10.1016/s0379-0738(02)00369-9.
39.  M. Baron, J. Gonzalez-Rodriguez, R. Croxton, R. Gonza-

lez, R. Jimenez-Perez, Appl. Spectrosc. 2011, 65, 1151–1161.   
DOI:10.1366/10-06197.

40.  H. Idrizi, M. Najdoski, I. Kuzmanovski, J. Chemom. 2021, 35, 
e3328. DOI:10.1002/cem.3328

41.  T. Kohonen, Computer, 1988, 21, 11–22.
42.  J. Zupan, M. Novic, I. Ruisánchez, Chemometr. Intell. Lab. 

Syst. 1997, 38, 1–23. DOI:10.1016/S0169-7439(97)00030-0 
43.  J. Zupan, J. Gasteiger, Neural Networks in Chemistry and Drug 

Design. WCH: Weinheim, 1999.
44.  MATLAB 7.12 (R2011a), 1984–2011, MathWorks.
45.  J. Vesanto, J. Himberg, E. Alhoniemi, J. Parhankangas, SOM 

Toolbox for Matlab 5, Technical Report A57, Helsinki Univer-
sity of Technology, 2000.

46.  http://www.cis.hut.fi/projects/somtoolbox/ (assessed: July 15, 
2023).

47.  J. Vesanto, Intell. Data Anal. 1999, 6, 111–126.
48.  C. B. Lucasius, S. Werten, A. Vanaert, G. Kateman, M. J. J. 

Blommers, Lect. Notes Comput. Sci. 1991, 496, 90–97.
49.  D. Jouan-Rimbaud, D. L. Massart, R. Leardi, O. E. de Noord, 

Anal. Chem. 1995, 67, 4295–4301. 
 DOI:10.1021/ac00119a015
50.  C. B. Lucasius, G. Kateman, TrAC – Trends Anal. Chem. 1991, 

10, 254–261. 
51.  M. Bos, H. T. Weber, Anal. Chim. Acta 1991, 247, 97–105. 

DOI:10.1002/bip.360320107
52.  R. Leardi, A. Lupiaňez Gonzales, Chemometr. Intell. Lab. Syst. 

1998, 41, 195–207.
53.  H. Handels, T. Roß, J. Kreusch, H. H. Wolff, S. J. Pöppl, Artif. 

Intell. Med. 1999, 16, 283–297.
54.  S. S. So, M. Karplus, J. Med. Chem. 1996, 39, 5246–5256. 
55.  I. Kuzmanovski, M. Trpkovska, B. Šoptrajanov, J. Mol. Struct. 

2005, 744–747, 833–838.
56.  N. Stojić, S. Erić, I. Kuzmanovski, J. Mol. Graph. Model. 2010, 

29, 450–460.
57.  A. Chipperfield, P. Fleming, H. Pohlheim, C. Fonseca, Genet-

ic algorithm toolbox user’s guide, University of Sheffield, Shef-
field, 1994.

58.  A. Merkys, A. Vaitkus, A. Grybauskas, A. Konovalovas, 
M. Quirós, S. Gražulis, J. Cheminformatics 2023, 15(25). 
DOI:10.1186/s13321-023-00692-1

https://doi.10.1080/15275922.2010.494949
https://doi.org/10.1016/j.forsciint.2013.08.019
https://doi.org/10.1016/j.scijus.2019.07.003
https://doi.10.1002/jssc.200600399
https://doi.org/10.1007/s00216-011-4869-7
https://doi.org/10.1016/j.forsciint.2017.12.034
https://doi.org/10.1016/j.forsciint.2020.110222
https://doi.org/10.1016/S0379-0738(99)00203-0
https://doi.10.1111/j.1556-4029.2009.01064.x
https://doi.10.1002/sia.3315
https://doi.org/10.1111/1556-4029.12762
https://doi.10.1080/05704928.2013.811081
https://doi.org/10.1016/j.vibspec.2020.103097
https://doi.org/10.1016/j.vibspec.2019.02.006
https://doi.org/10.1016/j.soilbio.2007.09.019
https://doi.org/10.17221/317/2011-PSE
https://doi.10.1111/1556-4029.13476
https://doi.10.1016/j.forsciint.2004.03.017
https://doi.org/10.1016/j.microc.2018.02.020
https://doi.org/10.1016/j.trac.2018.08.006
https://doi.org/10.1016/j.trac.2018.05.010
https://doi.org/10.1366/10-06197
https://doi.org/10.1016/j.forc.2019.100191
https://doi.org/10.1002/wfs2.1368
https://doi.10.1016/j.jaap.2012.02.017
https://doi.org/10.1016/j.geoderma.2014.10.014
https://doi.10.1016/s0379-0738(02)00369-9
https://doi.10.1366/10-06197
https://doi.org/10.1002/cem.3328
https://doi.org/10.1016/S0169-7439(97)00030-0
http://www.cis.hut.fi/projects/somtoolbox/
https://doi.org/10.1021/ac00119a015
https://doi.org/10.1002/bip.360320107


499Acta Chim. Slov. 2023, 70, 489–499

Idrizi et al.:  X-ray Powder Diffraction and Supervised Self-Ogranizing    ...

59.  A. Vaitkus, A. Merkys, S. Gražulis, J. Appl. Crystallogr. 2021, 
54(2), 661–672. DOI:10.1107/S1600576720016532

60.  M. Quirós, S. Gražulis, S. Girdzijauskaitė, A. Merkys, A. Vait-
kus, J. Cheminformatics 2018, 10(23). DOI:10.1186/s13321-
018-0279-6

61.  A. Merkys, A. Vaitkus, J. Butkus, M. Okulič-Kazarinas, V. 
Kairys, S. Gražulis, J. Appl. Crystallogr. 2016, 49.

 DOI:10.1107/S1600576715022396
62.  S. Gražulis, A. Merkys, A. Vaitkus, M. Okulič-Kazarinas, J. 

Appl. Crystallogr. 2015, 48, 85–91. 
 DOI:10.1107/S1600576714025904
63.  S. Gražulis, A. Daškevič, A. Merkys, D. Chateigner, L. Lut-

terotti, M. Quirós, N. R. Serebryanaya, P. Moeck, R. T. Downs, 

A. LeBail, Nucleic Acids Res. 2012, 40, D420–D427.
 DOI:10.1093/nar/gkr900
64.  S. Grazulis, D. Chateigner, R. T. Downs, A. T. Yokochi, M. 

Quiros, L. Lutterotti, E. Manakova, J. Butkus, P. Moeck, A. Le 
Bail, J. Appl. Crystallogr. 2009, 42, 726–729. 

 DOI:10.1107/S0021889809016690
65.  ICDD, PDF-2 2011 (Database), S. Kalakkodu (Еd.), New-

town Square: Int. Centre Diffraction Data, 2011.
66.  Match! - Phase Analysis using Powder Diffraction, Version 

3.x, Crystal Impact - Dr. H. Putz & Dr. K. Brandenburg GbR, 
Kreuzherrenstr. 102, 53227 Bonn, Germany, https://www.
crystalimpact.de/match.

67.   R. W. Kennard, L. A. Stone, Dent Tech. 1969, 11, 137–148.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License

Povzetek
Zaradi svoje prenosljivosti se tla pogosto uporabljajo kot dokazni material v kriminalnih preiskavah. V tej raziskavi smo 
odvzeli 172 vzorcev tal iz petih urbanih parkov v mestu Tetovo (Severna Makedonija) in iz dodatnih štirih podeželskih 
lokacij v njegovi bližini. Vzorce tal smo preiskali z uporabo X-žarkovne praškovne difrakcije. Zbrane difraktograme smo 
uporabili za razvoj klasifikacijskih modelov za določitev njihovega izvora, ki temeljijo na nadzorovanih samoorgan-
iziranih mapah. Preiskava generalizacijske sposobnosti razvitih modelov je pokazala, da so bili zmožni pravilno klasifici-
rati med 95,6 in 97,8 % vzorcev iz neodvisnega testnega niza. Preučili smo tudi vpliv vremenskih in obdobnih sprememb 
na sestavo tal. Za ta namen smo tri leta po začetnem zbiranju vzorcev tal analizirali dodatnih 28 vzorcev iz različnih 
lokacij. Najboljši modeli, predstavljeni v tej raziskavi, so bili zmožni uspešno klasificirati 27 od teh dodatnih vzorcev.

https://doi.org/10.1107/S0021889809016690
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Abstract
Synthesizing hybrid molecules is one of the best manners to achieve novel promising agents. Consequently, series of new 
thiazoles having coumarin nucleus were synthesized from 3-acetylcoumarin thiosemicarbazones. Cyclization of thio-
semicarbazone derivatives with ethyl 2-chloroacetate, 1-chloropropan-2-one and 2-bromo-1-phenylethanone afforded 
the corresponding 4-thiazolidinones, 4-methylthiazoles and 4-phenylthiazoles, respectively. The expected antimicrobial 
proprieties for the synthesized thiosemicarbazone and thiazole derivatives were investigated. The thiosemicarbazones 
and thiazolidin-4-ones showed moderate activities against Gram-positive and Gram-negative bacteria.

Keywords: Thiazoles; Coumarin; Benzopyrone; Chromenes; Thiosemicarbazones; Antibacterial and antifungal activities.

1. Introduction
Most of microbial infections are the reason of serious 

diseases. The microbial resistance against the well known 
antimicrobial drugs is the most common antimicrobial 
medication problem. The infections with resistant organ-
isms cannot be treated by using common antibiotic drugs. 
One of the strategies that was exercised to overcome this 
problem is design of novel pharmacophores. So, recently 
the main tasks of medicinal chemists are creation of novel 
antimicrobial drugs against novel molecular targets. To get 
powerful synergistic effect, researches were directed to 
combine different pharmacophores in one structure.1–4

Coumarin is family of benzopyrones and it is fre-
quently found in nature. Coumarin is considered to be one 
of significant members of the family of benzopyrone scaf-
folds. So, the design and synthesis of coumarins are an at-
tractive developing topic for medicinal chemists. Due to 
the versatility of the coumarin moiety, it is an amazing ma-
terial suitable for many applications. Coumarins have been 
reported as anticoagulant, antioxidant, antimicrobial, anti-
cancer, anti-diabetic, analgesic, antineurodegenerative, 
and anti-inflammatory agents.5–11 Coumarin and its deriv-

atives are used in several anticoagulants, including warfa-
rin, acenocoumarin, phenprocoumon, choleraicin A, 
hymecromone (umbelliferone) and the antibiotic novobi-
ocin.12 On the other hand, coumarins have a wide range of 
applications such as perfumes, cosmetics, industrial addi-
tives and aroma enhancers in tobaccos and certain alco-
holic drinks.13–15 Coumarin-based ion receptors, fluores-
cent probes, and biological stains are a quickly growing 
area and have extensive applications to monitor timely 
enzyme activity, complex biological events, as well as accu-
rate pharmacological and pharmacokinetic properties in 
living cells.16

Thiazole is a privileged scaffold in medicinal chemis-
try; so, it has displayed crucial role in the medicinal chem-
istry research. Thiazole ring appears in many structures of 
natural compounds and some of the synthesized biologi-
cally active agents.1,17–20 Thiazole nucleus constitutes an 
interesting class of bioactive molecules where it exhibits 
broad spectra of biological activities such as anti-HIV,21 

antimicrobial,1 anticancer,22 hypnotic,23 anticonvulsant,17 
analgesic,24 and anti-inflammatory24 activities. Moreover, 
some of the derivatives of thiazole have been reported as 
potent antimicrobial drugs. Some examples of drugs con-
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taining thiazole scaffold that are approved for medical uses 
are penicillin and its analogous (Figure 1) that were the 
first successful antibiotic drugs. 

Figure 1. Design of new hybrids of coumarin and thiazole moieties 
as antimicrobial agents

Penicillins play critical roles in the therapy of the 
bacterial diseases.25 Some examples of thiazole-based 
drugs are ravuconazole (antifungal agent), ritonavir (an-
ti-HIV), tiazofurin (antineoplastic agent), dasatinib (anti-
neoplastic agent), nitazoxanide (antiparasitic agent), thia-
methoxam (insecticide), fentiazac (anti-inflammatory 
agent), fanetizole (anti-inflammatory agent), meloxicam 
(anti-inflammatory agent) and nizatidine (antiulcer 
agent).26

The design of our structures was depended on the 
validation of coumarins and some of their analogues as 
drugs. Many studies reported the potency of many thi-
azole containing compounds. In this direction, previously, 
we synthesized quinoline derivatives having a thiazole 
moiety. The thiazole derivative had a potent antimicrobial 
activity toward eight of the tested strains including 
Gram-positive and Gram-negative bacteria and fungi.1 

Moreover, heterocyclic compounds have been re-
ported as a significant class of organic molecules where 
they are the main scaffolds for the variety of bioactive 
compounds.27,28 So, depending on our experience in the 
synthesis of the thaizole derivatives,29 we aim to synthesize 
series of coumarins bearing thiazole nucleus. Thus, the de-

rivatives of thiosemicarbazone will be subjected to ring 
closure by ethyl chloroacetate, chloroacetone and phena-
cyl bromide in the hope of obtaining potent antimicrobial 
thiazole derivatives. 

2. Results and Discussion
Coumarins are usually synthesized from salicylalde-

hyde derivatives via tandem condensation Knoevenagel 
reaction with ester derivatives containing active methyl-
ene group in the presence of basic medium to give inter-
mediates that are subjected to intramolecular cyclization.8 
Thus, 3-acetylcoumarin (1) was prepared in good yield by 
using a reported procedure with some modification14 by 
treating salicyladehyde with ethyl acetoacetate in ethanol 
containing piperidine as the catalyst. The 3-acetylcou-
marin thiosemicarbazones 2a–e were prepared as illustrat-
ed in Scheme 1.

Thiosemicarbazones of 3-acetylcoumarin were pre-
pared through the condensation reactions between 3-ace-
tylcoumarin (1) and some selected thiosemicarbazides in 
ethanol containing catalytic amount of acetic acid under 
reflux. IR spectrum of thiosemicarbazone 2a, as an exam-
ple of the formed thiosemicarbazones 2a–e, displayed 
bands at: 3326, 3365, 3312 cm–1 for NH groups, and a 
band at 1708 cm–1 for the carbonyl group. Its 1H NMR 
spectrum displayed two diagnostic aliphatic signals for 
two methyl groups at δ 2.26 (CH3-C=N) and 3.03 ppm 
(NHCH3). Beside the characteristic signal at δ 8.36 for 
proton at C-4 of chromene, the other protons of chromene 
ring appeared as two doublet signals (C8-H at 7.43 and 
C5-H at 7.79 ppm) and two triplet signals (C6-H at 7.40 
and C7-H at 7.65 ppm). Two signals for NH groups at δ 
8.50 (NHCH3) and 10.44 ppm (N-NH-CS) were dis-
played. 13C NMR spectrum of compound 2a showed two 
diagnostic signals in the aliphatic region at δ 16.34 and 
31.41 ppm for two methyl groups. The signals resonating 
in the deshielded region at 153.68, 159.74 and 179.10 ppm 
were assigned to the carbons of C=N, C=O and C=S, re-
spectively.

Scheme 1. Synthesis of the 3-acetylcoumarin thiosemicarbazones 2a–e
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Thiosemicarbazone derivatives 2a–e were subjected 
to cyclize with three various halo compounds. The thio-
semicarbazones 2a–e reacted with ethyl chloroacetate in 
tetrahydrofuran under reflux condition resulted in the for-
mation of the 4-thiazolidone derivatives 3a–e in high 
yields as shown in Scheme 2. The formation of 4-thiazoli-
dones 3a–e initially takes place via S-alkylation of the thi-
osemicarbazones to obtain the intermediate A, then intra-
molecular cyclization occurred through the elimination of 
ethanol. In IR spectrum of 4-thiazolidone 3a, a diagnostic 
band at 1712 cm–1 for carbonyl group was observed. Its 1H 
NMR spectrum revealed three characteristic aliphatic sig-
nals for two methyl groups and CH2-thiazole at δ 2.37, 
3.21 and 3.96 ppm, respectively. The chromene protons 
were assigned at 7.40 (triplet, C6-H), 7.46 (doublet, C8-H), 
7.68 (triplet, C7-H), 7.88 (doublet, C5-H), and 8.21 ppm 
(singlet, C4-H). Under the same reaction conditions, cy-
clocondensation of thiosemicarbazone derivatives 2a–e 
with 1-chloropropan-2-one furnished the corresponding 
4-methylthiazole derivatives 4a–e. The formation of 
4-methylthiazoles 4a–e was carried out through S-alkyla-
tion of thiosemicarbazones to obtain intermediate B, then 
intramolecular cyclization occurred through the elimina-

tion of a molecule of water. IR spectrum of 4a exhibited a 
diagnostic band at 1716 cm–1 for carbonyl group. Its 1H 
NMR spectrum exhibited two diagnostic aliphatic singlet 
signals for methyl protons at δ 2.17 (CH3-thiazole) and 
2.32 ppm (s, 3H, CH3-C=N). The characteristic H-5 pro-
ton of thiazole was found at δ 6.09 ppm. The diagnostic 
C4-H of chromene appeared at δ 8.11 ppm.

Moreover, similarly to the above mentioned condi-
tion, ring closing of thiosemicarbazones 2a–e by 2-bro-
mo-1-phenylethanone (phenacyl bromide) furnished the 
corresponding 4-phenylthiazole derivatives 5a–e. Also, 
the formation of 4-phenylthiazoles 5a–e was carried out 
through S-alkylation of thiosemicarbazones to obtain in-
termediate C, then intramolecular cyclization occurred 
through the elimination of a molecule of water. IR spec-
trum of 5a exhibited diagnostic absorption band for car-
bonyl group at 1710 cm–1. 1H NMR spectrum of 5a dis-
played two diagnostic signals for two methyl group at δ 
2.35 (CH3-C=N), 3.36 ppm (NCH3). The proton of 
CH-thiazole was displayed at δ 6.448 ppm. The protons of 
chromene ring were displayed at 7.38 (C6-H), 7.44 (C8-H), 
7.63 (C7-H), 7.86 (C5-H), 8.15 ppm (C4-H), while the pro-
tons of phenyl ring were displayed at 7.53 ppm. Its 13C 

Scheme 2. Syntheses of 4-thiazolidinone derivatives 3a–e, 4-methyl-2,3-dihydrothiazole derivatives 4a–e and 4-phenyl-2,3-dihydrothiazole deriva-
tives 5a–e. 
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NMR spectrum exhibited four diagnostic signals at δ 16.96 
and 33.98 ppm for two methyl carbons. Three signals were 
observed in the deshielded region at 153.63, 159.91 and 
170.44 ppm for carbons of 2 × C=N and C=O.

2. 1. Antibacterial and Antifungal Activities
For all new synthesized thiosemicarbazones 2a–e, 

4-thiazolidinones 3a–e, 4-methylthiazoles 4a–e and 
4-phenylthiazoles 5a–e were evaluated their antibacterial 
and antifungal properties. For the screening of antibacteri-
al activity, diffusion agar technique1 was applied at 5 mg/
mL concentration (50 μL was tested), well diameter 6.0 
mm. The obtained inhibition zone diameters are given in 
Table 1. The following three microbial categories were esti-
mated. Category 1: Gram-positive bacteria: Staphylococcus 
aureus (ATCC25923) and Bacillus subtilis (RCMB015 NR-
RL B-543). Category 2: Gram-negative bacteria: Escheri-
chia coli (ATCC25922) and Proteus vulgaris (RCMB004 
ATCC13315). Category 3: Fungi: Aspergillus fumigates 
(RCMB002008) and Candida albicans (RCMB005003 
ATCC10231).

Few compounds showed good effects towards some 
bacteria. All of the compounds gave no effects towards 
fungi. Definite interpretation will be clarified. The 3-ace-
tylcoumarin thiosemicarbazone derivatives 2a–e carried 
various substituents at terminal nitrogen atom. The pros-
perity of each substituent was estimated. Changing the 
substituent on nitrogen atom from methyl to ethyl to allyl 
to phenyl to 4-methoxyphenyl (2a / 2b / 2c / 2d / 2e) was 

used to estimate the variation between them. It was noted 
that there is a moderate variation in antimicrobial proper-
ty between the thiosemicarbazone derivatives; this sug-
gested that the main antimicrobial activity may be due to 
the presence of the coumarin and thiosemicarbazone scaf-
folds. All thiosemicarbazones 2a–e showed moderate ac-
tivity toward Gram-positive bacteria. Almost all of the 
thiosemicarbazones 2a–e displayed moderate activity to-
ward Gram-negative bacteria. Ring closure of thiosemi-
carbazones 2a–e with ethyl chloroacetate to give the 4-thi-
azolidinones 3a–e does not improve the antimicrobial 
activity. The thiazolidin-4-ones 3a–e gave nearly the same 
effects as thiosemicarbazone derivatives 2a–e toward the 
tested organisms. Ring closure of the thiosemicarbazone 
derivatives 2a–e with chloroacetone to give the 4-meth-
ylthiazoles 4a–e decreased the antimicrobial activity. The 
4-methylthiazoles 4a–e gave lesser effects than their thio-
semicarbazone derivatives 2a–e against the tested organ-
isms. Ring closure of the thiosemicarbazones 2a–e with 
phenacyl bromide to give the 4-phenylthiazoles 5a–e gave 
bad effects where the 4-phenylthiazoles 5a–e gave no ef-
fects towards all the tested organisms.

3. Conclusion
To investigate new antimicrobial drugs, five 3-acetyl-

coumarin thiosemicarbazones 2a–e, five 4-thiazolidinones 
3a–e, five 4-methylthiazoles 4a–e and five 4-phenylthi-
azoles 5a–e were efficiently synthesized. The antibacterial 

Table 1. The mean inhibition zones measured for the pathogenic microorganisms (in mm)

Compd. . Gram-positive bacteria Gram-negative bacteria Fungi 
No S. aureus B. subtilis  E. coli P. vulgaris  A. fumigatus C. albicans

2a 11 22  NA 12  NA NA
2b 13 20  NA 13  NA NA
2c 15 21  13 15  NA NA
2d 13 15  11 14  NA NA
2e 14 17  12 13  NA NA
3a 10 9  11 10  NA NA
3b 11 12  13 12  NA NA
3c 13 13  10 13  NA NA
3d 14 18  11 15  NA NA
3e 15 17  9 12  NA NA
4a 10 NA  NA NA  NA NA
4b 9 10  NA NA  NA NA
4c 11 15  NA 12  NA NA
4d 10 17  NA 13  NA NA
4e 12 NA  11 NA  NA NA
5a NA NA  10 NA  NA NA
5b NA NA  NA NA  NA NA
5c NA NA  NA NA  NA NA
5d NA NA  NA NA  NA NA
5e NA NA  NA NA  NA NA
Gentamycin 24 26  30 25  — —
Ketoconazole — —  — —  17 20
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and antifungal properties were investigated. Few thiosem-
icarbazone and thiazole derivatives gave good activity 
against some microorganisms. The thiosemicarbazones 
2a–e and thiazolidin-4-ones 3a–e showed moderate effect 
toward Gram-negative and Gram-positive bacteria. The 
4-phenylthiazoles 5a–e gave no effects towards all the test-
ed organisms. None of the derivatives gave any effect to-
ward fungi.

3. 1. Experimental Section
NMR spectra were recorded on Bruker spectrometer 

(1H NMR at 400 MHz and 13C NMR at 101 MHz) in deu-
terated dimethylsulfoxide (DMSO-d6) with chemical shift 
in δ from internal standard TMS. Elemental analyses were 
determined on EuroVector apparatus C, H, N analyzer 
EA3000 Series.

3. 2.  Preparation of 3-Acetyl-2H-chromen-2-
one (1)
To a solution of salicylaldehyde (10 mmol, 1.22 g) in 

ethanol (20 mL), ethyl acetoacetate (12 mmol, 1.56 g) was 
added while stirring. After that, piperidine (catalytic 
amount) was added. The stirring was continued for 1 h at 
room temperature. The obtained solid product was 
formed. The pure precipitate was collected by filtration 
and washed with cold methanol. The obtained 3-acetyl-
coumarin (1) was used for further reactions without puri-
fication.

3. 3.  Synthesis of 3-Acetylcoumarin 
Thiosemicarbazone Derivatives 2a–e
A mixture of 3-acetylcoumarin 1 (0.01 mol, 1.88 g) 

and the selected thiosemicarbazide derivatives (0.01 mol) 
(namely: N-methylthiosemicarbazide (1.05 g), N-ethylthi-
osemicarbazide (1.19 g), N-allylthiosemicarbazide (1.31 
g), N-phenylthiosemicarbazide (1.67 g), or N-(4-methoxy-
phenyl)-thiosemicarbazide) (1.97 g) was heated in a mix-
ture of ethanol (60 mL) and acetic acid (3 mL) for 1 h un-
der reflux. The resultant precipitated products were 
collected by filtration and recrystallized from dioxane.

N-Methyl-2-(1-(2-oxo-2H-chromen-3-yl)ethylide-
ne)hydrazinecarbothioamide (2a). Yield 2.2 g (80%); 
m.p. 197–198 °C (m.p. lit. 192–194 °C30). IR: ν 3365, 3312 
(2×NH), 3033 (CH-Ar), 2934, 2989 (CH-aliph.), 1708 
(C=O), 1605 cm–1 (C=N); 1H NMR: δ 2.26 (s, 3H,  
CH3-C=N), 3.03 (d, 3H, J = 4.6 Hz, NHCH3), 7.40 (t, 1H, J 
= 7.5 Hz, C6-H of chromene), 7.43 (d, 1H, J = 8.2, C8-H of 
chromene), 7.65 (t, 1H, J = 7.8 Hz, C7-H of chromene), 
7.79 (dd, 1H, J = 7.7, 1.3 Hz, C5-H of chromene), 8.36 (s, 
1H, C4-H of chromene), 8.50 (d, 1H, J = 4.4 Hz, NHCH3), 
10.44 (s, 1H, N-NH-CS); 13C NMR: δ 16.34 (CH3), 31.41 
(CH3), 116.52 (C), 119.20 (C), 125.24 (C), 126.30 (CH), 

129.54 (CH), 132.87 (CH), 142.30 (CH), 146.11 (CH), 
153.68 (C=N), 159.74 (C=O), 179.10 (C=S); MS: m/z (%) 
275 (M+; 39.8). Anal. Calcd for C13H13N3O2S (275.33): C, 
56.71; H, 4.76; N, 15.26. Found: C, 56.66; H, 4.74; N, 15.30.

N-Ethyl-2-(1-(2-oxo-2H-chromen-3-yl)ethylide-
ne)hydrazinecarbothioamide (2b). Yield 2.457 g (85%); 
m.p. 206–208 °C (m.p. lit. 170–172 °C30; 293–295 °C31). 
IR: ν 3350, 3157 (2×NH), 2971, 2885 (CH-aliph.), 1722 
(C=O), 1607 cm–1 (C=N); 1H NMR: δ 1.15 (t, 3H, J = 7.1 
Hz, CH2CH3), 2.26 (s, 3H, CH3-C=N), 3.61 (q, 2H, J = 7.0 
Hz, CH2CH3), 7.30–7.51 (m, 2H, C6-H, C8-H of chromene), 
7.64 (t, 1H, J = 7.8 Hz, C7-H of chromene), 7.79 (dd, 1H, J 
= 7.7, 1.4 Hz, C5-H of chromene), 8.34 (s, 1H, C4-H of 
chromene), 8.51 (t, 1H, J = 5.8 Hz, NHCH2), 10.37 (s, 1H, 
N-NH-CS); 13C NMR: δ 13.96, 16.34, 31.41, 116.36, 
119.20, 125.24, 126.28, 129.59, 132.87, 142.30, 146.11, 
153.69, 159.74, 179.10; MS: m/z (%) 289 (M+; 71.4). Anal. 
Calcd for C14H15N3O2S (289.35): C, 58.11; H, 5.23; N, 
14.52. Found: C, 58.07; H, 5.21; N, 14.47.

N-Allyl-2-(1-(2-oxo-2H-chromen-3-yl)ethylidene)
hydrazinecarbothioamide (2c). Yield 2.559 g (85%); m.p. 
138–139 °C. IR: ν 3366, 3209 (NH), 2989 (CH-aliph.), 
1716, 1697, 1645 (C=O), 1619, 1606 cm–1 (C=N); 1H 
NMR: δ 2.28 (s, 3H, CH3-C=N), 4.24 (t, 2H, J = 5.6 Hz, 
NHCH2), 5.04–5.24 (m, 2H, CH2-olefinic), 5.87–5.89 (m, 
1H, CH-olefinic), 7.25–7.48 (m, 2H, C6-H, C8-H of 
chromene), 7.65 (t, 1H, J = 7.8 Hz, C7-H of chromene), 
7.80 (d, 1H, J = 7.7 Hz, C5-H of chromene), 8.36 (s, 1H, 
C4-H of chromene), 8.63 (t, 1H, J = 5.7 Hz, NHCH2), 10.51 
(s, 1H, N-NH-CS); 13C NMR: δ 16.50 (CH3), 46.35 (CH2), 
116.19 (=CH2), 116.43 (C), 119.26 (C), 125.21 (C), 126.42 
(CH), 129.56 (CH), 132.85 (CH), 135.17 (CH), 142.2 
(CH), 146.40 (CH), 153.77 (C=N), 159.51 (C=O), 178.85 
(C=S); MS: m/z (%) 301 (M+; 46.5). Anal. Calcd for 
C15H15N3O2S (301.36): C, 59.78; H, 5.02; N, 13.94. Found: 
C, 59.81; H, 5.03; N, 13.89.

2-(1-(2-Oxo-2H-chromen-3-yl)ethylide ne)-N-
phenylhydrazinecarbothioamide (2d). Yield 3.033 g 
(90%); m.p. 192–193 °C (m.p. lit. 183–185 °C31). IR: ν 
3219, 3178 (NH), 3113, 3048 (CH-Ar), 2887, 2292  
(CH-aliph.), 1707 (C=O), 1604, 1593 cm–1 (C=N); 1H 
NMR: δ 2.35 (s, 3H, CH3-C=N), 7.19 (t, 1H, J = 7.5 Hz, 
Ar-H), 7.33–7.62 (m, 6H, Ar-H), 7.66 (d, 1H, C7-H of 
chromene), 7.80 (d, 1H, C5-H of chromene), 8.50 (s, 1H, 
C4-H of chromene), 10.16 (s, 1H, NHPh), 10.85 (s, 1H, 
N-NH-CS); MS: m/z (%) 337 (M+; 51.4). Anal. Calcd for 
C18H15N3O2S (337.40): C, 64.08; H, 4.48; N, 12.45. Found: 
C, 64.08; H, 4.48; N, 12.45.

N-(4-Methoxyphenyl)-2-(1-(2-oxo-2H-chromen-
3-yl)ethylidene)hydrazinecarbothioamide (2e). Yield 
3.303 g (90%); m.p. 183–185 °C (m.p. lit. 285–287 °C31). 
IR: ν 3327, 3282 (NH), 3066 (CH-Ar), 2954, 2847  
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(CH-aliph.), 1721 cm–1 (C=O); 1H NMR: δ 2.34 (s, 3H, 
CH3-C=N), 3.76 (s, 3H, OCH3), 6.92 (d, 2H, J = 7.8 Hz, 
Ar-H), 7.21–7.50 (m, 4H, Ar-H), 7.65 (t, 1H, J = 7.8 Hz, 
C7-H of chromene), 7.78 (d, 1H, J = 6.7 Hz, C5-H of 
chromene), 8.50 (s, 1H, C4-H of chromene), 10.02 (s, 1H, 
NH-Ar-H), 10.75 (s, 1H, N-NH-CS); MS: m/z (%) 367 
(M+; 55.8). Anal. Calcd for C19H17N3O3S (367.42): C, 
62.11; H, 4.66; N, 11.44. Found: C, 62.07; H, 4.64; N, 11.38.

3. 4.  Synthesis of 4-Thiazolidinone Derivatives 
3a–e
To the mixture of 3-acetylcoumarin thiosemicarba-

zone derivatives 2a–e (3 mmol) and ethyl chloroacetate 
(0.61 g; 5 mmol) in 50 mL THF, freshly prepared fused 
sodium acetate (0.492 g; 6 mmol) was added. The reaction 
mixture was heated for 4 h under reflux condition and left 
to cool. The obtained solid products were filtrated and 
recrystallized from THF.

3-Methyl-2-((1-(2-oxo-2H-chromen-3-yl)ethyli-
dene)hydrazono)thiazolidin-4-one (3a). Yield 0.756 g 
(80%); m.p. 285–287 °C (m.p. lit. 280–282 °C30). IR: ν 1712 
cm–1 (C=O); 1H NMR: δ 2.37 (s, 3H, CH3-C=N), 3.21 (s, 
3H, NCH3), 3.96 (s, 2H, CH2-thiazole), 7.40 (t, 1H, J = 7.4 
Hz, C6-H of chromene), 7.46 (d, 1H, J = 8.3 Hz, C8-H of 
chromene), 7.68 (t, 1H, J = 7.1 Hz, C7-H of chromene), 
7.88 (d, 1H, J = 7.7 Hz, C5-H of chromene), 8.21 (s, 1H, 
C4-H of chromene); 13C NMR: δ 17.34, 27.65, 32.37, 
116.52, 119.25, 125.23, 126.86, 129.82, 133.13, 142.23, 
154.13, 159.45, 161.13, 164.11, 172.45; MS: m/z (%) 315 
(M+; 72.3). Anal. Calcd for C15H13N3O3S (315.35): C, 
57.13; H, 4.16; N, 13.33. Found: C, 57.08; H, 4.14; N, 13.26.

3-Ethyl-2-((1-(2-oxo-2H-chromen-3-yl)ethylide-
ne)hydrazono)thiazolidin-4-one (3b). Yield 0.839 g 
(85%); m.p. 220–222 °C (m.p. lit. 213–215 °C30). IR: ν 
2983, 2951 (CH-aliph.), 1714 (C=O), 1618, 1595 cm–1 
(C=N); 1H NMR: δ 1.22 (t, 3H, J = 7.0 Hz, CH2CH3), 2.36 
(s, 3H, CH3-C=N), 3.79 (q, 2H, J = 7.0 Hz, CH2CH3), 3.97 
(s, 2H, CH2-thiazole), 7.30–7.53 (m, 2H, C6-H,C8-H of 
chromene), 7.67 (t, 1H, J = 7.8 Hz, C7-H of chromene), 
7.87 (d, 1H, J = 7.7 Hz, C5-H of chromene), 8.22 (s, 1H, 
C4-H of chromene); 13C NMR: δ 12.65 (CH3), 17.34 (CH3), 
32.66 (CH2), 38.37 (CH2), 116.50 (C), 119.15 (C), 125.26 
(C), 126.86 (CH), 129.81 (CH), 133.13 (CH), 142.18 (CH), 
154.00 (CH), 159.44 (C=N), 161.13 (C=N), 163.99 (C=O), 
172.40 (C=O); MS: m/z (%) 329 (M+; 38.9). Anal. Calcd 
for C16H15N3O3S (329.37): C, 58.34; H, 4.59; N, 12.76. 
Found: C, 58.29; H, 4.60; N, 12.81.

3-Allyl-2-((1-(2-oxo-2H-chromen-3-yl)ethylide-
ne)hydrazono)thiazolidin-4-one (3c). Yield 0.767 g 
(75%); m.p. 215–217 °C. IR: ν 1710 cm–1 (C=O); 1H NMR: 
δ 2.31 (s, 3H, CH3-C=N), 4.57 (m, 2H, NCH2), 5.17–5.19 
(m, 2H, CH2-olefinic), 5.88–6.05 (m, 1H, CH-olefinic), 

3.96 (s, 2H, CH2-thiazole), 7.30–7.50 (m, 2H, C6-H, C8-H 
of chromene), 7.66 (t, 1H, J = 7.8 Hz, C7-H of chromene), 
7.88 (d, 1H, J = 7.7 Hz, C5-H of chromene), 8.22 (s, 1H, 
C4-H of chromene); MS: m/z (%) 341 (M+; 46.5). Anal. 
Calcd for C17H15N3O3S (341.38): C, 59.81; H, 4.43; N, 
12.31. Found: C, 59.78; H, 4.41; N, 12.26.

2-((1-(2-Oxo-2H-chromen-3-yl)ethylidene)hydra-
zono)-3-phenylthiazolidin-4-one (3d). Yield 0.905 g 
(80%); m.p. 175–177 °C. IR: ν 2927 (CH-aliph.), 1711 
(C=O), 1589 cm–1 (C=N); 1H NMR: δ 2.13 (s, 3H,  
CH3-C=N), 4.07 (s, 2H, CH2-thiazole), 7.36–7.50 (m, 7H, 
Ar-H, C6-H of chromene and C8-H of chromene), 7.67 (t, 
1H, J = 7.8 Hz, C7-H of chromene), 7.87 (d, 1H, J = 7.8 Hz, 
C5-H of chromene), 8.20 (s, 1H, C4-H of chromene); MS: 
m/z (%) 377 (M+; 41.6). Anal. Calcd for C20H15N3O3S 
(377.42): C, 63.65; H, 4.01; N, 11.13. Found: C, 63.58; H, 
3.99; N, 11.20.

3-(4-Methoxyphenyl)-2-((1-(2-oxo-2H-chromen-
3-yl)ethylidene)hydrazono)thiazolidin-4-one (3e). Yield 
1.038 g (85%); m.p. 254–256 °C. IR: ν 2998 (CH-aliph.), 
1726 cm–1 (C=O); 1H NMR: δ 2.12 (s, 3H, CH3-C=N), 
3.82 (s, 3H, OCH3), 4.08 (s, 2H, CH2-thiazole), 7.07 (d, J = 
8.9 Hz, 2H, Ar-H, AB), 7.33 (d, 2H, J = 8.9 Hz, Ar-H, AB), 
7.40–7.44 (m, 2H, C6-H, C8-H of chromene), 7.67 (t, 1H, J 
= 7.8 Hz, C7-H of chromene), 7.87 (d, 1H, J = 7.8 Hz, C5-H 
of chromene), 8.20 (s, 1H, C4-H of chromene); MS: m/z 
(%) 407 (M+; 54.0). Anal. Calcd for C21H17N3O4S (407.44): 
C, 61.90; H, 4.21; N, 10.31. Found: C, 61.94; H, 4.19; N, 
10.26.

3. 5.  Synthesis of 4-Methyl-2,3-
dihydrothiazole Derivatives 4a–e
To the mixture of 3-acetylcoumarin thiosemicarba-

zone derivatives 2a–e (3 mmol) and chloroacetone (0.46 g; 
5 mmol) in 50 mL THF, fused sodium acetate (0.492 g; 6 
mmol) was added. The reaction mixture was heated for 6 h 
under reflux condition then the solution was concentrated 
and left to cool. The obtained products were filtrated and 
recrystallized from ethanol.

3-(1-((3,4-Dimethylthiazol-2(3H)-ylidene)hydra-
zono)ethyl)-2H-chromen-2-one (4a). Yield 0.563 g 
(60%); m.p. 156–157 °C (m.p. lit. 210–212 °C30). IR: ν 1716 
(C=O), 1603 cm–1 (C=N); 1H NMR: δ 2.16 (s, 3H, CH3), 
2.32 (s, 3H, CH3), 2.40 (s, 3H, CH3), 6.09 (s, 1H, thi-
azole-H), 7.23–7.53 (m, 2H, C6-H, C8-H of chromene), 
7.62 (t, 1H, J = 7.2 Hz, C7-H of chromene), 7.83 (d, 1H, J = 
7.0 Hz, C5-H of chromene), 8.11 (s, 1H, C4-H of chromene); 
13C NMR: δ 14.96, 16.14, 33.93, 100.57, 116.33, 119.39, 
125.21, 127.50, 130.83, 132.51, 140.63, 141.05, 153.29, 
153.64, 159.91, 170.44; MS: m/z (%) 313 (M+; 42.4). Anal. 
Calcd for C16H15N3O2S (313.37): C, 61.32; H, 4.82; N, 
13.41. Found: C, 61.28; H, 4.80; N, 13.36.
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3-(1-((3-Ethyl-4-methylthiazol-2(3H)-ylidene)hy-
drazono)ethyl)-2H-chromen-2-one (4b). Yield 0.638 g 
(65%); m.p. 133–135 °C (m.p. lit. 232–234 °C30). IR: ν 3276 
(CH-Ar), 2974 (CH-aliph.), 1726 (C=O), 1605 cm–1 
(C=N); 1H NMR: δ 1.26 (t, 3H, J = 6.9 Hz, CH2CH3), 2.18 
(s, 3H, CH3-thiazole), 2.31 (s, 3H, CH3-C=N), 3.84 (q, 2H, 
J = 7.0 Hz, CH2CH3), 6.05 (s, 1H, thiazole-H), 7.21–7.51 
(m, 2H, C6-H, C8-H of chromene), 7.61 (t, 1H, J = 7.2 Hz, 
C7-H of chromene), 7.82 (d, 1H, J = 7.0 Hz, C5-H of 
chromene), 8.12 (s, 1H, C4-H of chromene); 13C NMR: δ 
12.33, 14.96, 16.21, 38.78, 99.39, 116.36, 119.69, 125.20, 
127.56, 129.41, 130.83, 132.56, 140.62, 141.40, 153.62, 
160.99, 170.29; MS: m/z (%) 327 (M+; 63.2). Anal. Calcd 
for C17H17N3O2S (327.40): C, 62.36; H, 5.23; N, 12.83. 
Found: C, 62.42; H, 5.21; N, 12.79.

3-(1-((3-Allyl-4-methylthiazol-2(3H)-ylidene)hy-
drazono)ethyl)-2H-chromen-2-one (4c). Yield 0.661 g 
(65%); m.p. 115–117 °C. IR: ν 1726 cm–1 (C=O); 1H NMR: 
δ 2.14 (s, 3H, CH3-thiazole), 2.29 (s, 3H, CH3-C=N), 4.55 
(m, 2H, NCH2), 5.17–5.19 (m, 2H, CH2-olefinic), 5.88–
6.05 (m, 1H, CH-olefinic), 6.59 (s, 1H, thiazole-H), 7.37–
7.43 (m, 2H, C6-H, C8-H of chromene), 7.62 (t, 1H, J = 7.2 
Hz, C7-H of chromene), 7.83 (d, 1H, J = 7.8 Hz, C5-H of 
chromene), 8.13 (s, 1H, C4-H of chromene); 13C NMR: δ 
13.51, 16.96, 34.98, 100.55, 116.33, 119.39, 125.21, 129.06, 
129.31, 129.41, 129.67, 132.51, 140.63, 141.05, 153.29, 
153.64, 159.91, 170.44; MS: m/z (%) 339 (M+; 46.5). Anal. 
Calcd for C18H17N3O2S (339.41): C, 63.70; H, 5.05; N, 
12.38. Found: C, 63.66; H, 5.03; N, 12.42.

3-(1-((4-Methyl-3-phenylthiazol-2(3H)-ylidene)
hydrazono)ethyl)-2H-chromen-2-one (4d). Yield 0.788 g 
(70%); m.p. 198–200 °C. IR: ν 3106, 3069 (CH-Ar), 2918 
(CH-aliph.), 1709 (C=O), 1600 cm–1 (C=N); 1H NMR: δ 
1.87 (s, 3H, CH3-thiazole), 2.05 (s, 3H, CH3-C=N), 6.25 (s, 
1H, thiazole-H), 7.36–7.50 (m, 5H, Ar-H), 7.54–7.58 (m, 
2H, C6-H, C8-H of chromene), 7.62 (t, 1H, C7-H of 
chromene), 7.84 (d, 1H, J = 7.7 Hz, C5-H of chromene), 
8.12 (s, 1H, C4-H of chromene); 13C NMR: δ 14.46, 16.96, 
100.57, 116.33, 119.39, 125.21, 128.13, 129.06 (2C), 129.31 
(2C), 129.41, 129.67, 130.43, 132.51, 140.63, 141.05, 
153.29, 153.64, 157.44, 170.44; MS: m/z (%) 375 (M+; 
45.7). Anal. Calcd for C21H17N3O2S (375.44): C, 67.18; H, 
4.56; N, 11.19. Found: C, 67.11; H, 4.55; N, 11.24.

3-(1-((3-(4-Methoxyphenyl)-4-methylthi-
azol-2(3H)-ylidene)hydrazono)ethyl)-2H-chromen-2-
one (4e). Yield 0.911 g (75%); m.p. 218–219 °C. IR: ν 2922 
(CH-aliph.), 1728 cm–1 (C=O); 1H NMR: δ 1.87 (s, 3H, 
CH3-thiazole), 2.07 (s, 3H, CH3-C=N), 3.83 (s, 3H, OCH3), 
6.22 (s, 1H, thiazole-H), 7.07 (d, 2H, J = 8.7 Hz, Ar-H, AB), 
7.34 (d, 2H, J = 8.6 Hz, Ar-H, AB), 7.37–7.42 (m, 2H, 
C6-H, C8-H of chromene), 7.62 (t, 1H, C7-H of chromene), 
7.82 (d, 1H, J = 7.7 Hz, C5-H of chromene), 8.11 (s, 1H, 
C4-H of chromene); MS: m/z (%) 405 (M+; 36.5). Anal. 

Calcd for C22H19N3O3S (405.47): C, 65.17; H, 4.72; N, 
10.36. Found: C, 65.24; H, 4.73; N, 10.26.

3. 6.  Synthesis of 4-Phenylthiazole Derivatives 
5a–e
To the mixture of 3-acetylcoumarin thiosemicarba-

zone derivatives 2a–e (3 mmol) and phenacyl bromide 
(0.995 g; 5 mmol) in 50 mL THF, fused sodium acetate 
(0.492 g; 6 mmol) was added. The reaction mixture was 
heated for 5 h under reflux condition and left to cool. The 
obtained solid products were filtrated and recrystallized 
from dioxane.

3-(1-((3-Methyl-4-phenylthiazol-2(3H)-ylidene)
hydrazono)ethyl)-2H-chromen-2-one (5a). Yield 0.9 g 
(80%); m.p. 165–167 °C (m.p. lit. 161–163 °C30). IR: ν 3086 
(CH-Ar), 2946, 2906 (CH-aliph.), 1710 cm–1 (C=O); 1H 
NMR: δ 2.35 (s, 3H, CH3-C=N), 3.36 (s, 3H, NCH3), 6.44 
(s, 1H, thiazole-H), 7.38 (t, 1H, J = 7.5 Hz, C6-H of 
chromene), 7.44 (d, 1H, J = 8.3 Hz, C8-H of chromene), 
7.53 (m, 5H, Ph-H), 7.63 (t, 1H, J = 7.8 Hz, C7-H of 
chromene), 7.86 (d, 1H, J = 7.7 Hz, C5-H of chromene), 
8.15 (s, 1H, C4-H of chromene); 13C NMR: δ 16.96 (CH3), 
33.98 (CH3), 100.56 (C), 116.33 (C), 119.39 (C), 125.20 
(C), 127.49 (C), 129.06 (2CH), 129.31 (2CH), 129.42 (CH), 
129.67 (CH), 130.82 (CH), 132.51 (CH), 140.63 (CH), 
141.05 (CH), 153.28 (CH), 153.63 (C=N), 159.91 (C=N), 
170.44 (C=O); MS: m/z (%) 375 (M+; 38.3). Anal. Calcd 
for C21H17N3O2S (375.44): C, 67.18; H, 4.56; N, 11.19. 
Found: C, 67.23; H, 4.55; N, 11.23.

3-(1-((3-Ethyl-4-phenylthiazol-2(3H)-ylidene)hy-
drazono)ethyl)-2H-chromen-2-one (5b). Yield 0.875 g 
(75%); m.p. 176–178 °C (m.p. lit. 158–160 °C30). IR: ν 
3099, 3055 (CH-Ar), 2971, 2936 (CH-aliph.), 1717 (C=O), 
1690 cm–1 (C=N); 1H NMR: δ 1.16 (t, 3H, J = 7.0 Hz, 
CH2CH3), 2.35 (s, 3H, CH3-C=N), 3.84 (q, 2H, J = 7.0 Hz, 
CH2CH3), 6.39 (s, 1H, thiazole-H), 7.38 (t, 1H, J = 7.5 Hz, 
C6-H of chromene), 7.44 (d, 1H, J = 8.3 Hz, C8-H of 
chromene), 7.48–7.53 (m, 5H, Ph-H), 7.66 (t, 1H, J = 7.8 
Hz, C7-H of chromene), 7.85 (dd, 1H, J = 7.7, 1.2 Hz, C5-H 
of chromene), 8.16 (s, 1H, Ar-H at C4-H of chromene); 
MS: m/z (%) 389 (M+; 58.1). Anal. Calcd for C22H19N3O2S 
(389.47): C, 67.84; H, 4.92; N, 10.79. Found: C, 67.81; H, 
4.94; N, 10.83.

3-(1-((3-Allyl-4-phenylthiazol-2(3H)-ylidene)hy-
drazono)ethyl)-2H-chromen-2-one (5c). Yield 0.962 g 
(80%); m.p. 168–170 °C. IR: ν 1718 cm–1 (C=O); 1H NMR: 
δ 2.31 (s, 3H, CH3-C=N), 4.45 (d, 2H, J = 4.7 Hz, NCH2), 
4.94 (dd, 1H, J = 17.3, 1.4 Hz, CH-olefinic), 5.14 (dd, 1H, J 
= 10.5, 1.3 Hz, CH-olefinic), 5.80–5.89 (m, 1H, CH-olefin-
ic), 6.44 (s, 1H, thiazole-H), 7.40 (t, 1H, J = 7.6 Hz, C6-H of 
chromene), 7.45 (d, 1H, J = 8.4 Hz, C8-H of chromene), 
7.48–7.53 (m, 5H, Ph-H), 7.64 (t, 1H, J = 7.8 Hz, C7-H of 
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chromene), 7.86 (dd, 1H, J = 7.7, 1.2 Hz, C5-H of 
chromene), 8.17 (s, 1H, Ar-H at C4-H of chromene); MS: 
m/z (%) 401 (M+; 46.5). Anal. Calcd for C23H19N3O2S 
(401.48): C, 68.81; H, 4.77; N, 10.47. Found: C, 68.78; H, 
4.75; N, 10.44.

3-(1-((3,4-Diphenylthiazol-2(3H)-ylidene)hydra-
zono)ethyl)-2H-chromen-2-one (5d). Yield 1.049 g 
(80%); m.p. 210–212 °C. IR: ν 1732 (C=O), 1600, 1589 
cm–1 (C=N); 1H NMR: δ 2.14 (s, 3H, CH3-C=N), 6.67 (s, 
1H, thiazole-H), 7.18 (m, 2H, Ar-H), 7.21–7.28 (m, 3H, 
Ar-H), 7.29 (m, 3H, Ar-H), 7.38 (m, 3H, Ar-H), 7.43 (d, 
1H, J = 8.3 Hz, C8-H of chromene), 7.66 (t, 1H, J = 7.8 Hz, 
C7-H of chromene), 7.85 (d, 1H, J = 7.7 Hz, C5-H of 
chromene), 8.15 (s, 1H, C4-H of chromene); MS: m/z (%) 
437 (M+; 53.3). Anal. Calcd for C26H19N3O2S (437.51): C, 
71.38; H, 4.38; N, 9.60. Found: C, 71.42; H, 4.36; N, 9.57.

3-(1-((3-(4-Methoxyphenyl)-4-phenylthiazol- 
2(3H)-ylidene)hydrazono)ethyl)-2H-chromen-2-one 
(5e). Yield a1.191 g (85%); m.p. 291–293 °C. IR: ν 3114, 
3068, 3009 (CH-Ar), 2942, 2841 (CH-aliph.), 1726 (C=O), 
1603 cm–1 (C=N); 1H NMR: δ 2.13 (s, 3H, CH3-C=N), 
3.85 (s, 3H, OCH3), 6.65 (s, 1H, thiazole-H), 7.15–7.40 (m, 
10H, Ar-H), 7.44 (d, 1H, J = 8.3 Hz, C8-H of chromene), 
7.67 (t, 1H, J = 7.8 Hz, C7-H of chromene), 7.84 (d, 1H, J = 
7.7 Hz, C5-H of chromene), 8.16 (s, 1H, C4-H of chromene); 
MS: m/z (%) 467 (M+; 63.0). Anal. Calcd for C27H21N3O3S 
(467.54): C, 69.36; H, 4.53; N, 8.99. Found: C, 69.28; H, 
4.51; N, 9.03.
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Povzetek
Priprava hibridnih molekul je eden izmed najboljših načinov izdelave novih biološko aktivnih spojin. Skladno s tem 
načelom smo iz tiosemikarbazonov 3-acetilkumarina pripravili serijo novih tiazolov, ki vsebujejo kumarinski fragment. 
S ciklizacijo tiosemikarbazonskih derivatov z etil 2-kloroacetatom, 1-kloropropan-2-onom in 2-bromo-1-feniletanon-
om smo pripravili ustrezne 4-tiazolidinone, 4-metiltiazole in 4-feniltiazole. Za vse pripravljene tiosemikarbazone in 
tiazole smo raziskali antimikrobne lastnosti. Tiosemikarbazoni in tiazolidin-4-oni so izkazali zmerne aktivnosti proti 
Gram-pozitivnim in Gram-negativnim bakterijam.

https://doi.org/10.1002/ardp.201500274
https://doi.org/10.1016/j.jaubas.2016.04.002
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Abstract
A dinuclear oxidovanadium(V) complex [V2O2L2(OMe)2] (1) was synthesized from N’-(2-hydroxy-5-methylben-
zylidene)-4-methylbenzohydrazide (H2L) and VO(acac)2 in MeOH. Reaction of complex 1 with 3-hydroxy-2-methyl-4-
pyrone (HL’) afforded a mononuclear oxidovanadium(V) complex [VOLL’] (2). The hydrazone and both complexes were 
characterized by IR, UV and 1H NMR spectroscopy, as well as X-ray single crystal determination. X-ray powder diffrac-
tion of the complexes was performed. The V atoms in the two complexes are in octahedral coordination. The molecules 
of complex 2 are linked through non-classical hydrogen bonds of type C–H∙∙∙O to form one-dimensional chains running 
along the a axis. The biological assay indicates that the complexes have good antimicrobial activities on the bacteria 
strains P. aeroginosa, S. aureus, B. subtilis and E. coli.

Keywords: Hydrazone; Oxidovanadium complex; X-Ray crystal structure; Antibacterial activity.

1. Introduction
Vanadium compounds have received considerable 

attention for their various biological properties like nor-
malizing the blood glucose levels and modeling haloper-
oxidases.1 Hydrazones are a special kind of Schiff bases, 
which possess the characteristic functional group CH=N–
NH–C(O). The compounds are well known for their facile 
synthesis and excellent coordinate capability to a number 
of metal ions. Hydrazones and metal complexes have been 
widely studied on their broadly biological applications.2 
Recently, we have reported the structures and biological 
activities of some vanadium complexes.3 The solvents such 
as MeOH and EtOH usually coordinate to the V atoms 
through neutral or deprotonated form as terminal lig-
ands.4 Interestingly, they can act as bridging ligands to 
form dinuclear complexes.5 When administered with bi-
dentate ligands, it can obtain vanadium complexes with 
mixed ligands.6 Maltol is used as food additive, flavor and 
fragrance. Maltol complexes of vanadium can regulate al-
kaline phosphatase activity and osteoblast-like cell 

growth.7 In this paper, a new dinuclear oxidovanadium(V) 
complex [V2O2L2(OMe)2] (1) and a new mononuclear ox-
idovanadium(V) complex [VOLL’] (2), where H2L is 
N’-(2-hydroxy-5-methylbenzylidene)-4-methylbenzohy-
drazide (Scheme 1), and HL’ is maltol, are presented.

Scheme 1. H2L

2. Experimental
2. 1. Materials and Measurements

5-Methylsalicylaldehyde, 4-methylbenzohy-
drazide and maltol were purchased from Sigma-Aldrich 
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and used as received. Solvents and other reagents were 
commercial obtained. Elemental analyses for C, H and 
N were performed with a Perkin-Elmer elemental ana-
lyzer. IR spectra were recorded on a Nicolet AVATAR 
360 spectrometer as KBr pellets. 1H NMR spectrum 
was carried out on a Bruker 500 MHz instrument. Pow-
der X-ray diffraction was performed with a Bruker D8 
Advance X-ray diffractometer using Cu Kα radiation 
(λ = 1.548 Å) generated at 40 kV and 40 mA. The pow-
der XRD spectra were recorded in a 2θ range of 2–50° 
using a 1D Lynxeye detector under ambient conditions. 
X-ray single crystal structures for the complexes were 
collected at 298(2) K using a Bruker D8 VENTURE 
PHOTON diffractometer with MoKα radiation (l = 
0.71073 Å).

2. 2. Synthesis of H2L
5-Methylsalicylaldehyde (1.0 mmol, 0.14 g) and 

4-methylbenzohydrazide (1.0 mmol, 0.15 g) were respec-
tively dissolved in 20 mL MeOH and mixed together. The 
mixture was reflux for 20 min give a colorless solution. 
The solvent was removed by distillation to obtain white 
solid, which was re-crystallized from MeOH to give 
colorless crystalline product. Yield: 0.24 g (89%). Analy-
sis: Found: C 71.45%, H 6.12%, N 10.53%. Calculated for 
C16H16N2O2: C 71.62%, H 6.01%, N 10.44%. IR data 
(KBr, cm–1): ν 3439 (m, OH), 3293 and 3205 (w, NH), 
1648 (s, C=O), 1617 (s, C=N). UV-Vis in MeOH (λ, nm 
(ε, L mol–1 cm–1)): 240 (23,750), 290 (32,022), 300 
(31,120), 333 (17,020), 396 (4,250). 1H NMR (d6-DMSO, 
ppm) δ 12.04 (s, 1H, OH), 11.09 (s, 1H, NH), 8.61 (s, 1H, 
CH=N), 7.88 (d, 2H, ArH), 7.36 (d, 3H, ArH), 7.14 (d, 
1H, ArH), 6.86 (d, 1H, ArH), 2.41 (s, 3H, CH3), 2.27 (s, 
3H, CH3).

2. 3. Synthesis of [V2O2L2(OMe)2] (1)
[VO(acac)2] (0.10 mmol, 26 mg) and H2L (0.10 mmol, 

27 mg) were respectively dissolved in MeOH (20 mL) and 
mixed together. The mixture was stirred at room tempera-
ture for 30 min to give a deep brown solution. The mixture 
was filtered and with the filtration allowed to slow evaporate 
for a week. Brown block like single crystals were formed. 
The crystals were isolated by filtration. Yield: 19 mg (53%). 
Analysis: Found: C 55.87%, H 4.78%, N 7.58. Calculated for 
C34H34N4O8V2: C 56.05%, H 4.70%, N 7.69%. IR data (KBr, 
cm–1): ν 1610 (s, C=N), 961 (V=O). UV-Vis in MeOH (λ, 
nm (ε, L mol–1 cm–1)): 227 (21,320), 268 (23,215), 325 
(15,630), 406 (4,655). Molar conductivity in MeOH at con-
centration of 10–4 mol L–1: 26 Ω–1 cm2 mol–1.

2. 4. Synthesis of [VOLL’] (2)
Maltol (0.20 mmol, 26 mg) was dissolved in MeOH 

(15 mL) and added dropwise to a 10 mL methanolic solu-

tion of complex 1 (0.10 mmol, 73 mg). The mixture was 
stirred at room temperature for 30 min to give a deep 
brown solution. The mixture was filtered and with the fil-
tration allowed to slow evaporate for a week. Brown 
block like single crystals were formed. The crystals were 
isolated by filtration. Yield: 43 mg (47%). Analysis: 
Found: C 57.78%, H 4.10%, N 6.19. Calculated for 
C22H19N2O6V: C 57.65%, H 4.18%, N 6.11%. IR data 
(KBr, cm–1): ν 1608 (s, C=N), 970 (V=O). UV-Vis in 
MeOH (λ, nm (ε, L mol–1 cm–1)): 221 (22,175), 273 
(28,190), 327 (14,370), 410 (3,575). Molar conductivity 
in MeOH at concentration of 10–4 mol L–1: 35 Ω–1 cm2 
mol–1.

2. 5. X-ray Crystallography
The collected data by the diffractometer were re-

duced with SAINT.8 Multi-scan absorption corrections 
were applied with SADABS.9 Structures of both com-
plexes were solved by direct method and refined by 
full-matrix least-squares method against F2 with SHELX-
TL.10 The non-hydrogen atoms were refined anisotropi-
cally, while the hydrogen atoms were placed in idealized 
positions and constrained to ride on their parent atoms. 
The crystallographic data are listed in Table 1. Coordi-
nate bond lengths and bond angles are summarized in 
Table 2.

Table 1. Crystallographic data and refinement parameters for the 
complexes

 1 2

Chemical formula C34H34N4O8V2 C22H19N2O6V
Mr 728.53 458.33
Crystal color, habit Brown, block Brown, block
Crystal system Monoclinic Monoclinic
Space group P21/n P21/c
Unit cell parameters  
a (Å) 8.7163(12) 14.319(2)
b (Å) 20.5798(16) 10.295(2)
c (Å) 9.5130(12) 14.335(2)
β (°) 105.194(2) 114.437(2)
V (Å3) 1646.8(3) 1923.9(5)
Z 2 4
Dcalc (g cm–3) 1.469 1.582
T (K) 298(2) 298(2)
μ (mm–1) 0.626 0.561
F(000) 752 944
Number of unique data 3049 3228
Number of observed data 1597 1395
  [I > 2σ(I)]
Number of parameters 220 283
Number of restraints 0 0
R1, wR2 [I > 2σ(I)] 0.0537, 0.0982 0.0762, 0.1867
R1, wR2 (all data) 0.1294, 0.1226 0.1491, 0.2323
Goodness of fit on F2 0.977 0.909
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Table 2. Selected bond distances (Å) and angles (°) for the complexes

1   

V1–O1 1.823(3) V1–O2 1.933(3)
V1–O3 1.581(3) V1–O4 1.827(3)
V1–N1 2.093(3) V1–O4A 2.373(3)
O3–V1–O1 101.18(14) O3–V1–O4 102.17(13)
O1–V1–O4 106.12(12) O3–V1–O2 99.38(13)
O1–V1–O2 151.25(12) O4–V1–O2 88.81(11)
O3–V1–N1 96.84(14) O1–V1–N1 83.55(13)
O4–V1–N1 156.35(13) O2–V1–N1 74.21(12)
O3–V1–O4A 176.23(12) O1–V1–O4A 81.37(11)
O4–V1–O4A 74.36(11) O2–V1–O4A 79.23(10)
N1–V1–O4A 86.18(11)  

2   

V1–O1 1.865(4) V1–O2 1.800(4)
V1–O3 1.531(4) V1–O4 2.207(4)
V1–O5 1.831(4) V1–N2 2.068(5)
O3–V1–O1 96.7(2) O3–V1–O5 99.8(2)
O1–V1–O5 95.6(2) O3–V1–O2 100.8(2)
O1–V1–O2 154.0(2) O5–V1–O2 100.0(2)
O3–V1–N2 99.4(2) O1–V1–N2 75.4(2)
O5–V1–N2 159.6(2) O2–V1–N2 83.0(2)
O3–V1–O4 175.9(2) O1–V1–O4 81.0(2)
O5–V1–O4 77.1(2) O2–V1–O4 82.5(2)
N2–V1–O4 83.4(2)  

Symmetry operation for A: 1 – x, 1 – y, 1 – z.

3. Results and Discussion
Complex 1 was synthesized by reaction [VO(acac)2] 

with H2L in MeOH (Scheme 2). Reaction of complex 1 with 
maltol afforded complex 2 (Scheme 2). Complex 2 can also 
be directly synthesized by reaction [VO(acac)2], H2L and 
maltol in MeOH. The VIV in [VO(acac)2] was oxidized to 
VV by oxygen in air during the reaction and crystallization. 
Molar conductivities of the complexes at the concentration 
of 10–4 mol L–1 are 26–35 Ω–1 cm2 mol–1, prove them as 
non-electrolytes.11 The experimental and simulated powder 
XRD patterns of the complexes are shown in Figures 1 and 
2, which confirm the purity of the bulk materials.

Scheme 2. The synthetic procedure for the two complexes

Figure 1. Experimental and simulated powder XRD patterns of 
complex 1.
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Figure 2. Experimental and simulated powder XRD patterns of 
complex 2.

3. 1.  Crystal Structure Description of 
[V2O2L2(OMe)2] (1)
Molecular structure of complex 1 is presented in Fig-

ure 3. The molecule possesses crystallographic inversion 
center symmetry. The two V atoms with a distance of 
3.363(2) Å are bridged by two methanolate ligands. The V 
atoms in the complex are in octahedral coordination, 
which are coordinated by the three donor atoms (N1, O1, 
O2) of the dianionic hydrazone ligand, two oxygens (O4 
and O4A) from two methanolate ligands, and one oxo ox-
ygen (O3). The methanolate O4 atom is coordinated trans 
to the oxo oxygen, which gives a long distance than V1–
O4. This is not unusual for the trans effect of oxo group.3–5 
The V1–O3 bond length of 1.581(3) Å is within normal 
values for reported oxidovanadium(V) complexes.4 The 
V–O and V–N bond lengths are comparable to the dinu-
clear vanadium complexes bridged by methanolate or eth-
anolate ligand.5 The angular distortion about V coordinate 
bonds in the octahedral geometry is due to the strain of 

the four- and five-membered chelate rings V1–O4–V1A–
O4A and V1–N1–N2–C8–O2 taken by the hydrazone li-
gand, with angles of 74.36(11)° and 74.21(12)°, respective-
ly. The bond angles in the octahedral coordination are 
74.36(11)–106.12(12)° for the perpendicular and 
151.25(12)–176.23(12)° for the diagonal angles, also show 
distortion about the octahedral geometry. The V atom dis-
placed out of the plane defined by O1, N1, O2 and O4 to-
ward the oxo group by 0.336(2) Å. The benzene rings C1–
C6 and C9–C14 form a dihedral angle of 5.9(3)°.

3. 2.  Crystal Structure Description of [VOLL’] 
(2)
Molecular structure of complex 2 is presented in Fig-

ure 4. The V atom in the complex is in octahedral coordi-
nation, which are coordinated by the three donor atoms 
(N1, O1, O2) of the dianionic hydrazone ligand, two do-
nor atoms (O4 and O5) of the maltolate ligand, and one 
oxo oxygen (O3). The carbonyl O4 atom is coordinated 
trans to the oxo oxygen, which gives a long distance than 
V1–O5. This is not unusual for the trans effect of oxo 
group.3–5 The V1–O3 bond length of 1.531(4) Å is compa-
rable to that of complex 1, and within normal values for 
reported oxidovanadium(V) complexes.5 The angular dis-
tortion about V coordinate bonds in the octahedral geom-
etry is due to the strain of the five-membered chelate rings 
V1–O4–C17–C18–O5 and V1–N2–N1–C8–O2 taken by 
the hydrazone and maltolate ligands, with angles of 
77.1(2)° and 75.4(2)°, respectively. The bond angles in the 
octahedral coordination are 75.4(2)–100.8(2)° for the per-
pendicular and 154.0(2)–175.9(2)° for the diagonal angles, 
also show distortion about the octahedral geometry. The V 
atom displaced out of the plane defined by O1, N1, O2 and 
O5 toward the oxo group by 0.303(2) Å. The benzene rings 
C1–C6 and C9–C14 form a dihedral angle of 3.2(3)°.

In the crystal structure of the complex, the vanadium 
complexes are linked through intermolecular C–H∙∙∙O hy-
drogen bonds (Table 3), to form one dimensional chains 
running along the a axis (Figure 5).

Figure 3. ORTEP plot of molecular structure of complex 1. Dis-
placement ellipsoids of non-hydrogen atoms are drawn at the 30% 
probability level.

Figure 4. ORTEP plot of molecular structure of complex 2. Dis-
placement ellipsoids of non-hydrogen atoms are drawn at the 30% 
probability level.
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3. 3. Infrared and UV-Vis Spectra
The spectrum of H2L showed vibrations which can 

be attributed to C=O, C=N, C–OH, and NH at 1648, 1617, 
1154, 3290 and 3205 cm–1, respectively.12 The bands at 961 
cm–1 for 1 and 961 cm–1 for 2 are assigned to the character-
istic vibration of V=O bond.13 In the spectra of the com-
plexes, the νC=O and νNH are absent, but new C–O stretches 
appeared at 1283 cm–1 (1) and 1257 cm–1 (2). This indi-
cates the presence of keto-imine tautomerization of the 
hydrazone ligand after complexation.12 The νC=N observed 
at 1617 cm–1 in the spectrum of H2L shifted to 1608–1610 
cm–1 for the complexes upon coordination to V ions.14

In the UV-Vis spectra of H2L and the complexes, the 
absorptions in the ranges 220–240 and 300–333 nm can be 
assigned as π→π* and n→π* transitions, respectively. The 
absorptions at 268 nm for 1 and 273 nm for 2 are due to 
LMCT of V=O, which is observed at 274 nm for [VO 
(acac)2].15

3. 4. Antibacterial Activity
The hydrazone H2L and the complexes were assayed 

for antibacterial activity against P. aeroginosa, S. aureus, B. 
subtilis and E. coli at 50 μg mL–1 using ethanol as solvent 
and control, and using tetracyclin as the standard drug. 
The minimum inhibitory concentrations (MICs) were de-
termined by broth micro-dilution method.16 The MIC val-
ues are listed in Table 4. The antibacterial activity was eval-
uated by measuring the zone of inhibition in mm. Ethanol 
has no antibacterial activity on the bacteria at the concen-
tration studied. The results indicate that H2L and the oxi-
dovanadium complexes have weak to strong activities 
against the microorganisms. The two complexes showed 
stronger activities than H2L. The least MIC value of 8 μg 

mL–1 was observed for the dinuclear complex 1 against E. 
coli. Complex 2 has good activities against S. aureus and E. 
coli, with the MIC values of 11 and 10 μg mL–1, respective-
ly. The present two complexes have better activity on B. 
subtilis and E. coli, while similar activity on S. aureus when 
compared to the vanadium(V) complexes with fluoro- and 
chloro-substituted benzohydrazone ligands.12

Table 4. Minimum inhibitory concentrations (MICs, μg mL–1) of 
the compounds

Compound P. aeroginosa S. aureus B. subtilis E. coli

H2L > 50 45 39 27
1 > 50 13 17 8
2 > 50 11 14 10

4. Supplementary Material
CCDC–2285223 (1) and 2285222 (2) contain the 

supplementary crystallographic data for this paper. These 
data can be obtained free of charge at http://www.ccdc.
cam.ac.uk/const/retrieving.html or from the Cambridge 
Crystallographic Data Centre (CCDC), 12 Union Road, 
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or 
e-mail: deposit@ccdc.cam.ac.uk.
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Povzetek
Dvojedrni oksidovanadijev(V) kompleks [V2O2L2(OMe)2] (1) smo sintetizirali iz N’-(2-hidroksi-5-metilbenzi-
liden)-4-metilbenzohidrazida in VO(acac)2 v MeOH. Pri reakciji kompleksa 1 s 3-hidroksi-2-metil-4-pironom (HL’) 
smo dobili enojedrni oksidovanadijev(V) kompleks [VOLL’] (2). Hidrazon in oba kompleksa smo okarakterizirali z 
IR, UV in 1H NMR spektroskopijo ter z rentgensko monokristalo analizo. Komplekse smo analizirali tudi z rentgensko 
praškovno difrakcijo. Vanadijevi atomi v obeh kompleksih so v oktaedrični koordinaciji. Molekule kompleksa 2 so pov-
ezane preko neklasičnih vodikovih vezi tipa C–H∙∙∙O in tvorijo enodimenzionalne verige vzdolž osi a. Biološka evalvacija 
kaže, da imajo kompleksi učinkovito protimikrobno delovanje na bakterije P. aeroginosa, S. aureus, B. subtilis in E. coli.
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Abstract
A mononuclear copper(II) complex [CuLa] (1), and three mononuclear nickel(II) complexes [NiLa] (2), [NiLa]·CH3OH 
(2·CH3OH) and [NiLb] (3), where La and Lb are the dianionic form of N,N’-bis(4-bromosalicylidene)-1,2-cyclohex-
anediamine (H2La) and N,N’-bis(4-fluorosalicylidene)-1,2-cyclohexanediamine (H2Lb), respectively, were prepared and 
structurally characterized by spectroscopy method and elemental analyses. The detailed structures were determined by 
X-ray single crystal diffraction. All the copper and nickel complexes are mononuclear compounds. The metal ions in the 
complexes are in square planar coordination, with the two phenolate oxygens and two imine nitrogens of the Schiff base 
ligands. The biological effect of the four complexes were assayed on the bacteria strains Staphylococcus aureus, Escheri-
chia coli and Candida albicans, which show that the substituent groups of the ligands and the metal ions can influence the 
antimicrobial activities. Complexes 1 and 3 have strong activity against Staphylococcus aureus and Escherichia coli, which 
are comparable to the reference drug tetracycline.

Keywords: Copper complex, Nickel complex, Schiff base, Crystal structure, Antimicrobial activity

1. Introduction
Schiff bases containing the functional group –C=N– 

have received much attention in the fields of inorganic 
chemistry because of their interesting biological and ver-
satile coordination modes to metal ions.1 Schiff bases have 
effective anti-cancer, anti-bacterial, anti-fungal, anti-con-
vulsant, and antioxidant activities.2 When coordinated to 
metal ions, the biological activities can be enhanced. A 
large number of Schiff base complexes have been reported 
to have remarkable biological activities like antifungal, an-
ti-proliferative, antibacterial and antitumor.3 Among the 
complexes of various types of Schiff bases, those with salen 
type Schiff bases have excellent antimicrobial activities.4 
Copper and nickel complexes have good antimicrobial po-
tential.5 Recent research indicated that the halide groups 
can severely increase the antimicrobial activities.6 Our re-
search group has reported some Schiff base complexes 
with antimicrobial properties.7 To explore new antimicro-
bial agents, herein we report four mononuclear copper(II) 
and nickel(II) complexes, [CuLa] (1), [NiLa] (2), [NiLa]· 

CH3OH (2·CH3OH) and [NiLb] (3), where La and Lb are 
the dianionic form of N,N’-bis(4-bromosali-
cylidene)-1,2-cyclohexanediamine (H2La) and N,N’-bis 
(4-fluorosalicylidene)-1,2-cyclohexanediamine (H2Lb; 
Scheme 1).

 Scheme 1. The Schiff base H2La (left) and H2Lb (right)

2. Experimental
2. 1. Material and Methods

4-Bromosalicylaldehyde, 4-fluorosalicylaldehyde 
and 1,2-diaminocyclohexane were obtained from Fluka. 
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The reagents and solvents with AR grade used in the ex-
periment were used as received. The Schiff bases H2La and 
H2Lb were synthesized with the method as described in 
literature.8 C, H and N elemental analyses were performed 
on a Perkin-Elmer 240B analyzer. Copper and nickel anal-
yses were carried out by EDTA titration method. IR and 
UV-Vis spectra were recorded on IR-408 Shimadzu 568 
and Lambda 900 spectrometers, respectively. Single crystal 
X-ray determination was done with a Bruker SMART 1000 
CCD diffractometer.

2. 2. Synthesis of [CuLa] (1)
H2L (0.48 g, 1.0 mmol) and copper chloride dihy-

drate (0.17 g, 1.0 mmol) were dissolved and mixed in 50 
mL EtOH. The reaction mixture was heated to reflux and 
stirred for 30 min. Brown and block like single crystals 
were formed at the bottom of the vessel by slow evapora-
tion in air for four days. Yield: 0.23 g (43%). Analysis Cal-
cd. for C20H18Br2CuN2O2 (%): C, 44.34; H, 3.35; N, 5.17; 
Cu, 11.73. Found (%): C, 44.22; H, 3.43; N, 5.05; Cu, 11.91. 
IR data (KBr, cm–1): 1626s, 1585s, 1523s, 1455w, 1417m, 
1383m, 1280w, 1191w, 1137m, 1092w, 1064m, 919m, 
853w, 790w, 624w, 607m, 517w, 510w, 445w. UV-Vis in 
MeOH (λ, ε): 232 nm, 2.53 × 103 L mol–1 cm–1; 248 nm, 
2.61 × 103 L mol–1 cm–1; 276 nm, 1.72 × 103 L mol–1 cm–1; 
355 nm, 6.72 × 102 L mol–1 cm–1.

2.2. Synthesis of [NiLa] (2)
According to the same method as described for the 

synthesis of complex 1, this complex was synthesized from 
H2La (0.48 g, 1.0 mmol) with nickel chloride hexahydrate 
(0.24 g, 1.0 mmol). The product was green single crystals. 
Yield: 0.29 g (54%). Analysis Calcd. for C20H18Br2N2NiO2 
(%): C, 44.74; H, 3.38; N, 5.22; Ni, 10.93. Found (%): C, 
44.57; H, 3.32; N, 5.30; Ni, 11.12. IR data (KBr, cm–1): 
1617s, 1585s, 1517m, 1455m, 1431m, 1385m, 1338w, 
1293w, 1245w, 1207w, 1132w, 1060w, 1037w, 1000w, 930m, 
917m, 857w, 780m, 633w, 601m, 525w, 458w. UV-Vis in 
MeOH (λ, ε): 250 nm, 2.46 × 103 L mol–1 cm–1; 260 nm, 
2.72 × 103 L mol–1 cm–1; 313 nm, 4.92 × 102 L mol–1 cm–1; 
405 nm, 3.32 × 102 L mol–1 cm–1.

2. 3. Synthesis of [NiLa]·CH3OH (2·CH3OH)
According to the same method as described for the 

synthesis of complex 2, this complex was synthesized from 
MeOH, instead of EtOH. The product was green single 
crystals. Yield: 0.22 g (39%). Analysis Calcd. for 
C21H22Br2N2NiO3 (%): C, 44.33; H, 3.90; N, 4.92; Ni, 10.32. 
Found (%): C, 44.41; H, 3.81; N, 4.84; Ni, 10.55. IR data 
(KBr, cm–1): 3455w, 1618s, 1586s, 1520m, 1477w, 1453w, 
1428m, 1383m, 1338w, 1295w, 1254w, 1213w, 1188m, 
1131w, 1064w, 1032w, 1002w, 917m, 865w, 733w, 598w, 
523w, 487w, 464w, 449w. UV-Vis in MeOH (λ, ε): 250 nm, 

2.38 × 103 L mol–1 cm–1; 260 nm, 2.88 × 103 L mol–1 cm–1; 
315 nm, 5.92 × 102 L mol–1 cm–1; 405 nm, 2.75 × 102 L 
mol–1 cm–1.

2. 4. Synthesis of [NiLb] (3)
According to the same method as described for the 

synthesis of complex 2, this complex was synthesized from 
H2Lb (0.36 g, 1.0 mmol), instead of H2La. The product was 
green single crystals. Yield: 0.28 g (67%). Analysis Calcd. 
for C20H18F2N2NiO2 (%): C, 57.87; H, 4.37; N, 6.75; Ni, 
14.14. Found (%): C, 57.63; H, 4.45; N, 6.82; Ni, 14.33. IR 
data (KBr, cm–1): 1628s, 1544s, 1479w, 1442m, 1388w, 
1312w, 1222m, 1150w, 1115m, 987w, 845w, 778w, 639w, 
609w, 526w, 466w, 438w. UV-Vis in MeOH (λ, ε): 240 nm, 
2.23 × 103 L mol–1 cm–1; 252 nm, 2.45 × 103 L mol–1 cm–1; 
302 nm, 4.25 × 102 L mol–1 cm–1; 390 nm, 2.87 × 102 L 
mol–1 cm–1.

2.5. X-Ray Diffraction
Single crystal X-ray data were measured with MoKα 

radiation (λ = 0.71073 Å) at 298(2) K using a Bruker 
SMART 1000 CCD diffractometer. The data were reduced 
with SAINT9 and corrected for absorption with SADABS.10 
Multi-scan absorption correction was performed with 
ψ-scans.11 Crystal structures of both complexes were 
solved with SHELXS-97 by direct method and refined by 
full-matrix least-squares technique on F2 using anisotrop-
ic displacement parameters.12 All hydrogens of the com-
plexes were placed at the calculated positions. Idealized H 
atoms were refined with isotropic displacement parame-
ters set to 1.2 (1.5 for O and methyl group) times the 
equivalent isotropic U values of the parent carbon atoms. 
The crystallographic data for the complexes are presented 
in Table 1.

Supplementary material has been deposited with the 
Cambridge Crystallographic Data Centre (nos. 2286356 
(1), 2286358 (2), 2286595 (3), 2286596 (4)); deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).

2. 6. Antimicrobial Assay
The assay of antimicrobial activity was performed 

with the disk diffusion method.13 The antibacterial activity 
was tested against E. coli, B. subtilis, S. aureus and P. fluo-
rescence using Mueller-Hinton (MH) medium. The mini-
mum inhibitory concentrations (MICs) of the assayed 
compounds were measured by a colorimetric method us-
ing the dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT). A stock solution of the as-
sayed compound at the concentration of 50 μg mL–1 in 
DMSO was prepared and quantities of the compound were 
incorporated in specified quantity of sterilized liquid MH 
medium. A specified quantity of the medium containing 
the compound was poured into micro-titration plates. A 

mailto:deposit@ccdc.cam.ac.uk 
mailto:deposit@ccdc.cam.ac.uk 
http://www.ccdc.cam.ac.uk
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suspension of the micro-organism was prepared to con-
tain 105 cfu·mL–1 and applied to micro-titration plates 
with serially diluted compounds in DMSO to be tested and 
incubated at 37 °C for 24 h. After the MICs visually deter-
mined on each micro-titration plate, 50 μL of PBS contain-
ing 2 mg MTT per milli-litre was added to each well. Incu-
bation was continued at room temperature for 4–5 hours. 
The content of each well was removed and 100 μL of iso-
propanol containing hydrochloric acid was added to ex-
tract the dye. After 12 hours of incubation at room tem-
perature, the optical density (OD) was measured with a 
micro-plate reader at 550 nm.

3. Results and Discussion
3. 1. Chemistry

The two isostructural Schiff bases were readily syn-
thesized from the reaction of 1:2 molar ratio of 1,2-diamin-
ocyclohexane with 4-bromosalicylaldehyde and 4-fluoro-
salicylaldehyde, respectively in MeOH. The four complexes 
were prepared by the reaction of 1:1 molar ratio of the 
Schiff bases with copper chloride and nickel chloride. 
Complexes 1, 2 and 3 were prepared with ethanol as sol-
vent, while complex 2·CH3OH was synthesized and crys-
tallized from methanol. When methanol was used for the 
synthesis and crystallization of complexes 1 and 3, the same 
structures can be obtained as those with ethanol. All the 
complexes are soluble in EtOH, MeOH, DMSO and DMF.

3. 2. IR and Electronic Spectra
In the infrared spectra of the complexes, the intense 

bands at 1617–1628 cm–1 can be assigned to νC=N.14 There 
is a weak and broad absorption centered at 3455 cm–1 in 
the spectrum of complex 2·CH3OH, while no such band in 
the spectrum of 2, indicates the presence of O‒H bond in 
2·CH3OH.

 The electronic spectra of the complexes were record-
ed in MeOH. The charge transfer bands at 230–250 nm 
and 260–280 nm can be assigned to π→π* and n→π* tran-
sitions of the Schiff base ligands. The bands at 350–410 nm 
can be assigned to the metal to ligand charge transfer 
(MLCT) transition.15

3. 3.  Crystal Structure Description of the 
Complexes
The bond lengths and bond angles related to the 

metal ions are given in Table 2. The Schiff bases La and Lb 
act as tetradentate ligands. Compound 1 is a mononuclear 
copper(II) complex with the bis-Schiff base ligand La (Fig. 
1). Compounds 2 and 3 are mononuclear nickel(II) com-
plexes with the bis-Schiff base ligand La (Figs. 2 and 3). The 
difference between the two structures is the presence of 
methanol solvent in 3, while absence for 2. Compound 3 is 
a mononuclear nickel(II) complex with the bis-Schiff base 
Lb (Fig. 4). The metal atoms in the complexes are coordi-
nated by two phenolate oxygens (O1 and O2), and two im-
ine nitrogen atoms (N1 and N2), forming square planar 

Table 1. Crystallographic data and experimental details for the complexes

 1 2 2·CH3OH 3

Molecular formula C20H18Br2CuN2O2 C20H18Br2N2NiO2 C21H22Br2N2NiO3 C20H18F2N2NiO2
Formula weight 541.72 536.89 568.94 415.07
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P21/n Pca21 P21/n P21/c
a, Å 11.2186(12) 13.7957(12) 12.0963(12) 12.0131(12)
b, Å 9.0649(11) 16.7158(13) 14.6857(10) 24.4839(15)
c, Å 19.7670(13) 8.6151(10) 12.8546(11) 12.6104(12)
α, ° 90 90 90 90
β, ° 105.379(1) 90 108.561(1) 107.583(1)
γ, ° 90 90 90 90
V, Å3 1938.2(3) 1986.7(3) 2164.7(3) 3535.8(5)
Z 4 4 4 8
ρcalcd, g cm–3 1.856 1.795 1.746 1.559
F(000) 1068 1064 1136 1712
Absorption coefficient, mm–1 5.268 5.016 4.612 1.135
Reflections collected 10047 10187 10617 20485
Independent reflections (Rint) 3608 (0.0409) 3538 (0.0631) 3942 (0.0627) 6565 (0.0803)
Reflections [I > 2σ(I)] 2469 2419 2029 3629
Data/parameters 3608/244 3538/244 3942/262 6565/487
Restraints 0 1 49 0
GooF on F2 1.039 1.048 0.996 1.013
R1, wR2 (I > 2σ(I)) 0.0414, 0.0814 0.0444, 0.0883 0.0748, 0.2021 0.0531, 0.1072
R1, wR2 (all data) 0.0754, 0.0926 0.0869, 0.1214 0.1424, 0.2449 0.1197, 0.1326
∆ρmax/∆ρmin, e/A3 0.727, –0.472 0.540, –0.332 1.059, –0.847 0.578, –0.416
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coordination. The metal atoms deviate from the least-
squares planes defined by the N2O2 donor atoms by 
0.028(2) Å (1), 0.015(2) Å (2), 0.008(2) Å (2·CH3OH), and 
0.001(2) Å for Ni1 and 0.007(2) Å for Ni2 (3). The dihedral 
angles between the C1-C6 and C15-C20 benzene rings are 
11.0(4)° for 1 and 2, 4.2(5)° for 2·CH3OH, and 7.2(4) and 
11.2(4)° for 3. The Cu−O and Cu−N bond distances of 
complex 1 are longer than those of the Ni−O and Ni−N 
bonds in complexes 2, 3 and 4. The bond lengths in the 
three nickel complexes are similar to each other. All the 
M−O and M−N bond distances are comparable to those 
observed in similar copper(II) and nickel(II) complexes 
with Schiff bases.12d,16

The molecules of complex 1 are linked through 
C‒H···O hydrogen bonds (Table 3) to form dimers, which 
are further linked through weak Br···O interactions to 
form two dimensional sheets parallel to the bc plane (Fig. 
5). The molecules of complex 2 are linked through C‒H···O 

hydrogen bonds (Table 3) to form one dimensional chains 
running along the c axis (Fig. 6). The molecules of complex 
2·CH3OH are linked through C‒H···O, O‒H···O and 
C‒H···Br hydrogen bonds (Table 3) to form two dimen-
sional planes parallel to the ab plane (Fig. 7). The mole-
cules of complex 3 are linked through C‒H···O hydrogen 
bonds (Table 3) to form dimmers (Fig. 8).

3. 4. Antimicrobial Activity
The MIC values of the antimicrobial assay are listed 

in Table 4. In general, all the copper and nickel complexes 
have higher activity against Staphylococcus aureus, Escher-
ichia coli and Candida albicans than the free Schiff bases 
H2La and H2Lb. This is caused by the greater lipophilic na-
ture of the complexes than the Schiff base ligands, which 
can be explained with the chelating theory.21 The 
fluoro-containing Schiff base H2Lb has better activities 

Fig. 1. Molecular structure of complex 1. Thermal ellipsoid is shown 
at the 30% probability level.

Fig. 3. Molecular structure of complex 2·CH3OH. Thermal ellipsoid 
is shown at the 30% probability level.

Fig. 2. Molecular structure of complex 2. Thermal ellipsoid is shown 
at the 30% probability level.

Fig. 4. Molecular structure of complex 3. Thermal ellipsoid is shown 
at the 30% probability level.
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against Staphylococcus aureus and Escherichia coli than the 
bromo-containing Schiff base H2La. The same pattern can 
be observed for the complexes 2 and 3. Complex 3 with the 
fluoro-containing Schiff base ligand has stronger antimi-
crobial activities than complex 2 with the bromo-contain-
ing Schiff base ligand. Interestingly, the copper complex 1 
has better activities than the nickel complex 2. Thus, the 
substituent groups of the ligands and the metal ions can 
influence the antimicrobial activities. The copper complex 
1 and the nickel complex 3 have strong activity against 
Staphylococcus aureus and Escherichia coli, and weak activ-

Fig. 5. Molecular packing structure of complex 1, viewed along the 
b axis. Hydrogen bonds are shown as dashed lines.

Fig. 8. Molecular packing structure of complex 3, viewed along the 
b axis. Hydrogen bonds are shown as dashed lines.

Fig. 6. Molecular packing structure of complex 2, viewed along the 
b axis. Hydrogen bonds are shown as dashed lines.

Fig. 7. Molecular packing structure of complex 2·CH3OH, viewed 
along the b axis. Hydrogen bonds are shown as dashed lines.

Table 2. Selected bond distances (Å) and angles (°) for the complex-
es 

1   

Cu1–O1 1.916(3) Cu1–O2 1.898(3)
Cu1–N1 1.934(4) Cu1–N2 1.957(4)
O2–Cu1–O1 89.81(14) O2–Cu1–N1 173.53(16)
O1–Cu1–N1 93.98(15) O2–Cu1–N2 93.20(15)
O1–Cu1–N2 170.86(16) N1–Cu1–N2 83.85(16)

2   

Ni1–O1 1.851(5) Ni1–O2 1.825(5)
Ni1–N1 1.855(7) Ni1–N2 1.838(6)
O2–Ni1–N2 95.7(3) O2–Ni1–O1 84.1(2)
N2–Ni1–O1 174.2(3) O2–Ni1–N1 175.8(3)
N2–Ni1–N1 86.0(3) O1–Ni1–N1 94.6(3)
2·CH3OH   
Ni1–O1 1.843(6) Ni1–O2 1.855(6)
Ni1–N1 1.821(8) Ni1–N2 1.841(8)
N1–Ni1–N2 86.2(3) N1–Ni1–O1 94.9(3)
N2–Ni1–O1 178.2(3) N1–Ni1–O2 177.2(4)
N2–Ni1–O2 95.3(3) O1–Ni1–O2 83.6(3)

3   

Ni1–O1 1.831(3) Ni1–O2 1.830(3)
Ni1–N1 1.856(4) Ni1–N2 1.843(4)
Ni2–O3 1.847(3) Ni2–O4 1.841(3)
Ni2–N3 1.829(4) Ni2–N4 1.846(4)
O2–Ni1–O1 84.69(14) O2–Ni1–N2 93.71(17)
O1–Ni1–N2 176.94(16) O2–Ni1–N1 178.60(15)
O1–Ni1–N1 94.95(17) N2–Ni1–N1 86.71(19)
N3–Ni2–O4 175.70(16) N3–Ni2–N4 85.81(16)
O4–Ni2–N4 95.12(15) N3–Ni2–O3 94.25(15)
O4–Ni2–O3 85.19(13) N4–Ni2–O3 174.91(15)
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ity against Candida albicans. The activities of both com-
plexes are comparable to the reference drug tetracycline. 
While for Candida albicans, all the three complexes have 
stronger activities than tetracycline.

Table 4. Antimicrobial activities with MIC values (μg mL–1)

Compound Staphylococcus Escherichia Candida
 aureus coli albicans

H2La 64 128 > 1024
H2Lb 32 32 > 1024
1 0.5 4.0 64
2 4.0 16 256
3 1.0 4.0 32
tetracycline 0.25 2.0 > 1024

4. Conclusion
Four new mononuclear copper(II) and nickel(II) 

complexes derived from the tetradentate Schiff base lig-
ands N,N’-bis(4-bromosalicylidene)-1,2-cyclohexanedi-
amine and N,N’-bis(4-fluorosalicylidene)-1,2-cyclohexan-
ediamine have been synthesized. All the complexes were 
characterized by physical-chemical methods. The detailed 
structures of the complexes were determined by X-ray sin-
gle crystal diffraction. All the metal ions in the complexes 
are in square planar geometry. The complexes show effec-
tive antibacterial activities on Staphylococcus aureus and 
Escherichia coli. The copper complex has the most activity 
against Staphylococcus aureus with MIC value of 0.5 μg 
mL–1.
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Povzetek
Sintetizirali smo enojedrni bakrov(II) kompleks [CuLa] (1) in tri enojedrne nikljeve(II) komplekse [NiLa] (2), 
[NiLa]·CH3OH (2·CH3OH) in [NiLb] (3), kjer sta La in Lb dianionski obliki N,N’-bis(4-bromosaliciliden)-1,2-ciklo-
heksandiamina (H2La) in N,N’-bis(4-fluorosaliciliden)-1,2-cikloheksandiamina (H2Lb). Spojine smo okarakterizirali s 
spektroskopskimi metodami, elementno analizo in rentgensko strukturno analizo. Bakrov in vsi nikljevi kompleksi so 
enojedrne spojine. Kovinski ioni v kompleksih so v kvadratno planarni koordinaciji z dvema fenolatnima kisikovima 
atomoma in dvema iminskima dušikovima atomoma Schiffovih ligandov. Biološki učinek štirih kompleksov je bil pre-
verjen na sevih bakterij Staphylococcus aureus, Escherichia coli in Candida albicans. Substituente na ligandu in kovinski 
ion vplivajo na protimikrobno delovanje. Kompleksa 1 in 3 imata močno aktivnost proti Staphylococcus aureus in Escher-
ichia coli, ki je primerljiva z referenčnim zdravilom tetraciklinom.
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Abstract
Four new fluoro-containing hydrazones were synthesized from 4-fluorobenzaldehyde with chloro- and nitro-substituted 
benzohydrazides. They are 3-chloro-N’-(4-fluorobenzylidene)benzohydrazide (1), 2-chloro-N’-(4-fluorobenzylidene)
benzohydrazide (2), N’-(4-fluorobenzylidene)-4-nitrobenzohydrazide (3), and N’-(4-fluorobenzylidene)-3-nitrobenzo-
hydrazide (4). The compounds have been characterized by IR and 1H NMR spectroscopy, as well as X-ray single crystal 
determination. Xanthine oxidase (XO) inhibitory activity indicated that the nitro substituted compounds 3 and 4 have 
effective activity. Docking simulation was performed to insert the compounds into the crystal structure of xanthine oxi-
dase at the active site to investigate the probable binding modes.

Keywords: Hydrazone; xanthine oxidase; inhibition; crystal structure; molecular docking study.

1. Introduction
Xanthine oxidase (XO; Enzyme Code 1.17.3.2) is a 

molybdenum hydroxylase, which catalyzes hypoxanthine 
and xanthine to form superoxide anions and uric acid. The 
superoxide anions are responsible for post ischaemic tissue 
injury and vascular permeability.1 Xanthine oxidase has 
many negative effects. It can oxidize the purine drug an-
tileukaemic 6-mercaptopurine to lose its pharmacological 
activity. Moreover, it can leads to hepatic and kidney dam-
age, atherosclerosis, chronic heart failure, hypertension and 
sickle-cell disease.2 Thus, it is necessary to control the activ-

ity of xanthine oxidase. Allopurinol is a well known XO 
inhibitor, which has been used as medicine to treat the 
gout.3 However, it has obvious side effects like toxicity, and 
inability to prevent the formation of free radicals by the en-
zyme.4 So, it is urgent to explore new xanthine oxidase in-
hibitors. To date, a large number of compounds like pyri-
midines and carboxylic acids,5 3-cyanoindoles and 
pyrimidinones,6 hydrozingerones,7 amides,8 pyrazoles,9 
thiobarbiturates,10 have been reported to have xanthine ox-
idase inhibitory activity. Schiff bases with C=N functional 
group have received much attention in the fields of biolog-
ical chemistry.11 Leigh has reported a few Schiff bases with 

Scheme 1. The hydrazone compounds.
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potential xanthine oxidase inhibitory activity.12 Hydra-
zones are a special kind of Schiff base which possess the 
functional group C=N-NH-C(O). These compounds have 
interesting biological activities.13 Moreover, the electronic 
withdrawing groups like F, Cl and NO2 can improve the 
biological activities.14 Recently, we have reported a series of 
hydrazones, and found that N’-(3-methoxyben-
zylidene)-4-nitrobenzohydrazide and 2-cyano-N’-(4-di-
ethylamino-2-hydroxybenzylidene)acetohydrazide have 
effective activity on xanthine oxidase.15 However, the xan-
thine oxidase inhibition of hydrazones has rarely been 
studied so far. Aiming at obtaining new xanthine oxidase 
inhibitors, we report herein four new hydrazones (Scheme 
1), 3-chloro-N’-(4-fluorobenzylidene)benzohydrazide (1), 
2-chloro-N’-(4-fluorobenzylidene)benzohydrazide (2), 
N’-(4-fluorobenzylidene)-4-nitrobenzohydrazide (3), and 
N’-(4-fluorobenzylidene)-3-nitrobenzohydrazide (4). were 
synthesized and characterized. Their xanthine oxidase in-
hibitory activity was studied. 

2. Experimental
2. 1. Materials and Methods

4-Fluorobenzaldehyde, 3-chlorobenzohydrazide, 
2-chlorobenzohydrazide, 4-nitrobenzohydrazide, 3-ni-
trobenzohydrazide and solvents were obtained from com-
mercial suppliers and used as received. Elemental analyses 
for C, H and N were performed on a Perkin-Elmer 240C 
elemental analyzer. IR spectra were recorded on a Jasco 
FT/IR-4000 spectrometer as KBr pellets in the 4000–400 
cm–1 region. 1H NMR data were performed on a Bruker 
300 MHz instrument. X-ray single crystal diffraction was 
determined on a Bruker SMART 1000 CCD diffractome-
ter.

2. 2. Synthesis of the Compounds
The four compounds were synthesized with the same 

method as described. 4-Fluorobenzaldehyde (0.12 g, 1.0 
mmol) and 1.0 mmol benzohydrazide were respectively 
dissolved in 20 mL methanol. Then, the two precursors 
were mixed and stirred at room temperature for 30 min to 
give clear solution. The solution was stand still in air, and 
slow evaporate for a few days to obtain X-ray quality single 
crystals.

3-Chloro-N’-(4-fluorobenzylidene)benzohydrazide (1)
The benzohydrazide is 3-chlorobenzohydrazide 

(0.17 g). Block colorless single crystals. Yield: 0.26 g (93%). 
Anal. Calc. for C14H12ClFN2O2 (%): C, 57.06; H, 4.10; N, 
9.51. Found (%): C, 57.23; H, 3.97; N, 9.40. IR data (cm–1): 
3217w (NH), 1665s (C=O), 1600m (C=N). 1H NMR (300 
MHz, d6-DMSO): δ 11.96 (s, 1H, NH), 8.46 (s, 1H, CH=N), 
7.97 (s, 1H, ArH), 7.88 (d, 1H, ArH), 7.82 (d, 2H, ArH), 
7.70 (d, 1H, ArH), 7.60 (t, 1H, ArH), 7.32 (t, 2H, ArH).

2-chloro-N’-(4-fluorobenzylidene)benzohydrazide (2)
The benzohydrazide is 2-chlorobenzohydrazide 

(0.17 g). Block colorless single crystals. Yield: 2.4 g (87%). 
Anal. Calc. for C14H10ClFN2O (%): C, 60.77; H, 3.64;  
N, 10.12. Found (%): C, 60.61; H, 3.72; N, 10.21. IR data 
(cm–1): 3235w (NH), 1666s (C=O), 1602m (C=N). 1H 
NMR (300 MHz, d6-DMSO): δ 11.90 (s, 1H, NH), 8.28 (s, 
1H, CH=N), 7.82 (d, 2H, ArH), 7.55-7.60 (m, 2H, ArH), 
7.50 (m, 2H, ArH), 7.30 (d, 1H, ArH), 7.17 (t, 1H, ArH).

N’-(4-fluorobenzylidene)-4-nitrobenzohydrazide (3)
The benzohydrazide is 4-nitrobenzohydrazide (0.18 

g). Prism yellow single crystals. Yield: 2.6 g (91%). Anal. 
Calc. for C14H10FN3O3 (%): C, 58.54; H, 3.51; N, 14.63. 
Found (%): C, 58.37; H, 3.62; N, 14.47. IR data (cm–1): 
3226w (NH), 1653s (C=O), 1604m (C=N), 1522s and 
1345s (NO2). 1H NMR (300 MHz, d6-DMSO): δ 12.17 (s, 
1H, NH), 8.49 (s, 1H, CH=N), 8.40 (d, 2H, ArH), 8.18 (d, 
2H, ArH), 7.85 (d, 2H, ArH), 7.35 (d, 2H, ArH).

N’-(4-fluorobenzylidene)-3-nitrobenzohydrazide (4)
The benzohydrazide is 4-nitrobenzohydrazide (0.18 

g). Block yellow single crystals. Yield: 2.5 g (87%). Anal. 
Calc. for C14H10FN3O3 (%): C, 58.54; H, 3.51; N, 14.63. 
Found (%): C, 58.41; H, 3.45; N, 14.50. IR data (cm–1): 
3227w (NH), 1649s (C=O), 1608m (C=N), 1532s and 
1350s (NO2). 1H NMR (300 MHz, d6-DMSO): δ 12.20 (s, 
1H, NH), 8.78 (s, 1H, ArH), 8.51 (s, 1H, CH=N), 8.48 (d, 
1H, ArH), 8.38 (d, 1H, ArH), 7.89–7.82 (m, 3H, ArH), 7.35 
(d, 2H, ArH).

2. 3. Xanthine Oxidase Inhibition Assay
The xanthine oxidase activity with xanthine as sub-

strate was measured according to the method reported by 
Kong and co-workers with modification.16 The activity  
of xanthine oxidase was measured by uric acid forma - 
tion monitored at 295 nm. The assay was performed in 
K2HPO4 (1.0 mL, 50 mmol L–1) in a quartz cuvette. The 
reaction mixture contains xanthine (200 mL, 84.8 mg mL–1) 
in the solution of K2HPO4, and various concentrations of 
tested compounds (50 mL). The reaction was started by ad-
dition of xanthine oxidase (66 mL, 37.7 mU mL–1), and 
monitored for 6 min at 295 nm and the product was ex-
pressed as mmol uric acid per minute. The reactions kinet-
ic were linear during these 6 min of monitoring.

2. 4. Docking Simulations
Molecular docking study of the molecules of the hy-

drazones into the three-dimensional structure of xanthine 
oxidase (1FIQ in the Protein Data Bank) was carried out 
by using AutoDock 4.2. AutoGrid component of the pro-
gram calculates a three-dimensional grid of interaction 
energies based on the macromolecular target using AM-
BER force field. The cubic grid box of 60 × 60 × 60 Å3 
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points in x, y, and z direction with a spacing of 0.375 Å and 
grid maps were created representing the catalytic active 
target site region where the native ligand was embedded. 
Then automated docking studies were carried out to eval-
uate the biding free energy of the inhibitor within the mac-
romolecules. The GALS search algorithm (genetic algo-
rithm with local search) was chosen to search for the best 
conformers. The parameters were set using ADT (Auto-
DockTools 1.5.4) on PC which is associated with Auto-
Dock 4.2. Default settings were used with an initial popu-
lation of 100 randomly placed individuals, a maximum 
number of 2.5 × 106 energy evaluations, and a maximum 
number of 2.7 × 104 generations. A mutation rate of 0.02 
and a crossover rate of 0.8 were chosen. Give overall con-
sideration of the most favorable free energy of biding and 
the majority cluster, the results were selected as the most 
probable complex structures.

2. 5.  Data Collection, Structural 
Determination and Refinement
The collected data were reduced with SAINT,17 and 

multi-scan absorption correction was performed with 
SADABS.18 The structures of the compounds were solved 
by direct method and refined against F2 by full-matrix 
least-squares method using SHELXTL.19 All non-hydro-
gen atoms were refined anisotropically. The water H atoms 

in 1, and all amino H atoms in the four compounds were 
located from difference Fourier maps and refined isotrop-
ically, with O–H, N–H and H···H distances restrained to 
0.85(1), 0.90(1) and 1.37(2) Å, respectively. The remaining 
H atoms were placed in calculated positions and con-
strained to ride on their parent atoms. The crystallograph-
ic data for the compounds are summarized in Table 1.

3. Results and Discussion
3. 1. Chemistry

The hydrazones were facile prepared by reaction of 
4-fluorobenzaldehyde with 3-chlorobenzohydrazide, 
2-chlorobenzohydrazide, 4-nitrobenzohydrazide, and 
3-nitrobenzohydrazide, respectively in 1:1 molar ratio in 
MeOH. X-ray diffraction quality single crystals were ob-
tained by slow evaporation method. All the compounds 
are soluble in MeOH, EtOH, MeCN, DMF and DMSO.

3. 2. Structure Description of the Compounds
The molecular structures of the hydrazones 1–4 are 

shown in Figs. 1–4, respectively. Selected bond lengths and 
angles are listed in Table 2. Compound 1 contains one hy-
drazone molecule and a water molecule of crystallization. 

Table 1. Crystallographic and experimental data for the compounds. 

Compound 1 2 3 4

Formula C14H12ClFN2O2 C14H10ClFN2O C14H10FN3O3 C14H10FN3O3
Mr 294.71 276.69 287.25 287.25
T (K) 298(2) 298(2) 298(2) 298(2)
Crystal system Monoclinic Triclinic Monoclinic Orthorhombic
Space group P21/n P-1 P21/c Pbca
a (Å) 4.7433(8) 5.0121(11) 13.8257(15) 14.9204(13)
b (Å) 12.7365(12) 10.8580(13) 12.6853(13) 15.1431(13)
c (Å) 23.1503(15) 12.3750(13) 7.6638(11) 23.7602(15)
α (°) 90 97.413(1) 90 90
β (°) 94.576(1) 93.367(1) 101.447(1) 90
γ (°) 90 96.951(1) 90 90
V (Å3) 1394.1(3) 661.03(18) 1317.4(3) 5368.4(7)
Z 4 2 4 16
Dc (g cm–3) 1.404 1.390 1.448 1.422
µ(Mo-Ka) (mm–1) 0.288 0.293 0.114 0.112
F(000) 608 284 592 2368
Reflections collected 5057 3475 5358 49187
Unique reflections 1658 2427 1790 4816
Observed reflections [I ≥ 2σ(I)] 1291 1979 1411 2517
Parameters 190 175 193 385
Restraints 4 1 1 2
GooF on F2 1.031 1.048 1.039 1.050
R1, wR2 [I ≥ 2σ(I)]a 0.0360, 0.0803 0.0421, 0.1097 0.0339, 0.0813 0.0508, 0.0863
R1, wR2 (all data)a 0.0515, 0.0878 0.0519, 0.1179 0.0476, 0.0892 0.1397, 0.1122
∆ρmax/∆ρmin, (eÅ–3) 0.214, –0.227 0.246, –0.286 0.133, –0.150 0.150, –0.190

aR1 = Fo – Fc/Fo, wR2 = [∑ w(Fo
2 – Fc2)/∑ w(Fo

2)2]1/2
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Compound 4 contains two independent hydrazone mole-
cules. All the hydrazone molecules of the compounds 
adopt E configuration with respect to the methylidene 
units. The distances of the methylidene bonds, ranging 
from 1.26 to 1.28 Å, confirm them as typical double bonds. 
The shorter distances of the C–N bonds and the longer dis-
tances of the C=O bonds for the –C(O)–NH– units than 
usual, suggest the presence of conjugation effects in the 
molecules. All bond lengths in the compounds are compa-
rable to each other, and within normal values.20 The dihe-
dral angles formed by the two benzene rings of the hydra-
zone molecules are 9.9(4)° for 1, 8.1(5)° for 2, 75.0(5)° for 
3, and 26.8(4)° and 19.3(4)° for 4.

The hydrogen bonds information is summarized in 
Table 3. In the crystal structure of compound 1, the hydra-
zone and water molecules are linked through O‒H···O, 
N‒H···O and C‒H···O hydrogen bonds, to form two-di-
mensional sheets parallel to the ab plane. The sheets are 
further linked through C‒H···F hydrogen bonds along the 
c axis, to form three-dimensional network (Fig. 5). In the 
crystal structure of compound 2, the hydrazone molecules 
are linked through N‒H···O and C‒H···O hydrogen bonds, 
to form one-dimensional chains running along the a axis 
(Fig. 6). In the crystal structure of compound 3, the hydra-
zone molecules are linked through N‒H···O hydrogen 
bonds, to form one-dimensional chains along the c axis. 
The chains are further linked by C‒H···F hydrogen bonds, 
to form two-dimensional sheets parallel to the ac plane 
(Fig. 7). In the crystal structure of compound 4, the hydra-
zone molecules are linked through N‒H···O, C‒H···O and 
C‒H···F hydrogen bonds, to form two-dimensional sheets 
parallel to the ac plane (Fig. 8). In addition, the weak π···π 
interactions among the benzene rings with centroid to 
centroid distances of 3.6‒4.0 Å are observed in 3 and 4 (Ta-
ble 4).

Table 2. Selected bond lengths (Å) and angles (º) for the com-
pounds.

 1 2 3 4

C7–N1 1.275(3) 1.272(2) 1.273(2) 1.271(4)
N1–N2 1.381(3) 1.382(2) 1.391(2) 1.382(4)
N2–C8 1.340(3) 1.348(2) 1.343(2) 1.345(4)
C8–O1 1.235(3) 1.219(2) 1.234(2) 1.234(4)
C22–N4    1.275(4)
N4–N5    1.386(3)
N5–C23    1.343(4)
C23–O4    1.231(4)
C7–N1–N2 115.6(2) 115.5(2) 114.1(2) 115.8(2)
N1–N2–C8 118.5(2) 120.2(2) 120.3(2) 117.9(2)
N2–C8–C9 117.4(2) 114.1(2) 113.5(2) 117.1(2)
N2–C8–O1 122.1(2) 123.0(2) 124.1(2) 122.7(2)
C22–N4–N5    114.6(3)
N4–N5–C23    118.8(3)
N5–C23–C24    116.6(3)
N5–C23–O4    122.6(3)

Table 3. Hydrogen bond distances (Å) and bond angles (°) for the 
compounds. 

D–H∙∙∙A d(D–H) d(H∙∙A)  d(D∙∙∙A)  Angle
    (D–H∙∙∙A)

1    
O2–H2B∙∙∙O1#1 0.85(1) 1.95(1) 2.800(3) 174(3)
O2–H2A∙∙∙O1#2 0.85(1) 2.00(1) 2.817(3) 162(3)
N2–H2∙∙∙O2#3 0.90(1) 1.98(1) 2.865(3) 168(3)
C12–H12∙∙∙F1#4 0.93 2.51(2) 3.441(3) 176(3)

2    
N2–H2A∙∙∙O1#5 0.89(1) 2.04(2) 2.862(2) 153(2)
C7–H7∙∙∙O1#5 0.93 2.52(2) 3.194(3) 130(3)

3    
N2–H2∙∙∙O1#6 0.90(1) 1.99(1) 2.871(2) 165(2)
C11–H11∙∙∙F1#7 0.93 2.50(2) 3.275(3) 141(3)

4    
N2–H2∙∙∙O4#8 0.90(1) 2.13(2) 2.970(3) 154(2)
N5–H5∙∙∙O1#9 0.90(1) 2.06(1) 2.953(3) 172(3)
C5–H5A∙∙∙F2#10 0.93 2.38(2) 3.276(3) 161(3)
C10–H10∙∙∙O4#8 0.93 2.49(2) 3.400(3) 165(3)

Symmetry codes: #1: 1 + x, –1 + y, z; #2: x, –1 + y, z; #3: – x, – y, 1 
– z; #4: 5/2 + x, ½ – y, ½ + z; #5: –1 + x, y, z; #6: x, ½ – y, ½ + z; #7: 
1 + x, ½ – y, ½ + z; #8: –½ + x, y, ½ – z; #9: x, ½ – y, ½ + z; #10: 1 – x, 
– y, 1 – z.

Fig. 1. A perspective view of the molecular structure of 1 with the 
atom labeling scheme. Thermal ellipsoids are drawn at the 30% 
probability level.

Fig. 2. A perspective view of the molecular structure of 2 with the 
atom labeling scheme. Thermal ellipsoids are drawn at the 30% 
probability level.

Fig. 3. A perspective view of the molecular structure of 3 with the 
atom labeling scheme. Thermal ellipsoids are drawn at the 30% 
probability level.
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Table 4. Parameters between the planes for compounds 3 and 4. 

Cg Distance Dihedral Perpendicular Beta Gamma Perpendicular
 between angle distance of angle angle distance
 ring centroids (º) Cg(I) on (º) (º) of Cg(J) on
 (Å)  Cg(J) (Å)   Cg(I) (Å)

3      
Cg1–Cg1#11 3.6099 0 –3.3962 19.81 19.81 –3.3962
Cg2–Cg2#12 3.9006 0 –3.5234 25.41 25.41 –3.5234

4      
Cg3–Cg4#13 3.9169 19.287 –3.4087 10.85 29.51 –3.8469
Cg3–Cg5#14 3.7954 5.865 –3.4527 25.86 24.54 3.4155
Cg4–Cg3#15 3.9169 19.287 –3.8469 29.51 10.85 –3.4087
Cg4–Cg4#16 3.9285 0 3.4687 28.00 28.00 3.4687
Cg5–Cg3#14 3.7954 5.865 3.4155 24.54 25.86 3.4155

Cg1 and Cg2 are the centroids of C1-C2-C3-C4-C5-C6 and C9-C10-C11-C12-C13-C14 in 3, respectively. Cg3, 
Cg4 and Cg5 are the centroids of C1-C2-C3-C4-C5-C6, C9-C10-C11-C12-C13-C14 and C24-C25-C26-C27-
C28-C29 in 4, respectively. Symmetry codes: #11: – x, 1 – y, – z; #12: 1 – x, – y, 1 – z; #13: ½ + x, ½ – y, – z; #14: x, 
y, z; #15: –½ + x, ½ – y, – z; #16: – x, 1 – y, – z.

Fig. 5. The packing diagram of 1. Dashed lines represent O–H∙∙∙O, 
N–H∙∙∙O and C–H∙∙∙F interactions. C: silver; H: the smallest green; 
F: middle green; Cl: the largest green; N: blue; O: red.

Fig. 6. The packing diagram of 2. Dashed lines represent N–H∙∙∙O 
and C–H∙∙∙O interactions. C: silver; H: the smallest green; F: middle 
green; Cl: the largest green; N: blue; O: red.

Fig. 4. A perspective view of the molecular structure of 4 with the atom labeling scheme. Thermal ellipsoids are drawn at the 30% probability level.
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Fig. 7. The packing diagram of 3. Dashed lines represent N–H∙∙∙O 
and C–H∙∙∙F interactions. C: silver; H: the smallest green; F: the larg-
est green; N: blue; O: red.

3. 4. IR and 1H NMR Spectra
In the IR spectra of the compounds, the weak and 

sharp bands at 3217 cm–1 (1), 3235 cm–1 (2), 3226 cm–1 
(3) and 3227 cm–1 (4) are due to the N−H stretching vi-
brations. The compounds exhibit intense absorptions at 
1649−1666 cm–1, which can be attributed to the C=O vi-
brations. The strong absorptions at 1600−1608 cm–1 can 
be attributed to the C=N vibrations.21 The bands indica-
tive of the νas(NO2) and νs(NO2) vibrations are observed 
at 1522 and 1345 cm–1 for 1, and 1532 and 1350 cm–1 for 
2.21

In the 1H NMR spectra of the compounds, the ab-
sence of NH2 signals and the appearance of peaks for 
NH protons in the region δ = 11.96–12.20 ppm and im-
ine CH protons in the region δ = 8.30–8.51 ppm con-
firms the synthesis of the hydrazones. The aromatic pro-
ton signals were found in their respective regions with 
different multiplicities, confirming their relevant substi-
tution pattern.

3. 5. Pharmacology
The assay of xanthine oxidase inhibition was per-

formed for three parallel times. The results are given in 

Table 5. Allopurinol is a commercial xanthine oxidase 
inhibitor, which was used as a control drug. The per-
cent of inhibition for the drug is 81.3 ± 2.8% at the con-
centration of 100 μmol L–1, and the IC50 value is 8.5 ± 
2.1 μmol L–1. Compounds 1 and 2 have similar activi-
ties, with the percent of inhibition in the range of 67–
73% and with IC50 value of 14–16 μmol L–1. Com-
pounds 3 and 4 also have similar activities, with the 
percent of inhibition in the range of 85–90% and with 
IC50 value of 6–7 μmol L–1. Compounds 3 and 4 have 
better activities than allopurinol. The merely differ-
ence between compounds 1, 2 and 3, 4 are the Cl and 
NO2 substituent groups. Thus, it is not difficult to con-
clude that NO2 group contributes to the inhibition. 
This agrees well with our previously reported paper 
that NO2 is a preferred group for the inhibition pro-
cess.15b These findings are also coherent with the re-
sults reported in the literature that the existence of 
electron-withdrawing groups in the benzene rings can 
enhance the activities.22

Fig. 8. The packing diagram of 4. Dashed lines represent N–H∙∙∙O, 
C–H∙∙∙O and C–H∙∙∙F interactions. C: silver; H: the smallest green; 
F: the largest green; N: blue; O: red.
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Table 5. Inhibition of xanthine oxidase by the assayed compounds. 

Tested Percent of IC50
materials Inhibitiona (μmol L–1)

1 67.5 ± 2.6 15.2 ± 1.3
2 72.3 ± 2.5 14.3 ± 1.7
3 89.7 ± 2.3 6.1 ± 1.5
4 85.6 ± 3.0 6.3 ± 1.6
Allopurinol 81.3 ± 2.8 8.5 ± 2.1

a The concentration of the tested material is 100 μmol L–1.

3. 6. Molecular Docking Study

Molecular docking technique was carried out to 
study the binding mode between the compounds and the 
active sites of xanthine oxidase (1FIQ in the Protein Data 
Bank). Allopurinol was used to verify the model of dock-
ing, with docking score of –6.27. Figs. 9-12 are the binding 
model for the four compounds, which show that the com-
pounds can enter into the active pocket of the enzyme. The 
docking scores are –8.04 (1), –8.09 (2), –9.02 (3), and 
–9.21 (4), which are lower than allopurinol. The molecules 
of 1 and 2 bind with the enzyme through N–H∙∙∙N hydro-
gen bonds with ALA1079. The molecules of 3 and 4 bind 
with the enzyme through N–H∙∙∙O hydrogen bonds with 
ARG880 and THR1010.

Fig. 9. 2D binding mode of 1 with the active site of xanthine oxi-
dase. Dashed lines represent N–H∙∙∙N interactions.

Fig. 10. 2D binding mode of 2 with the active site of xanthine oxi-
dase. Dashed lines represent N–H∙∙∙N interactions.

Fig. 11. 2D binding mode of 3 with the active site of xanthine oxi-
dase. Dashed lines represent N–H∙∙∙O interactions.
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4. Conclusion
The present work reports the synthesis, X-ray crystal 

structures and xanthine oxidase inhibitory activity of four 
hydrazones. The compounds were characterized by CHN 
elemental analysis, infrared and 1H NMR spectra, and sin-
gle crystal X-ray determination. Among the compounds, 
those containing nitro groups have effective xanthine oxi-
dase inhibitory activities with IC50 values of 6‒7 μmol L–1, 
which may be used as potential xanthine oxidase inhibi-
tors. The molecules of the compounds filled well with the 
active pocket of the enzyme by hydrogen bonds.
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Povzetek
Štiri nove fluor vsebujoče hidrazone smo sintetizirali iz 4-fluorobenzaldehida s kloro- in nitro-substituiranimi benzohi-
drazidi. To so 3-kloro-N’-(4-fluorobenziliden)benzohidrazid (1), 2-kloro-N’-(4-fluorobenziliden)benzohidrazid (2), 
N’-(4-fluorobenziliden)-4-nitrobenzohidrazid (3) in N’-(4-fluorobenziliden)-3-nitrobenzohidrazid (4). Spojine smo 
okarakterizirali z IR in 1H NMR spektroskopijo ter z rentgenskih monokristalno strukturno analizo. Inhibitorna ak-
tivnost ksantin oksidaze (XO) je pokazala, da sta nitro-substituirani spojini 3 in 4 aktivni. Izvedli smo docking simulacijo 
z vstavitvijo molekul spojin v aktivno mesto v kristalni strukturi ksantin oksidaze, da bi raziskali možne načine vezave.
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Abstract
Extraction of bioactive compounds from Withania somnifera roots was studied using sodium acetate-glycerol deep eu-
tectic solvent (DES) and two techniques of extraction: ultrasound-assisted extraction (UAE) and heat-assisted extraction 
(HAE) under response surface methodology (RSM). For UAE and HAE, total phenolic content (TPC, mg gallic acid 
equivalents per g dry weight (mg GAE g–1 DW)), total flavonoid content (TFC, mg rutin equivalents g–1 DW (mg RE g–1 
DW)), radical scavenging activity (RSA, mg AAE (ascorbic acid equivalents) g–1 DW), and iron chelating activity (ICA, 
mg EDTAE (ethylenediaminetetraacetate equivalents) g–1 DW) were 6.51, 6.08, 12.56, and 3.57, respectively, and 3.33, 
3.98, 6.57, and 2.48, respectively. For UAE, the optimal conditions were a DES concentration of 50%, temperature of 60 
°C, and time of 20 min, and for HAE, a DES concentration of 60%, temperature of 60 °C, and time of 75 min. The discov-
ered models were strongly supported by the validation experiments. UAE was more efficient and less time-consuming 
for extracting phytoconstituents of the W. somnifera than HAE. 

Keywords: Withania somnifera, phenols and flavonoids, antioxidant activity, deep eutectic solvent, ultrasound-assisted 
extraction, response surface methodology

1. Introduction
Withania somnifera is a shrub belonging to the fam-

ily Solanaceae. It is locally known as “Ashwagandha” (lit., 
horse smell) in South Asia due to the horse-like smell of its 
root powder.1 Other names include “Asghand” in Urdu 
and “Winter Cherry” in English.2 It is found in drier parts 
of Pakistan, the Middle East, South Asia, and Europe.3 W. 
somnifera is said to promote male fertility, reduce stress 
levels, and increase overall health.4 W. somnifera is rich in 
natural products which include phenolics, flavonoids, and 
steroidal lactones.5 It has many therapeutic properties in-
cluding antioxidant and anti-inflammatory effects.6 Com-
mercially, W. somnifera is also used as a dietary supple-
ment and is available on the market as tablets, capsules, 
and syrups. Due to its high demand, there is a need to find 
a green extraction technique that can reduce manufactur-
ing costs and waste and give a high yield.7,8 

Commonly, natural products are extracted using or-
ganic solvents including methanol, ethanol, and acetone.9 
However, their use has several drawbacks such as high tox-

icity, volatility, and poor biodegradability. It is, therefore, 
important to find safer and more sustainable extractants.10 
One possible solution is the use of deep eutectic solvents 
(DESs) for the extraction of bioactive natural products 
from plants. The efficacy of the DESs for this purpose is 
demonstrated by a rapidly growing number of studies. For 
instance, recently, tartaric acid-glycerol and tartaric ac-
id-ethylene glycol have been shown very effective solvents 
to extract antioxidant compounds from Rosa canina L.11 In 
several studies, glycerol-based DES exhibited higher effi-
ciency in extracting phenolics and antioxidants as com-
pared to organic solvents.12 DESs can be easily tailored for 
extracting the compound of interest from the plant mate-
rial. Sodium acetate-glycerol DES proved to be a promis-
ing solvent for the extraction of polyphenols from the 
plant matrices.13 It is prepared by the interaction of sodi-
um acetate as hydrogen bond acceptor (HBA) and glycerol 
as hydrogen bond donor (HBD).14 Recently, the sodium 
acetate-glycerol DES at a molar ratio of 1:3 has been prov-
en to be more efficient to extract polyphenols from raw 
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mango peels than any other DESs.15 It is also effective in 
extracting antioxidants from the agri-food waste bio-
mass.16 

Extraction techniques are generally classified into 
two broad categories, namely, conventional techniques 
and modern techniques. Conventional techniques in-
clude maceration, percolation, infusion, and refluxing 
which are solvent specific and require prolonged extrac-
tion time. On the other hand, modern techniques include 
supercritical fluid extraction (SFE), microwave-assisted 
extraction (MAE), and ultrasound-assisted extraction 
which are less time consuming and, generally, require 
lesser amounts of solvents.17 Heat-assisted extraction 
(HAE) is commonly employed due to the ease of its use 
and availability. It, however, also has certain disadvantag-
es including a long extraction period and high energy 
consumption. Prolonged extraction at a certain tempera-
ture can also cause thermal degradation of bioactive com-
pounds.18 On the other hand, ultrasound-assisted extrac-
tion (UAE), can show a better extraction efficiency as 
compared to conventional extraction techniques (macer-
ation, stirring-assisted extraction, refluxing).19 The mech-
anism behind ultrasound-assisted extraction involves 
acoustic cavitation. When ultrasound waves pass through 
a solvent, the compression and rarefaction in the solvent 
medium form a vacuum that produces cavitation bubbles. 
When the cavitation bubbles collide with the plant sur-
face, produce the shear effect and break the plant cell 
wall.20 The interaction between the two phases increases 
and bioactive constituents are transferred into the ex-
tracting medium. The phenomenon is known as mass 
transfer. In UAE, several parameters influence the extrac-
tion process which includes ultrasound frequency, power, 
treatment time, temperature, solvent-to-solid ratio, and 
type of solvent used.21

The current research aimed to find the efficiency of 
UAE to recover bioactive compounds from W. somnifera 
dried roots in comparison to HAE. For this purpose, pre-
liminary single-factor extractions were carried out to find 
out the most effective levels of the independent factors 
both for UAE and HAE. Based on the results of the prelim-
inary study, extraction optimization of both techniques 
was done according to the Box–Behnken design (BBD) of 
response surface methodology. The results of this study 
will contribute to the advancement of extraction technolo-
gy and provide valuable insights for the nutraceutical in-
dustries, leading to the development of standardized ex-
tracts from W. somnifera for therapeutic applications. To 
the best of our knowledge, optimization of the extraction 
of bioactive compounds from W. somnifera using DES has 
not been performed so far. With the growing realization of 
environmental safety, exploring green industrial processes 
is highly desirable. The industrial process must be envi-
ronmentally sustainable. In this context, the research em-
bodied in the article is an important contribution to the 
field.

2. Materials and Methods
2. 1. Plant Material 

A sample of Withania somnifera roots was collected 
from the Akbari market, Lahore. The roots were converted in-
to fine powder in a high-speed multi-function comminutor 
(RRH-250A). The pulverized powder went through an 
80-sized mesh sieve. The plant powder was then placed in a 
polyethylene zip-locked bag and then refrigerated at 5 °C until 
further use.

2. 2. Chemicals
Sodium acetate trihydrate and glycerol were ac-

quired from Duksan (Seoul, Korea). Folin–Ciocâlteu rea-
gent was from Scharlab (Spain). Sodium carbonate and 
aluminum chloride were obtained from Merck (Darmstadt, 
Germany). Sodium nitrite was from Honeywell (Char-
lotte, USA). Sodium hydroxide, ferrozine, methanol, 
DPPH, gallic acid, rutin, ascorbic acid, and EDTA were 
obtained from Sigma-Aldrich (Steinheim, Germany). 

2. 3. Extraction Procedure
HAE was carried out in a shaking incubator (Vision 

Scientific-VS-8480SN, Korea) at the constant shaking 
speed of 200 rpm and the solvent-to-solid ratio was also 
kept constant (30 mL g–1). A measured amount (1 g) of 
dried plant material was mixed with 30 mL of solvent in a 
100 mL Erlenmeyer flask. The temperature was varied 
from 40–60 °C, DES concentration varied from 30–70 
(%v/v), and extraction time varied from 30–150 min. The 
extract was filtered through Whatman filter paper no. 42 
and stored in a refrigerator in a glass vial at 5 °C. 

UAE was conducted in a sonication bath (Fischer 
Scientific-FS60, Mexico) at the frequency of 42 kHz and 
power of 110 W. One gram (1 g) of dried plant material 
was mixed with 30 mL of solvent in a 100 mL Erlenmeyer 
flask. The temperature was varied from 30–70 °C, DES 
concentration varied from 30–70 (%v/v), and extraction 
time varied from 10–50 min. The extract was filtered 
through Whatman filter paper no. 42 and stored in the re-
frigerator in a glass vial at 5 °C. 

2. 4. Single-factor Experiments
The preliminary single-factor experiments were car-

ried out before the HAE and UAE- optimization study to 
find the factor levels. The effect of DES concentration, 
temperature, and extraction time on total phenolic content 
(TPC) from the W. somnifera roots was investigated. The 
single-factor results are shown in Figure 1 and 2.

2. 5. Total Phenolic Content (TPC) 
TPC was assessed using a previously stated method 

with some slight modifications.22 The assay was based on 
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Folin–Ciocâlteu reagent (FC reagent). Briefly, test tubes 
were covered from the sides with aluminum foil, 100 µL 
extract of W. somnifera roots was taken and diluted with 8 
mL of DI water. Afterward, 300 µL of FC reagent was add-
ed and incubated for 8 min. Afterward, 1.5 mL of 20% Na-
2CO3 solution was added. The mixture was heated in the 
dark at 40 °C for 1 hour in an oven. The absorbance was 
recorded at 765 nm. A calibration curve of gallic acid was 
drawn at different concentrations (50–400 mg L–1, R2 = 
0.9982) and TPC was estimated in terms of its equivalents. 

2. 6. Total Flavonoid Content (TFC)
A reported method was used to estimate the TFC 

with some slight modifications.23 The assay is based on the 
complexation of flavonoids with aluminum. In a test tube, 
300 mL extract of W. somnifera roots was pipetted out. 
Then, 3 mL of aqueous methanol (70% DI water: 30% 
methanol) was added. Afterward, 150 µL of NaNO2 solu-
tion and then 150 µL of AlCl3 solution were added to the 
solution, which was then left to rest for 5 min. Then, 1 mL 
of NaOH solution was added. The absorption was record-
ed at 506 nm wavelength. A calibration curve of rutin was 
obtained with different concentrations (50–400 mg L–1, R2 
= 0.9987) and TFC was calculated as its equivalents.

2. 7. Radical Scavenging Activity (RSA)
RSA was estimated as per a previously reported 

method based on DPPH radical assay.24 Test tubes were 
covered with aluminium foil and 500 µL of the root extract 

was put in them. Then, 1 mL of DPPH solution which was 
prepared earlier was added and then 5 mL of DI water was 
added. The test tubes were incubated at 37 °C for the com-
pletion of the reaction in the oven. After incubation, ab-
sorbance was taken at 517 nm wavelength. A calibration 
curve of ascorbic acid was obtained with different concen-
trations (10–50 mg L–1, R2 = 0.9975) and antioxidant activ-
ity was measured in terms of ascorbic acid equivalents. 

2. 8. Iron Chelating Activity (ICA)
With some slight modifications, the ICA was estimat-

ed as per a reported protocol.25 In an aluminum foil-wrapped 
test tube, 100 µL plant extract was taken in test tubes. 3 mL 
of DI water was added, then, 100 µL of FeSO4 solution was 
added. After that, 50 µL of ferrozine was added and incubat-
ed for 15 min in the dark. Then, absorbance was taken at 562 
nm wavelength. A calibration curve of EDTA was obtained 
with different concentrations (10–50 mg L–1, R2 = 0.9839) 
and ICA was expressed as EDTA equivalents.

2. 9. Experimental Design
The optimization parameters for both HAE and UAE 

were kept the same to the sake of comparison of the two 
techniques. Three-factor-three-level BBD was used for 
modelling and optimization. The coded levels of each fac-
tor were –1, 0, +1 (lower, middle, high). The designs of ex-
periments for HAE and UAE are shown in Table 1 along 
with the experimental results. Each design had 15 runs 
including 3 central points. 

Figure 1. Single-factor experiments showing the effect of HAE parameters on TPC.
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The analysis of variance (ANOVA) was performed to 
determine the interaction between the independent varia-
bles and their influence on the observed responses. Co-ef-
ficient of determination (R2) was used to determine the 
adequacy of the model, and p-values determined the signi-
ficance of the model. The p-values < 0.05 were considered 
significant statistically. Lack of fit represents the failure of 
the model to describe the relationship between variables 
and the responses.

3. Results and Discussion
3. 1. HAE Single-factor Experiments

The single-factor experiments were conducted to 
discover the effective factors and their levels on the extrac-
tion of phenolics. The outcomes of these experiments are 
shown in Figure 1. Shaking speed (200 rpm) and sol-
vent-to-solid ratio (30 mg L–1) were kept constant. 

Figure 1a shows that as the concentration of the DES 
increased from 30% to 50%, there was a corresponding in-
crease in TPC. A further increase in DES concentration, 
however, resulted in a decrease of TPC. Figure 1b displays 
the effect of temperature on TPC while keeping the other 
factors (DES concentration and time) constant. There was 
an increase in TPC as the temperature increased from 40 
°C to 60 °C. Figure 1c exhibits the effect of time on TPC 
while keeping all other factors constant. As the time in-
creased to 120 min, there was a corresponding increase in 
TPC.

The single-factor experiments were very useful for 
designing the optimization experiments for HAE as well 
as UAE. Figure 1a shows the increase in TPC was due to 
the decrease in polarity with the increasing DES concen-
tration, which enabled moderately polar polyphenols to 
be extracted into the solvent.26 However, as the DES con-
centration increased beyond 50%, TPC started to decrea-
se. This may be because of the increased viscosity of the 
solvent, which made the solvent less able to penetrate 
into the plant biomass.27 Figure 1b shows an increase in 
TPC can be attributed to the mass transfer. Kinetic ener-
gy of the system increases with the increase in tempera-
ture resulting in a stronger interaction between the sol-
vent and the plant biomass. Moreover, increase in 
temperature also results in a decrease in the solvent vis-
cosity. As a result, the solvent penetrates more effectively 
into the plant biomass extracting a higher amount of 
phenolics.28 Figure 1c shows an increase in TPC with sol-
vent, it can be attributed to an effective exposure of the 
plant biomass to the solvent, allowing the release of phe-
nolic compounds from the biomass. However, an extend-
ed exposure of the plant material to the solvent can cause 
a breakdown of the phenolic compounds. That may lead 
to a decrease in TPC.29

3. 2. UAE Single-factor Experiments
The results of the UAE single-factor experiments are 

shown in Figure 2. Power (110 W), frequency (42 kHz), 
and solvent-to-solid ratio (30 mg L–1) were kept constant.

Figure 2. Single-factor experiments showing the effect of UAE parameters on TPC.
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Figure 2a shows that there is a considerable effect of 
DES concentration on TPC. It was noted that as the DES 
concentration increased from 30% to 60%, TPC also in-
creased. However, after reaching 60% concentration, the 
TPC started decreasing with any further increase in the 
DES concentration. Figure 2b demonstrates that TPC in-
creases with the temperature until 60 °C, however, beyond 
that it starts decreasing. Figure 2c displays the effect of ul-
trasound treatment time on TPC. With time TPC shows 
an increase and reaches a maximum at 30 min after which 
TPC decreases. 

Figure 2a shows that, due to the DES being more vis-
cous than water, increased DES concentration led to a cor-
responding increase in the viscosity of the solution. With 
the high viscosity of the solvent, it was difficult for it to 
penetrate the plant biomass. This effect might be responsi-

ble for the decrease in TPC at higher DES concentration.26 
Figure 2b shows that the high temperature might be dam-
aging heat-sensitive phenolics that undergo chemical deg-
radation at elevated temperatures.30 Figure 2c shows that 
cavitation effect produced through various mechanisms 
causes ultrasound waves to promote release of chemical 
compounds from the cell matrix. However, ultrasound 
treatment for a certain threshold duration of time may 
cause breakdown of the chemicals and thus show a lower 
TPC. Many studies have shown this trend.31 

3. 3. HAE Optimization 
The results of HAE optimization experiments as per 

the Box–Behnken design of experiment are shown in Ta-
ble 1. 

Table 1. Box–Behnken designs of experiments for HAE and UAE and results.

Heat-assisted extraction (HAE)

                                                    Independent variables                                    Responses

Run A: B: C: TFC TPC RSA ICA
order DES concentration Temperature Time mg RE mg GAE  mg AAE  mg EDTAE 
  (%v/v) (°C) (min) g–1 DW g–1 DW g–1 DW g–1 DW

1 40 50 75 3.10 2.81 5.38 2.20
2 50 50 120 3.75 3.16 5.89 2.47
3 30 50 120 2.96 2.71 5.32 1.33
4 50 40 75 2.88 2.76 5.56 2.66
5 40 60 120 3.81 3.23 6.35 1.83
6 40 50 75 3.55 2.87 5.88 1.78
7 30 60 75 3.72 2.64 6.45 1.51
8 40 40 30 2.65 2.79 5.15 2.25
9 50 50 30 3.19 3.22 5.95 2.36
10 50 60 75 3.81 3.23 6.72 2.70
11 30 50 30 2.58 2.55 5.52 1.63
12 40 60 30 3.50 3.13 6.36 1.95
13 40 50 75 3.66 2.77 5.64 1.99
14 40 40 120 3.04 2.74 5.26 2.04
15 30 40 75 2.25 2.32 5.16 1.53

Ultrasound-assisted extraction (UAE)

1 30 30 20 3.38 4.86 10.18 2.16
2 45 45 20 4.05 5.72 11.81 2.88
3 45 30 30 4.95 5.42 10.63 2.78
4 60 45 10 5.20 6.34 12.35 3.35
5 45 60 30 5.53 5.61 10.95 3.04
6 45 45 20 4.39 5.33 11.25 3.19
7 30 45 30 5.02 5.48 10.24 2.35
8 45 60 10 4.03 6.32 11.50 3.06
9 45 45 20 4.57 5.67 11.83 2.87
10 45 30 10 3.73 5.35 10.97 2.98
11 60 45 30 6.57 6.27 11.87 3.45
12 60 30 20 4.75 5.68 12.15 3.53
13 60 60 20 6.66 6.70 13.10 3.47
14 30 60 20 4.70 5.30 10.56 2.55
15 30 45 10 3.61 5.41 10.97 2.21
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The data was fitted in the 2nd order polynomial equa-
tion to obtain mathematical models for the responses. 
ANOVA was carried out to determine the significance of 
the predicted model and the terms. The model equations 
including only the significant terms are shown in Table 2. 

For each response, a linear model was predicted. 
Based on the p-values and lack of fit p-values of the mod-
els, the significance of the predicted models was deter-
mined. The models were regarded significant if their p-val-
ues were less than 0.050 and lack of fit p-values were 
higher than 0.050. Similarly, the terms of a model were 
considered as significant if their p-values were less than 
0.050. The ANOVA details are given in Table 3 while the 
coefficients are shown in Table 4. The predicted models 
were further supported by R2, adjusted R2 and predicted R2 
values (Tables 3 and 4). 

3. 3. 1. Effects of HAE Parameters on Responses
In HAE, the term A (DES concentration) has a significant 

positive effect on all the responses. Term B (temperature) also 
significantly affected all the responses, except ICA. Term C (time) 
has significant effect only on TFC.

All the factors affected the responses positively. It means 
that within the experimental ranges of the factors, an increase in 
them resulted in an increase in the responses. Figures 3a and 3b 
show that for HAE, DES concentration affects the responses pos-
itively. The DES as such is a viscous liquid. Water as a diluent 
lowers the DES viscosity and, therefore, increases its ability to 
diffuse into the plant biomass and extract its chemical constitu-
ents more effectively.32 

Figure 3a shows that the temperature has been demonstrated 
in studies to facilitate the extraction of phenolics from plant roots. It 
increases the kinetic energy of the system creating strong interaction 
between the solvent and the plant biomass being extracted. Temper-
ature also decreases the viscosity of the solvent enabling it to pene-
trate the plant biomass more effectively. Both these effects result in 
an enhanced extraction of chemical constituents of the biomass. 

Figures 3c and 3d show that temperature is more signifi-
cant as compared to the other factors. An elevated temperature 

lowered the viscosity of the extracting solvent, resulting in in-
creased movement of phytochemicals from the plant cell wall 
into the solvent. As a result, more flavonoids were extracted from 
the plant material. 

Interestingly, time was not a significant factor in TPC, 
RSA, and ICA. This may be because the extraction rate is initially 
high and becomes gradually slower as time passes, resulting in 
little change in the overall extraction efficiency over time.33 How-
ever, time was a significant factor in TFC indicating that a change 
in time significantly affects the extraction of TFC.

Furthermore, the dilution of DES also played a role in 
TFC extraction. As the ratio of the DES concentration in-
creases, the extracting solvent becomes less polar. This 
change in polarity allowed flavonoids with moderate polarity 
to be extracted more efficiently into the extracting solvent.34

Figures 3e and 3f show a drastic increase in RSA with 
increasing temperature demonstrating that tempera-
ture-tolerant phytochemicals are extracted into the solvent 
which is responsible for the radical scavenging activity. A 
slight increase of RSA with an increase in DES concentra-
tion shows to reduce the polarity of DES which makes it 
possible for moderately polar phytochemicals to transfer 
into the extracting solvent. Longer exposure may adversely 
affect the antioxidant activity of the extracted polyphenols. 
This may be due to the degradation of the extracted anti-
oxidants over time.35

In the current study, temperature and time did not 
have significant effect on ICA as shown in Figures 3f and 
3g. Elevated temperatures for longer extraction time can 
cause the degradation of the phytochemicals which shows 
the iron chelating activity. On the other hand, the DES 
concentration had a significant effect on the ICA. As the 
DES concentration increases the extracting medium be-
comes less polar, resulting in better extraction of natural 
products having similar polarity, such as vitamins, pro-
teins, and carbohydrates that can influence the metal 
chelating activity. Polyphenols are not the only bioactive 
compounds that show ICA. Other compounds, such as vi-
tamins and proteins, can also contribute to the overall 
metal-chelating activity of the extracted compounds.36 

Table 2. Predicted models and their regression equations based on significant terms.

Heat-assisted extraction (HAE)

Response Model  Model equation  Eq. No.

TPC Linear HAE-TPC = 2.86 + 0.2687A + 0.2025B Eq. 1 
TFC Linear  HAE-TFC = 3.23 + 0.2650A + 0.5025B + 0.2050C Eq. 2
RSA Linear HAE-RSA = 5.77 + 0.2087A + 0.5937B Eq. 3
ICA Linear HAE-ICA = 2.92 + 0.5238A Eq. 4

Ultrasound-assisted extraction (UAE)

TPC Linear UAE-TPC = 5.70 + 0.3275A + 0.4925B Eq. 5
TFC Linear UAE-TFC = 4.74 + 0.5137A + 0.8087B + 0.6875C Eq. 6
RSA Linear UAE-RSA = 11.36 + 0.2725A + 0.9400B Eq. 7
ICA Linear UAE-ICA = 2.92 + 0.5662B Eq. 8



539Acta Chim. Slov. 2023, 70, 533–544

Sohail and Ahmed:   Comparison of Deep Eutectic Solvent-based Ultrasound- and   ...

Figure 3. HAE-3D surface plots show combined effect of any two factors on the responses.
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Table 4. Coefficient table for HAE and UAE.

Heat-assisted extraction (HAE)

 TPC TFC DPPH ICA
Model Linear Linear Linear Linear

Intercept 2.86 3.23 5.75 2.02
A 0.2687 0.2650 0.2085 0.5238
B 0.2025 0.5025 0.5937 –0.0613
C 0.0188 0.2050 –0.0200 –0.0650
p-value <0.0001 0.0001 <0.0001 <0.0001
Lack of fit p-value 0.1379 0.7939 0.7863 0.8657
R2 0.8533 0.8307 0.8804 0.9021
Adjusted R2 0.8133 0.7845 0.8478 0.8754
Predicted R2 0.6964 0.7235 0.7945 0.8261

Ultrasound-assisted extraction (UAE)

Model Linear Linear Linear Linear
Intercept 5.70 4.74 11.36 2.92
A 0.3275 0.5137 0.2725 0.0837
B 0.4925 0.8087 0.9400 0.5662
C –0.0800 0.6975 –0.2625 0.0025
p-value 0.0002 0.0001 <0.0001 <0.0001
Lack of fit p-value 0.5097 0.2607 0.5242 0.8426
R2 0.8225 0.8382 0.8522 0.9303
Adjusted R2 0.7741 0.7940 0.8119 0.9112
Predicted R2 0.6590 0.7009 0.7288 0.8772

3. 4. UAE Optimization 
The UAE results are shown in Table 1 and regression 

equations based on only significant terms are given in Ta-
ble 2. The coefficients are given in Table 3 while ANOVA 
details are given in Table 5.

For all the responses, linear models were predicted 
which were well fitted based on the significant p-values and 
nonsignificant lack of fit p-values. The models were further 
supported by R2, adjusted R2 and predicted R2 values.

3. 4. 1. Effects of UAE Parameters on Responses 
Like in HAE, TPC and RSA in UAE were affected by 

the terms A and B, and TFC was affected by A, B and C. 

However, in UAE, ICA was not affected by A or C, but only 
by B. All the factors affected the responses positively. It 
means that within the experimental ranges of the factors, 
an increase in them resulted in an increase in the responses. 

For UAE, temperature imparts a crucial role in ex-
tracting phenolics from plant biomass. The effect can be 
seen in Figures 4a and 4b. This is because higher tempera-
tures lower the viscosity of the liquids, which in turn 
speeds up the transfer of the bioactive molecules into the 
solvent. Thus, the polyphenols can be extracted efficiently 
by increasing the temperature. DES was diluted with water 
to lower the viscosity of the DES, making it easier for the 
extracting medium to penetrate plant tissues and extract 
the desired phenolic compounds. This method is benefi-
cial in increasing the phenolic content extracted. However, 
it is important to note that an increase in water content in 
DES increases the solvent polarity resulting in poor phe-
nolics. Therefore, a balance must be maintained between 
the water content and the DES for optimal extraction. Pro-
longed exposure to elevated temperatures can cause phe-
nolic compounds to decompose, reducing their concentra-
tion and bioactivity. Therefore, optimization helps to 
achieve maximum extraction efficiency while preserving 
the integrity of the polyphenols extracted.37

Interestingly, both TPC and TFC have similar R2 val-
ues. Since the R2 value represents a goodness of fit of a re-
gression model, it indicates how well the data points fit the 
regression line. A similar R2 value for TPC and TFC sug-
gests that the relationship between the two variables is 
similar in strength and direction. 

Figures 4c and 4d show that temperature, DES con-
centration, and time have a considerable impact on TFC. 
However, when comparing these three factors, it becomes 
obvious that temperature imparts a less crucial role in the 
TFC. The probable reason behind this is that as the tem-
perature increases, the vapor pressure difference between 
the inside and outside of the collapsing bubbles decreases, 
leading to a decrease in the intensity of the collapsing bub-
bles. As we know, the collapse of bubbles produced by cav-
itation is responsible for the extraction process. The force 
created by these collapsing bubbles damages the plant cell, 

Table 3. HAE ANOVA table for all responses.

Source TPC TFC RSA ICA
 (mg GAE g–1 DW) (mg RE g–1 DW) (mg AAE g–1 DW) (mg EDTAE g–1 DW)
 

 p-value F-value p-value F-value p-value F-value p-value F-value

Model <0.0001 21.34 0.0001 17.99 <0.0001 27 <0.0001 33.79
A <0.0001 40.7 0.0081 10.39 0.0124 8.9 <0.0001 98.51
B 0.0005 23.11 <0.0001 37.36 <0.0001 72.02 0.2703 1.35
C 0.6649 0.1981 0.0298 6.22 0.7803 0.0817 0.2473 1.52
Lack of fit 0.1379 6.63 0.7939 0.5284 0.7863 0.5432 0.8657 0.3952
R2 0.8533  0.8307  0.8804  0.9021 
Adjusted R2 0.8133  0.7845  0.8478  0.8761 
Predicted R2 0.6964  0.7235  0.7945  0.8261 
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Figure 4. UAE-3D surface plots show combined effect of any two factors on the responses.
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thereby releasing the phytochemicals into the extracting 
solvent. On the other hand, time plays a crucial part in the 
extraction process. A longer extraction period can in-
crease the chance of the collapsing bubbles produced by 
cavitation. These collapsing bubbles can then disrupt the 
plant cell wall, causing the phytochemicals to diffuse into 
the extracting solvent more efficiently.38

Figures 4e and 4f show the slight increases in RSA 
observed with increasing temperature suggesting that an-
tioxidants are more easily hydrolysed at elevated tempera-
tures. As the concentration of DES increases, more antiox-
idants are solubilized in the solvent, leading to an increase 
in radical scavenging activity. This finding highlights the 
advantages of utilizing DESs as solvents in the extraction 
of antioxidants. Prolonged exposure to high temperature 
does not impact the extraction of antioxidants, likely due 
to the decomposition over time.39

Figures 4f and 4g show that the ICA is favoured by 
an increase in DES concentration, but not by the tempera-

ture or longer extraction process. Specifically, the results 
suggest that the solvent's polarity decreases as DES con-
centration is increased, which facilitates the extraction of 
moderately polar bioactive substances responsible for the 
iron chelating activity. However, elevated temperatures 
and prolonged exposure to solvents do not have a signifi-
cant effect on iron chelating activity which can lead to the 
degradation of heat-sensitive iron chelating agents.

3. 5.  Process Optimization and Experimental 
Verification
Numerical optimization was conducted to discover a 

single model of all the responses. For HAE and UAE, nu-
merical optimization was done by keeping the independ-
ent factors at ‘in range’ option while the responses at ‘max-
imize’. Under these constraints, the desirability factors for 
HAE and UAE were 0.935 and 0.882, respectively, which 
were close to 1 and, thus, a strong indication of the signif-

Table 6. HAE and UAE predicted and experimental values of the responses obtained at optimal condi-
tions.

Heat-assisted extraction (HAE)

Input and output parameters Goal Predicted Experimental Percentage
 values  values  error %

DES concentration (%v/v) in range   
Temperature (°C) in range   
Time (min) in range   
TPC (mg GAE g–1 DW) Maximize 3.33 3.24 ± 0.14 –2.70
TFC (mg RE g–1 DW) Maximize 3.98 3.81 ± 0.10 –4.27
RSA (mg AAE g–1 DW) Maximize 6.57 6.38 ± 0.19 –2.89
ICA (mg EDTAE g–1 DW) Maximize 2.48 2.61 ± 0.08 5.24

Ultrasound-assisted extraction (UAE)

DES concentration (%v/v) in range   
Temperature (°C) in range   
Time (min) in range   
TPC (mg GAE g–1 DW) Maximize 6.51   6.34 ± 0.17 –2.61
TFC (mg RE g–1 DW) Maximize 6.08   5.78 ± 0.17 –4.93
RSA (mg AAE g–1 DW) Maximize 12.56 12.78 ±0.16 1.75
ICA (mg EDTAE g–1 DW) Maximize 3.57   3.64 ±0.04 –2.24

Table 5. UAE ANOVA for all responses.

Source TPC TFC RSA ICA
 (mg GAE g–1 DW) (mg RE g–1 DW) (mg AAE g–1 DW) (mg EDTAE g–1 DW)
 

 p-value F-value p-value F-value p-value F-value p-value F-value

Model 0.0002 17 0.0001 18.99 <0.0001 21.14 <0.0001 48.91
A 0.0024 15.35 0.0072 10.81 0.0555 4.59 0.1040 3.14
B 0.0001 34.72 0.0003 26.8 <0.0001 54.57 <0.0001 143.6
C 0.3591 0.9161 0.0011 19.36 0.0635 4.26 0.9588 0.0028
Lack of fit 0.5097 1.29 0.2607 3.20 0.5242 1.24 0.8426 0.4374
R2 0.8225  0.8382  0.8522  0.9303 
Adjusted R2 0.7741  0.7940  0.8119  0.9112 
Predicted R2 0.6590  0.7009  0.7288  0.8772 
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icance of the models. For HAE, the optimal conditions 
were DES concentration 50%, temperature 60 °C, and time 
75 min, and for UAE, DES concentration 60%, tempera-
ture 60 °C, and time 20 min. Validation experiments were 
performed under these conditions and the predicted and 
experimental values of the responses are given in Table 6. 

The minimal percentage errors ranging from 1.75 to 
5.24% given in Table 6 indicate a good correlation between 
the predicted and experimental values of the given re-
sponses and fitted well. This leads to the conclusion that 
within the experimental domain under study, polynomial 
equations are valid, and they may be employed for point 
prediction. 

The efficacy of both HAE and UAE were tested in 
terms of response TPC, TFC, RSA, and ICA for both tech-
niques. As Table 6 shows, UAE was more effective than 
HAE in all the responses at the optimum conditions. UAE 
also required much less time (only 20 min) as compared to 
75 min of HAE. This is an important advantage of UAE 
over HAE. Many studies have shown similar results when 
compared to conventional technologies for extraction. Ex-
traction of antioxidants from Limonium sinuatum was car-
ried out by UAE at the optimal extraction time 9.8 min 
showing higher antioxidant activity as compared to mac-
eration and Soxhlet extraction. UAE remarkably reduces 
the extraction period while enhancing the extraction yield 
and antioxidant activity.40 In another study, polyphenolics 
extraction was carried out using UAE from Thymus serpy-
llum. L. herb compared to HAE and maceration was found 
to be more effective in all responses, while HAE and mac-
eration do not have a significant difference among re-
sponses.33 Finally, UAE has also been shown to be very ef-
ficient in extracting polyphenolics from Adansonia digitata 
which proved to be significant in terms of TPC, TFC, and 
antioxidant activity, when compared to HAE and macera-
tion at the optimal time of 20 min.41

4. Conclusions
Extraction optimization of phenolics including fla-

vonoids, radical scavengers, and iron-chelators from W. 
somnifera roots was successfully done using UAE and HAE 
and glycerol-sodium acetate DES. Well-fitted linear mod-
els were obtained for all the responses in both techniques. 
DES concentration and temperature were the most influ-
ential factors in both of the techniques. Optimum condi-
tions suggested by numerical optimization for UAE and 
HAE were almost the same, except time which was much 
less in the case of UAE as compared to HAE. Response val-
ues were also much higher in UAE than in HAE. TPC, 
TFC, RSA and ICA of UAE were 6.51, 6.08, 12.56, and 
3.57, respectively, which were much higher than for HAE 
being 3.33, 3.98, 6.57, and 2.48, respectively. 

Thus, UAE was not only more efficient but also less 
time demanding. The optimized models were strongly 

supported by the validation study with minimal % errors. 
The current study can be used for the development of pro-
cesses that can be applied on an industrial scale for the ex-
traction of bioactive compounds from W. somnifera. 
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Povzetek
Raziskovali smo ekstrakcijo bioaktivnih spojin iz korenin rastline Withania somnifera pod vplivom ultrazvoka (UAE) 
ali pa ob uporabi segrevanja (HAE), kjer smo kot topilo uporabili evtektično zmes (DES) natrijevega acetata in glicerola. 
Ekstrakcije smo študirali s pomočjo metodologije površin odgovora (RSM). Določali smo celokupno vsebnost fenolov 
(TPC) v mg galne kisline (in njej ekvivalentnih snovi) na g suhe snovi (mg GAE g–1 DW), celokupno vsebnost flavonoi-
dov (TFC) v mg rutina (in njemu ekvivalentnih snovi) na g suhe snovi (mg RE g–1 DW), aktivnost lovljenja radikalov 
(RSA) v mg askorbinske kisline (in njej ekvivalentnih snovi) na g suhe snovi (mg AAE g–1 DW) ter aktivnost keliranja 
železovih ionov (ICA) v mg etilendiamintetraacetatnih ekvivalentov na g suhe snovi (mg EDTAE g–1 DW). Če smo 
ekstrakcijo izvedli ob uporabi ultrazvoka, smo dobili naslednje vrednosti: 6,51 za TPC, 6,08 za TFC, 12,56 za RSA in 
3,57 za ICA; v primeru termične ekstrakcije pa so bile vrednosti sledeče: 3,33 za TPC, 3,98 za TFC, 6,57 za RSA in 2,48 
za ICA. Za izvedbo ekstrakcije pod vplivom ultrazvoka so bili optimalni naslednji parametri: koncentracija DES 50 %, 
temperatura 60 °C in čas 20 min; za termično ekstrakcijo pa se je najbolje izkazala koncentracija DES 60 %, temperatura 
60 °C in čas 75 min. Razviti modeli so bili temeljito potrjeni z validacijskimi eksperimenti. Izkazalo se je, da je ekstrakcija 
rastlinskih snovi iz W. somnifera pod vplivom ultrazvoka bolj učinkovita in časovno hitrejša kot pa pri uporabi termične 
ekstrakcije.
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Abstract
Synthesis and anticholinesterase activity of 18 previously unpublished indole- and tryptophan-derived compounds are 
disclosed. These compounds containing an indole structural unit exhibit selective submicromolar inhibition of human 
butyrylcholinesterase (hBChE). The structures of the newly synthesized compounds were confirmed by 1H and 13C 
NMR, IR spectroscopy, and high-resolution mass spectrometry.

Keywords: Indole derivatives, Tryptophan derivatives, Amidations, Cholinesterase (ChE) inhibitors, 1,1’-Carbonyldiim-
idazole (CDI), Rearrangements, Catalytic hydrogenation

1. Introduction
Indole is a privileged scaffold found in countless nat-

ural products that have diverse biological activities and 
functions.1–6 In addition to the well-known skatole 
(3-methylindole), serotonin, L-tryptophan, tryptamine, 
the plant growth hormone 3-indoleacetic acid, and others, 
indole-containing alkaloids represent one of the most im-
portant alkaloid subgroups.7,8 Indoles exhibit diverse bio-
logical activities ranging from antitumor to antibacterial 
activity.9–12 Commercially available drugs with indole 
moiety include ajmaline13 (antiarrhythmic agent), phys-
ostigmine14 (for the treatment of glaucoma and anticho-
linergic poisoning), and vincristine15 (antitumor agent), 
among others.1,16,17

Dementia is a serious neurological condition that 
severely affects patient’s quality of life. It is estimated 
that Alzheimer’s disease (AD), the most common form 
of dementia, affects more than 50 million people world-
wide, and this number is expected to triple by 2050, 
mainly due to the aging of the population.18 Selective 
human butyrylcholinesterase (hBChE) inhibitors im-
proved cognitive functions, memory, and learning abili-
ty in a scopolamine mice model of cognitive deficit with-

out causing peripheral cholinergic side effects typical of 
acetylcholinesterase (AChE) inhibitors.19,20 These data 
suggest that hBChE may be considered a promising 
therapeutic target to improve cognitive functions in 
late-stages of AD.21 Recently, we have disclosed a hit-to-
lead development of a new series of tryptophan-derived 
selective hBChE inhibitors with nanomolar inhibitory 
potencies, which were developed from (+)-isocampho-
lenic acid-derived tryptophan amide hit A22 by a medic-
inal chemistry-based approach (Figure 1).23,24 Lead 
compounds B and C inhibited hBChE in the low nano-
molar range with high selectivity over AChE, and pos-
sessed advantageous physicochemical properties for 
high blood-brain barrier permeability. Furthermore, 
compound B showed beneficial effects on fear-motivat-
ed long-term memory and spatial long-term memory 
retrieval in a scopolamine AD mouse model, with no 
adverse peripheral cholinergic side effects.23–25

While the structure-activity relationships (SAR) has 
been explored, several of the indole products were not in-
cluded in our earlier reports. Therefore, we report here the 
synthesis and cholinesterase inhibitory activity of those 
unpublished indole-based compounds.

mailto:uros.groselj@fkkt.uni-lj.si
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2. Experimental
2. 1. Materials and Measurements

Solvents for extractions and chromatography were of 
technical grade and were distilled prior to use. Extracts 
were dried over technical grade anhydrous Na2SO4. Melt-
ing points were determined on a Kofler micro hot stage 
and using the SRS OptiMelt MPA100 – Automated Melt-
ing Point System (Stanford Research Systems, Sunnyvale, 
CA, USA). NMR spectra were recorded on a Bruker Ul-
traShield 500 plus (Bruker, Billerica, MA, USA) at 500 
MHz for the 1H nucleus and 126 MHz for the 13C nucleus, 
using CDCl3 with TMS as the internal standard, as sol-
vents. Mass spectra were recorded using an Agilent 6224 
Accurate Mass TOF LC/MS (Agilent Technologies, Santa 
Clara, CA, USA), IR spectra using a Perkin-Elmer Spec-
trum BX FTIR spectrophotometer (Perkin-Elmer, 
Waltham, MA, USA). Column chromatography was per-
formed on silica gel (silica gel 60, particle size: 0.035–0.070 
mm (Sigma-Aldrich, St. Louis, MO, USA)). All commer-
cial chemicals used were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Catalytic hydrogenation was per-
formed in a Parr Pressure Reaction Hydrogenation Appa-
ratus (Moline, IL, USA). Microanalyses were performed 
by combustion analysis on a Perkin-Elmer Series II 
CHNS/O Analyser (Perkin-Elmer, Waltham, MA, USA).

General procedure 1 (GP1) – amide formation. To 
a solution/suspension of acid (1 equivalent) in anhydrous 
MeCN under argon at room temperature was added CDI 
(1.20 equivalents). The resulting reaction mixture was 
stirred at room temperature for 1 h, then amine (1.13 
equivalents) was added. After stirring the reaction mixture 
at room temperature for 16 h, the volatile components 
were evaporated in vacuo and the residue was purified by 
column chromatography on silica gel 60. The fractions 
containing the pure product (amide) were combined and 
the volatiles were evaporated in vacuo.

General procedure 2 (GP2) – Boc-deprotection 
and double bond isomerization. To a solution of the 
starting compound in anhydrous CH2Cl2 at 0 °C was add-
ed trifluoroacetic acid (TFA). The resulting reaction mix-
ture was stirred at 0 °C for 30 minutes and then stirred at 
room temperature for 2 h. Volatile components were evap-

orated in vacuo. The residual trifluoroacetic acid was re-
moved by azeotropic evaporation with anhydrous toluene.

General procedure 3 (GP3) – acetamidation. To a 
solution of the trifluoroacetate salt in anhydrous CH2Cl2 
under argon at room temperature was added N,N-diiso-
propylethylamine (DIPEA) followed by CH3COCl. After 
stirring the reaction mixture at room temperature for 12 h, 
the volatiles were evaporated in vacuo. The residue was 
dissolved in EtOAc (50 mL) and washed with NaHSO4 (1 
M in H2O, 2×5 mL), NaHCO3 (aq. sat, 2 × 5 mL), and Na-
Cl (aq. sat, 2 × 5 mL). The organic phase was dried under 
anhydrous Na2SO4, filtered, and the volatiles were evapo-
rated in vacuo. The residue was purified by column chro-
matography on silica gel 60. The fractions containing the 
pure product were combined and the volatiles were evapo-
rated in vacuo.

General procedure 4 (GP4) – amine N-Boc protec-
tion. To a solution of the trifluoroacetate salt in anhydrous 
CH2Cl2 under argon at room temperature were added 
Et3N and Boc2O. After stirring the reaction mixture at 
room temperature for 16 h, the volatile components were 
evaporated in vacuo. The residue was purified by column 
chromatography on silica gel 60. The fractions containing 
the pure product were combined and the volatiles were 
evaporated in vacuo.

General procedure 5 (GP5) – alkene hydrogena-
tion. To a solution of alkene in MeOH, Pd–C (10% Pd on 
C; 20% by mass reagent was used) was added under argon. 
The resulting reaction mixture was thoroughly purged 
with hydrogen and shaken on a Parr apparatus under H2 (4 
bar) at room temperature. The reaction mixture was fil-
tered through a short pad of Celite® on a ceramic frit and 
Celite® was washed with MeOH. The volatiles were evapo-
rated in vacuo. If necessary, the product was additionally 
purified by column chromatography on silica gel 60. The 
fractions containing the pure product were combined and 
the volatiles were evaporated in vacuo.

N-(Cycloheptylmethyl)-3-(1H-indol-3-yl)propanamide (8)
Following GP1. Prepared from 3-(1H-indol-3-yl)

propanoic acid (1) (283 mg, 1.50 mmol), MeCN (3 mL), 
CDI (280 mg, 1.73 mmol), cycloheptylmethanamine (5) 

Figure 1. Hit compound A and selected lead compounds B and C.
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(250 μL, 1.74 mmol); column chromatography (EtOAc/
petroleum ether = 1:1). Yield: 348 mg (1.17 mmol, 78%) of 
white solid; mp 80.9–85.0 °C. Anal. Calcd for C19H26N2O: 
C, 76.47; H, 8.78; N, 9.39. Found: C, 76.38; H, 8.85; N, 9.31. 
ESI-HRMS Calcd for C19H27N2O: m/z 299.2118 (MH+). 
Found: m/z 299.2119 (MH+). IR νmax 3258, 3087, 2914, 
2848, 1612, 1564, 1492, 1455, 1429, 1350, 1274, 1217, 1181, 
1102, 1065, 1008, 979, 790, 767, 733, 698 cm–1. 1H NMR 
(500 MHz, DMSO-d6): δ 1.00–1.11 (m, 2H), 1.28–1.64 (m, 
11H), 2.44 (dd, J = 6.9, 8.4 Hz, 2H), 2.84–2.96 (m, 4H), 
6.93–6.99 (m, 1H), 7.02–7.09 (m, 2H), 7.32 (dt, J = 0.9, 8.1 
Hz, 1H), 7.52 (dd, J = 1.0, 7.9 Hz, 1H), 7.79 (t, J = 5.8 Hz, 
1H), 10.73 (s, 1H). 13C NMR (126 MHz, DMSO-d6): δ 
21.15, 25.87, 27.99, 31.63, 36.36, 45.11, 111.28, 113.89, 
118.09, 118.37, 120.85, 122.08, 127.07, 136.25, 171.87 (one 
signal missing).

tert-Butyl (R)-(1-((2-Cyclohexylethyl)amino)-3-(1H-in-
dol-3-yl)-1-oxopropan-2-yl)carbamate (9)

Following GP1. Prepared from (tert-butoxycarbon-
yl)-D-tryptophan (2) (182 mg, 0.598 mmol), MeCN (2 
mL), CDI (112 mg, 0.691 mmol), 2-cyclohexy-
lethan-1-amine (6) (100 μL, 0.677 mmol); column chro-
matography (EtOAc). Yield: 221 mg (0.534 mmol, 89%) of 
white solid; mp 103.9–106.2 °C. Anal. Calcd for 
C24H35N3O3: C, 69.70; H, 8.53; N, 10.16. Found: C, 69.77; 
H, 8.60; N, 10.08. ESI-HRMS Calcd for C24H36N3O3: m/z 
414.2751 (MH+). Found: m/z 414.2762 (MH+). IR νmax 
3413, 3324, 2920, 2849, 1682, 1650, 1521, 1455, 1390, 1366, 
1247, 1166, 1090, 1065, 1046, 1011, 857, 795, 736 cm–1. [α]
D

r.t. = –14.4 (c = 1.1 mg/mL, CH2Cl2). 1H NMR (500 MHz, 
CDCl3): δ 0.71–0.85 (m, 2H), 0.99–1.21 (m, 6H), 1.43 (s, 
9H), 1.51–1.68 (m, 5H), 3.04–3.20 (m, 3H), 3.31 (dd, J = 
5.0, 14.3 Hz, 1H), 4.38 (s, 1H), 5.19 (s, 1H), 5.55 (s, 1H), 
7.05 (d, J = 2.3 Hz, 1H), 7.11–7.16 (m, 1H), 7.18–7.23 (m, 
1H), 7.36 (d, J = 8.1 Hz, 1H), 7.67 (d, J = 7.9 Hz, 1H), 8.15 
(s, 1H, NH). 13C NMR (126 MHz, CDCl3): δ 26.26, 26.60, 
28.47, 28.78, 33.12, 33.18, 35.23, 36.80, 37.36, 55.43, 80.08, 
111.17, 111.30, 119.14, 119.95, 122.47, 123.18, 127.56, 
136.37, 155.60, 171.47.

tert-Butyl (S)-(1-((2-Cyclohexylethyl)amino)-3-(1-me-
thyl-1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (10)

Following GP1. Prepared from Nα-(tert-butoxycar-
bonyl)-1-methyl-L-tryptophan (3) (159 mg, 0.499 mmol), 
MeCN (2 mL), CDI (99.6 mg, 0.614 mmol), 2-cyclohexy-
lethan-1-amine (6) (83.3 μL, 0.564 mmol); column chro-
matography (EtOAc/petroleum ether = 1:1). Yield: 198 mg 
(0.463 mmol, 93%) of white solid; mp 118.2–123.8 °C. 
Anal. Calcd for C25H37N3O3: C, 70.23; H, 8.72; N, 9.83. 
Found: C, 70.15; H, 8.89; N, 9.76. ESI-HRMS Calcd for 
C25H38N3O3: m/z 428.2908 (MH+). Found: m/z 428.2910 
(MH+). IR νmax 3341, 3320, 2921, 2852, 1679, 1655, 1543, 
1514, 1486, 1463, 1452, 1420, 1391, 1369, 1321, 1291, 1238, 
1206, 1165, 1123, 1093, 1062, 1045, 1024, 1001, 963, 924, 
887, 867, 783, 767, 734 737 cm–1. [α]D

r.t. = –1.03 (c = 2.8 

mg/mL, CH2Cl2). 1H NMR (500 MHz, CDCl3): δ 0.73–
0.85 (m, 2H), 0.98–1.21 (m, 6H), 1.43 (s, 9H), 1.51–1.70 
(m, 5H), 3.03–3.23 (m, 3H), 3.30 (dd, J = 5.2, 14.5 Hz, 1H), 
3.74 (s, 3H), 4.37 (s, 1H), 5.18 (s, 1H), 5.59 (s, 1H), 6.90 (s, 
1H), 7.10–7.14 (m, 1H), 7.21–7.25 (m, 1H), 7.29 (dt, J = 
0.9, 8.3 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H). 13C NMR (126 
MHz, CDCl3): δ 26.24, 26.57, 28.45, 28.61, 32.81, 33.12, 
33.18, 35.27, 36.86, 37.33, 55.41, 80.04, 109.36, 119.20, 
119.38, 121.96, 127.99, 137.07, 155.61, 171.49 (one signal 
missing).

tert-Butyl ((S)-1-((2-((R)-2,2-Dimethyl-3-methylenecy-
clopentyl)ethyl)amino)-3-(1-methyl-1H-indol-3-yl)-1-
oxopropan-2-yl)carbamate (11)

Following GP1. Prepared from Nα-(tert-butoxycar-
bonyl)-1-methyl-L-tryptophan (3) (318 mg, 0.999 mmol), 
MeCN (3 mL), CDI (188 mg, 1.16 mmol), (R)-2-(2,2-di-
methyl-3-methylenecyclopentyl)ethan-1-amine (7)22 (182 
µL, 1.13 mmol); column chromatography (EtOAc/petrole-
um ether = 1:2). Yield: 183 mg (0.403 mmol, 40%) of yel-
low oil. ESI-HRMS Calcd for C27H40N3O3: m/z 454.3064 
(MH+). Found: m/z = 454.3068 (MH+). IR νmax 3306, 3068, 
2958, 2932, 2867, 1651, 1524, 1473, 1436, 1390, 1365, 1325, 
1240, 1166, 1046, 1013, 878, 780, 737 cm–1. [α]D

r.t. = +5.40 
(c = 1.8 mg/mL, CH2Cl2). 1H NMR (500 MHz, CDCl3): δ 
0.72 (s, 3H), 0.95 (s, 3H), 1.00–1.08 (m, 1H), 1.10–1.20 (m, 
1H), 1.21–1.31 (m, 1H), 1.31–1.39 (m, 1H), 1.43 (s, 9H), 
1.64–1.79 (m, 1H), 2.16–2.28 (m, 1H), 2.35–2.45 (m, 1H), 
3.03–3.22 (m, 3H), 3.30 (dd, J = 5.2, 14.5 Hz, 1H), 3.73 (s, 
3H), 4.38 (s, 1H), 4.72 (t, J = 2.5 Hz, 1H), 4.74 (t, J = 2.2 Hz, 
1H), 5.18 (s, 1H), 5.67 (s, 1H), 6.91 (s, 1H), 7.09–7.14 (m, 
1H), 7.20–7.25 (m, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.64 (d, J 
= 8.0 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 23.43, 26.51, 
28.04, 28.45, 28.57, 29.71, 30.68, 32.82, 38.94, 44.00, 47.92, 
55.43, 80.13, 103.20, 109.38, 119.19, 119.40, 122.01, 127.96, 
128.00, 137.08, 155.64, 162.07, 171.54 (one signal miss-
ing).

tert-Butyl ((R)-1-((2-((R)-2,2-Dimethyl-3-methylenecy-
clopentyl)ethyl)amino)-3-(1-methyl-1H-indol-3-yl)-1-
oxopropan-2-yl)carbamate (12)

Following GP1. Prepared from Nα-(tert-butoxycar-
bonyl)-1-methyl-D-tryptophan (4) (200 mg, 0.628 mmol), 
MeCN (3 mL), CDI (123 mg, 0.759 mmol), (R)-2-(2,2-di-
methyl-3-methylenecyclopentyl)ethan-1-amine (7)22 (114 
µL, 0.707 mmol); column chromatography (EtOAc/petro-
leum ether = 1:1). Yield: 140 mg (0.309 mmol, 49%) of or-
ange oil. ESI-HRMS Calcd for C27H40N3O3: m/z 454.3064 
(MH+). Found: m/z 454.3048 (MH+). IR νmax 3307, 2958, 
1651, 1523, 1474, 1365, 1325, 1240, 1166, 1046, 1013, 877, 
781, 737 cm–1. [α]D

r.t. = +4.21 (c = 1.4 mg/mL, CH2Cl2). 1H 
NMR (500 MHz, CDCl3): δ 0.73 (s, 3H), 0.96 (s, 3H), 
0.99–1.10 (m, 1H), 1.13–1.22 (m, 1H), 1.28–1.37 (m, 2H), 
1.43 (s, 9H), 1.70–1.78 (m, 1H), 2.19–2.29 (m, 1H), 2.37–
2.45 (m, 1H), 3.01–3.25 (m, 3H), 3.31 (dd, J = 5.2, 14.3 Hz, 
1H), 3.74 (s, 3H), 4.37 (s, 1H), 4.73 (t, J = 2.5 Hz, 1H), 4.75 
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(t, J = 2.3 Hz, 1H), 5.17 (s, 1H), 5.66 (s, 1H), 6.92 (s, 1H), 
7.10–7.14 (m, 1H), 7.21–7.25 (m, 1H), 7.29 (dt, J = 0.9, 8.3 
Hz, 1H), 7.64 (d, J = 7.9 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 23.47, 26.54, 28.06, 28.51, 28.45, 29.71, 30.70, 
32.84, 39.03, 44.01, 47.97, 55.49, 80.14, 103.21, 109.37, 
119.20, 119.41, 122.00, 127.98, 128.04, 137.08, 155.61, 
162.09, 171.53 (one signal missing).

(R)-1-((2-Cyclohexylethyl)amino)-3-(1H-indol-3-yl)-1-
oxopropan-2-aminium 2,2,2-Trifluoroacetate (13)

Following GP2. Prepared from Boc-amine 9 (199 
mg, 0.481 mmol), CH2Cl2 (2 mL), TFA (1.8 mL); the prod-
uct 13 was thoroughly dried in high vacuum. Yield: 187 
mg (0.437 mmol, 91%) of orange oil. ESI-HRMS Calcd for 
C19H28N3O: m/z 314.2227 (MH+). Found: m/z = 314.2242 
(MH+). IR νmax 3293, 2923, 2851, 1448, 1661, 1341, 1180, 
1135, 1011, 838, 799, 741, 722 cm–1. [α]D

r.t. = –36.4 (c = 1.8 
mg/mL, CH2Cl2). 1H NMR (500 MHz, DMSO-d6): δ 0.75–
0.87 (m, 2H), 1.04–1.25 (m, 6H), 1.52–1.69 (m, 5H), 2.97–
3.22 (m, 4H), 3.84–3.97 (m, 1H), 6.98–7.03 (m, 1H), 7.07–
7.11 (m, 1H), 7.19 (d, J = 2.5 Hz, 1H), 7.37 (d, J = 8.1 Hz, 
1H), 7.62 (d, J = 7.8 Hz, 1H), 8.15 (s, 3H), 8.38 (t, J = 5.6 
Hz, 1H), 11.05 (d, J = 2.5 Hz, 1H). 13C NMR (126 MHz, 
DMSO-d6): δ 25.67, 26.09, 27.43, 32.52, 32.56, 34.31, 
36.13, 36.45, 52.90, 107.00, 111.47, 118.39, 121.11, 124.73, 
127.07, 136.27, 158.13 (q, J = 31.9 Hz), 168.08 (one signal 
missing).

(S)-3-(1-Methyl-1H-indol-3-yl)-1-oxo-1-((2-(2,3,3-tri-
me thy l c yc l op ent-1-en-1-y l )e thy l)amino)pro-
pan-2-aminium 2,2,2-Trifluoroacetate (14)

Following GP2. Prepared from Boc-amine 11 (98.5 
mg, 0.217 mmol), CH2Cl2 (2 mL), TFA (1 mL); the prod-
uct 14 was thoroughly dried in high vacuum. Yield: 92.9 
mg (0.199 mmol, 92%) of dark brown oil. ESI-HRMS Cal-
cd for C22H32N3O: m/z 354.2540 (MH+). Found: m/z 
354.2541 (MH+). IR νmax 3056, 2951, 2934, 2862, 1779, 
1662, 1549, 1474, 1435, 1378, 1359, 1330, 1199, 1175, 1134, 
1014, 965, 837, 798, 739, 722 cm–1. [α]D

r.t. = +6.52 (c = 2.3 
mg/mL, CH2Cl2). 1H NMR (500 MHz, CDCl3): δ 0.86 (s, 
3H), 0.89 (s, 3H), 1.34–1.36 (m, 3H), 1.43–1.56 (m, 2H), 
1.88–2.06 (m, 4H), 2.95–3.11 (m, 2H), 3.24 (d, J = 7.2 Hz, 
2H), 3.70 (s, 3H), 4.16 (t, J = 7.3 Hz, 1H), 6.71 (t, J = 5.5 Hz, 
1H), 7.00–7.07 (m, 2H), 7.11–7.20 (m, 1H), 7.22–7.30 (m, 
1H), 7.51 (d, J = 7.9 Hz, 1H), 7.94 (s, 3H). 13C NMR (126 
MHz, CDCl3): δ 9.26, 26.44, 26.47, 27.72, 27.99, 32.06, 
32.78, 38.36, 38.76, 46.92, 54.42, 106.28, 109.75, 118.54, 
119.65, 122.26, 127.41, 129.05, 129.30, 138.02, 142.05, 
161.69 (q, J = 36.9 Hz), 168.64 (one signal missing).

(R)-3-(1-Methyl-1H-indol-3-yl)-1-oxo-1-((2-(2,3,3-tri-
me thy l c yc l op ent-1-en-1-y l )e thy l)amino)pro-
pan-2-aminium 2,2,2-Trifluoroacetate (15)

Following GP2. Prepared from Boc-amine 12 (99.7 
mg, 0.220 mmol), CH2Cl2 (2 mL), TFA (1 mL); the product 
15 was thoroughly dried in high vacuum. Yield: 89.2 mg 

(0.191 mmol, 87%) of dark orange oil. ESI-HRMS Calcd for 
C22H32N3O: m/z 354.2540 (MH+). Found: m/z 354.2535 
(MH+). IR νmax 3061, 2951, 2862, 1779, 1663, 1550, 1473, 
1435, 1378, 1359, 1330, 1251, 1172, 1135, 1013, 960, 836, 
798, 739 cm–1. [α]D

r.t. = –9.0 (c = 1.9 mg/mL, CH2Cl2). 1H 
NMR (500 MHz, CDCl3): δ 0.86 (s, 3H), 0.89 (s, 3H), 1.36 
(t, J = 2.2 Hz, 3H), 1.44–1.57 (m, 2H), 1.89–2.07 (m, 4H), 
2.96–3.13 (m, 2H), 3.24 (d, J = 7.3 Hz, 2H), 3.71 (s, 3H), 
4.18 (t, J = 7.3 Hz, 1H), 6.64 (t, J = 5.5 Hz, 1H), 7.02 (s, 1H), 
7.03–7.07 (m, 1H), 7.13–7.19 (m, 1H), 7.23–7.28 (m, 1H), 
7.50 (d, J = 7.9 Hz, 1H), 7.85 (s, 3H). 13C NMR (126 MHz, 
CDCl3): δ 9.27, 26.44, 26.47, 27.76, 27.97, 32.05, 32.81, 
38.39, 38.76, 46.94, 54.43, 106.13, 109.80, 118.47, 119.71, 
122.33, 127.34, 129.05, 129.24, 138.02, 142.18, 161.60 (q, J = 
37.6 Hz), 168.61 (one signal missing).

(R)-2-Acetamido-N-(2-cyclohexylethyl)-3-(1H-indol-3-
yl)propanamide (19)

Following GP3. Prepared from trifluoroacetate salt 
13 (160 mg, 0.374 mmol), CH2Cl2 (2 mL), DIPEA (196 μL, 
1.13 mmol), CH3COCl (32.1 μL, 0.450 mmol); column 
chromatography (EtOAc/petroleum ether = 1:1). Yield: 78 
mg (0.219 mmol, 59%) of white solid; mp 195.7–198.6 °C. 
ESI-HRMS Calcd for C21H30N3O2: m/z 356.2333 (MH+). 
Found: m/z 356.2347 (MH+). IR νmax 3407, 3287, 2914, 
2849, 1636, 1561, 1539, 1455, 1370, 1287, 1243, 1091, 1023, 
1012, 813, 779, 741 cm-1. [α]D

r.t. = –15.3 (c = 1.2 mg/mL, 
CH2Cl2). 1H NMR (500 MHz, DMSO-d6): δ 0.74–0.88  
(m, 2H), 1.04–1.25 (m, 6H), 1.54–1.67 (m, 5H), 1.78  
(s, 3H), 2.87 (dd, J = 8.5, 14.5 Hz, 1H), 2.96–3.11 (m, 3H), 
4.42–4.50 (m, 1H), 6.94–6.98 (m, 1H), 7.02–7.07 (m, 1H), 
7.10 (d, J = 2.3 Hz, 1H), 7.31 (dt, J = 0.9, 8.1 Hz, 1H), 7.57 
(d, J = 7.8 Hz, 1H), 7.84 (t, J = 5.6 Hz, 1H), 7.99 (d, J = 8.4 
Hz, 1H), 10.77 (s, 1H, NH). 13C NMR (126 MHz,  
DMSO-d6): δ 22.57, 25.72, 26.09, 28.07, 32.60, 34.50, 
36.24, 36.41, 53.47, 110.26, 111.19, 118.09, 118.42, 120.76, 
123.36, 127.32, 136.00, 168.88, 171.25.

(R)-2-Acetamido-3-(1H-indol-3-yl)-N-(2-(2,3,3-tri-
methylcyclopent-1-en-1-yl)ethyl)propanamide (20)

Following GP3. Prepared from trifluoroacetate salt 
1623 (267 mg, 0.589 mmol), CH2Cl2 (3.5 mL), DIPEA (307 
μL, 1.76 mmol), CH3COCl (50.3 μL, 0.705 mmol); column 
chromatography (EtOAc/petroleum ether = 1:1). Yield: 
148.6 mg (0.389 mmol, 66%) of yellowish solid; mp 78.2–
83.8 °C. ESI-HRMS Calcd for C23H32N3O2: m/z 382.2489 
(MH+). Found: m/z 382.2489 (MH+). IR νmax 3282, 3079, 
2951, 2861, 1636, 1533, 1457, 1435, 1372, 1358, 1287, 1234, 
1204, 1138, 1043, 1011, 908, 838, 801, 732 cm–1. [α]D

r.t. = 
–4.9 (c = 2.3 mg/mL, CH2Cl2). 1H NMR (500 MHz,  
CDCl3): δ 0.86 (s, 3H), 0.87 (s, 3H), 1.33 (t, J = 2.1 Hz, 3H), 
1.44–1.54 (m, 2H), 1.91 (s, 3H), 1.94–2.02 (m, 4H), 3.05–
3.17 (m, 3H), 3.23 (dd, J = 5.9, 14.5, Hz, 1H), 4.68 (q, J = 
7.3 Hz, 1H), 6.02 (t, J = 5.6 Hz, 1H), 6.79 (d, J = 7.8 Hz, 
1H), 6.98 (d, J = 2.4 Hz, 1H), 7.05–7.10 (m, 1H), 7.12–7.19 
(m, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 7.8 Hz, 1H), 
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8.61 (s, 1H, NH). 13C NMR (126 MHz, CDCl3): δ 9.30, 
23.14, 26.42, 26.46, 28.27, 28.62, 32.10, 37.94, 38.73, 46.86, 
54.35, 110.60, 111.41, 118.70, 119.68, 122.19, 123.22, 
127.51, 129.58, 136.28, 141.83, 170.52, 171.47.

tert-Butyl (R)-(3-(1H-Indol-3-yl)-1-oxo-1-((2-(2,3,3-
trimethylcyclopent-1-en-1-yl)ethyl)amino)propan-2-
yl)carbamate (21)

Following GP4. Prepared from trifluoroacetate salt 
1723 (382 mg, 0.842 mmol), CH2Cl2 (5 mL), Et3N (500 μL, 
3.59 mmol), Boc2O (377 mg, 1.73 mmol); column chro-
matography (EtOAc/petroleum ether = 1:2). Yield: 245 mg 
(0.557 mmol, 66%) of colorless oil. ESI-HRMS Calcd for 
C26H38N3O3: m/z 440.2908 (MH+). Found: m/z 440.2903 
(MH+). IR νmax 3307, 2931, 2861, 1698, 1654, 1493, 1457, 
1436, 1391, 1365, 1246, 1163, 1102, 1065, 1046, 1011, 909, 
857, 780, 735 cm–1. [α]D

r.t. = –11.1 (c = 2.2 mg/mL, 
CH2Cl2). 1H NMR (500 MHz, CDCl3): δ 0.84 (s, 3H), 0.88 
(s, 3H), 1.32 (s, 3H), 1.42 (s, 9H), 1.46–1.52 (m, 2H), 1.92–
2.02 (m, 4H), 3.05–3.20 (m, 3H), 3.34 (d, J = 14.7 Hz, 1H), 
4.39 (s, 1H), 5.06 (s, 1H), 5.63 (s, 1H), 7.04 (d, J = 2.5 Hz, 
1H), 7.10–7.15 (m, 1H), 7.17–7.22 (m, 1H), 7.36 (d, J = 8.0 
Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 8.24 (s, 1H, NH). 13C 
NMR (126 MHz, CDCl3): δ 9.32, 26.42, 26.55, 28.23, 28.43, 
28.64, 32.07, 37.68, 38.78, 46.93, 55.37, 80.14, 110.89, 
111.30, 119.08, 119.91, 122.45, 123.21, 127.63, 129.72, 
136.36, 142.12, 155.52, 171.47.

tert-Butyl (R)-(3-(1H-Indol-3-yl)-1-oxo-1-(((2,3,3-tri-
methylcyclopent-1-en-1-yl)methyl)amino)propan-2-yl)
carbamate (22)

Following GP4. Prepared from trifluoroacetate salt 
1822 (216 mg, 0.491 mmol), CH2Cl2 (5 mL), Et3N (386 µL, 
2.77 mmol), Boc2O (350 mg, 1.60 mmol); column chro-
matography (EtOAc/petroleum ether = 1:2). Yield: 109 mg 
(0.256 mmol, 52%) of colorless oil. ESI-HRMS Calcd for 
C25H36N3O3: m/z 426.2751 (MH+). Found: m/z 426.2751 
(MH+). IR νmax 3303, 2929, 2860, 1691, 1655, 1492, 1457, 
1437, 1390, 1365, 1246, 1163, 1099, 1056, 1011, 859, 739 
cm–1. [α]D

r.t. = +1.92 (c = 1.9 mg/mL, CH2Cl2). 1H NMR 
(500 MHz, CDCl3): δ 0.89 (s, 3H), 0.90 (s, 3H), 1.34–1.46 
(m, 12H), 1.47–1.57 (m, 2H), 1.84–2.02 (m, 2H), 3.09–3.22 
(m, 1H), 3.23–3.36 (m, 1H), 3.73 (s, 2H), 4.33–4.49 (m, 
1H), 5.05–5.28 (m, 1H), 5.54–5.75 (m, 1H), 7.03 (d, J = 2.5 
Hz, 1H), 7.09–7.15 (m, 1H), 7.17–7.21 (m, 1H), 7.35 (d, J 
= 8.1 Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H), 8.41 (s, 1H, NH). 
13C NMR (126 MHz, CDCl3): δ 9.45, 26.31, 28.41, 28.63, 
31.07, 37.93, 38.61, 47.08, 55.34, 80.11, 110.81, 111.35, 
118.98, 119.79, 122.31, 123.26, 127.49, 128.86, 136.39, 
143.51, 155.59, 171.63 (one signal missing).

tert-Butyl (S)-(3-(1-Methyl-1H-indol-3-yl)-1-oxo-1-((2-
(2,3,3-trimethylcyclopent-1-en-1-yl)ethyl)amino)pro-
pan-2-yl)carbamate (23)

Following GP4. Prepared from trifluoroacetate salt 
14 (62.9 mg, 0.134 mmol), CH2Cl2 (3 mL), Et3N (170 µL, 

1.22 mmol), Boc2O (203 mg, 0.930 mmol); column chro-
matography (EtOAc/petroleum ether = 1:4). Yield: 45.2 
mg (0.0996 mmol, 74%) of yellow oil. ESI-HRMS Calcd 
for C27H40N3O3: m/z 454.3064 (MH+). Found: m/z = 
454.3068 (MH+). IR νmax 3305, 2950, 2931, 2861, 1652, 
1523, 1474, 1365, 1325, 1241, 1166, 1121, 1045, 1013, 859, 
779, 737 cm–1. [α]D

r.t. = +6.95 (c = 1.7 mg/mL, CH2Cl2). 1H 
NMR (500 MHz, CDCl3): δ 0.82 (s, 3H), 0.87 (s, 3H), 1.31 
(s, 3H); 1.42 (s, 9H), 1.44–1.51 (m, 2H), 1.90–1.97 (m, 
2H), 2.00 (t, J = 6.9 Hz, 2H), 3.04–3.22 (m, 3H), 3.33 (d, J 
= 11.9 Hz, 1H), 3.74 (s, 3H), 4.37 (s, 1H), 5.04 (s, 1H), 5.63 
(s, 1H), 6.91 (s, 1H), 7.09–7.13 (m, 1H), 7.20–7.25 (m, 
1H), 7.28 (dt, J = 1.0, 8.3 Hz, 1H), 7.61 (d, J = 7.9 Hz, 1H). 
13C NMR (126 MHz, CDCl3): δ 9.28, 26.36, 26.51, 28.16, 
28.42, 31.98, 32.79, 37.62, 38.76, 46.91, 55.48, 80.13, 
109.24, 109.34, 119.17, 119.39, 122.00, 127.91, 128.14, 
129.74, 137.08, 142.11, 155.51, 171.48.

tert-Butyl (R)-(3-(1-Methyl-1H-indol-3-yl)-1-oxo-1-
((2-(2,3,3-trimethylcyclopent-1-en-1-yl)ethyl)amino)
propan-2-yl)carbamate (24)

Following GP4. Prepared from trifluoroacetate salt 
15 (61.8 mg, 0.132 mmol), CH2Cl2 (3 mL), Et3N (97.6 μL, 
0.700 mmol), Boc2O (110 mg, 0.504 mmol); column chro-
matography (EtOAc/petroleum ether = 1:3). Yield: 45.7 
mg (0.101 mmol, 76%) of orange oil. ESI-HRMS Calcd for 
C27H40N3O3: m/z 454.3064 (MH+). Found: m/z 454.3067 
(MH+). IR νmax 3305, 3052, 2950, 2931, 2861, 1652, 1522, 
1474, 1365, 1325, 1242, 1165, 1046, 1013, 923, 860, 778, 
734 cm–1. [α]D

r.t. = +28.7 (c = 1.7 mg/mL, CH2Cl2). 1H 
NMR (500 MHz, CDCl3): δ 0.82 (s, 3H), 0.87 (s, 3H), 1.32 
(t, J = 2.1 Hz, 3H), 1.42 (s, 9H), 1.45–1.52 (m, 2H), 1.88–
1.97 (m, 2H), 2.00 (t, J = 7.0 Hz, 2H), 3.04–3.22 (m, 3H), 
3.34 (d, J = 14.8 Hz, 1H), 3.74 (s, 3H), 4.36 (s, 1H), 5.03 (s, 
1H), 5.62 (s, 1H), 6.91 (s, 1H), 7.10–7.14 (m, 1H), 7.20–
7.25 (m, 1H), 7.28 (dt, J = 1.0, 8.3 Hz, 1H), 7.61 (d, J = 7.9 
Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 9.29, 26.36, 26.52, 
28.17, 28.43, 31.99, 32.80, 37.62, 38.77, 46.92, 55.47, 80.11, 
109.25, 109.34, 119.18, 119.40, 122.01, 127.91, 128.15, 
129.74, 137.09, 142.12, 155.53, 171.49.

2-(1H-Indol-3-yl)-N-(2-((1R,3R)-2,2,3-trimethylcyclo-
pentyl)ethyl)acetamide (cis-27) and 2-(1H-Indol-3-yl)-
N-(2-((1R,3S)-2,2,3-trimethylcyclopentyl)ethyl)aceta-
mide (trans-27)

Following GP5 Prepared from alkene 2523 (126 mg, 
0.406 mmol), MeOH (20 mL), Pd–C (29 mg); column 
chromatography (EtOAc/petroleum ether = 1:2). The 
product was isolated and characterized as a diastereomer 
mixture of cis-27:trans-27 = 86:14. Yield: 83.9 mg (0.268 
mmol, 66%) of orange oil. ESI-HRMS Calcd for 
C20H29N2O: m/z 313.2274 (MH+). Found: m/z 313.2277 
(MH+). IR νmax 3407, 3273, 2949, 2867, 1639, 1526, 1456, 
1435, 1365, 1339, 1252, 1227, 1186, 1126, 1099, 1009, 925, 
878, 778, 738 cm–1. [α]D

r.t. = +9.78 (c = 1.7 mg/mL, 
CH2Cl2). 1H NMR (500 MHz, CDCl3) for cis-27: δ 0.41 (s, 
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3H), 0.71 (s, 3H), 0.78 (d, J = 6.8 Hz, 3H), 0.99–1.21 (m, 
4H), 1.33–1.47 (m, 2H), 1.62–1.68 (m, 2H), 3.08–3.24 (m, 
2H), 3.74 (s, 2H), 5.66 (t, J = 5.9 Hz, 1H), 7.13–7.18 (m, 
2H), 7.22–7.26 (m, 1H), 7.41 (dt, J = 0.9, 8.3 Hz, 1H), 7.56 
(d, J = 7.9 Hz, 1H), 8.45 (s, 1H, NH). 1H NMR (500 MHz, 
CDCl3) for trans-27: δ 0.76 (d, J = 7.2 Hz, 1H). 13C NMR 
(126 MHz, CDCl3) for cis-27: δ 13.95, 14.45, 25.53, 28.06, 
30.24, 30.53, 33.61, 39.20, 42.39, 45.02, 48.37, 109.30, 
111.53, 118.93, 120.22, 122.76, 123.88, 127.17, 136.58, 
171.45.

tert-Butyl ((S)-3-(1-Methyl-1H-indol-3-yl)-1-oxo-1-((2-
(2,3,3-trimethylcyclopentyl)ethyl)-amino)propan-2-yl)
carbamate (28)

Following GP5 Prepared from alkene 23 (55.0 mg, 
0.121 mmol), MeOH (20 mL), Pd–C (19.7 mg); column 
chromatography (EtOAc/petroleum ether = 1:2). The 
product was isolated and characterized as a diastereomer 
mixture in a ratio of 89:11. Yield: 38.4 mg (0.0843 mmol, 
70%) of yellow oil. ESI-HRMS Calcd for C27H42N3O3: m/z 
456.3221 (MH+). Found: m/z 456.3222 (MH+). IR νmax 
3429, 3305, 2950, 2868, 2243, 1651, 1523, 1501, 1472, 1365, 
1325, 1244, 1166, 1047, 1013, 908, 860, 779, 734 cm–1. [α]
D

r.t. = +7.6 (c = 2.4 mg/mL, CH2Cl2). 1H NMR (500 MHz, 
CDCl3) for the major diastereomer: δ 0.41 (s, 3H), 0.75 (s, 
3H), 0.80 (d, J = 6.9 Hz, 3H), 0.91–1.05 (m, 2H), 1.06–1.18 
(m, 2H), 1.28–1.38 (m, 2H), 1.43 (s, 9H), 1.57–1.89 (m, 
2H), 2.96–3.17 (m, 3H), 3.30 (dd, J = 5.2, 14.6 Hz, 1H), 
3.74 (s, 3H), 4.39 (s, 1H), 5.19 (s, 1H), 5.61 (s, 1H), 6.92 (s, 
1H), 7.10–7.14 (m, 1H), 7.20–7.25 (m, 1H), 7.29 (d, J = 8.2 
Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H). 13C NMR (126 MHz, 
CDCl3) for the major diastereomer: δ 13.94, 14.47, 25.59, 
28.03, 28.46, 28.65, 30.26, 30.36, 32.83, 39.18, 42.39, 44.98, 
48.39, 55.42, 80.07, 109.36, 119.21, 119.41, 121.99, 127.97, 
137.09, 155.57, 171.47 (two signals missing).

N - ( 2 - ( ( 1 R , 3 R ) - 2 , 2 , 3 - Tr i m e t h y l c y c l o p e n t y l )
ethyl)-4,5,6,7-tetrahydro-1H-indole-2-carboxamide 
(cis-29), N-(2-((1R,3S)-2,2,3-Trimethylcyclopentyl)
ethyl)-4,5,6,7-tetrahydro-1H-indole-2-carboxamide 
(trans-29) and N-(2-((1R,3R)-2,2,3-Trimethylcyclopen-
tyl)ethyl)octahydro-1H-indole-2-carboxamide (cis-30), 
N-(2-((1R,3S)-2,2,3-Trimethylcyclopentyl)ethyl)oc-
tahydro-1H-indole-2-carboxamide (trans-30)

Following GP5 Prepared from alkene 2623 (148 mg, 
0.499 mmol), MeOH (20 mL), Pd–C (45 mg); column 
chromatography (1. EtOAc/petroleum ether = 1:1 for the 
elution of the cis-29/trans-29 mixture; 2. EtOAc/MeOH = 
1:1 for the elution of the cis-30/trans-30 mixture).

The mixture cis-29/trans-29 = 88:12 elutes first from 
the column. The aniline was isolated and characterized as 
a mixture of two diastereomers. Yield: 14.8 mg (0.0489 
mmol, 10%) of dark orange oil. ESI-HRMS Calcd for 
C19H31N2O: m/z 303.2431 (MH+). Found: m/z 303.2429 
(MH+). IR νmax 3231, 2930, 2865, 1614, 1585, 1539, 1465, 
1411, 1365, 1322, 1266, 1246, 1148, 1132, 1058, 981, 929, 

835, 816, 761, 711 cm–1. [α]D
r.t. = +15.1 (c = 1.1 mg/mL, 

CH2Cl2). 1H NMR (500 MHz, CDCl3) for cis-29: δ 0.51 (s, 
3H), 0.83 (d, J = 6.8 Hz, 3H), 0.86 (s, 3H), 1.13–1.36 (m, 
4H), 1.38–1.55 (m, 2H), 1.63–1.92 (m, 6H), 2.49 (t, J = 6.0 
Hz, 2H), 2.60 (t, J = 6.1 Hz, 2H), 3.27–3.48 (m, 2H), 5.72 
(s, 1H), 6.26 (d, J = 2.4 Hz, 1H), 9.15 (s, 1H). 13C NMR 
(126 MHz, CDCl3) for cis-29: δ 14.00, 14.56, 22.89, 22.92, 
23.19, 23.72, 25.72, 28.33, 30.36, 31.15, 39.06, 42.56, 45.14, 
48.67, 107.42, 118.90, 123.97, 131.53, 161.45.

The mixture cis-30/trans-30 = 90:10 elutes second 
from the column. The product pyrrolidine was isolated 
and characterized as a mixture of diastereomers. Yield: 
58.0 mg (0.189 mmol, 38%) of dark orange oil. ESI-HRMS 
Calcd for C19H35N2O: m/z 307.2744 (MH+). Found: m/z 
307.2751 (MH+). IR νmax 3210, 3064, 2929, 2865, 2675, 
1672, 1559, 1449, 1366, 1300, 1270, 1249, 1186, 1136, 1079, 
1031, 981, 944, 917, 903, 844, 811, 729 cm–1. [α]D

r.t. = +25.8 
(c = 1.9 mg/mL, CH2Cl2). 1H NMR (500 MHz, CDCl3) for 
the mixture of diastereomers: δ 0.51 (s, 3H), 0.83 (d, J = 6.8 
Hz, 3H), 0.86 (d, J = 2.6 Hz, 3H), 1.13–1.54 (m, 9H), 1.55–
1.94 (m, 8H), 2.27–2.38 (m, 1H), 2.55–2.66 (m, 1H), 3.12–
3.25 (m, 1H), 3.27–3.40 (m, 1H), 3.61–3.76 (m, 1H), 4.49 
(s, 1H), 8.50 (s, 1H). 13C NMR (126 MHz, CDCl3) for the 
mixture of diastereomers: δ 13.99, 14.58, 22.00, 22.09, 
25.73, 25.76, 26.06, 26.52, 28.09, 28.16, 30.31, 30.37, 30.51, 
34.74, 37.79, 37.81, 39.70, 42.51, 42.53, 45.19, 45.22, 48.49, 
48.59, 58.68, 58.72, 58.84, 58.86, 170.59.

2. 2.  Biological Evaluation – Inhibition of 
Cholinesterases
The inhibitory potencies of the compounds against 

the ChEs were determined using the method of Ellman fol-
lowing the procedure described previously.19 Briefly, com-
pound stock solutions in DMSO were incubated with Ell-
man’s reagent and the ChEs (final concentrations: 370 μM 
Ellman’s reagent, 1 nM or 50 pM hBChE or murine (m)
AChE, respectively) in 0.1 M phosphate buffer pH 8.0 for 5 
min at 20  °C. mAChE was chosen as the surrogate for 
hAChE as they are structurally highly conserved in the 
composition of active site amino acid residues.26 The reac-
tions were started by the addition of the substrate (final 
concentration, 500 μM butyrylthiocholine iodide or acet-
ylthiocholine iodide for hBChE and mAChE, respectively). 
The final content of DMSO was always 1%. The increase in 
absorbance at 412 nm was monitored for 2 min using a 
96-well microplate reader (Synergy H4, BioTek Instru-
ments, VT, USA). The initial velocities in the presence (vi) 
and absence (vo) of the test compounds were calculated. 
The inhibitory potencies were expressed as the residual ac-
tivities, according to RA = (vi – b) / (vo – b), where b is the 
blank value using phosphate buffer without ChEs. For IC50 
determinations, at least seven different concentrations of 
each compound were used. The IC50 values were obtained 
by plotting the residual ChE activities against the applied 
inhibitor concentrations, with the experimental data fitted 
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to a four-parameter logistic function (GraphPad Prism 8.0, 
GraphPad Software, Boston, MA, USA). Tacrine and done-
pezil were used as positive controls.

3. Results and Discussion
3. 1. Synthesis and ChE Inhibitory Activity

The synthesis of the products is not presented in a 
linear fashion, as the individual sequences range from one 

to four steps. Instead, the synthesis is divided into amida-
tions with 1,1'-carbonyldiimidazole (CDI), N-Boc depro-
tection and isomerization with trifluoroacetic acid (TFA), 
N-Boc protection and acetylation, and catalytic hydro-
genation (Schemes 1–4).

3-(1H-Indol-3-yl)propanoic acid (1) and tryptophan 
derivatives 2–4 were activated with CDI activating reagent 
before coupling with cycloalkyl-alkane-amines 5–7. 
Amides 8–12 were obtained in 40–93% yields after isola-
tion by column chromatography (Scheme 1).

Scheme 1. Synthesis of amides 8–12.



552 Acta Chim. Slov. 2023, 70, 545–559

Gršič et al.:   Synthesis and Cholinesterase Inhibitory Activity of Selected   ...

TFA was used for the N-Boc protecting group cleav-
age of carbamates 9, 11, and 12, and the corresponding 
trifluoroacetate salts 13–15 were obtained in 87–92% 
yields (Scheme 2). The Boc protecting group cleavage of 
carbamates 11 and 12 was accompanied by isomerization 
of the exocyclic double bond22 by initial protonation of the 
double bond, 1,2-methyl shift, followed by deprotonation, 
giving cyclopentenes 14 and 15.

Treatment of trifluoroacetate salts 13 and 16 with 
acetyl chloride in the presence of DIPEA gave acetamides 
19 and 20 in 59% and 66% yield, respectively. Similarly, 
treatment of 14, 15, 17, and 18 with Boc2O in the presence 
of Et3N in dichloromethane gave Boc-protected amines 
21–24 in 52–76% yield (Scheme 3).

Finally, catalytic hydrogenation of alkene 25 with 
Pd–C in methanol gave an inseparable mixture of cyclopen-
tanes cis-27 and trans-27 in an 86:14 ratio and 66% yield 
(Scheme 4). The formation of the major cyclopentane cis-27 
was explained by the approach of the reagent from the less 
hindered side of the exocyclic double bond. Similarly, re-
duction of the endocyclic alkene 23 afforded an inseparable 
mixture of two diastereomers of product 28 in the relative 
ratio 89:11 in 70% yield. The absolute configuration of the 
newly formed stereocentres could not be determined; a rel-

ative cis-configuration on cyclopentane is shown for both 
isomers. Catalytic hydrogenation of the indole-2-carboxylic 
acid-derived amide 26 was not chemoselective and afforded 
a separable mixture of pyrrole derivatives cis-29/trans-29 
and pyrrolidine derivatives cis-30/trans-30. The pyrroles 
cis-29/trans-29 were isolated in 10% yield as an inseparable 
mixture of geometric isomers in the ratio 88:12. Similarly, 
the pyrrolidines cis-30/trans-30 were isolated in 38% yield 
as an inseparable mixture of several isomers, with a cis/trans 
cyclopentanes ratio of 90:10 (Scheme 4).

The structures of novel compounds were confirmed 
by spectroscopic methods (1H and 13C NMR, IR, and 
high-resolution mass spectrometry) and by elemental 
analyses for C, H, and N. Figure 2 shows the most typical 
proton shifts and multiplicities of compounds with substi-
tuted cyclopentene or cyclopentane structural motif. The 
germinal protons of the exocyclic alkene of compound 11 
appear at 4.72 and 4.74 ppm as two triplets with a coupling 
constant of 2.2 and 2.5 Hz. The methyl groups of the cyclo-
pentene moiety appear as singlet at 0.72 and 0.95 ppm. Af-
ter acid-catalyzed rearrangement of the double bond and 
methyl group migration, a tetrasubstituted endocyclic 
bond is formed as shown in compound 20. The two germi-
nal methyl groups appear as singlet at 0.86 and 0.87 ppm, 

Scheme 2. N-Boc deprotection – synthesis of ammonium salts 13–15.
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Scheme 3. N-Boc protection and acetylation – synthesis of compounds 19–24.
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while the methyl group on the endocyclic double bond ap-
pears as triplet at 1.33 ppm (J = 2.1 Hz). Similar chemical 
shifts and multiplicities are found for the related com-
pounds 14, 15, 21–24. Finally, catalytic hydrogenation of 
either the exocyclic or endocyclic double bond leads to 
substituted cyclopentane, yielding two diastereomers (see 
Scheme 4). As in compound cis-29 (the major diastere-
omer), the two germinal methyl groups appear as singlet at 
0.51 and 0.86 ppm, while the third methyl group appears 
as doublet at 0.83 ppm (J = 6.8 Hz). A very similar pattern 
of methyl groups is also observed for compound cis-27 
(Figure 2). The proton spectra of the compounds contain-
ing a substituted cyclopentene/cyclopentane structural 
motif are consistent with the previously reported com-
pounds containing the same structural elements.22

All synthesized compounds were tested for inhibito-
ry activity on human (h)BChE and murine (m)AChE (Ta-
ble 1). Compounds 13, 20, 21, and 24 showed selective 
submicromolar inhibition of hBChE, with compounds 13 
(IC50 = 617 nM) and 21 (IC50 = 501 nM) being the most 
potent inhibitors of the series.

4. Conclusion
We report on 18 new compounds with indole 

structural motif that were synthesized and fully charac-
terized. Additionally, inhibitory potencies of the synthe-
sized compounds against hBChE (human butyrylcho-
linesterase) and mAChE (murine acetylcholinesterase) 

Scheme 4. Reduction of alkenes 23, 25, 26 – synthesis of com-
pounds 27–30.
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Figure 2. Representative proton shifts and multiplicities of products with substituted cyclopentene and cyclopentane motif.

Table 1. In vitro ChE inhibition.

Entry Compound hBChE mAChE
  RA at 100 µM [% ± SD] or
  IC50 [nM] ±SEMa 

1  1687.6 ± 126.7 71.3 ± 8.7%
   Not active

2  7653.3 ± 1141.1 87.4 ± 18.0%
   Not active

3  54.8 ± 8.5% 40981.3 ± 14812.5
  Not active 

4 11 50.8 ± 2.7% 11512.1 ± 2469.4
  Not active 

5  9733.3 ± 2037.7 52.9 ± 8.5%
   Not active
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Entry Compound hBChE mAChE
  RA at 100 µM [% ± SD] or
  IC50 [nM] ±SEMa 

6  617.3 ± 11.0 99.1 ± 6.2%
   Not active

7  1004.5 ± 103.2 81009.0 ± 9059.0

8  1151.9 ± 150.1 72.3 ± 10.2%
   Not active

9  4175.6 ± 245.1 96.7 ± 6.2%
   Not active

10  988.4 ± 111.2 86.7 ± 4.5%
   Not active

11  501.1 ± 46.7 51.4 ± 2.2%
   Not active

12  3588.9 ± 715.5 35458.6 ± 7236.4
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Entry Compound hBChE mAChE
  RA at 100 µM [% ± SD] or
  IC50 [nM] ±SEMa 

13  42.6 ± 11.7% 53.5 ± 0.6%
  Not active Not active

14  952.5 ± 228.5 67.6 ± 13.7%
   Not active

15b  1888.7 ± 123.2 7479.9 ± 2297.0

16b  49.3 ± 13.5% 12625.0 ± 3926.5
  Not active

 

17b  2948.9 ± 653.3 21002.0 ± 4815.0



558 Acta Chim. Slov. 2023, 70, 545–559

Gršič et al.:   Synthesis and Cholinesterase Inhibitory Activity of Selected   ...

was determined by the method of Ellman. The highest 
selective submicromolar inhibition of hBChE was 
achieved with compounds 13 (IC50 = 617 nM) and 21 
(IC50 = 501 nM).

Supplementary Material
Copies of 1H and 13C NMR and MS spectra of the 

products are presented in the supporting information.
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Povzetek
V članku je opisana sinteza in antiholinesterazna aktivnost 18 doslej neobjavljenih spojin, derivatov indola in triptofana. 
Spojine, ki vsebujejo indolni strukturni fragment, izkazujejo selektivno submikromolarno zaviranje človeške butirilholin 
esteraze (hBChE). Strukture na novo sintetiziranih spojin so bile potrjene z 1H in 13C NMR, IR spektroskopijo in masno 
spektrometrijo visoke ločljivosti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
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Abstract
Two new polythioamides were prepared through the polycondensation reaction between thiourea monomers and tere-
phthaloyl dichloride, while the thiourea monomers were synthesized by the interaction of aromatic (4,4’-diaminophe-
nylsulfone) or alicyclic (1,2-cyclohexanediamine) diamine with ammonium thiocyanate. The elemental composition of 
polythioamides was confirmed through CHN microanalysis. The structure and properties of thiourea monomers and 
polythioamides were determined through proton NMR, UV-Vis, FT-IR spectroscopy, fluorescence, TGA/DTA and SEM. 
The polythioamides indicated high thermal stabilities which were assessed from their Tmax (temperature indicating high-
est rate of weight loss) values (670 °C and 346 °C) observed in their DTG graphs. The thioureas and polythioamides were 
fluorescent and showed multicolor (violet, green, yellow, orange and red) emissions at different excitation wavelengths. 
All the synthesized compounds were also tested for their antifungal and antibacterial functions and showed antibacterial 
activity against Salmonella typhi, Bacillus subtilis and Staphylococcus aureus, and antifungal activity against Candida 
albicans.

Keywords: polythioamides, thioureas, thermal stability, multicolor fluorescence emissions, antimicrobial functions

1. Introduction

In comparison to the wide literature on sulfur con-
taining polymers, the work on the polymers containing 
thioamide functional group called polythioamides is lim-
ited.1 The polythioamides are analogous to polyamides in 
which oxygen of the carbonyl group (C=O) is replaced by 
the sulfur (C=S). The stability of polythioamides is also 
similar to polyamides, however their melting points and 
glass transition temperatures are lower as compared to 
their homologous polyamides.2–4 The thiocarbonyl group 
in polythioamides decreases hydrogen bonding which 
may increase their solubility in common solvents such as 
chloroform.5 In recent years, interest in the synthesis of 
polythioamides has been increasing because of their 
unique qualities such as high refractive index and lumi-
nescence behavior.6,7 The polythioamides have an ability 
to selectively adsorb valuable metals such as platinum(IV), 
gold(III) and palladium(II),8,9 and toxic metals like mer-
cury(II), lead(II) and chromium(III) from wastewater 
systems.10–12 The interest of researchers is increasing to-

wards the preperation and applications of antifungal, an-
tibacterial and antiviral polymeric food packaging after 
Covid-19 pandemic for reducing the harmful effects of 
various microrganisms on human health.13 A number of 
polythioamide antibiotics have been designed and stud-
ied based on Closthioamide (the first polythioamide anti-
biotic from a strictly anaerobic bacterium Clostridium 
cellulolyticum) architecture.14–17 Different methods have 
been adopted for the synthesis of polythioamides, one of 
them being the condensation reaction between bis(dith-
ioesters) or dithioesters with diamines, but the formation 
of harmful methanethiol during the synthesis of bis(dith-
ioesters) or dithioesters restricts the employment of this 
method.4,18 The conversion of polyamides to polythioam-
ides (thionation reaction) through Lawesson reagent is an 
alternative technique, however this reaction is usually 
carried out in toluene at 100 °C and suffers from incom-
plete conversion and hydrolytic degradation.1,5 Multi-
component polymerization (MCP) is a new and powerful 
technique for the preparation of functional polymers due 
to its operational simplicity and high efficiency.19 The 
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Willgerodt-Kindler reaction is a useful procedure for the 
preparation of polythioamides which involves polycon-
densation of dialdehydes and diamines in attendance of 
elemental sulfur.20–22 The corresponding polythioamides 
were obtained in high yield through polycondensation us-
ing isophthalaldehyde and terephthalaldehyde, while po-
lymerization was not achieved with phthalaldehyde due 
to steric effect. The polycondensation with the use of ali-
phatic primary diamines and cyclic secondary diamines 
resulted in good yields of polythioamides, while no poly-
meric product was obtained with acyclic secondary di-
amines, whereas aromatic diamines provided insoluble 
polymers.21 A catalyst free MCP of aliphatic diamines, 
aromatic diynes, dicarboxylic acids and elemental sulfur 
have been reported which resulted in high molecular 
weight luminescent polythioamides.7,23 Recently, a series 
of high refractive index polythioamides were prepared 
through straight polymerization of primary aliphatic di-
amines with elemental sulfur at 110 °C without using cat-
alyst, the yield and molecular weight of the resulted poly-
mer was high and they also indicated good thermal 
stability.6

In the present work two (one new) thiourea mono-
mers were synthesized by the interaction of aromatic or 
aliphatic diamine with ammonium thiocyanate, and two 
new polythioamides were prepared through polyconden-
sation between thiourea monomers with terephthaloyl di-
chloride. The monomers and polymers were obtained in 
good yield (70–92%). The structural design of one of the 
synthesized polythioamides contains aromatic rings of 
dapsone while other contains aliphatic rings of cyclohex-
ane, the purpose of these structural changes was to study 
their influence on the properties (solubility, fluorescence, 
antimicrobial activities and thermal stability) of polythio-
amides.

2. Experimental
2. 1. Chemicals

4,4'-diaminodiphenyl sulfone (97%, Sigma-Aldrich, 
USA), ammonium thiocyanate (≥97.5%, Sigma-Aldrich, 
USA), 1,2-cyclohexanediamine (99%, Merck, Darmstadt, 
Germany), chloroform (anhydrous, ≥99%, Merck, 
Darmstadt, Germany), ethanol (95%, Merck, Darmstadt, 
Germany), tetrahydrofuran (anhydrous, ≥99%, Merck, 
Darmstadt, Germany), sodium bicarbonate (ACS reagent, 
≥99.7%, Merck, Darmstadt, Germany), activated charcoal 
(powder extra pure, Merck, Germany), hydrochloric acid 
(ACS reagent, 37%, Merck, Germany), sodium hydroxide 
(reagent grade, ≥98%, pellets (anhydrous), Sigma-Aldrich, 
Seelze),  terephthaloyl chloride (99%, Alfa-Aesar, Germa-
ny), acetone (ACS reagent, ≥99.5%, Sigma-Aldrich, Ger-
many), N,N-Dimethylformamide (≥99.8%, AnalaR BDH, 
England), dimethyl sulfoxide (≥99.9%, AnalaR BDH, Eng-
land), and distilled water were used.

2. 2. Equipment
 The melting points of the synthesized thioureas 

and polythioamides were measured on Gallenkamp 
Apparatus (U.K.) with build-in thermometer. The solu-
bility of thiourea monomers and polythioamides was 
tested in different solvents by adding 5 mg of each 
compound in 2 mL of solvent and mixed well. If precip-
itates were observed at the bottom of the tube, the con-
tents were heated at 60–70 °C for 5 min. A change in 
the contents of solid mass in the solvent was noted. The 
E.I. mass spectra of thiourea monomers were obtained 
on mass spectrometer JEOL JMS-600H (Japan) at HEJ 
Research Institute of Chemistry, Karachi University, 
Sindh, Pakistan. The CHN analysis of the polythioam-
ides was carried out on elemental analyzer EA111O at 
Elemental Microanalysis Ltd, Devon, EX20 1UB(UK). 
The 1HNMR spectra of thioureas and polythioamides 
were documented on spectrometer BRUKER AVANCE-
NMR 400 MHz. Tetramethylsilane was employed as 
internal standard and dimethylsulfoxide-d6 (DM-
SO-d6) as deuterated solvent. The FT-IR spectroscopy 
of thioureas and polythioamides was performed on FT-
IR spectrometer Thermo Scientific™ Nicolet™ iS10 
equipped with ATR (attenuated total reflectance) and 
Software OMNIC™ within 4000–600 cm−1. The UV-Vis 
spectra of thioureas and polythioamides were per-
formed in solvent DMSO within 190–800 nm, with 1 
cm3 quartz cuvettes on UV-1800 Shimadzu double 
beam spectrophotometer with software UV Probe. The 
emission spectra of thioureas and polythioamides were 
recorded on Shimadzu RF-5301PC Series (Japan) spec-
trofluorometer, using 1cm quartz cuvette and the sol-
vent was DMSO. The surface morphologies of the 
thiourea and polythioamides were recorded at Center 
of Pure and Applied Geology, Sindh University, Jam-
shoro, Pakistan on Scanning Electron Microscope JE-
OL JSM-6490 LV or on JEOL JSM-5910 with accelerat-
ing voltage 15 kV at Centralized Resource Laboratory 
(CRL), Peshawar University, Pakistan. The were meas-
ured through the SEM images of the synthesized 
thiourea monomers and polythioamides by using Im-
ageJ software. The TGA (thermogravimetric analysis) 
and DTA (Differential thermal analysis) graphs of 
thioureas and polythioamides were recorded in the ni-
trogen atmosphere with flow rate 20 mL/min on Perkin 
Elmer Pyris Diamond Series (USA) thermal analyzer 
particle area, diameter and pore surface area. The sam-
ple (3.10–8.26 mg) was placed on ceramic pan and then 
heated from 40–800 °C with 20 °C/min heating rate 
and the reference material was alumina. Antibacterial 
functions of thioureas and polythioamides were exam-
ined against various species of bacteria (Escherichia co-
li, Salmonella typhi, Staphylococcus aureus, Bacillus 
subtilis and Pseudomonas aeruginosa) by microplate 
alamar blue assay through 96 well plate method and us-
ing Ofloxacin as standard drug, 2 to 4 mg of compound 
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(thioureas and polythioamides) was dispersed in DM-
SO solvent to make concentration 50 or 200 µg/mL. 
The Mueller-Hinton Agar (MHA) was utilized as medi-
um for bacterial growth and incubation time was 18 to 
20 hrs. The % inhibition by the compound (thioureas 
and polythioamides) against bacterial strains was esti-
mated from reported procedure and the formula is giv-
en as Eq. 1.24-27

 (1)

Where εox is the molar extinction coefficients of 
dye Alamar blue in its oxidized (blue) form, εred is the 
molar extinction coefficients of dye Alamar blue in its 
reduced (pink) form, A is the test well absorbance, A’ is 
negative control well absorbance, λ1 is 570 nm and λ2 is 
600 nm. The antifungal functions of thioureas and poly-
thioamides were evaluated by agar tube dilution method 
against various species of fungi (Aspergillus niger, Can-
dida albicans, Fusarium lini, Trichophyton rubrum and 
Microsporum canis), drug Amphotericin B was employed 
as standard for Aspergillus niger and drug Miconazole as 
standard for other strains. For fungal growth SDA (Sab-
ouraud dextrose agar) medium was utilized, 12 mg of 
the compound (thioureas and polythioamides) was dis-
persed in DMS0 solvent to make 200 µg/mL concentra-
tion. The period of the incubation was seven days at a 
temperature of 27 °C. The % inhibition by the com-
pounds (thioureas and polythioamides) against fungal 
strains was calculated through the formula given as Eq. 
2.25–27

 (2)

2. 3. Synthesis of Thiourea Monomers
The monomers 1,2-cyclohexanebis(thiourea) (CBT) 

and 4,4’-diphenylsulfonebis(thiourea) (SBT) were synthe-
sized by following a literature procedure.28 The thiourea 

monomer CBT is new while thiourea SBT is already re-
ported.29

In a typical synthesis, 4,4'-diaminodiphenyl sulfone 
(dapsone) or 1,2-cyclohexanediamine (0.01 mol), 45 ml of 
deaerated water, pinch of activated charcoal and 10 ml of 
concentrated. HCl were added to a 250 ml round-bottom 
flask assembled with magnetic agitator. The mixture was 
heated at 50 °C under consistent stirring for 20 minutes. 
Then the contents were filtered and relocated to another 
250 ml round-bottom flask assembled with a thermome-
ter, magnetic agitator and condenser, ammonium thiocy-
anate (0.04 mol) was also added into it. The reaction mix-
ture was refluxed at 90 °C for 48 hours. The resulting 
granular product was allowed to cool naturally until it 
reached room temperature, filtered and then washed with 
hot water. The product was recrystallized with 50 ml of 
DMSO/water (1:1 by volume) and then dried. In case of 
thiourea monomer (CBT) derived from 1,2-cyclohexane-
diamine, the product was not precipitated in the reaction 
flask, therefore the contents of the flask were transferred in 
a 250 ml beaker having cold water and permitted for pre-
cipitates formation. The resultant compound was filtered 
and washed with hot water, but it dissolved in the hot wa-
ter during washing, therefore few drops of 0.1 N sodium 
hydroxide were added to the product solution in water and 
as a result precipitates were reappeared. The resulting 
amount was filtered and then dried. The synthetic reac-
tions for thiourea monomers are given in Figure 1.

2. 3. 1. 4,4’-diphenylsulfonebis(thiourea) (SBT)
Melting point, m.p. mp 80–100 °C, yield = 72%, 
C14H14N4O2S3, MS m/z (relative intensity %) 291(12.2), 
151(1.0), 75(1.4), 60(1.0). 1HNMR (400 MHz, DMSO-d6) 
δ ppm 10.39 (t, J 22.4 Hz, 2H, NH), 7.86 (qu, J 8.8 Hz, 2H, 
Ph), 7.74 (qu, J 8.8 Hz, 1H, Ph), 7.66 (d, J 8.4 Hz, 1H, Ph), 
7.59 (d, J 8.4 Hz, 1H, Ph), 7.50 (t, J 8.8 Hz, 1H, Ph), 7.42 (d, 
J 8.4 Hz, 1H, Ph), 6.58 (m, J 8.8 Hz, 1H, Ph), 6.10 (d, J 15.6 
Hz, 2H, NH2), 5.94 (s, 2H, NH2). 1HNMR of this com-
pound is also reported in literature.28,29 FT-IR, cm−1 (rela-

Figure 1. Reactions for the preparation of thiourea monomers: a SBT and b CBT.
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tive magnitude) 3333(w), 2050(w), 1624(w), 1588(s), 
1526(m), 1493(m), 1402(w), 1289(m), 1249(m), 1182(w), 
1142(s), 1102(s), 1071(w), 1011(m), 949(w), 829(m), 
716(m), 679(m). UV (DMSO), λmax (ε, L mole−1 cm−1) 258 
(185767), 294 (148613), 311 nm (191695).

2. 3. 2. 1,2-cyclohexanebis(thiourea) (CBT)
Melting point mp 110 °C, yield = 70%, C8H16N4S2, 1HNMR 
(400 MHz, DMSO-d6), δ ppm 8.53 (s, 2H, NH), 6.09 (s, 2H, 
NH2), 5.38 (s, 2H, NH2), 1.98 (t, J 6 Hz, 2H, CH), 1.74 (t, J 
12 Hz, 4H, CH2), 1.59 (d, J 6.4 Hz, 2H, CH2), 1.37-1.05 (m, 
2H, CH2). FT-IR, cm−1 (relative magnitude) 3315(w), 
2930(m), 2857(w), 2058(m), 1568(s), 1470(m), 1380(m), 
1338(m), 1311(w), 1288(w), 1261(w), 1154(w), 1076(w), 
1039(w), 1007(w), 934(w), 820(w), 707(w). UV (DMSO), 
λmax (ε, L mole−1 cm−1) 283 (178.8), 307 nm (145.4).

2. 4. Synthesis of Polythioamides
Two novel polythioamides poly-4,4’-diphenylsul-

fonebis(carbamothioyl)benzamide (PSB) and poly-1,2-cy-

clohexanebis(carbamothioyl)benzamide (PCB) were pre-
pared by following a slightly modified literature procedure.30

Thiourea monomer (SBT or CBT) (0.01 mol) was 
dissolved to make concentrated solution in DMF, and 1 M 
aqueous sodium hydroxide solution (approx. 5–10 ml) 
was combined slowly until the solution remained clear, 
then the solution was transferred to 250 ml round-bottom 
flask assembled with magnetic agitator and ice bath. Tere-
phthaloyl dichloride (0.01 mol) was dispersed alone in 
DMF and then combined with the help of dropping funnel 
to the flask containing thiourea solution with constant 
stirring. The constituents of the flask were stirred continu-
ously for 2 h in ice bath. The mixture was then poured to a 
500 ml beaker having cold distilled water for the produc-
tion of precipitates. The resulting compound was filtered 
and then dried at room temperature. In case of polythio-
amide (PCB) derived from thiourea CBT, the product was 
not precipitated in water, therefore few drops of 0.1 N so-
dium bicarbonate solution was added into it, but precipi-
tates were not formed, then polymer-water solution was 
concentrated up to half of its original volume, which re-
sulted to precipitates formation. The product was gathered 

Figure 2. Reactions for the preparation of polythioamides: a PSB and b PCB.
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through filtration and dried up at room temperature. The 
reactions for the preparation of polythioamides are given 
in Figure 2.

2. 4. 1.  poly-4,4’-diphenylsulfonebis(carba-
mothioyl)benzamide (PSB)

Melting point. mp 275–300 °C, yield 92%, Anal. Calcd for 
(C22H16N4O4S3)n: % C 53.22, H 3.22, N 11.29. Found: %C 
52.87, H 3.56, N 11.06. 1HNMR (400 MHz, DMSO-d6), δ 
ppm 13.18 (t, J 62.4 Hz, 1H, NH), 10.66 (t, J 36 Hz, 1H, 
NH), 8.03 (s, 8H, Ph), 7.94 (s, 2H, Ph), 7.85 (q, J 8.8 Hz, 
2H, Ph), 7.76 (d, J 8.4 Hz, 2H, Ph), 7.71 (t, J 4.0 Hz, 2H, 
Ph), 7.51 (t, J 8.8 Hz, 2H, Ph), 7.43 (d, J 8.4 Hz, 1H, Ph), 
7.33 (d, J 8.0 Hz, 1H, Ph), 6.59 (sext, J 4.4 Hz, 2H, Ph), 6.11 
(s, 2H, Ph), 2.88 (s, 1H, CHO end on), 2.70 (s, 1H, CHO 
end on). FT-IR, cm−1 (relative magnitude) 3344(w), 
2819(w), 2544(w), 1660(s), 1590(m), 1529(w), 1509(w), 
1494(w), 1423(w), 1387(w), 1282(s), 1252(m), 1182(w), 
1142(s), 1102(s), 1071(w), 1019(w), 934(w), 880(w), 
831(w), 782(w), 729(m), 681(w). UV (DMSO), λmax (1% 
absorptivity) 294 (3120), 309 nm (3455).

2. 4. 2.  poly-1,2-cyclohexanebis(carbamothioyl)
benzamide (PCB) 

mp > 360 °C, yield 74%, Anal. Calcd for (C16H18N4O2S2)n: 
% C 53.03, H 4.97, N 15.46. Found: % C 52.43, H 4.62, N 
14.87. 1HNMR (400 MHz, DMSO-d6) δ ppm 13.26 (s, 2H, 
NH), 8.03 (s, 4H, Ph), 2.89 (s, 1H, CH), 2.72 (s, 1H, CH). 
FT-IR, cm−1 (relative magnitude) 3100(w), 3060(w), 
2812(w), 2536(w), 1673(s), 1574(m), 1509(m), 1422(m), 
1279(s), 1136(w), 1112(m), 1019(w), 930(m), 879(m), 
780(m), 727(s) 672(w). UV (DMSO), λmax (1% absorptivi-
ty) 285 nm (92.8).

3. Results and Discussion
3. 1. Melting Point

The melting points of polythioamides PSB (275–300 
°C) and PCB (above 360 °C) were higher than their corre-
sponding thiourea monomers SBT (80–100 °C) and CBT 
(110 °C) respectively, which indicates their formation, be-
cause melting points of the polymers are generally higher 
than their corresponding monomers due to their high mo-
lecular weights.

3. 2. Synthesis
The synthetic reactions for the synthesis of thiourea 

monomers (SBT and CBT) and polythioamides (PSB and 
PCB) with their structures are given in Figure 1 and Figure 
2 respectively. Two (one new) thiourea monomers SBT 
and CBT were synthesized by the reaction of ammonium 
thiocyanate with 4,4'-diaminodiphenyl sulfone (also called 

dapsone) or 1,2-diaminocyclohexane respectively. The 
yield of thiourea monomers was SBT = 72% and CBT = 
70%. Two new polythioamides PSB and PCB were pre-
pared through polycondensation reaction of thiourea 
monomers SBT or CBT with terephthaloyl dichloride re-
spectively. The resulting polythioamides were acquired in 
high yield (PSB = 92% and PCB = 74%). The structures of 
thioureas (SBT and CBT) and polythioamides (PSB and 
PCB) were confirmed through different characterization 
methods, and all the results supported the formation of 
these compounds.

3. 3. E.I Mass Spectrum
The E.I mass spectrum of thiourea monomer SBT 

recorded fragment ion peak at m/z 291 for [NH2.CS.NH.
C6H4.SO2.C6H4]+ with a loss of fragment corresponding to 
[NH2.CS.NH]+ from molecular ion peak (M+) and also in-
dicated fragment ion peaks at m/z 151, 75 and 60 for [NH2.
CS.NH.C6H4]+, [NH2.CS.NH]+ and [NH2.CS]+ respective-
ly (supplementary Figs. S1a, b).

3. 4. Solubility
The solubility of thioureas (SBT and CBT) and poly-

thioamides (PSB and PCB) was tested in DMSO, DMF, 
THF, chloroform, acetone, ethanol and water. All the com-
pounds were not soluble in water. The thiourea monomer 
SBT was soluble in all the organic solvents except ethanol 
while thiourea CBT was fully soluble in DMSO and DMF 
at room temperature, soluble on heating in ethanol and 
partially soluble in acetone, chloroform and THF. The pol-
ythioamides PSB and PCB were fully soluble in DMSO 
and DMF without heating, while insoluble in other sol-
vents.

3. 5. 1HNMR Spectroscopy
The 1HNMR spectra of thiourea monomers (SBT 

and CBT) and polythioamides (PSB and PCB) were re-
corded in DMSO-d6 solvent and all the compounds 
showed two strong residual protons signals at δ ppm 3.3 
and 2.49 due to solvent impurities. The thiourea monomer 
SBT showed triplet at δ ppm 10.39 for –NH, doublets and 
multiplets within δ ppm 7.86–6.58 for C–H aromatic pro-
tons, while doublet and singlet at δ ppm 6.10 and 5.94 re-
spectively were for NH2 protons (supplementary Fig. S2). 
The thiourea monomer CBT indicated proton signal at δ 
ppm 8.53 for –NH, proton signals at δ ppm 6.09 and 5.38 
for –NH2,  and range of signals within δ ppm 1.05–1.98 for 
aliphatic –CH2 protons due to cyclohexane. The polythio-
amide PSB indicated –NH proton signals at δ ppm 13.18 
and 10.66, range of proton signals within δ ppm 8.03–6.11 
for C–H aromatic protons and signals at δ ppm 2.88 and 
2.70 for –CHO end on groups. (Figure 3). The polythioam-
ide PCB showed –NH proton signal at δ ppm 13.26, and 
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–CH2 aliphatic proton signals at δ ppm 2.89 and 2.72 due 
to cyclohexane. These results supported the formation of 
thioureas and polythioamides. Similar 1HNMR assign-
ments are reported for related thioureas and polythioam-
ides.12,28,29

3. 6. FTIR Spectroscopy
The FTIR spectra of thiourea monomers SBT and 

CBT indicated bands of medium intensity at 3333 and 
3311 cm−1 respectively for υ N-H, thiourea CBT indicated 
two peaks at 2930 cm−1 and 2858 cm−1 for aliphatic υ CH2 
due to cyclohexane, thiourea SBT indicated bands at 1624, 
1588 and 1526 cm−1 due to υ C=C of aromatic rings and 
bending vibration of  N–H while CBT showed band at 
1568 cm−1 due to bending vibration of N–H, both SBT and 
CBT indicated one weak band at 1071 and 1076 cm−1 for υ 
C=S respectively (Figure 4a and supplementary Fig. S3a). 
The FT-IR spectra of polythioamide PSB indicated one 
feeble band at 3344 cm−1 while polythioamide PCB indi-
cated two feeble bands at 3100 and 3060 cm−1 for υ N–H, 
polythioamide PCB indicated band at 2812  for υ CH2 ali-
phatic owing  to cyclohexane, both PSB and PCB indicated 

one strong band at 1660 and 1673 cm−1 for υ C=O respec-
tively, PSB indicated four bands within 1590–1494 cm−1 
while PCB displayed two bands at 1574 and 1509 cm−1 due 
to υ C=C in aromatic rings (Figure 4b and supplementary 
Fig. S3b). Similar FT-IR assignments are described for re-
lated thioureas and polythioamides.12,28

3. 7. UV-Vis Spectroscopy
The UV-Visible spectra of thiourea monomers and 

polythioamides were recorded in DMSO solvent. Molar 
absorptivity (ε) (L mole–1 cm–1) was calculated for thiourea 
monomers, while 1% absorptivity was calculated for poly-
thioamides because molecular weights of polythioamides 
were unknown. The UV-Vis spectra of thiourea SBT indi-
cated three absorption bands, the first two bands at 258 
and 294 nm with molar absorptivity 185767 and 148613 L 
mole–1 cm–1 respectively were for π – π* transitions within 
aromatic rings of dapsone while the third band at 311 nm 
with molar absorptivity 191695 L mole–1 cm–1 was for π – 
π* transition involving C=S pi-bond and lone pair of nitro-
gen (Figure 5a). The thiourea CBT indicated two bands, 
the first at 283 nm with molar absorptivity 178.8 L mole–1 

Figure 3. 1HNMR spectrum of polythioamide PSB.
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Figure 4. FT-IR spectra of a thiourea monomer SBT and b its corresponding polythioamide PSB.

Figure 5. UV-Vis spectra of a thiourea SBT, b thiourea CBT, c polythioamide PSB and d polythioamide PCB.
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cm–1 was for π – π* transitions within nitrogen lone pair 
and C=S pi-bond, while second band at 307 nm with mo-
lar absorptivity 145.4 L mole–1 cm–1 was for n – π* transi-
tion within non-conjugated C=S group and lone pair of 
sulfur (Figure 5b). The polythioamide PSB indicated two 
bands, the first band at 294 nm with 1% absorptivity 3120 
was for π – π* transitions within aromatic rings of dapsone 
and the next band at 309 nm with 1% absorptivity 3455 
was for π – π* transition engaged in aromatic ring and 
amide group (Figure 5c). The polythioamide PCB indicat-
ed only single band at 285 nm with 1% absorptivity 92.8 
for π – π* transition within aromatic ring and amide group 
(Figure 5d). Similar UV-Vis specifications are described 
for related compounds.5,29

3. 8. Fluorescence Spectroscopy
The emission spectra of thiourea monomers (SBT 

and CBT) and polythioamides (PSB and PCB) were re-
corded in DMSO solvent and all the compounds showed 
fluorescence color emissions. The Stokes shifts (λem–λex) 
were also estimated for their emission in visible region, 
which is the wavelength difference between positions of 
λmax (band maxima) in emission and λmax in absorption 
spectra. The results of spectrofluorometric measurements 
are provided in Table 1. The thiourea monomer SBT indi-
cated violet (408 nm) and red (686 nm) light emissions at 

excitation 258 nm, violet light (411 nm) emission at excita-
tion 294 nm, and violet (414 nm) and green (532 nm) light 
emissions at excitation 311 nm (Figure 6a-c). The thiourea 
CBT indicated violet (417 nm), yellow (565 nm) and red 
(659 nm and 677 nm) light emissions at excitation 283 nm, 
and violet (417 nm), orange (616 nm) and red (683 nm) 
light emission at excitation 307 nm (Figure 6d, e). The pol-
ythioamide PSB indicated violet light (416 nm) emissions 
at excitations 309 and 294 nm (Figure 7a, b), while polyth-
ioamide PCB indicated yellow (571 nm) and red light (660 
nm) emissions at excitation 285 nm (Figure 7c). The 
thiourea monomer SBT, polythioamide PSB and polythio-
amide PCB indicated fluorescence emissions due to the 
presence of aromatic rings in conjugation with the hetero 
atoms (nitrogen, oxygen and sulfur) in their struc-
tures.25,26,31–33 However, thiourea monomer CBT indicat-
ed multi-color fluorescence emissions, despite the absence 
of aromatic rings in its structure, these unexpected fluo-
rescence emissions were observed due to the presence of 
closely assembled hetero atoms (nitrogen and sulfur) con-
taining lone pair of electrons. The emission maxima of the 
compounds depends upon the formation of molecular ag-
gregates through hydrogen bonding and n → π* interaction 
between thioamide groups.1,7,33 The polythioamide PSB 
showed smaller Stokes shifts (107 and 122 nm) as com-
pared to polythioamide PCB (286 and 375 nm), which in-
dicates its lower vibrational relaxations and strong inter-

Table 1. Spectrofluorometric studies of thiourea monomers (SBT and CBT) and polythioamides (PSB and PCB) in 
DMSO solvent.

S. No Compound Concentra- λex (nm) λem (nm) Relative  Color of Stokes
  tion (µg/ml)   emission emission shift (nm) 
     intensity  (λem–λex) of
       visible region

1 SBT 166.6 258 408 24 violet 150
    686 0.9 red 428
   294 411 23.12 violet 117
   311 414 20 violet 103
    532 2.22 green 221

2 PSB 166.6 294 416 15.3 violet 107
   309 416 16 violet 122

3 CBT 416.6 283 350 1016 – –
    417 167 violet 134
    565 66 yellow 282
    659 118 red 376
    677 119 red 394
   307 344 463 – –
    417 211 violet 110
    616 39 orange 309
    683 41.5 red 376

4 PCB 166.6 285 340 642 – –
    571 6.9 yellow 286
    660 57.5 red 375
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molecular packing due to the existence of large number of 
rigid aromatic rings in PSB structure,34,35 while polythio-
amide PCB contains flexible rings of cyclohexane in addi-
tion to aromatic rings, the presence of cyclohexane rings 
makes its structure less rigid.

3. 9. Scanning Electron Microscopy
The SEM image of thiourea monomer SBT noted 

at 500 µm indicated rugged surface morphology (Fig-
ure 8a) and the SEM image of its corresponding poly-
thioamide PSB recorded at 20 µm also revealed rugged 
surface with intermittent gaps. The average area cov-
ered by these gaps was 19.8 µm2 (Figure 8b). Polythio-
amide PSB can be employed as an adsorbent material 
because of the presence of these gaps. The SEM images 
of thiourea CBT recorded from 10 µm to 1 µm showed 
clusters of needle shaped crystalline particles of differ-
ent lengths. The average length of these particles was 
3.12 µm, the mean diameter of these particles was 0.21 
µm and the average area of the interparticle voids 

(empty spaces between particles) was 1.15 µm2 (Figure 
9a, b). The SEM images of its resulting polythioamide 
PCB recorded from 10 µm to 1 µm displayed irregular 
shaped non-porous particles. The average length of 
these particles was 23.16 µm, the average area of these 
particles was 314 µm2 and the average area of the inter-
particle voids was 31 µm2 (Figure 9c, d). The existence 
of interparticle voids in thiourea CBT and polythioam-
ide PCB makes them potentially effective adsorbent 
materials by providing greater surface area for adsorp-
tion and by facilitating the accessibility of adsorbates to 
the active sites within the material. The surface mor-
phology of the polythioamide PSB showed larger inter-
particle voids as compared to its corresponding mono-
mer CBT. The variations between the surface 
morphology of thiourea monomers (SBT and CBT) 
and their derived polythioamides (PSB and PCB) were 
due to the inclusion of –COC6H5CO– moiety in the 
structures of polythioamides. The synthesized polyth-
ioamides can be applied as adsorbents due to the pres-
ence of interparticle voids.

Figure 6. Emission spectra of thiourea monomers SBT and CBT: a SBT at excitation 258 nm b SBT at excitation 294 nm c SBT at excitation 311 nm 
d CBT at excitation 283 nm and e CBT at excitation 307 nm.
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3. 10. Thermal Analysis
The TGA/DTA graphs of the compounds were re-

corded in nitrogen atmosphere and all the results are given 
in Table 2. The thermal stability of the compounds was es-
timated from the Tmax (temperature indicating highest rate 
of weight loss) value obtained from their DTG graphs. 
TGA of thiourea SBT recorded four stages of wt. loss 
(weight loss) with 5% wt. loss within 38–190 °C due to the 
loss of water and volatile organic solvents, 13% wt. loss 
within 191–311 °C was due a thioamide (NH2C=S) group, 
36% wt. loss within 312–475 °C owing to loss of thioamide 
groups, leaving behind C6H5SO2C6H5 and 46% wt. loss 
within 476–770 °C due to complete loss in weight. DTG 

indicated Tonset at 188 °C and Tmax was noted at 448 °C. 
DTA of SBT indicated an endotherm at 221 °C for vapori-
zation/decomposition, exotherm at 367 °C for vaporiza-
tion/decomposition, endotherm at 510 °C for vaporiza-
tion/decomposition and a large exotherm at 687 °C for 
decomposition (Figure 10a). TGA of polythioamide PSB 
showed three stages of wt. loss, 24% wt. loss indicated 
within 132–325 °C may be due to decomposition of  
HN–C(=S)NH–/–C(=O)C6H5C(=O) groups, 28% wt.  
loss within 326-513˚C may be attributed to the decompo-
sition of –C6H5–(O=S=O)–C6H5–/–HN–C(=S)NH–C 
(=O)C6H5C(=O)- and 39% wt. loss within 514–689 °C due 
to complete decomposition. DTG indicated Tonset at 132 

Figure 7. Emission spectra of polythioamides PSB and PCB: a PSB at excitation 294 nm b PSB at excitation 309 nm and c PCB at excitation 285 nm.
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Figure 8. SEM images of thiourea monomer SBT and its corresponding polythioamide PSB: a SBT at 500 µm and b PSB at 20 µm.

Figure 9 SEM images of thiourea monomer CBT and its derived polythioamide PCB: a CBT at 10 µm, b CBT at 1 µm and c, d PCB at 10 µm.

Table 2. Thermal analysis results of polythioamides (PSB and PCB).

Compound  TGA                        DTG                           DTA
  Stages of weight loss  Tonset °C Tmax °C Endo °C Exo °C
 I II III    
                                    Weight loss % (temperature range°C)

PSB 24 (138–325) 28 (326–513) 39(514–689) 132 670 296 449, 660
PCB 65 (205–353) 5 (354–498) – 262 346 345, 427 209, 368, 470
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°C and Tmax was found at 670 °C. The Tmax value of poly-
mer PSB was higher than the monomer SBT. DTA of poly-
thioamide PSB displayed small endotherm at 296 °C for 
melting, exotherm at 449 °C for vaporization/decomposi-
tion and one large decomposition exotherm at 660 °C 
(Figure 10b). TGA of polythioamide PCB recorded two 
stages of wt. loss with 65% wt. loss within 205–353 °C due 
to decomposition of –C6H5–/–HN–C(=S)NH-C(=O)
C6H5C(=O) and 5% wt. loss within 354–498 °C due to 
complete decomposition. DTG showed Tonset at 262 °C 
and Tmax at 346 °C. DTA of PCB indicated an exotherm at 
209 °C for vaporization, endotherm at 345 °C for vaporiza-
tion/decomposition, exotherm at 368 °C owing to vapori-
zation/decomposition, endotherm at 427 °C because of 
melting, and an exotherm at 470 °C due to decomposition 
(supplementary Fig. S4).

3. 11. Antimicrobial Activities

The synthesized thiourea monomers (SBT and CBT) 
and polythioamides (PSB and PCB) were tested for their 
antibacterial and antifungal functions against various 
strains of bacteria and fungi. All the compounds showed 
antibacterial function against Salmonella typhi, Bacillus 
subtilis and Staphylococcus aureus, while no activity was 
reported for Escherichia coli and Pseudomonas aeruginosa. 
The results of antibacterial assay are presented in Table 3. 
All the compounds showed antifungal activity against 
Candida albicans. The thiourea SBT, polythioamide PSB, 
thiourea CBT and polythioamide PCB indicated 20%, 
15%, 15% and 20% inhibition against Candida albicans re-
spectively. The polythioamide PCB showed 20% inhibition 
against Fusarium lini, while others (SBT, PSB and CBT) 

Figure 10. TGA/DTG/DTA graphs of a thiourea SBT and b polythioamide PSB.
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did not indicate inhibition against Fusarium lini. The syn-
thesized compounds did not show inhibition against As-
pergillus niger, Trichophyton rubrum and Microsporum 
canis.

Table 3. Results of antibacterial functions of thiourea monomers 
and polythioamides.

Com- % inhibition of thioureas (SBT and CBT) and 
pound polythioamides (PSB and PCB) against bacterial 
 strains compared with Ofloxacin (standard drug)

 Salmonella Bacillus  Staphylococcus
 typhi subtilis aureus

SBT 7.5% 18.5% 3.7%
PSB 7.4% 13% 11%
CBT 12% 9.6% 27.5%
PCB 1.85% 7.4% 10%
Ofloxacin 94.09% 92.57% 83.01%

4. Conclusion
Two new polythioamides (PSB and PCB) were syn-

thesized through polycondensation reaction of thiourea 
monomers (SBT and CBT) with terephthaloyl dichloride. 
The synthesized compounds were achieved in high yield 
(70–92%). The polythioamides PSB and PCB were com-
pletely soluble in DMSO and DMF without heating. The 
structures of thiourea monomers and polythioamides 
were analyzed and confirmed by different characterization 
techniques. All the synthesized thioureas and polythioam-
ides were thermally stable and indicated multicolor fluo-
rescence emission, therefore they can be employed as 
heat-resistant and fluorescent materials in different indus-
trial and engineering fields. The antibacterial activities of 
the synthesized thioureas and polythioamides were found 
within the range of 1.85–27.5% against Salmonella typhi, 
Bacillus subtilis and Staphylococcus aureus. All the synthe-
sized compounds indicated 15 or 20% antifungal activity 
against Candida albicans and the polythioamide PCB also 
indicated 20% antifungal activity against Fusarium lini.
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Povzetek
Pripravili smo dva nova politioamida s polikondenzacijsko reakcijo med monomeri tiosečnine in tereftaloil dikloridom. 
Monomere tiosečnine smo sintetizirali z reakcijo med aromatskim (4,4’-diaminofenilsulfona) ali alicikličnim (1,2-cik-
loheksandiamin) diaminom z amonijevim tiocianatom. Elementno sestavo politioamidov smo potrdili z mikroanalizo 
CHN. Struktura in lastnosti monomerov tiosečnine in politioamidov so bile določene s protonsko NMR, UV-VIS, FT-IR 
spektroskopijo, fluorescenco, TGA/DTA in SEM. Politioamidi so pokazali visoko toplotno stabilnost, ki je bila ocenjena 
na podlagi njihovih vrednosti Tmax (temperatura, ki kaže najvišjo stopnjo izgube teže; 670 °C in 346 °C), opaženih v 
DTG grafih (derivativne termogravimetrije). Tiosečnine in politioamidi so fluorescirali in pokazali večbarvne (vijolične, 
zelene, rumene, oranžne in rdeče) emisije pri različnih valovnih dolžinah vzbujanja. Vse sintetizirane spojine so bile 
testirane tudi na podlagi njihovih protiglivičnih in antibakterijskih funkcij in so pokazale antibakterijsko delovanje proti 
Salmonella typhi, Bacillus subtilis in Staphylococcus aureus ter protiglivično delovanje proti Candidi albikans.
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Creative Commons Attribution 4.0 International License
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Abstract
People with diabetes have a higher risk of prostate cancer and people with prostate cancer are prone to stomach metas-
tases. Therefore, researchers continue to search for new approaches in the treatment of individuals with all the above 
diseases at the same time. The protective effect of metformin (which is used in the treatment of diabetes) on cancer 
continues to be supported by studies. In this study, it was determined that the biochemical parameters showed a protec-
tive effect on stomach tissues with the administration of metformin to cancer and group with both cancer and diabetes 
groups. With the principal component analysis, it was determined that the biochemical parameters studied in the stom-
ach tissue showed a correlation.

Keywords: Dunning Prostate Cancer, Diabetes, Metformin, Stomach Damage, Oxidative Stress.

1. Introduction
Diabetes mellitus (DM) is induced by many factors 

such as genetic, dietary and environmental factors. It is 
mainly divided into two groups; while type 1 diabetes oc-
curs due to insufficient secretion of the hormone insulin, 
type 2 diabetes occurs due to insulin resistance, with high 
blood glucose levels observed in both cases.1 Its incidence 
is increasing daily depending on the factors. Cancer, a dis-
ease that occurs due to the abnormal proliferation of cells 
requires intensive treatment. It can result in death unless 
diagnosed at an early stage.2 The increasing incidence of 
cancer, high mortality rates, and the fact that a treatment 
has not been found yet, and for that reason, cancer resear-
ch remains important scientific.

The incidence of diabetes and many types of cancer 
has risen especially in recent years owing to changing die-
tary habits, and external and genetic factors. It is predicted 
that the incidence of these diseases will increase in the 
coming years. The prostate cancer is shown common type 

of cancer in men, having important social and economic 
consequences. It accounts for nearly 25 per cent of all new 
male cancer diagnoses in the UK.3 Prostate cancer inci-
dence varies regionally and it is known that the highest 
rates are in Western and the lowest rates are in Asia coun-
tries.4 In addition to this, epidemiological evidence sug-
gests that people with diabetes are at higher risk for can-
cer5 and hence, it is essential to find new approaches to the 
treatment of people with both diseases using existing or 
newly discovered drugs.

Investigation of the effects of known and currently 
used drugs on different diseases provides importance for 
the discovery of more than one targeted drug. Knowing 
the side effects of these drugs, which will be investigated, 
and proven by scientific research accelerates their use in 
the treatment of different diseases. One of them, metform-
in (1,1-Dimethylbiguanide) is a lipophilic biguanide drug 
that inhibits hepatic gluconeogenesis and improves pe-
ripheral utilisation of glucose. However, in recent studies, 
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the approach to this molecule has changed, considering 
that it has anti-tumour properties directly and indirectly, 
in addition to type 2 diabetes. A potential anti-tumorigen-
ic effect of metformin directly is thought to be exerted by 
activating AMP-kinase, which inhibits the mammalian 
target of rapamycin (mTOR).6 The indirect antitumor ef-
fect of metformin is presumed to be by inhibiting hepatic 
gluconeogenesis. AMPK activation in the liver causes he-
patic gluconeogenesis inhibition by acting on gluconeo-
genesis genes. Inhibited gluconeogenesis genes stimulate 
the entrance of glucose into the muscles. As a result of this 
stimulation, blood glucose and insulin levels decrease.7 
Tumour cells have been found to express high levels of in-
sulin receptors. Therefore, this is accepted as an unfavour-
able prognostic factor for prostate, breast, and colon can-
cer.8 In one study, metformin was found to reduce the risk 
of prostate cancer as well as diabetes in a dose-dependent 
manner.9 Considering the effects of metformin on cancer, 
it is very important to examine the effects of metformin on 
many tissues, especially in animal models of prostate can-
cer and diabetes.

The presented study aimed to examine the effects of 
prostate cancer and diabetic rats on stomach tissue through 
biochemical parameters.

2. Experimental
2. 1. Prostate Cancer Cell Protocol

Mat-LyLu cells were used according to instructions 
in our prior investigation.10 Cell culture and functional as-
says. Mat-LyLu were grown in a 37 °C/5% CO2 incubator 
in RPMI (RPMI-1640; Gibco;Life Technologies, Waltham, 
MA, USA) culture medium supplemented with 1% fetal 
bovine serum (FBS) (Gibco; LifeTechnologies).

2. 2. Experimental Protocol
In this research, Copenhagen rats were employed. 

Tubitak MAM Genetic Engineering and Biotechnology 
Institute produced the rats. The present study was carried 
out within the framework of the rules determined by the 
Istanbul University Animal Care and Use Committee 
(Protocol no: 2014/28- 27.02.2014 the ethics committee 
decision number and date).

2. 3.  Pharmacological Application and 
Experimental Groups

Rats, 150–220 g, were housed individually in a light 
and temperature-controlled room on a 12 h/12 h light-
dark cycle and fed a standard pellet lab chow. Streptozoto-
cin (STZ) was given intraperitoneally (i.p.) to the diabetes 
groups to induce diabetes. At the end of the 72nd hour of 
the experimental process, blood glucose levels were meas-
ured and the rats were considered diabetic if the values 
were above 200 mg/dL. Rats were given 250 mg/kg of met-
formin (Sigma, D150959) orally and Table 1 shows the ap-
plications to the experimental groups.

At the end of the experimental process, all animals 
were dissected under ketamine hydrochloride (Ketalar®, 
Eczacıbaşı) and xylazine HCl (Alfazyne®, Holland) anaes-
thesia. After that, stomach tissues were taken for biochem-
ical analyses. Stomach tissue was not examined histologi-
cally and only biochemical parameters were determined in 
this study. Also, no other organs, apart from the stomach, 
were not included in the study.

2. 4. Biochemical Analyses
2.4.1.  Preparation of Stomach Tissues for 

Biochemical Analyses
Stomach tissues taken for use in biochemical param-

eters were first washed in cold physiological saline (0.9% 
NaCl) and then 1 g of stomach tissue was homogenized in 
10 mL of saline solution using a glass homogenizer (Ten-
broeck glass tissue homogenizer). After homogenization, 
it was centrifuged and the supernatants were stored at –20 
°C to be used for experiments. All chemicals used in the 
experiments were obtained from Sigma-Aldrich.

2.4.2.  Determination of Lipid Peroxidation 
(LPO) Levels and Myeloperoxidase (MPO) 
Activities

Lipid peroxidation (LPO) levels of stomach tissues 
were determined spectrophotometrically by measurement 
of the LPO products reacted with thiobarbituric (TBA) ac-
id at high temperature and low pH.11 0.25 mL of homoge-
nized tissue was mixed with 1.22 M trichloroacetic acid 
(TCA) and left at room temperature for 15 minutes. Then, 

Table 1. Application for the experimental groups.

Groups n Application

The control  5 0.9% PS was given for 14 days.
The diabetic  7 65 mg/kg STZ was given to the group with a single injection.
The cancer  8  2.104 MATLyLu cells were given subcutaneously (s.c) inoculated with only one injection.
The cancer+metformin (CM)  8  250 mg/kg metformin was given to the group for 14 days after Mat-LyLu cells inoculation.
The diabetic+cancer (DC)  8 2.104 MAT-LyLu cells and STZ were injected.
The diabetic+cancer+metformin  8 Metformin was given for 14 days to treat of STZ and Mat-LyLu cells.
    (DCM)
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0.375 mL TBA (0.047 M) was added and kept in a boiling 
water bath for 30 minutes. After cooling, 1 mL n-butanol 
was added to each tube and centrifuged at 4000 rpm for 10 
minutes. Absorbance values of the organic phase were 
read against the blank at 532 nm. Results were reported as 
nmol MDA/mg protein.

Myeloperoxidase (MPO) activities were determined 
by the reaction of 0.13 mL 4-aminoantipyrine (25 mM), 
0.13 mL phenol (2%) and 0.26 mL H2O2 (1.7 mM) with 0.4 
mL homogenized. The resulting colour change was read at 
510 nm in the spectrophotometer.12 The results were de-
fined as mU/g protein.12

2.4.3.  Determination of Superoxide Dismutase 
(SOD) and Catalase (CAT) Activities

130 µL phosphate buffer (50 Mm, pH:7.8, 0.1 Mm 
EDTA), 5 µL o-dianisidine (0.19%), 5 µL sample and 10 µL 
riboflavin (0.2 mM) were placed in a tube and the absorb-
ance values at 0 and 8 minutes were read at 460 nm for the 
determination of superoxide dismutase (SOD) activities.13 
The results were expressed as U/mg protein.

The activity of the catalase (CAT) of stomach tissues 
was determined by converting H2O2 to H2O and measur-
ing the decreasing absorbance value due to H2O2 con-
sumption at 240 nm in the spectrophotometer.14 0.1 mL 
sample and 0.4 mL H2O2 (30 mM) were added to the same 
tube and the absorbance values were read at 240 nm. The 
results were defined as U/mg protein.

2.4.4.  Determination of Glutathione Reductase 
(GR), Glutathione Peroxidase (GPx), and 
Glutathione-S-Transferase (GST) Activities

NADPH and oxidized glutathione (GSSG) with 
glutathione reductase (GR) cause a decrease in absorb-
ance due to the consumption of NADPH in the test 
tube.15 870 µL tris-HCl buffer (50 mM, pH:8.0 and 1 mM 
EDTA), 50 µL NADPH (2 mM) and 50 µL GSSG (20 
mM) were added to the same tube. Then, 30 mL samples 
were placed in the same tube and the absorbance changes 
were determined at 340 nm. GR activity was expressed as 
U/g protein.

Glutathione peroxidase (GPx) provides GSSG by ox-
idation of GSH in the presence of H2O2. The resulting 
GSSG is converted to GSH by the oxidation of NADPH to 
NADP. 400 µL phosphate buffer (0.25 M, pH:7.0, 2.5 mM 
EDTA, 2.5 mM NaN3), 100µL GSH (10 mM), 100µL NA-
DPH (2.5 mM), 100 µL GR (6U/mL) and 100 µL H2O2 (12 
mM) were added the tube and then sample 200 µL sample 
also added the same tube. Finally, the absorbance changes 
were read spectrophotometrically at 340 nm.16 GPx activi-
ty was expressed as U/mg protein.

Glutathione-S-transferase (GST) activity was deter-
mined according to the spectrophotometric evaluation of 
the absorbance at 340 nm of the product formed by the 

conjugation of GSH and 1-chloro-2,4-dinitrobenzene 
(cDNB).17 For this experiment, 400 µL phosphate buffer 
(0.2 M, pH: 6.6), 10 µL GSH (60 mM), 10 µL cDNB, 180 µL 
water and 100 µL sample were reacted in the same tube 
and absorbance changes were watched at 340 nm. GST ac-
tivity was expressed as U/g protein.

2.4.5.  Determination of Reactive Oxygen Species 
(ROS), Protein Carbonyl (PC), and 
Homocysteine (HCy) Levels

Reactive oxygen species (ROS) levels were deter-
mined by the reaction of 2000 µM 2',7'-dichlorofluorescein 
diacetate (DCF) compound dissolved in 20 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazinetansulfonic acid) buff-
er.18 5 µL sample, 55 µL HEPES buffer and 90 µL DCF were 
added in the same tube and the first read was observed 
fluorometrically at Ex. 480 nm/Em. 535 nm. The second 
read was recorded after incubation at 30 min and 37oC.The 
results were given as ΔRFU/mg protein.

Protein carbonyl (PC) levels are determined with 
2,4-dinitrophenylhydrazone, which is formed by the reac-
tion of carbonyl groups in proteins with 2,4-dinitrophe-
nylhydrazine (DNPH).19 0.5 mL sample, and 2 mL DNPH 
(10 mM, in 2.5 M HCl) were added same tube and the in-
cubation was performed at room temperature. After 2.5 
mL TCA (20%) was added to each tube, and the tubes were 
washed with ethyl alcohol and ethyl acetate mixture (1:1). 
In every washing, the tubes were centrifuged at 300 rpm 
and 10 min. Then, 1 mL guanidine-HCl (6 M) was put into 
each tube and the incubation was formed at 30 min and 
37oC. Finally, the absorbance values were taken by using a 
spectrophotometer at 370 nm. The results were given in 
nmol PC /mg protein.

Homocysteine (HCy) levels of the stomach tissues 
were measured according to the manufacturer’s procedure 
via an ELISA kit. The homocysteine levels were given in 
nmol HCy/mg protein.

2.4.6.  Determination of Xanthine Oxidase 
(XO) and Lactate Dehydrogenase (LDH) 
Activities

Xanthine oxidase (XO) is the enzyme that converts 
xanthine to uric acid. For this purpose, 870 µL phosphate 
buffer (50 mM, pH: 7.4), 33 µL EDTA (3 mM), 33 µL xan-
thine (2 mM) and 10 µL sample were kept in the same en-
vironment and the first reading was taken on the spectro-
photometer. Second absorbance values were taken after 10 
minutes of incubation at room temperature and at 286 nm 
in the spectrophotometer.20 XO activity was expressed as 
U/mg protein.

Lactate dehydrogenase (LDH) catalyses the conver-
sion of pyruvate to lactate in the presence of NADH. LDH 
activity was calculated by measuring the oxidation of NA-
DH to NAD+.21 2 mL NADH (170 µM) and 50 µL sample 
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was incubated at 5 min and 37 °C. After incubation, 250 µL 
pyruvate solution (14 mM) was added to each tube and the 
decreasing absorbances of each tube were recorded at 340 
nm. LDH activity was defined as U/mg protein.

2.4.7.  Determination of Sodium-Potassium 
ATPase (Na+/K+-ATPase) and Histone 
Deacetylase (HDAC) Activities

Ridderstap and Bonting methods were used for the 
determination of sodium-potassium ATPase (Na+/K+-AT-
Pase) activity in stomach tissue with the help of the deter-
mination of Mg2+ ATPase in the presence of 20 mM oua-
bain and 11 mM ATP in acidic medium.22 Na+/K+-ATPase 
activity was given in nmol Pi/mg protein/h.

Histone deacetylase (HDAC) activities of the stom-
ach tissues were measured according to the manufacturer’s 
procedure by using an ELISA kit. HDAC activity was given 
in U/mg protein.

2.4.8.  Determination of Sialic Acid (SA), Hexose, 
Hexosamine and Fucose Levels

The method for determining the sialic acid (SA) 
levels of gastric tissues is based on reading the absorb-
ance at 546 nm of the coloured compound formed by the 
reaction of 2-formyl pyruvic acid, which is formed as a 
result of the oxidation of periodic acid, with two moles 
of thiobarbituric acid.23 10 µL sample were added to the 
tube. Then, 100 µL NaCl (155 mM) and 300 µL H2SO4 
(6.7 mM) were added to all tubes, respectively. It was in-
cubated at 80 oC for one hour. After cooling, 100 µL so-
dium meta periodate (0.2 M) was added to all tubes and 
kept at room temperature for 20 minutes. Then, 400 µL 
sodium meta arsenite (1.54 M) was added and the tubes 
were shaken until the colour of the iodine disappeared. 1 
mL of thiobarbituric acid (7.102%) was added to all 
tubes and kept at 90 °C for 15 minutes. After cooling, 2 
mL of cyclohexanone was added and centrifuged for 10 
minutes. SA was absorbed into the cyclohexanone phase 
and absorbance values were read on the spectrophotom-
eter at 546 nm. The results were given as µmol SA/g pro-
tein.

In order to determine hexose compounds of the 
stomach tissues, spectrophotometrically, this method cre-
ates the colour reaction method of carbohydrates with or-
cinol in the presence of concentrated sulphuric acid.24 0.25 
mL orcinol solution (1.6%) and 2 mL H2SO4 (60%) were 
added to 0.25 mL of the sample, respectively. After the 
mixture was boiled in a boiling water bath for 10 minutes 
and cooled, the absorbances were read on a spectropho-
tometer at 425 nm. The results were defined as µg hexose /
mg protein.

The method used is based on measuring the absorb-
ance of the pink colour formed as a result of the reaction of 
hexosamine compounds in the tissue with acetylacetone 

and p-dimethylaminobenzaldehyde in a spectrophotome-
ter at 530 nm.24 The results were defined as µg hexosamine 
/mg protein.

1 mL of sample was mixed with 1 mL of acetylace-
tone (0.5% in 0.5 Na2CO3) and then kept in a boiling water 
bath for 15 minutes. At the end of this period, 5 mL ethyl 
alcohol (96%) and 1 mL Ehrlich reagent were added to all 
tubes and the tubes were incubated at room temperature 
for 1 hour. At the end of this period, absorbance values 
were taken at 530 nm. The basis determination of fucose in 
stomach tissue is based on the colour reaction of carbohy-
drates with thiol groups in a sulfuric acid medium.25 The 
results were expressed as µg fucose /mg protein.25

2.4.9.  Determination of Protein Levels
The amount of protein in the stomach tissue is deter-

mined on the basis of the method of measuring the inten-
sity of the blue-violet colour, which is formed as a result of 
the reduction of proteins reacted with copper ions in an 
alkaline medium with Folin reagent (phosphomolyb-
dotungstic acid), spectrophotometrically at 500 nm.26

2. 5. Statistical Analysis
Graph-Pad Prism 3.0 (GraphPad Software, San Die-

go, CA, USA) program was used to interpret the experi-
mental results statistically. Tukey’s test was applied to de-
termine the significance between groups and/or 
parameters, and the obtained data were expressed as mean 
± standard deviation (SD). Tukey’s test is ANOVA post 
hoc test, meaning that ANOVA was first performed. p val-
ues of less than 0.05 were accepted as a statistically signifi-
cant difference. Principal component analysis (PCA) was 
also used to visualize the biomarker’s responses for all ex-
posure conditions. PCA was performed using GraphPad 
Prism Software, version 9 (San Diego, USA).

Figure 1. The body weights of all groups of rats. The black columns 
represent the first body weight of the groups. The grey columns rep-
resent the final body weight of the groups. CM: cancer+metformin; 
DC; diabetic+cancer; DCM: diabetic+cancer+metformin. The 
groups show off mean ±SD. ap < 0.05 vs the control group.
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3. Results
3. 1. Body Weights and Blood Glucose Levels

The body weights of all groups are shown in Figure 1. 
The first and last body weights of all groups were meas-
ured. It was observed that the first and last body weights of 
all groups except the DC group changed significantly (ap < 
0.05) and the significance of the body weights and blood 
glucose levels were determined by using Tukey’s test.

The levels of blood glucose of all groups were meas-
ured during the experiment and are shown in Figure 2. The 
blood glucose values measured after 72 hours in the groups 
given STZ to create diabetes showed an important increase 
and exceeded 200 mg/dL. All experiment groups were found 
to be significantly changed when compared with the control 
group at the end of the experiment (ap < 0.01). In addition, 
blood glucose levels were measured again at the end of the 
experiment (14 days later) and an increase was observed in 

the diabetic, DC, and DCM groups when compared to the 
control group, but it was observed that the blood glucose lev-
el measured at the end of the experiment in the DCM group 
decreased when compared to the 72nd-hour blood glucose 
level (bp < 0.05). When the blood glucose levels of the DC 
group and the DCM group were compared, a decrease was 
observed in the DCM group (cp < 0.05).

3. 2. Biochemical Results
3.2.1.  Lipid Peroxidation (LPO) Levels and 

Myeloperoxidase (MPO) Activities
LPO levels and MPO activities of stomach tissues are 

presented in Figure 3(A-B) and it was found that the levels 
of LPO and activities of MPO incremented in the group of 
the diabetic (p < 0.05; p < 0.0001), cancer (p < 0.05; p < 
0.0001) and DC (p < 0.05; p < 0.0001) when compared to 
the control group. Metformin reduced LPO levels and 
MPO activities in cancer and DC groups when compared 
to CM (p < 0.05; p < 0.05) and DCM (p < 0.05; p < 0.0001) 
groups respectively.

3.2.2.  Superoxide Dismutase (SOD) and Catalase 
(CAT)) Activities

SOD and CAT activities presented in Figure 4(A-B) in-
dicated that their activities decreased in the diabetic (p < 0.01; 
p < 0.0001), cancer (p < 0.0001; p < 0.0001) and DC (p < 
0.001; p < 0.0001) groups. At the end of the treatment with 
metformin, SOD and CAT activities were advanced in CM (p 
< 0.001; p < 0.01) and DCM (p < 0.0001; p < 0.0001) groups.

3.2.3.  Glutathione Reductase (GR), Glutathione 
Peroxidase (GPx), and Glutathione-S-
Transferase (GST) Activities

GR, GPx and GST activities of all groups were given 
in Figure 5(A-C) and it was determined that the GR, GPx 

Figure 2. The blood glucose levels of all groups of rats. The black 
columns represent the blood glucose level at the beginning of the 
experiment of the groups. The light grey columns represent the 
72nd h blood glucose level of the groups. The dark grey columns 
represent the blood glucose level at the end of the experiment of the 
groups. CM: cancer+metformin; DC; diabetic+cancer; DCM: dia-
betic+cancer+metformin. The groups show off mean ±SD. ap < 0.05 
vs control group; bp < 0.001 vs control group; cp < 0.05 vs DC group.

Figure 3. (A) Lipid peroxidation (LPO) levels and (B) myeloperoxidase (MPO) activities of all groups of rats. CM: cancer+metformin; DC; diabet-
ic+cancer; DCM: diabetic+cancer+metformin. The groups show off mean ±SD. *p < 0.05 vs control group; **p < 0.0001 vs control group; #p < 0.05 vs 
cancer group; &p < 0.05 vs DC group; &&p < 0.0001 vs DC group.
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and GST activities of the diabetic (p < 0.05; p < 0.0001; p < 
0.0001), cancer (p < 0.001; p < 0.001; p < 0.0001) and DC 
(p < 0.05; p < 0.0001; p < 0.0001) groups were decreased 
meaningfully when compared to the control group. 
Administration of metformin reversed GR, GPx and GST 
activities of CM (p < 0.0001; p < 0.0001; p < 0.0001) and 
DCM (p < 0.01; p < 0.0001; p < 0.01) groups.

3.2.4.  Reactive Oxygen Species (ROS), Protein 
Carbonyl (PC), and Homocysteine (HCy) 
Levels

ROS, PC, and HCy levels of stomach tissues are pre-
sented in Figure 6(A-C) and it was found that ROS, PC 
and HCys levels of diabetic (p < 0.001; p < 0.0001; p < 
0.0001), cancer (p < 0.0001; p < 0.0001; p < 0.0001) and DC 
(p < 0.0001; p < 0.05; p < 0.0001) increased when compared 
to the control groups. Metformin changed the levels of 
ROS, PC, and HCy. The CM (p < 0.0001; p < 0.0001; p < 
0.0001) and DCM (p < 0.0001; p < 0.0001; p < 0.0001) 
groups showed decreasing ROS, PC and HCy levels when 
compared to cancer and DC groups respectively.

Figure 4. (A) Superoxide dismutase (SOD) and (B) catalase (CAT) 
activities of all groups of rats. CM: cancer+metformin; DC; diabet-
ic+cancer; DCM: diabetic+cancer+metformin. The groups show off 
mean ±SD. *p < 0.01 vs control group; **p < 0.0001 vs control group; 
#p < 0.001 vs cancer group; ##p < 0.01 vs cancer group; &p < 0.0001 
vs DC group.

Figure 5. (A) Glutathione reductase (GR), (B) glutathione peroxi-
dase (GPx) and (C) glutathione-S-transferase (GST) activities of all 
groups of rats. CM: cancer+metformin; DC; diabetic+cancer; 
DCM: diabetic+cancer+metformin. The groups show off mean 
±SD. *p < 0.05 vs control group; **p < 0.0001 vs control group; ***p < 
0.001 vs control group; #p < 0.0001 vs cancer group; &p < 0.01 vs DC 
group; &&p < 0.0001 vs DC group.

3.2.5.  Xanthine Oxidase (XO) and Lactate 
Dehydrogenase (LDH) Activities

XO and LDH activities of stomach tissues were pre-
sented in Figure 7(A-B). It was found that the activities of 
XO and LDH were meaningfully increased in the diabetic 
(p < 0.0001; p < 0.05), cancer (p < 0.0001; p < 0.0001) and 
DC (p < 0.0001; p < 0.0001) groups. These increases in ac-
tivities were reversed by metformin administration, by de-
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creasing the activities of XO and LDH in CM (p < 0.0001; 
p < 0.05) and DCM (p < 0.0001; p < 0.0001) groups.

3.2.6.  Sodium-Potassium ATPase (Na+/K+-
ATPase) and Histone Deacetylase (HDAC) 
Activities

Na+/K+-ATPase and HDAC activities of stomach 
tissues were shown in Figure 8 and the results showed 

that the activity of Na+/K+-ATPase diminished in dia-
betic, cancer and DC (p < 0.01; p < 0.0001; p < 0.0001 
respectively) groups, while HDAC activities were 
raised in diabetic, cancer and DC (p < 0.05; p < 0.0001; 
p < 0.001) groups. Metformin supplementation result-
ed in significantly raised Na+/K+-ATPase activity in 
CM and DCM (p < 0.0001), while HDAC activity sig-
nificantly diminished in CM and DCM (p < 0.0001; p < 
0.001).

Figure 7. (A) Xanthine oxidase (XO) and (B) lactate dehydrogenase (LDH) activities activities of all groups of rats. CM: cancer+metformin; DC; 
diabetic+cancer; DCM: diabetic+cancer+metformin. The groups show off mean ±SD. *p < 0.0001 vs control group; **p < 0.05 vs control group; #p < 
0.0001 vs cancer group; ##p < 0.05 vs cancer group; &p < 0.0001 vs DC group.

Figure 6. (A) Reactive oxygen species (ROS), (B) protein carbonyl 
(PC) and (C) homocysteine (HCy) levels of all groups of rats. CM: 
cancer+metformin; DC; diabetic+cancer; DCM: diabetic+can-
cer+metformin. The groups show off mean ±SD. *p < 0.001 vs 
control group; **p < 0.0001 vs control group; ***p < 0.05 vs control 
group; #p < 0.0001 vs cancer group; &p < 0.0001 vs DC group; &&p < 
0.05 vs DC group.
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3.2.7.  Sialic Acid (SA), Hexose, Hexosamine and 
Fucose Levels

Glycoprotein parameters which are SA, hexose, hex-
osamine and fucose levels are given in Figure 9. Determin-
ing glycosylation patterns in diabetes and cancer is of sig-
nificant importance in both fields of research and clinical 
applications. Glycosylation refers to the process by which 

carbohydrates are added to proteins and lipids, and it plays 
a crucial role in various biological processes. They can help 
predict the risk of complications, such as diabetic ne-
phropathy in diabetes. Also, altered glycosylation can dif-
ferentiate between different cancer subtypes, helping to 
tailor treatment strategies. Therefore, the determination of 
glycosylation provides biochemical information about the 
status of both diseases. Determination of the results 

Figure 9. (A) Sialic acid (SA), (B) hexose, (C) hexosamine and (D) fucose levels of all groups of rats. CM: cancer+metformin; DC; diabetic+cancer; 
DCM: diabetic+cancer+metformin. The groups show off mean ±SD. *p < 0.0001 vs control group; #p < 0.0001 vs cancer group; &p < 0.0001 vs DC group.

Figure 8. (A) Sodium/potassium ATPase (Na+/K+-ATPase) and (B) histone deacetylase (HDAC) activities of all groups of rats. CM: cancer+met-
formin; DC; diabetic+cancer; DCM: diabetic+cancer+metformin. The groups show off mean ±SD. *p < 0.01 vs control group; **p < 0.0001 vs control 
group; ***p < 0.05 vs control group; ****p < 0.001 vs control group; #p < 0.0001 vs cancer group; &p < 0.0001 vs DC group; &p < 0.001 vs DC group.
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showed that SA, hexose, hexosamine and fucose levels 
were raised in the diabetic (p < 0.0001), cancer (p < 0.0001) 
and DC (p < 0.0001) groups. Treatment with metformin to 
cancer and DC groups resulted in significantly diminished 
SA, hexose, hexosamine and fucose levels in CM (p < 
0.0001) and DCM (p < 0.0001) groups.

3. 3. Principal Component Analysis
Loadings, PC Scores, Biplot and Eigenvalues graphs 

of principal component analysis (PCA) of stomach tissues 
are presented in Figure 10(A-D), respectively. The purpose 
of the PCA method is to assist in the general interpretation 
of data and to simplify the complexity of high-dimension-
al data. It does this by converting the data into fewer di-
mensions that act like a summary of the properties. In the 
PCA method, it combines highly correlated variables to 
create a smaller set of artificial variables called principal 
components. That’s why analysts use PCA as a tool for data 
analysis and building predictive models. Each PC is a line-
ar combination of the variables that went into it and prin-
cipal component 1 (PC1) is the one that extracts the max-

imum variance, and principal component 2 (PC2) is the 
one that extracts the maximum variance from what is left. 
It aims to show that there is a correlation between the re-
sults obtained and the parameters by performing PCA 
analysis for biochemical experiments in stomach tissue, 
and the obtained analysis results prove this accuracy.

PCA was used to prove the relationship between the 
biochemical results of gastric tissues and the analysis re-
sults showed that it details approximately 75.09% of the 
total variation (PC1: 69.07%, PC2: 6.02%). CAT, GR, GPx, 
GST, SOD, ROS, fucose, hexose, XO and SA are clustered 
together in the first component and these are negatively 
correlated with HCy, LPO, MPO, HDAC, hexosamine, PC 
and Na+/K+-ATPase (Figure 10A and 10C).

4. Discussion
Patients with diabetes have a very high risk of devel-

oping prostate cancer depending on age. Prostate cancer is 
usually associated with bones and lymph nodes metasta-
sizing, but it has been reported that it metastasizes to the 

Figure 10. Principal component analysis of stomach biochemical parameters plots. (A) Loadings plot, (B) PC Scores, (C) Biplot and (D) Eigenvalues 
plots.
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stomach, albeit rarely.27–30 Therefore, examining the effects 
of prostate cancer on stomach tissue is important because 
the subject is still controversial.

Although metformin is used in treating type 2 diabe-
tes, its limited side effects make it easier to use. The most 
important of its side effects is that it increases the amount 
of lactic acid in the blood. Metformin exerts its antioxidant 
and anti-inflammatory effects with the activation of aden-
osine monophosphate protein kinase (AMPK). This acti-
vation by metformin causes inhibition of nuclear factor 
kappa light-chain-enhancer of activated B-cells (NF-κB) 
transcription. In addition, metformin inhibits Poly [ADP 
ribose] polymerase 1 (PARP-1), which acts as a cofactor of 
NF-kB. These inhibitions reduce reactive oxygen species 
(ROS) production, inflammatory pathways and proin-
flammatory cytokines. In addition, metformin increases 
the amount of NO, which antagonizes inflammation and 
ROS production, and this increase is due to its activation 
effect on AMPK.31,32 On the other hand, metformin inhib-
its the complex I (NADH: ubiquinone oxidoreductase) of 
the electron transport chain, thereby helping decrease mi-
tochondrial reactive oxygen species.33

Oxidative stress is a condition that arises due to the 
insufficiency of the organism’s own defence system and in-
sufficient antioxidant molecule intake, due to metabolic 
diseases such as diabetes and cancer. Therefore, studying 
antioxidant systems gives information about the status of 
oxidative stress in these diseases. Organism fights against 
free radicals in two ways. Via antioxidant enzyme systems 
and antioxidant molecules.34 Cell defence mechanisms 
under oxidative stress work to correct this condition and 
minimise its effects. The enzymatic antioxidant system 
consists of SOD, CAT, GR, GPx, and GST enzymes, while 
nonenzymatic antioxidants consist of vitamin E, beta car-
otene, vitamin C, and GSH molecules. In addition, to un-
derstand the oxidative state, not only antioxidant systems, 
but also some other enzyme activities and biomarkers 
(LPO, MPO, ROS, PC etc.) are investigated.35

The reactive oxygen species levels increase in the 
case of oxidative stress. This increase affects the func-
tionality of antioxidant systems of organisms. The enzy-
matic antioxidant system is involved in the removal of 
reactive oxygen species formed during oxidative stress. 
However, the decrease in the activity of this enzyme sys-
tem contributes to the formation of oxidative stress. The 
superoxide radical is responsible for converting to H2O2 
by SOD catalysis, and the CAT enzyme converts H2O2 to 
H2O, forming a defence system against the harmful ef-
fects of the superoxide radical. During these reactions, 
the enzyme GPx reduces H2O2 to H2O with the natural 
antioxidant molecule GSH. The organism reduces GSSG 
to GSH with the GR enzyme to provide a concentration 
of GSH for this reaction, and thus the continuity of the 
antioxidant enzyme system is ensured. Due to the de-
crease in the activity of this enzyme system, an increase 
in the amount of ROS is likely to be observed due to the 

effects of the antioxidant enzyme system, as well as Fen-
ton reactions.36 In addition, oxidative stress causes an 
increase in some biomarkers which are directly related 
to oxidative stress such as LPO and MPO. Increasing 
LPO levels in tissues can affect membrane fluidity and 
decrease the activity of membrane-bound enzymes. Due 
to the increased activity of MPO, the amount of hy-
pochlorous acid (HOCl) and other strong oxidant sub-
stances increases.37 The increase in LPO levels and MPO 
activities are biochemical parameters that are often used 
to provide information about the oxidative states of met-
abolic diseases, as they are parameters that prove the 
presence of oxidative stress.

In diabetes and cancer diseases, the antioxidant/oxi-
dant balance of the organism is disrupted and oxidative 
stress occurs due to the increase in oxidant molecules. In a 
study by Chukwunonso Obi et al., it was reported that di-
abetic rats were given the diabetes drugs metformin, glib-
enclamide (GLI), and repaglinide (REP). They found that 
metformin increased serum SOD, CAT activity, and GSH 
amount compared to the diabetes group.38 Ahmed Amar 
et al. investigated the activity of antioxidant enzymes and 
LPO levels in patients with prostate cancer. SOD, CAT ac-
tivity, and GSH levels decreased in prostate cancer pa-
tients, while LPO levels increased.39 Ozel et al. found that 
MPO activity increased in diabetes, cancer and diabetes+-
cancer groups and decreased with metformin administra-
tion.40 In our study, it was found that the activities of anti-
oxidant enzymes SOD, CAT, GR, GPx, and GST decreased 
in diabetic, cancer, and diabetes+cancer groups, while the 
levels of LPO and MPO, which are biomarkers of oxidative 
stress, increased. It was observed that these parameters 
were reversed upon treatment of these groups with met-
formin. It can be suggested that these effects occur due to 
the fact that metformin acts in the direct reduction of ROS 
concentrations in organisms.

Oxidative stress causes the amount of ROS to in-
crease. Increased amount of ROS has many dangerous ef-
fects, such as disruption of the cell membrane structure 
and DNA damage.41 The mitochondrial effects of met-
formin include decreased endogenous ROS production, 
oxidative stress, decreased DNA damage, and decreased 
mutagenesis in normal somatic cells.42 Metformin also in-
hibits Ras-induced ROS production and DNA damage. 
PC, another oxidative stress parameter, is a very important 
early marker of oxidative stress due to its high stability. The 
high levels of protein carbonyl (CO) groups have been ob-
served in some metabolic diseases such as diabetes, and 
Alzheimer’s.43 In addition, ROS activates p38 MAPK 
phosphorylation and inflammation which enhances pro-
tein modification by carbonylation.44 In the present study, 
it was found that the amount of ROS and PC increased in 
the damage groups (diabetes, cancer and DC), and the lev-
els of ROS and PC decreased with the administration of 
metformin. These indicate that metformin might have re-
duced the formation of ROS in mitochondria.
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Homocysteine (HCy) derived from the metabolism 
of methionine is a sulphur-containing amino acid. Its un-
controlled level in patients is associated with the incidence 
of stroke. Additionally, HCy level in plasma is a biomarker 
for metabolic diseases such as diabetes, neural tube de-
fects, Down syndrome, megaloblastic and neurodegenera-
tion. Also, the HCy level is a biomarker of cancer. Hence, 
the determination of HCy levels in plasma and tissues is 
correlated to the status of diseases biochemically. Methio-
nine metabolites homocysteine, cystathionine and cysteine 
are accepted as metastatic risk factors for prostate cancer. 
The high serum levels of these methionine metabolites 
have been used to predict the risk of early biochemical re-
lapse and the aggressiveness of the disease.45 Sannigrahi et 
al. showed that HCy levels of men with prostate cancer in-
creased significantly when compared to healthy men.46 
The effect of metformin on serum HCy level is upward, but 
studies show that this effect occurs in the absence of B 
group vitamins or folic acid supplementation.47 This may 
be the reason why the CM and DCM groups showed an 
increase of HCy levels compared to the control group. In 
our previous study, it was shown that HCy levels in heart 
tissue increased in diabetes, cancer, and DC groups48, and 
similar results were seen in the present study.

XO is a purine metabolism enzyme that converts 
xanthine and hypoxanthine to uric acid. The reaction of 
XO may cause oxidative stress due to the formation of 
H2O2. Hence, the activity of XO in tissues is important in 
determining tissue damage. The activity of XO might in-
crease in various diseases, especially cancer and diabetes.49 
The changes in oxidative stress may alter p53 protein’s 
function and affect many cellular pathways such as; DNA 
repair. In addition to being a genome protector, p53 pro-
tein is involved in the regulation of DNA repair, apoptosis, 
and cellular responses to oxidative stresses. Due to the an-
tioxidant property of metformin, a decrease in ROS levels 
is observed. This effect of metformin prevents p53 from 
showing antioxidant properties and prevents damage to 
cells by preventing DNA damage.42 It has been reported 
that p53 protein also decreases due to the decrease in oxi-
dative stress, and this decrease is thought to be due to the 
antioxidant property of metformin.50 Depending on the 
increase in DNA damage, it is possible to see an increase in 
the activity of enzymes in purine catabolism. XO is an en-
zyme involved in both purine metabolism and oxidative 
stress formation. It has been reported that metformin pre-
vents oxidative stress by reducing ROS levels in addition to 
its protective effect on DNA.51 It was observed that XO 
activity increased in diabetic, cancer and DC groups, but 
decreased with metformin administration to cancer and 
DC groups in the study. It can be argued that this decrease 
is due to the effect of metformin on both DNA repair and 
the prevention of oxidative stress formation.

LDH is located in cytoplasmic and catalyses the re-
versible conversion of lactate to pyruvate by reduction of 
NAD+ to NADH. Increased LDH activity is seen in many 

diseases, but especially pernicious anaemia and haemolyt-
ic disorders, liver disorders, skeletal muscle disorders, and 
some leukaemias.52 In addition, patients with cancer and/
or diabetes have increasing LDH activity and lactate 
amounts due to anaerobic glycolysis.53 Bayrak et al. found 
that increased LDH activity in heart tissues of diabetes, 
cancer and diabetes+cancer group when compared to the 
control group. Metformin reversed LDH activities.48 Simi-
larly, the present study found that LDH activity increased 
in diabetes, cancer, and diabetes+cancer groups, while 
metformin treatment reduced LDH activity in all these 
groups. It can be said that metformin may cause an effect 
on the protective LDH activity against oxidative stress.

Na+/K+-ATPase is an enzyme located on the surface 
of the cell membrane. It has an effect on energy metabo-
lism and helps maintain osmotic balance and membrane 
potential. Changes in its activity are quite significant, as 
they have many effects.54 In a study conducted on diabetic 
rats, it was found that metformin increased Na+/K+-AT-
Pase activity.55 In the present study, it was found that Na+/
K+-ATPase activity decreased in diabetes, cancer and dia-
betes+cancer groups. Metformin increased the activity of 
Na+/K+-ATPase when given compared to the experimen-
tal groups. It can be suggested that these changes may be 
due to both the antioxidant properties of metformin and 
the fact that AMPK activation increases Na+/K+-ATPase 
activity.56

Histone deacetylases (HDACs) are a parameter used 
in the development of inhibitors for use in the treatment of 
cancer. The purpose of the development and administra-
tion of HDAC inhibitors is to increase histone acetylation 
and transcription of tumour suppressor genes. In addition, 
HDAC inhibitors induce apoptosis and do so by increasing 
histone acetylation, expression of p21 and proapoptotic 
genes. Also, AMPK activation is known to increase histone 
acetylation. The fact that metformin stops ROS produc-
tion allows it to be evaluated as a potential inhibitor of 
HDAC, since it performs it through this pathway.57 In ad-
dition, it has been established that metformin increases 
histone acetylation by activation of AMPK in prostate and 
ovarian cancer cells.58 Interleukin-1β is involved in the 
formation of insulin resistance and β-cell insufficiency in 
diabetes, and the use of HDAC inhibitors is effective in the 
development of β-cells. These two connections mean that 
histone acetylation decreases in diabetes, and HDAC ac-
tivity decreases. Considering that metformin increases 
histone acetylation by HDAC inhibition, it is thought that 
it may be useful in the treatment approach.59 In the present 
study, it was found that HDAC activities decreased in dia-
betes, cancer, and diabetes+cancer groups. The treatment 
of these groups with metformin increased HDAC activi-
ties. It can be suggested that metformin carries out this 
change in HDAC activities by promoting the activation of 
the AMPK pathway.

Glycoproteins are important macromolecules with 
many metabolic effects, their levels can change in many 
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diseases. Glycoproteins have many functions such as cell 
differentiation and recognition, membrane transport, 
structural components of enzymes, hormones, and act as 
blood group substances. Alterations in glycoprotein levels 
have been shown to correlate with the development and/or 
progression of cancer, diabetes and other disease states.60 
Since they have many metabolic effects, it is very impor-
tant to determine glycoprotein levels, and determine their 
connections with diseases. In diabetic individuals, in-
creased glycation can be seen due to increased blood glu-
cose levels. Similarly, changes in glycoprotein levels can be 
observed in cancer patients due to the deterioration of en-
ergy metabolism depending on the type of cancer. Similar 
to the findings of the present study, Chinnannavar et al. 
found that patients with oral squamous cell carcinoma had 
increased SA and fucose levels.61 The outcome of the pres-
ent investigation indicates that SA, hexose, hexosamine 
and fucose levels increased in diabetic, cancer and DC 
groups. All the glycoprotein parameters were reversed in 
metformin-treated groups. This indicates that metformin 
both has a protective effect against oxidative stress and 
lowers blood sugar levels, thereby resulting in a decrease in 
glycoprotein parameters.

Other publications of our study have been made on 
the heart, brain, kidney, testicular, and liver.40,48,62–64 In all 
studies, it was determined that metformin had a protective 
effect on the damage groups diabetic, cancer, and group 
with both cancer and diabetes. Both studies determined 
that the damage caused by oxidative stress resulting from 
diabetes was reduced by metformin treatment, based on 
the relevant parameters. The data obtained in this study 
showed parallelism with other related studies and It has 
been determined that oxidative stress caused by diabetes 
and cancer is reduced by metformin treatment.

PCA is a method of size reduction often used to re-
duce the dimensionality of large datasets by converting a 
large set of variables into a smaller variable that still con-
tains most of the information in the large set. PCA analysis 
is important in terms of making the results more under-
standable due to the multiplicity of biochemical parame-
ters studied. The correlation between the obtained data 
and the PCA results reflects the consistency of the results. 
The PCA analysis applied as a result of the biochemical 
parameters in the stomach tissue showed a correlation be-
tween the biochemical parameters studied.

5. Conclusion
Men with diabetes have a higher risk of prostate can-

cer than healthy individuals, and it is a type of cancer that 
occurs especially at later ages. Prostate cancer especially 
metastasizes to the lymph nodes and bone, but rarely me-
tastasizes to the stomach. Although metformin is an old 
drug, its popularity has increased as a result of research in 
recent years and it is preferred in research especially be-

cause of its effect on oxidative stress and cancer. In this 
study, the protective effect of metformin on the gastric tis-
sues of diabetic rats with prostate cancer was investigated 
within the framework of biochemical parameters. In rats 
with cancer and/or diabetes, the decrease in oxidative 
damage after metformin treatment was determined 
through the studied biochemical parameters. The findings 
show that oxidative stress as well as alteration of glycopro-
tein contents are stopped by metformin treatment. There-
fore, it can be said that metformin has a protective effect 
on the gastric tissue of diabetic and prostate cancer rats.
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Abstract
The antioxidant interactions between several natural phenolic and non-phenolic compounds (catechin, quercetin, rutin, 
resveratrol, gallic acid and ascorbic acid) and organic acids (tartaric, citric and dihydroxyfumaric acids) were studied 
using the DPPH method. Main additive and antagonistic interactions have been found for the combinations of catechin, 
quercetin, resveratrol and gallic acid with tartaric and citric acids; such behavoir can be due to the enhanced stability of 
the phenolic compounds in acidic media. Rutin and ascorbic acid showed good synergistic effects with tartaric and citric 
organic acids, which could be due to the polymerization processes in the case of rutin and the change in the mechanism 
of action in the case of ascorbic acid. In combination with dihydroxyfumaric acid, the mixtures showed dose–dependent 
synergistic, additive, or antagonistic antioxidant interactions. Good synergistic effects were observed for the binary mix-
tures of dihydroxyfumaric acid with ascorbic acid, catechin, and rutin.

Keywords: antioxidant interactions; synergistic interactions; additive interactions; antagonistic interactions; phenolic 
compounds; organic acids.

1. Introduction
Antioxidant interactions (AI) have been investigated 

more intensively in the last twenty years. The interest in AI 
is justified by the scientific intention to understand the 
natural processes, but also by the real need to improve the 
antioxidant activity of natural compounds used in the 
food, medical, pharmaceutical and other industries, by 
finding beneficial combinations between antioxidant and 
non-antioxidant compounds. Until now, synergistic, addi-
tive, and antagonistic AI between natural compounds have 
been declared.1 Some explanations and hypotheses on the 
mechanism of mutual interaction of involved compounds 
have been offered, and imply (1) the regeneration process-
es, (2) formation of antioxidants` intermolecular complex-
es, dimers or adducts, and (3) complementary effects that 
presume the effect of solvent, pH, concentration and solu-
bility.1,2

Organic acids such as tartaric and citric are common 
acids, non–antioxidant compounds, found in large 
amounts in many fruits, including grapes.3,4 Although 
they are not free radical scavengers,5,6 their influence on 

the antioxidant activity of natural reducing compounds 
has already been demonstrated. The authors found that the 
combinations of various natural radical scavengers with 
organic acids have synergistic AI.5–9 On the other hand, 
the interactions between grape phenolic compounds were 
found to be antagonistic, which is due to the polymeriza-
tion processes and the decrease in the number of electron 
donating groups.10–14

The compounds’ concentrations showed to be equal-
ly important for antioxidant activity and AI.12,14,15 Accord-
ing to the reported data,15–19 it is generally believed that 
stronger synergistic effects can be obtained when com-
pounds are used at concentrations found in nature (in this 
case, in grapes),7,12,20–25 since multicomponent systems 
similar in composition and concentration to those found 
in food have multiple mechanisms of action and can in-
hibit oxidation at many different stages.26

Based on this, the present study aims to investigate the 
influence of different concentrations of common organic 
acids, namely tartaric and citric acids, on the antioxidant 
activity of phenolic and non-phenolic compounds found in 
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grapes: catechin, quercetin, rutin, resveratrol, gallic acid and 
ascorbic acid. In addition, the AI of the above compounds 
was studied with the natural organic acid, dihydroxyfuma-
ric acid, which has potent antioxidant activity,6,27 and is 
known to be important for the “glioxylate scenario”28,29. Ex-
perimental data were obtained by the DPPH method, read-
ily available and widely used antioxidant assay, so that the 
results could be easily compared with literature data.

2. Exprimental
2. 1. General

Quercetin dihydrate (QUE), (+)-catechin (CAT), 
(+)-rutin trihydrate (RUT), trans-resveratrol (RES), 
L-ascorbic acid (AA), dihydroxyfumaric acid hydrate 
(DHF), L-(+)-tartaric acid (TA) and 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) were purchased from Sigma (Germany), 
gallic acid (GA), citric acid (CA) and 96% ethanol (EtOH)
were purchased from MicTan (Republic of Moldova).

Absorbance measurements were recorded on a 
Lambda 25 UV/VIS spectrophotometer (Perkin Elmer), at 
20 ˚C, using 10 mm quartz cuvettes.

The pH was measured on a HANNA HI 121 pH-me-
ter, using 96% EtOH as solvent.

2. 2.  Preparation of Standard Solutions and 
Mixtures of Phenolic Compounds and 
Organic Acids
Standard solutions of AA (1.4 mM), CAT (1.2 mM), 

GA (1.4 mM), QUE (1.0 mM), RUT (1.0 mM), RES (0.5 
mM), DHF (2.0 mM), TA (40.0 mM) and CA (40.0 mM) 
were prepared in 96% EtOH. For a better dissolution, some 
of the samples were sonicated in the ultrasonic bath for 3 
– 5 min. For the determination of the Efficient Concentra-
tion (EC50) of single compounds, different concentrations 
of CAT, GA, QUE, RUT, RES, AA, and DHF ranging from 
50 μM to 1000 μM, and different concentrations of TA and 
CA ranging from 0.2 mM to a maximum of 20 mM were 
prepared by dilution from stock solutions, using 96% 
EtOH

To study AI, the given concentrations of CAT, GA, 
QUE, RUT, RES, and AA (ranging from 50 μM to 1000 
μM) were mixed with three concentrations of TA or CA, 
found in grapes and wines (16×10-4 N, 160×10–4 N, 
800×10–4 N), and with three concentrations of DHF 
(2×10–4 N, 4×10–4 N, 8×10–4 N). This approach was de-
scribed by LoScalzo in an attempt to clarify the influence 
of some organic acids on the antioxidant activity of ascor-
bic acid.5

2. 3. DPPH Free Radical Scavenging Activity
The concentration of DPPH in 96% EtOH was veri-

fied daily though the calibration line and was around 0.03 

g/L (Absorbance = 1.000 ± 0.020 a.u.). The absorption 
maximum of DPPH was found to be at 517 nm with a mo-
lar extinction coefficient ε, of 11858 ± 16 M−1 cm−1.

The antioxidant activity of individual compounds 
and mixtures was estimated according to procedure de-
scribed previously.30 To 3.9 mL of free radicals, 0.1 mL of 
the prepared samples containing the tested compounds 
was added. Absorbance at 517 nm was recorded when the 
reactions reached equilibrium, which was after 30 min for 
GA, AA, DHF, TA, and CA, and after 60 min for QUE, 
CAT, RUT, and RES. The blank reference cuvette contained 
96% EtOH. All measurements were performed at least in 
triplicate.

2. 4. Data Analysis
Following the approach reported by Brand-Williams 

et al,30 the antioxidant activity of the compounds or mix-
tures of compounds tested was expressed as an EC50 value, 
defined as the concentration required to annihilate 50% of 
the radical and expressed as mole of antioxidant per mole 
of DPPH• (mole AOX/mole DPPH). This parameter is in-
versely related to the antioxidant capacity of the com-
pound studied, with lower EC50 values indicating higher 
antioxidant activity.

In order to determine EC50 parameter, the percent-
age of remaining DPPH• (%DPPH rem) at the steady state 
was calculated according to equation 1, and the results ob-
tained for each sample were plotted against the mole AOX/
mole DPPH ratio to determine the EC50 value.

 (1)

The Asample corresponds to the absorbance of the 
sample at steady state and Acontrol corresponds to the ab-
sorbance of the sample at time zero. Because the EC50 is 
related to the stoichiometry of the reaction, results pre-
sented as EC50 values are more accurate and free of error; 
in addition, these results are easier to compare with litera-
ture data.

The percentage of inhibition (%Inhibition) was ob-
tained using equation 2, and was further used to deter-
mine the AI type.

 (2)

From equation 2, Asample is the absorbance of the 
sample at steady state and Acontrol is the absorbance of the 
sample at time zero.

The AI effect of a mixture was calculated from the 
ratio between the experimental value of the percent inhibi-
tion of the mixture (%Imixture) and the theoretical value 
(%Itheoretical,9 (equation 3):

 (3)
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Where

 (4)

%IA and %IO represent the percent inhibition of anti-
oxidants and organic acids, respectively, tested in reaction 
with DPPH• alone (equation 4).

Therefore, a synergistic effect is found when the AI > 
1; if AI = 1, then the interaction is additive; and an AI < 1 
reveals an antagonistic effect.

The data obtained were analyzed with ANOVA and 
Student’s t tests to evaluate the statistical significance of 
the difference between the means using the Microsoft Ex-
cel programme. A p value of 0.05 was considered signifi-
cant.

3. Results and Discussion
3. 1. Determination of the EC50 Values

The literature frequently reports the use of the DPPH 
method to study the antioxidant activity of individual 
compounds and to determine the type of AI between nat-
ural compounds.8,9,13,31 The DPPH• can be scavenged 
through both HAT and SET mechanisms,32 depending on 
the reaction conditions. This suggests that DPPH• takes 
either an electron or an H atom from the antioxidant to be 
neutralized.

Phenolic compounds possess good antioxidant activity 
against various free radicals11–13,31 due to the presence of 
functional groups and conjugated double bounds. Table 1 
shows the EC50 obtained for individual compounds in the 
reaction with DPPH•, as well as the EC50 values for the com-
binations of AA, CAT, QUE, RUT, RES and GA with organic 
acids – DHF, TA and CA. As mentioned earlier, the lower is 
the EC50 for a compound, the higher is the antioxidant activ-
ity. On this basis, GA is the best radical scavenger under 
these reaction conditions, followed by the other compounds 
in the order: QUE < CAT = DHF < AA = RUT < RES.

Table 1. EC50 values for individual antioxidant compounds and for their combinations with organic acids.

                                                  Antioxidant compounds
    AA CAT QUE RUT RES GA DHF
  Reaction time, min 30 60 60 60 60 30 30

  No organic acid 0.24±0.00 0.18±0.02 0.15±0.00 0.24±0.00 1.15±0.03 0.06±0.00 0.18±0.01
  TA 16×10–4 N 0.22±0.01 0.19±0.00 0.16±0.01 0.25±0.01 1.22±0.01 0.06±0.00 
   160×10–4 N 0.22±0.01 0.18±0.01 0.18±0.00 0.26±0.00 0.98±0.00 0.06±0.01 
   800×10–4 N 0.23±0.00 0.18±0.01 0.18±0.00 0.27±0.01 1.78±0.00 0.06±0.01 
  CA 16×10–4 N 0.23±0.00 0.18±0.00 0.17±0.00 0.25±0.00 1.59±0.02 0.06±0.00 
   160×10–4 N 0.23±0.00 0.21±0.02 0.18±0.03 0.26±0.00 1.14±0.00 0.05±0.00 
   800×10–4 N 0.24±0.01 0.18±0.00 0.18±0.02 0.29±0.01 2.83±0.04 0.06±0.00 
  DHF 2×10–4 N 0.20±0.00 0.13±0.00* 0.14±0.01* 0.21±0.00* 1.32±0.01 0.09±0.00 
   4×10–4 N 0.17±0.00 0.12±0.00* 0.13±0.00* 0.17±0.00* 2.19±0.04 0.08±0.01 
   8×10–4 N 0.09±0.01 0.09±0.00* 0.09±0.00* 0.09±0.02* 1.01±0.01 0.06±0.00 

Data are presented as means ± deviation (n ≥ 3). * Significant difference (p < 0.05) calculated using one-sample Student’s t test.
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Similar results have been reported by several au-
thors;11,13,31,33 the few differences are attributed to the use 
of different solvents, which have been shown to have a sig-
nificant effect on the mechanism of action of antioxidants.6

The stilbene RES possesses good antioxidant capaci-
ty against reactive oxygen species, especially against super-
oxide anion.34 However, in the reaction with DPPH•, RES 
demonstrates low antioxidant activity, which is confirmed 
by previous studies.11,13,31,33 The compound DHF, which in 
this study was addressed as an organic acid, possesses 
good antioxidant activity, with an EC50 = 0.18, which 
means that DHF in a multicomponent system can affect 
the overall antioxidant activity even at low concentration. 
Contrary to DHF, the organic acids TA and CA showed 
insignificant radical scavenging activity – even at high 
concentrations, TA and CA are capable of scavenging only 
3% of free radicals. Similar results have been reported by 
others.5,8,9

As expected, the presence of organic acids in the 
solutions lowers the pH to a more acidic value (Table 2). 
Such pH values are representative of wines, natural juices 
or fruits.4,35

Table 2. pH values for each concentration of organic acids (TA, CA 
and DHF) used in experiments. EtOH was used as solvent.

                     Organic acids 
  TA CA DHF 96% EtOH

     6.58
 16×10–4 N 4.43 4.42  
 160×10–4 N 3.75 3.89  
 800×10–4 N 3.10 3.58  
 2×10–4 N   4.04 
 4×10–4 N   3.86 
 8×10–4 N   3.64 

             Student’s t test * * * *

 Significant difference (p < 0.05) to value 6.58. p values were calcu-
lated using one-sample Student’s t test.
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Figure 1. AI of AA and phenolic compounds in the combination with different concentrations of TA (A, B, C, D, E, F) and different concentrations 
of CA (G, H, I, J, K, L). Data are presented as mean values (n ≥ 3).
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Different results were observed by adding organic 
acids – DHF, TA or CA, to the reaction mixtures between 
the antioxidant compound and DPPH•. The decrease in 
EC50 values, which can be interpreted as cooperative activ-
ity of two compounds that increases the overall antioxi-
dant activity of the mixture, was registered for combina-
tions of AA – DHF and AA – TA, and for polyphenols 
CAT, QUE and RUT with DHF. On the contrary, the addi-
tion of TA or CA to solutions of phenolic compounds have 
a negative impact on the EC50 values of the mixtures and 
in most cases, leads to an increase in this parameter.

The concentration of organic acids showed to be im-
portant for the antioxidant activity of the tested mixtures, 
however a prevalent tendency cannot be reported at this 
point. For example, increasing the DHF concentration 
from 2×10–4 N to 8×10–4 N the EC50 for AA, CAT, QUE 
and RUT decreases, but it becomes higher for RES and 
GA.

Concerning the other organic acids, the presence of 
TA or CA in concentrations of 16×10–4 N and 160×10–4 N 
has a slightly positive effect on the antioxidant activity of 
AA, but a negative or no effect in the mixtures with CAT, 
QUE, RUT and for the majority of the combinations with 
GA. Except for the presence of 160×10–4 N of both TA and 
CA in the reaction mixtures of RES and DPPH•, the other 
two concentrations of organic acids produce significant 
increase in the EC50 values, especially for the combination 
of RES with 800 × 10–4 N of CA.

The investigation of different concentrations of DHF, 
TA, and CA shows that the acidic environment in grapes 
and grape products can positively or negatively affect the 
antioxidant activity of phenolic and non-phenolic com-
pounds; it also shows that not only the acidic environment 
is crucial, but also the intrinsic properties are important. 
Although the variation of EC50 values shows that the pres-
ence of organic acids affects the antioxidant activity of 
phenolic compounds and AA, these data are insufficient to 
classify the tested mixtures according to the type of AI – 
synergistic, additive, or antagonistic; therefore, further 
calculations are needed.

3. 2.  AI Between Phenolic Compounds and 
Organic Acids TA and CA
Among all three types of AI, synergistic interactions 

are the most advantageous, therefore more intensively in-
vestigated. Recently, authors have demonstrated the im-
portance of the non-antioxidant substances such as organ-
ic acids, glucose, etc., for the antioxidant activity of 
naturally occurring bioactive compounds,5,7–9 and for the 
quality of the food products.36–38 The concentrations of the 
compounds have been shown to be equally important for 
AI, so that different molar ratios between the same com-
pounds can lead to synergistic, additive, or antagonistic 
effects.9,14,15,39–41 In this study, the utilization of three con-
centrations of organic acids was important for evaluation 

of their impact on the antioxidant activity of the phenolic 
and non–phenolic natural compounds. In addition, the 
importance of the concentration of the antioxidants tested 
was evaluated by applying different concentrations of phe-
nolic compounds or AA as depicted in Figure 1.

The AI between AA and other organic acids
R. LoScalzo5 and Piang-Siong et al.,9 investigated the 

interaction of AA with organic acids in alcoholic solution, 
and found significant synergistic effects. Similarly, our re-
sults revealed that at certain concentrations, TA and CA 
ameliorate the antioxidant activity of AA. Data reported in 
Figure 1 (cases A and G) show that TA has a better influ-
ence than CA, being observed six combinations of AA – 
TA with synergistic effects, and only one combination of 
AA – CA with the same effect. In both cases, smaller con-
centrations of organic acids, namely 16 × 10–4 N and 160 × 
10–4 N, cause the enhancement of antioxidant activities, 
being registered synergistic effects of 1.08 for the mixture 
AA – TA, and 1.06 for AA – CA. Equally important is the 
concentration of AA. Strong antagonistic effects have been 
noticed at lower concentrations of AA, and by increasing 
the AA’s content, the AI values rise, reaching the additive 
and synergistic effects. The notable antagonism, in the 
range of 0.46 – 0.79, characteristic for lower AA concen-
trations, and the synergistic effects found at higher AA 
concentrations, emphasize the importance of the molar 
ratios in which both natural compounds are mixed.

The enhancement of the antioxidant activity of AA 
in the presence of organic acids may be due to the action 
mechanism of this free radical scavenger. The ionization of 
AA is not supported in this media because of the high 
amount of ions of TA or CA present in the solution. Con-
sequently, the SPLET (sequential proton loss electron 
transfer) mechanism is inhibited, and the HAT (hydrogen 
atom transfer) mechanism becomes operative for DPPH• 

annihilation. The AA is known to be efficient in HAT reac-
tion by donating two H atoms to the radical species.42 R. 
LoScalzo suggested that a low pH can contribute to the 
slow regeneration of AA, thus justifying the enhancement 
of the antioxidant activity.5

The AI between CAT and organic acids
In the presence of organic acids, the phenolic com-

pound CAT shows a progressive evolution of the AI values 
from strong antagonistic effects to additive effects (Figure 
1, cases B and H). Samples containing small concentra-
tions of CAT and TA or CA, demonstrated antagonistic 
interactions in the range of 0.33 – 0.93; the increase of 
CAT’s concentration generated additive AI. Contrary to 
the example of AA’s interactions with organic acids, the 
change in the TA or CA content does not affect considera-
bly the antioxidant activity of CAT. Similar antagonistic 
interactions were reported by Zhang et al.,43 who investi-
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gated the influence of organic acids on the antioxidant ac-
tivity of phenolic compounds from Zhenjiang aromatic 
vinegar.

The reaction of CAT and DPPH• was previously 
studied in alcohols.44–47 It was demonstrated that there is 
the possibility of (1) covalent adduct formation between 
the free radical and the oxidized form of CAT, and (2) the 
chance of polymerization reaction, which proved to be less 
effective for DPPH• scavenging.46 The two pathways de-
pend on the polarity of the solvent and on the flavanol/
DPPH• ratio.46 The addition of organic acids to the reac-
tion mixture can affect significantly the reactivity of CAT, 
and finally the total antioxidant activity. Catechins showed 
to be more stable at low pH,48,49 their antioxidant activity 
being 10 times higher at neutral pH than at acidic pH.50 In 
acidic environments like those created by the addition of 
TA or CA (Table 2), the oxidation rates of the phenolic 
compounds increase. As a consequence, the ability of CAT 
to donate electrons and to scavenge DPPH• decreases, 
thus, only additive and antagonistic interactions are regis-
tered. A pH dependent change of the antioxidant activity 
of polyphenols was noticed by others;51,52 the greater reac-
tivity of phenolic compounds at high pH was attributed to 
the rapid electron transfer from the phenolate ion to the 
reactive species.

According to data, polar solvents maintain the 
SPLET mechanism of antioxidant action of phenolic com-
pounds,46,53 because these solvents accept protons from 
the phenol forming the phenolate anion followed by the 
electron transfer to the reactive species. The presence of 
the acid ions in the reaction mixture suppresses the depro-
tonation, and, by this, the SPLET mechanism, so the elec-
tron donor will be the parent molecule.54 At low pH, CAT 
is expected to be oxidized via the ET-PT (electron transfer 
– proton transfer) mechanism, which implies the electron 
abstraction from the neutral molecule followed by the re-
lease of a proton.55

The diminution of the antioxidant activity of CAT in 
the presence of TA or CA can also be justified by the fact 
that low pH conditions might enhance CAT loss on ac-
count of its polymerization and condensation.49 The inves-
tigation of the condensed tannins proved that under acidic 
conditions two competing reactions occur: (1) the poly-
meric or oligomeric chain can be degraded to their mono-
mers and (2) the flavonoid units can condense.56 The pro-
cesses of hydrolysis, condensation and heterocyclic ring 
opening at low pH are described in the literature as com-
mon reactions for tannins.57 Studies showed that the for-
mation of oligomers of CAT or QUE is due to the cleavage 
of the interflavonoid bond, and can also be acid–catalyz-
ed.58,59 Such opposite and competing reactions are charac-
teristic for wine systems, where the presence of organic 
acids promotes both polymerization and hydrolysis of 
phenolic compounds.60

The AI between GA and organic acids

The AI of GA with TA or CA is characterized by ad-
ditive and antagonistic effects (Figure 1, cases C and I). In 
the presence of TA, the AI values are lower at small con-
centrations of GA, but augment to additive effects at bigger 
GA/DPPH molar ratios. The only synergistic effect of 1.05 
has been registered for the GA/DPPH molar ratio of 0.20 
and the 16 × 10–4 N of TA. The samples containing GA and 
CA showed an ascending tendency of AI values (maxi-
mum AI value of 1.03) followed by a descending one, start-
ing from 0.15 GA/DPPH molar ratio. In this case, no syn-
ergistic effects have been noticed. These results are 
supported by similar AI between GA and organic acids 
that have been reported by Piang-Siong et al.9 The fact that 
the increase of TA or CA concentrations does not cause 
major variations of the AI values proves that the acidity, 
regardless of its magnitude, has the same effect on the an-
tioxidant activity of GA. One exception is the situation 
with the smallest concentration of TA, where the reaction 
keeps a positive tendency.

According to the EC50 values (Table 1) and to the AI 
values of GA with organic acids, it can be inferred that TA 
or CA have slightly negative or no effect on the GA’s anti-
oxidant activity. Therefore, it can be supposed that GA op-
erates efficiently in acidified ethanolic solutions through 
the HAT mechanism. The carboxyl group of GA along 
with the phenolic OH tends to deprotonate in ethanol, but 
the presence of the ions of TA or CA suppresses this pro-
cess, therefore, likewise the example of CAT, the SPLET 
mechanism is hindered. Hydrogen transfer mechanism 
becomes operative for GA in this environment. This as-
sumption is in agreement with the data from DFT calcula-
tions,61–63 which demonstrate that GA is an excellent free 
radical scavenger by H atom donation.18,64

The AI between QUE and organic acids
The interaction between different concentrations of 

QUE and TA or CA demonstrated only antagonistic effects 
in the range of 0.50 – 0.94 and 0.39 – 0.94, respectively, 
except for one additive interaction of QUE – TA with the 
value 0.97 (Figure 1, cases D and J). Figure 1D is clearly 
indicating that at larger TA concentrations the antagonis-
tic effects are stronger. This fact and the persistence of the 
antagonistic interactions independently of the TA or CA 
content underline the idea of diminution of the free radi-
cal scavenging activity of polyphenols in acidic environ-
ments.46,51,52,54 Similar to catechins,48,49 QUE is more sta-
ble at low pH, and therefore less susceptible to oxidation.

The AI between RUT and organic acids
The flavonoid RUT manifests a specific behavior in 

the presence of organic acids. At lowest concentrations of 
the polyphenol, strong antagonistic effects, in the range of 
0.29 – 0.92, can be noticed, (Figure 1, cases E and K). How-
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ever, at the 0.09 and 0.12 RUT/DPPH molar ratios, signif-
icant synergistic interactions, namely 1.10 – 1.29, are ob-
served, which represent the highest AI values in this series 
of experiments. The synergistic effects of these two RUT/
DPPH molar ratios decrease slightly with the increase of 
the RUT content. In the same time, the AI between RUT 
and TA or CA appears to be independent from the concen-
tration of organic acids. These results indicate that, in the 
case of RUT and TA or CA combinations, the synergistic 
effect relies mainly on the concentration of polyphenol, 
being independent of the acid’s content. Still, the presence 
of the organic acids in the reaction mixture is essential for 
the synergistic effect to occur, as long as the antioxidant 
activity of RUT is smaller without TA or CA (data not 
shown).

RUT is the only phenolic compound in this series of 
experiments to demonstrate such distinctive behavior 
characterized by a sharp peaking of the AI at 0.09 and 0.12 
RUT/DPPH molar ratios. This effect can be caused by the 
presence of rutinose in the RUT structure, which is absent 
in the molecule of other tested phenolics. More than that, 
QUE and RUT have the same aglycon structure, however, 
QUE in combination with TA or CA manifested only addi-
tive and antagonistic effects. Data45 show that the structur-
al differences in the C ring – the C3 hydroxyl group is pres-
ent in QUE, but is glycosylated in the case of RUT, affect 
considerably the antioxidant activity.

Also, the change from antagonistic to synergistic AI 
may be due to the concentration of reactants, as it has been 
found for different CAT/AA ratios.15 The concentration of 
AA affects CAT’s behavior, supporting the formation of 
different structures, including CAT dimerization to the 
procyanidin structures.15 This could also be the situation 
for the RUT – TA or CA synergistic effect, however, for 
this example, the concentration of organic acids appears to 
be insignificant – matters only their presence. This as-
sumption is supported by other findings that describe the 
formation of dimers and polymers from CAT, QUE and 
RUT in acidic conditions.58,59 On the other hand, it should 
be admitted that some polymerizations and adduct forma-
tions may be determined by the flavanol/DPPH• ratio, as 
previously demonstrated,44–46 along with the formation of 
new structures with antioxidant properties.

The AI between RES and organic acids
The combination of stilbene RES with organic acids 

shows mainly antagonistic effects (Figure 1, cases F and 
L). The tendencies described by the AI values are differ-
ent for each concentration of organic acids. The strongest 
antagonistic interactions are noticed for the concentra-
tion of TA or CA of 16 × 10–4 N, and the less antagonistic 
effect – for the mixtures containing 160 × 10–4 N. The 
negative effect of organic acids on the RES antioxidant 
activity is in agreement with the data reported by Shang 
et al.54 The authors showed that in acidic media the ioni-

zation of the RES is suppressed, along with the SPLET 
mechanism of action, therefore, the antioxidant activity 
is reduced.54

Based on data from Figure 1 and on the results de-
scribed in the literature, it can be concluded that organic 
acids can influence the antioxidant activity of phenolic 
compounds by either determining their mechanism of ac-
tion, or by inducing polymerization or cleavage of the in-
termolecular bonds of the formed oligomers. Au-
thors11,13,14,39,65 demonstrated that combination of natural 
polyphenols shows mainly antagonistic effects, because of 
their tendency to combine themselves through polymeri-
zation, thus decreasing the availability of the hydroxyl 
groups. We suggest that the addition of organic acids to the 
reaction mixtures, followed by the increase of acidity, 
could prevent polymerization by intermolecular bonds 
break and would maintain a high degree of low complexity 
structures, and a standing number of electron donating 
groups. This hypothesis is supported by the fact that the 
natural environment of the antioxidants from fruits and 
vegetables is characterized by high content of organic acids 
and a relatively high acidity, comparable with that created 
by addition of TA, CA or DHF (Table 2). Also, the antiox-
idant power of extracts from fruits and vegetables that 
proved to be stronger than to the sum of the antioxidant 
activities of individual compounds11,14 can be argued by 
the presence of less active compounds from natural sourc-
es, like organic acids.

3. 3.  AI Between Phenolic Compounds and 
Dihydroxyfumaric Acid
The DHF was for the first time discovered in 1994 by 

Fenton66 in his attempt to oxidize TA in the presence of 
hydrogen peroxide and iron. Lately, the DHF was inten-
sively studied from the perspective of the ”glyoxylate sce-
nario”.28,29,67 These investigations have been focused on the 
propounded idea that DHF could be the central starting 
materials of chemical constitution for primordial metabo-
lisms – or, the building-blocks for the biogenic mole-
cules.28,29,67,68

From the point of view of its occurrence, DHF is 
widespread in natural products, being a constituent of the 
reductive citric acid cycle, and therefore a direct precursor 
of amino acids67 and a constituent of the cycle of dicarbon-
ic acids – the Baround’ cycle of tartaric acid and its inter-
mediate products transformation to oxalic acid.69,70 DHF 
is found in wines as reaction product of the TA oxidation 
by hydroxyl radicals;71 also, it is added in wines for the en-
hancement of the quality parameters.72,73

The AI between AA and DHF
The DHF showed to be a strong DPPH• scavenger, its 

antioxidant activity being comparable with and even 
stronger than that of the AA, in terms of the kinetics and 
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stoichiometry.6,27 Starting from this context, we assumed 
that in combination with phenolic compounds DHF 
would behave similarly to AA. The synergistic interactions 
between phenolic compounds and AA have been de-
scribed in the past few years,12,15,21,74 authors suggesting 
that the synergistic effects are due to the regeneration of 
the polyphenols by the AA. In our attempt to clarify the 
type of AI between DHF and natural phenolic compounds 
similar outcomes have been expected.

Previously, we reported data on the synergistic and 
antagonistic interactions between DHF and AA in 98% 
EtOH and in wine matrix.6 This study was performed us-
ing the Stopped-flow method, which enabled us to gather 
data only for the first 2 sec of the reaction. Comparing our 
results with the data reported in the literature,27,31 we con-
cluded that, after 2 sec of interaction of AA or DHF alone 
or in combination against DPPH•, the reaction is incom-
plete and requires further investigations. Figure 2A shows 

Figure 2. AI of AA and phenolic compounds in the combination with different concentrations of DHF. Data are presented as mean values (n ≥ 3).
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that after 30 min of AA – DHF interaction with DPPH•, 
dose – dependent synergistic effects are registered, con-
firming our suppositions.

The AI values of AA – DHF combinations evolve 
from antagonistic to synergistic ones as a consequence of 
the increase of both antioxidants’ concentrations. The 
highest synergistic value of 1.17 was obtained for the mix-
ture of 0.30 AA/DPPH molar ratio with 8 × 10–4 N of DHF 
(Figure 2A). By using NMR spectroscopy, it was made an 
attempt to understand the mechanism of synergistic anti-
oxidant action of AA – DHF mixtures in the reaction with 
DPPH•.75 The hypothesis of a mutual regeneration of anti-
oxidants proved to be valid only in deuterated methanol – 
chloroform solvents, where partial regeneration of the de-
hydroascorbic acid by the DHF was established.75 
Therefore, it was admitted that in 96% EtOH some regen-
eration processes can also occur. On the other hand, the 
regeneration by AA of the oxidized form of DHF has not 
been demonstrated. Moreover, the keto groups character-
istic to the DHF oxidized form, that were expected to ap-
pear in the NMR spectra, have not been detected. Still, the 
redox reaction between DHF and DPPH• did occur as 
demonstrated by the change in colour of the radical from 
purple to dark yellow. Previously, it was reported that DHF 
decomposes spontaneously in aqueous solutions to form 
carbon dioxide and glycolaldehyde via two consecutive 
first – order reactions.68,76 The highest rates of decarboxy-
lation process are in the pH range of 2 – 3.5, because at low 
pH the keto – enol equilibrium is shifted to the keto form 
of DHF, which is instable and decomposes.76–78 In our 
case, the solutions formed of 96% EtOH, AA and DHF 
possess relatively high acidity – 3.64 to 4.04 (Table 2), 
characterized by the prevailing of keto form,77 that may 
determine partial decarboxylation of DHF.

The AI between CAT and DHF
The AI between CAT and DHF (Figure 2B) demon-

strate good synergistic effects. The majority of synergistic 
AI’s values (maximum of 1.08) can be noticed in the mix-
tures with the lowest concentration of DHF (2 × 10–4 N). 
Samples containing 4 × 10–4 N and 8 × 10–4 N of DHF 
demonstrated mostly additive AI, this indicating that the 
increase of the DHF content is disadvantageous for the to-
tal antioxidant activity of the mixtures. The reason behind 
this effect may be the lowering of the pH caused by higher 
concentrations of DHF, which negatively affects CAT anti-
oxidant activity. Several authors also reported synergistic 
interactions between strong antioxidants and phenolic 
compounds,12,15,21,74 and suggested as explanation the re-
generation mechanism of action. The DHF is a strong and 
fast antioxidant6,27 and it will be the first to interact with 
DPPH•, before CAT, thus, the regeneration of CAT by 
DHF can be excluded. Also, the decarboxylation of oxi-
dized form of DHF in the acidic solution makes impossi-
ble its reduction to the initial form by the CAT.

In this case, the operative mechanism of action ap-
pears to be the formation of adducts and oligomeric com-
pounds. Similar dose – dependent synergistic behavior of 
CAT was noticed in combination with AA.15 Different mo-
lar ratios of CAT/AA demonstrated both enhanced antiox-
idant activity and prooxidant effect.15 Authors15,44,46 found 
the oligomerization of CAT with subsequent formation of 
procyanidin structures to be a decisive factor influencing 
the antioxidant – prooxidant balance, and, therefore, the 
type of AI.

The AI between GA and DHF
The GA – DHF mixtures show mainly antagonistic 

effects ranging from 0.43 to 0.82. From Figure 2C it can be 
noticed that the addition of larger concentrations of DHF 
slightly improves the total antioxidant activity, however, 
the majority of the interactions remain in the range of an-
tagonistic values. Unlike the AA – DHF and QUE – DHF 
(Figure 2D) interactions which follow only antioxidant as-
cending tendencies, the example of GA – DHF does not 
respect it. The highest AI value of 0.90 can be observed for 
0.12 GA/DPPH molar ratio in combination with 8 × 10–4 
N of DHF

Based on the data reported by Piang – Siong et al.9 on 
the GA’s AI with trans-aconitic acid, which have similar 
structural units as DHF, comparable synergistic effects 
have been expected from GA – DHF interactions. On the 
other hand, GA in combination with different concentra-
tions of AA showed strong antagonistic effects.79 Other 
antagonistic effects of the mixtures of phenolic compounds 
and GA have been recently described.80,81 Authors sug-
gested that the antagonism is a consequence of the weaker 
antioxidant regeneration by the strongest one – hypothesis 
that was supported by the analysis of the reduction poten-
tials.81 Also, the effect of the difference in reaction kinetics 
between the antioxidant and free radical has been im-
plied.80

The oligomerization of GA was also admitted, how-
ever, according to the existing data, the polymerization of 
GA would enhance the antioxidant activity of the reaction 
products,82,83 which is in discrepancy with our results.

The AI between QUE and DHF
The interaction of QUE with DHF shows mainly ad-

ditive effects which did not exceed the 0.99 value. Accord-
ing to Figure 2D, larger concentrations of DHF affects neg-
atively the total antioxidant activity of the mixtures, and 
produce antagonistic effects. These outcomes were unfore-
seen since in the literature are described synergistic regen-
erative interactions between QUE and AA, AA being a 
strong antioxidant like DHF.12,21 Other authors84,85 also 
found synergistic interactions of the mixture QUE – AA, 
and of QUE with other class of compounds.86,87 The addi-
tive effects found in the experiment can be due to the DHF 
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decarboxylation, which would make impossible the reduc-
tion of o-quinone to QUE, and by this, excludes the hy-
pothesis of mutual regeneration of QUE and DHF.

The AI between RUT and DHF
Good antioxidant activity is revealed in the mixtures 

of RUT and DHF, with a preponderance of synergistic in-
teractions in the range of 1.05 – 1.08 (Figure 2E). The con-
centration of DHF affects the total antioxidant activity and 
the AI. The mixtures consisting of different concentrations 
of RUT and 2 × 10–4 N of DHF possess synergistic effects 
of 1.05 independently of the change of RUT’s content. For 
the second concentration of DHF – 4 × 10–4 N, the AI start 
at the value 0.96 and increases till 1.07 once the RUT/
DPPH molar ratio is augmented. At 8 × 10–4 N of DHF, the 
highest synergistic effect of 1.07 can be noticed for the 0.11 
RUT/DPPH moral ratio, followed by a significant decrease 
of the AI.

Similar synergistic results have been obtained by Ta-
vadyan et al.88 in binary mixtures of bioflavonoids and AA 
or trolox, using the ORAC method. They observed syner-
gistic interactions of AA with flavonoids RUT and nar-
ingin that have O-glucosyl group in the molecular struc-
ture; in the same time, AA in combination with QUE and 
morin showed antagonistic effect. These findings are in 
accordance with our data on the QUE and RUT antioxi-
dant interaction with DHF (Figure 2, cases D and E). Tav-
adyan et al.88 suggested that the enhanced antioxidant ac-
tivity of RUT – AA mixture is due to the presence of the 
glycoside in its structure that condition the formation of 
intramolecular hydrogen bonds between hydrogen atoms 
and phenolic OH groups responsible for the interaction 
with radicals and two-electron-donor oxygen atoms of the 
glucosyl substituent. In the situation of RUT – DHF inter-
actions, the O-glucosyl group can influence positively the 
stability of DHF, and prevents the decarboxylation pro-
cess. This idea is supported by recent revelations on the 
polymerization process involving the DHF, acetone and 
methanol.89 Therefore, such situation would enable some 
regeneration processes between RUT and DHF.

The AI between RES and DHF
The combination of RES and DHF showed mostly 

antagonistic effects (0.75 – 0.83) and only few additive in-
teractions (0.85 – 0.90) (Figure 2F). Samples containing 
RES and the first two concentration of DHF – 2 × 10–4 N 
and 4 × 10–4 N, demonstrate that the increase in the con-
tent of organic acid lead to drastic decrease of AI values. 
For mixtures with 8 × 10–4 N DHF the AI evolve negatively 
– from additive to antagonistic effects, with the increase of 
the RES content.

Other investigations reported both synergistic and 
antagonistic interactions between RES and various phe-
nolic compounds, with the prevalence of the antagonistic 

ones.11,13,81 In reactions with free radicals, RES yields vari-
ous oligomers as final products.54,90,91 The NMR analysis 
showed that in combination with AA, the oxidation of RES 
generates viniferins.92 In this case, the regeneration mech-
anism of synergistic antioxidant action can be excluded. 
We assume that in the presence of DHF, the polymeriza-
tion of RES could be accelerated, this would reduce the 
number of OH group available for free radicals scaveng-
ing, like it was the case of other phenolic compounds.15,39

4. Conclusions
Organic acids affect the antioxidant activity of phe-

nolic and non-phenolic natural compounds. Their pres-
ence can lead to synergistic, additive or antagonistic inter-
actions depending on the antioxidant/organic acid, 
antioxidant/free radical molar ratio, acidity, mechanism of 
action, etc. The TA and CA significantly affect the antioxi-
dant activity of CAT, GA, QUE and RES, their combina-
tions mainly causing additive and antagonistic interac-
tions. This can be justified by the fact that phenolic 
compounds are less susceptible to oxidation and polymer-
ization at high pH. Such behavior is favorable in multi-
component phenolic mixtures, where polymerization fol-
lowed by a decrease in electron donating groups has been 
observed. Organic acids in combination with RUT en-
hance, the antioxidant activity of polyphenol, showing 
strong synergistic effects. We assume that some polymeri-
zation processes took place and the final products have 
higher antioxidant activity against DPPH•. The combina-
tion of AA and TA or CA shows good synergistic interac-
tions, which may be due to the suppression of the SPLET 
mechanism of AA antioxidant activity and the promotion 
of the HAT mechanism.

The DHF added to phenolic and non-phenolic com-
pounds demonstrates dose–dependent AI, which may be 
related to the high antioxidant activity of the organic acid. 
The combinations of CAT or RUT with DHF show good 
synergistic effects along with additive effects; with QUE, 
additive and antagonistic AI are observed. The hypothesis 
of mutual regeneration of polyphenols and DHF is gener-
ally discarded since the decarboxylation of DHF in acidic 
solutions has already been demonstrated. An exception is 
the combination RUT–DHF, where the O-glucosyl group 
of RUT may positively affect the stability of DHF and pre-
vent the decarboxylation process. Higher concentrations 
of AA in combination with DHF show good synergistic 
effects against DPPH•, but also additive and antagonistic 
effects at lower AA and DHF concentrations. The GA and 
RES mixed with DHF show mainly antagonistic effects. It 
is suggested that the antagonistic AI is the consequence of 
the decarboxylation of DHF, together with adverse polym-
erization processes and the effect of the different reaction 
kinetics between the antioxidant and DPPH. Further stud-
ies and experimental data are needed to confirm these 



598 Acta Chim. Slov. 2023, 70, 588–600

Vicol and Duca:   Synergistic, Additive and Antagonistic Interactions   ...

conclusions and to clarify the mechanisms of antioxidant 
action.
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Povzetek
Antioksidativne interakcije med več naravnimi fenolnimi in nefenolnimi spojinami (katehin, kvercetin, rutin, resvera-
trol, galna kislina in askorbinska kislina) ter organskimi kislinami (vinska, citronska in dihidroksifumarna kislina) smo 
proučevali z metodo 2,2-difenil-1-pikrilhidrazil (DPPH). Pri kombinacijah katehina, kvercetina, resveratrola in galne 
kisline z vinsko in citronsko kislino so bile ugotovljene glavne aditivne in antagonistične interakcije; tako vedenje je lah-
ko posledica večje stabilnosti fenolnih spojin v kislih medijih. Rutin in askorbinska kislina sta pokazala dobre sinergijske 
učinke z vinsko in citronsko organsko kislino, kar je lahko posledica polimerizacijskih procesov pri rutinu in spremembe 
mehanizma delovanja pri askorbinski kislini. Mešanice v kombinaciji z dihidroksifumarno kislino so pokazale od od-
merka odvisne sinergijske, aditivne ali antagonistične antioksidativne interakcije. Dobri sinergijski učinki so bili opaženi 
pri binarnih mešanicah dihidroksifumarne kisline z askorbinsko kislino, katehinom in rutinom.
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Abstract
This work summarizes our research on synthesis, characterization and toxicity of selected UV-A filters and their anti-
oxidant shield in commercial formulation – resveratrol. Benzophenone type of UV filters react under disinfection con-
ditions with chlorine and form different mono- and dichlorinated products, while dibenzoylmethane derivatives, such 
as avobenzone, react with chlorine and form two main bridge chlorinated products followed by numerous chlorinated 
species at the advanced stages of the process. Resveratrol showed three main susceptible centers to chlorination, start-
ing from the electrophilic addition to the double bond and continuing with the chlorination of the phenolic moieties. 
Several experiments conducted under different disinfection conditions (pool/sea water, addition of salts, irradiation) 
showed basically similar chlorination patterns with some variations in terms of product formation. The results of toxicity 
assessment using different test organisms (Vibrio fischeri, microalgae, daphnids) have shown different sensitivity of test-
ing organisms to the parent UV filters in comparison with chlorinated products as well as different toxicity for specific 
UV filter in comparison to the others. As the closing loop of all experiments in the laboratory, an up-scaling to the real 
human skin is presented.

Keywords: UV filters, chlorination, disinfection by-products, toxicity

1. Introduction
Ultraviolet (UV) light, which comes mainly from 

the sun, causes damage to materials, which are exposed to 
it. By the name UV, mainly the light with wavelengths of 
290–320 nm (UV-B) and 320–400 nm (UV-A) is meant. 
Photons of UV light cause breakage of covalent bonds and 
thus induce various oxidation processes, which are main-
ly chain-radical oxidation with air oxygen. These process-
es lead to aging and weathering of different construction 
materials, coatings, plastics, and rubber. Particularly 
harmful, however, are these processes in biological sys-
tems, where they cause damage to skin cells resulting in 
skin aging processes, various inflammatory processes, 
and cancer.

To protect against UV irradiation, various substanc-
es are used that either reflect or absorb UV light. Com-
pounds, which absorb UV light, are applied in numerous 
fields. Especially important are these, where the products 

are exposed to solar radiation (coating products, plastic 
products, and cosmetic products). These compounds ab-
sorb UV light and are usually called UV filters. As a result 
of the growing awareness of the harmful exposure to the 
sun and in order to reduce the risk for skin cancer they are 
also widely used as personal care products (e.g. sunscreens, 
shampoos, hair sprays, lipsticks). They protect human 
body against the harmful effects of sunlight. In addition to 
inorganic pigments, which reflect UV light in particular, 
organic compounds, which absorb UV photons, are also 
used. UV light is of a broad spectral range, 400–290 nm 
(UV-A and UV-B), therefore no compound can prevent 
the exposure to the whole spectrum by itself, since the ab-
sorption peaks are much narrower. From that reason, a 
combination of several compounds covering the whole ar-
ea, is usually applied. Based on the literature survey about 
the research on the use and effects of old and new formu-
lations, the list of substances permitted by law is regularly 
updated. The European Union (EU) currently allows 28 

mailto:polonca.trebse@zf.uni-lj.si
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organic substances, while some other compounds are al-
lowed in countries around the world, such as Japan and the 
U.S., where they are treated as biological agents, available 
without prescription.1–3

The sun protection factor (SPF) depends on the na-
ture and the proportion of UV filter components in the 
commercial preparation. SPF is an indicator of the effec-
tiveness of a sunscreen. Compounds for protection from 
the sun are always used in combination, since a single UV 
filter, which could provide a sufficiently high SPF does not 
exist. In the final sunscreen products, we observed in-
creased use of inorganic UV filters, especially in sun-
screens for children and creams to protect very sensitive 
skin. The most used is certainly TiO2. Organic UV filters 
are somehow less applicable due to potential instability 
and, therefore, the reduction is SPF. Moreover, due to pho-
tosensitivity and the potential synergistic effects, various 
international health organizations, e.g. U.S. Food and 
Drug Agency (FDA), limit the combinations of different 
UV-A and UV-B organic chemical filters.4

Organic chemical filters can be divided into two 
groups, depending on the spectral range covered. The first 
consists of the UV-A filters, including benzophenone, an-
tranilates and dibenzoylmethanes, the second one, UV-B 
filters, includes PABA derivatives, salicylate, cinammates 
and camphor derivatives. As per the European Communi-
ty, compounds ranked among the organic UV filters for 
the protection from the sun express characteristics of per-
sistent organic pollutants (POPs). The common character-
istic of all these compounds is the presence of aromatic 
moiety with a side chain, and various degrees of unsatura-
tion.5 

When exposed to UV radiation, UV filters must be 
relatively stable. Sunscreen products are used primarily in 
special conditions, such as swimming in the sea, swim-
ming pools, on the snow, and in the mountains, where a 
thorough protection is needed. Considering that the 100% 
stability to UV radiation of UV filters and other added 
compounds present in SPFs is impossible, natural ROS 
scavengers are usually included in cosmetics formulations. 
Trans-resveratrol (RES) is one of them. With the two phe-

nol moieties in the chemical structure, it shows antioxi-
dant,6 anti-inflammatory,7 and anti-tumor8 properties. 
Commercially it is often present in cosmetics, nutraceuti-
cals,9 and food packaging to increase food stability or/and 
prevent oxidation.10 Nevertheless, several recent studies 
showed that both UV filters and antioxidants are decom-
posed by light. Mostly, two types of reactions occur: a) di-
rect photolytic reactions, and b) chlorination of aromatic 
rings or side chains, due to the presence of chlorine and 
chlorate medium (such as pools, salty seawater).11–16

The main environmental concern of UV filters is re-
lated to their high lipophilic character (logKow 4–8), rela-
tive stability against biological decomposition, and organic 
carbon distribution coefficient (logKoc 3–4).13 They were 
found to accumulate in the aquatic environments, mainly 
soils and sediments and in the food chain. Some of them 
have been detected in fish in the range of 25–1800 ng/g, 
and in the fat of human milk in the range of 16–417 ng/g.1,2 

When these chemicals are released to the aquatic en-
vironment, they can also cause adverse biological effects 
on aquatic organisms through mechanisms such as toxici-
ty and estrogenic activity. Adverse effects could be expect-
ed from original chemicals or their degradation/chlorina-
tion intermediates. The existing ecotoxicological data have 
confirmed their estrogenic hormonal activity and multiple 
endocrine-disrupting activities such as androgenic, anti-
estrogenic, and estrogenic activities.17–20 

Many reports have shown that the toxicity of chlo-
rinated organic compounds derived from chlorination 
processes was higher than that of their parent com-
pounds.21–24 In these studies, it was shown that the toxicity 
might come from some of the chlorinated products. Be-
side that it was noticed that different effects of benzophe-
nones chlorination processes might be expressed not only 
in the significant increase of toxicity, but also decrease or it 
may remain unchanged.25 The toxicity of benzophenone 
type chlorinated products depends on their molecular 
structure, i.e., the position, number and type of their sub-
stituents, and transformation ratios.25 The transformation 
activity of precursors presents the intrinsic factor for tox-
icity changes during chlorination treatment.

Figure 1. Reaction of BP3 under disinfection conditions.
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2.1.  Reactions of Benzophenone Type UV 
Filters under Disinfection Conditions

In the case of benzophenone type of UV filters chlo-
rination according to the literature may occur at the aro-
matic ring or at the side chain. The formation of halogen-
ated byproducts in chlorinated waters is inevitable, 
especially when filters contain phenolic rings and/or aro-
matic amines.12,14–16,26–31 Within our studies we have fo-
cused on BP3 (2-hydroxy-4-methoxybenzo-phenone), 
BP4 (2-hydroxy-4-methoxybenzophenone-5-sulfonic ac-
id), and DHHB (hexyl 2-[4-(diethylamino)-2-hydroxy-
benzoyl]-benzoate). 

In the case of BP3, its diluted aqueous solutions were 
treated with NaOCl or trichloroisocyanuric acid (TCCA) 
in the ratio 1:1 at room temperature and after certain peri-
od (up to 24 h) reactions were stopped by addition of  
Na2SO3. Detailed analysis (HPLC-DAD and independent 
synthesis of products) proved the formation of 5-chloro- 
2-hydroxy-4-methoxybenzophenone (5Cl-BP3) and 3,5- 
dichloro-2-hydroxy-4-methoxybenzophenone (3,5-di-
Cl-BP3) with the small amount of 3-chloro derivative 
(3-chloro-2-hydroxy-4-methoxybenzophenone, 3-Cl-BP3) 
in the case of BP3 (Figure 1). After 24 h we did not observe 
the presence of BP3.31

Chlorination of BP4 in neutral aqueous environment 
resulted in the formation of two products, 5-benzo-
yl-5-chloro-4-hydroxy-2-methyxybenzenesulfonic acid  
(5Cl-BP3) and 3,5-diCl-BP3. Interestingly, no 5-benzo-
yl-3-chloro-4-hydroxy-2-methyxybenzenesulfonic acid  
(3Cl- BP4) was formed, indicating that in neutral aqueous 
medium, where sulfonic group is fully ionized, an ipso 
substitution (replacement of sulfonate group by chlorine) 
is preferred.31

In the case of DHHB, HPLC-DAD revealed the for-
mation of several products, which were later identified by 

LC-MS/MS as 3-chloro DHHB, 3,5-dichloro DHHB, and 
the product chlorinated at the aromatic ring with substi-
tuted ethyl group.32 HPLC-ESI-MS and HPLC-ESI-MS/
MS experiments of parent compound DHHB undertaken 
in the positive mode, together with the accurate mass 
measurements, revealed the detailed fragmentation path-
way, which enabled us to elucidate the structure of chlo-
rinated products. According to HPLC-DAD analysis, three 
products are formed, two of them already in the early stage 
of reaction of DHHB with NaOCl; the concentration of 
both increased with time. The presence of ions of m/z 404 
and 406 in the ratio 3:1 for P1 and m/z 432 and 434 for P2 
confirms the presence of one chlorine atom in the mole-
cules. Based on MS2 experiments we concluded that prod-
uct 1 (Ph-Cl-DHHB) lacked an ethyl group and contained 
a chlorine atom instead, which is either in positions three 
or five of the aromatic ring. In the case of product 2, chlo-
rination involved phenolic moiety of DHHB. Collision-in-
duced dissociation (CID) conditions confirmed the for-
mation of 3-substituted product, 3-Cl-DHHB. The 
structural elucidation of the third by-product was possible 
using the same procedure as with other ones. It represent-
ed a product of introduction of two chlorine atoms into 
positions three and five of the phenolic ring of DHHB 
(3,5-diCl-DHHB) (Figure 2).

All identified products were also independently syn-
thesized, fully characterized by spectroscopic methods 
(NMR, IR, MS), and were employed as chromatographic 
standards.31,32

2. 1. 1  Chloro-Derivatives of BP3 and BP4 in 
Swimming Pool Water

Swimming pools water disinfection is required to 
keep its quality and to prevent public health issues, besides 
it is also highly regulated.31 On the other hand, being aware 

Figure 2. Chlorinated products of DHHB. 
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of sunburn consequences, people often use SPFs. Therefore, 
BP3 and BP4 appear in bathing waters as common UV fil-
ters. That was the reason to monitor them together with 
their chloro-derivatives.31 In summer season of 2011, we 
undertook a survey by taking samples from 13 bathing areas 
in Slovenia (swimming pools with fresh and marine water). 
The presence of BP3 was reliably confirmed at two locations 
in swimming pools with fresh water in the concentrations of 
0.3 μg L–1 and 1.7 μg L–1, respectively. 3,5-diCl-BP3 was 
found only in one swimming pool (6.6 μg L–1).  

2. 2.  Reactions of Dibenzoylmethane Type 
of UV Filters under Disinfection 
Conditions
Besides BP3, BP4, DHHB, avobenzone (4-tert-bu-

tyl-4’-methoxydibenzoylmethane) is also often present in 
SPFs. It is an UV-A filter, sold under the trade names Par-
sol 1789 or Eusolex 9020. It may exist in two tautomeric 
forms, enol and keto form, but in sunscreen formulations, 

avobenzone exists predominantly in the enol one. In the 
case of avobenzone, we performed several studies under 
various disinfection conditions and in different matrices. 
We were able to perform the detailed study to identify 
products formed under specific conditions. Experimental 
details with DBPs formed are collected in Table 1.

LC-MS was studied by Santos et al., 201213 who re-
ported mono- and dichloro derivatives of avobenzone as 
primary products of its aqueous chlorination (Figure 3). 
Since methoxy group is one of the most powerful elec-
tron-donating substituents, a logical conclusion was made 
by Crista et al., 201515 that chlorine occupied ortho posi-
tion of the ring to the methoxy group. Nevertheless, de-
tailed study of that reaction with GC-HRMS33 showed that 
both aromatic rings did not contain chlorine atoms. There-
fore, aqueous chlorination reaction involves double bond 
of the enol form of avobenzone rather than the activated 
benzene ring. The primary products 1-(tert-butyl)-2-
chloro-3- (4-methoxyphenyl)-1,3-dione and 1-(tert-bu-
tyl)-2,2-dichloro-3-(4-methoxyphenyl)propan-1,3-dione 

Figure 3. Chemical structures of main avobenzone chlorinated products (monochloro avobenzone – left and dichloro avobenzone – right).

Table 1. Sum-up of our research (experimental conditions, formation of chlorination products, references).

Disinfectant /  Reaction DBPs Reference
medium conditions

NaOCl (0 to 2.5 eq)  Room temperature  monochloro avobenzone Journal of Analytical
/ distilled water – RT, 1 h dichloroavobenzone Chemistry35

  p-methoxychloroacetophenone 

– UV-C, 1–4 h 4-methoxy-substituted benzaldehyde, benzoic acid, and phenol Water Research34

  4-tert-butyl substituted benzaldehyde, benzoic acid, phenol 

NaOCl (2 and 20 eq)  Experiment in the beside previously mentioned mono- and dichloro avobenzone,   Water Research34

/ distilled water dark, RT, 30 min substituted benzaldehydes, benzoic acid, phenols

NaOCl (2 and 20 eq)  UV-C, 30 min 25 disinfection by-products; among them substituted Water Research34

/ distilled water  benzaldehydes, benzoic acid, phenols, additionally 
  chlorophenols, chloroanhydrides

NaOCl (20 eq) /   addition of inorganic  brominated and iodinated products, such as brominated Journal of Analytical
distilled water salts (Br–, I–, Cu2+, phenols and acetophenones (even iodinated) Chemistry35

  Fe3+)

KOBr (10 eq) / water RT, 24 h several brominated products, including bromoanisol Environment 
  and tribromophenol  International36

KOBr (20 eq) / water addition of Cu2+ significant increase of the yields of brominated compounds Environment 
   International36

NaOCl (20 eq) /   40 compounds, including numerous brominated derivatives Journal of Analytical
sea water   Chemistry40
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Figure 4. The principal pathways of disinfection process of avobenzone.
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were specially synthesized by us.34 Their mass spectra and 
retention times repeated those observed during aqueous 
chlorination of avobenzone. Same reaction with the dou-
ble bond took place in conditions of aqueous bromina-
tion.35,36 

Then halogen atoms were substituted for oxygen. 
Further rupture of C-C bonds brought on  most various 
monoaromatic compounds. Figure 4 summarizes the main 
pathways of the aqueous bromination of avobenzone. 
Over one hundred DBPs, including substituted aldehydes, 
acetophenones, acids, and phenols were identified. 

Advanced stages of aqueous chlorination and bromi-
nation of avobenzone in the fresh and sea water, as well as 
with the addition of inorganic cations (Cu2+ and Fe3+) and 
anions (Br– and I–) to the tap water were studied in de-
tail.34–36,40 The experimental conditions dramatically in-
fluenced the range and levels of the reaction products. For 
example, addition of copper ions under aqueous bromina-
tion conditions resulted in 100-fold increase in the bromo-
form yield.35 Although iodinated organic species easily 
lose iodine in aqueous chlorination, being substituted by 
chlorine,40 two avobenzone iodinated products were still 
detected upon the addition of iodide anions to the reaction 
mixture.35,36 Iodides and iron ions also accelerated the 
aqueous chlorination reaction.35

2. 2. 1  Presence of Avobenzone in Swimming 
Waters

Although avobenzone itself was not detected in 
bathing waters, it was a precursor of some products. 
Tert-butyl-benzoic acid, being the major product of 
avobenzene aqueous chlorination in seawater40 and fresh-
water36 in laboratory experiments, appeared to be the ma-
jor component among the targeted DBPs in the swimming 
pool water as well. Being rather stable, it may be accumu-
lated in the environment. Acetophenones, being well rep-
resented in the laboratory experiments, were also detected 
in the real bathing waters. Their levels were not high as 
they are intermediates ending up in acids and phenols. 

2. 3.  Reactions of Resveratrol under 
Disinfection Conditions
Resveratrol, an antioxidant usually added to sun-

screen formulations to prevent oxidation of the UV filters, 
rapidly reacts with aqueous chlorine both in pure form 
and in commercial formulations. In the laboratory experi-
ment it disappeared promptly, while 82 transformation 
products were tentatively identified.37 GC-MS enabled 
identifying 95% of semi-volatile resveratrol transforma-
tion products, the others were established by UPLC-MS. 
Unfortunately, toxicity of only few of them is known, all 
the others are still not classified. There are several principal 
pathways of transformation, including DBPs coming from 
the addition to and the rupture of the central double bond, 

as well as numerous products of electrophilic substitution 
in the activated phenolic rings. 

 In the primary reactions the number of carbon at-
oms remained equal – fourteen.37 The first one involved 
electrophilic addition to the central double bond connect-
ing the two phenol moieties, which resulted in a bunch of 
transformation products (positional isomers) including 
hydroxylated or/and chlorinated resveratrol. However, on-
ly dichloro resveratrol was reliably identified in the reac-
tion mixture. Since the double bond represents an ex-
tremely reactive moiety in aquatic chlorination38 (Figure 
5, reactive center 1), the forming compounds coming from 
dichloro resveratrol immediately react further by the 
mechanism of electrophilic substitution in the aromatic 
ring or with the cleavage of the central aliphatic C–C bond.

The cleavage ended up in transformation products 
with one benzene ring in the molecule (hydroxybenzalde-
hyde, mono- and dichloro- hydroxybenzaldehyde, dihy-
droxybenzaldehyde and their derivatives with chlorine at-
oms on the ring, hydroquinone, chloro- and dichlorohy-
droquinone, phenol, and  chlorophenols). Not to forget 
that chlorophenols were included in the list of priority 
pollutants of US EPA already in 1970.

The second pathway of transformation of resveratrol 
involved electrophilic substitutions in the aromatic ring. 
Benzene rings in resveratrol are highly reactive. They have 
activating  ortho-para-directing hydroxyl groups in both 
rings. In the diol ring all positions are very reactive, al-
though the most reactive one is between two hydroxyls 
(Figure 5, reactive center 2). The main semi-volatile prod-
ucts identified by GC-MS were mono-, di-, and trichloro- 
substituted resveratrols (two isomeric monochloro- deriv-
atives, one dichloro- derivative, and one trichloro-). A 
tetrachloro- derivative as well as di-, tri-, tetra-, etc. chlo-
rinated/hydroxylated compounds were identified by UP-
LC-MS (LC-MS/MS) due to lower volatility. Unfortunate-
ly, neither EI nor ESI-MS/MS enabled establishing the 
exact positions of these groups in the molecules. 

Cyclization by ortho-positions of the resveratrol ar-
omatic rings may be considered as the third transforma-
tion pathway. This cyclization generated phenan-
threne-like molecules, which reacted further, similarly as 
in chlorination of orcinol.39 After that, some products of 
substitutions of hydrogens for chlorines and several di-
carbonyl products could be formed due to haloform reac-
tion. The most environmentally problematic in the aque-
ous resveratrol chlorination was the formation of 
biphenyl-like molecules. Being prohibited for the last 
30–40 years, they are highly toxic and unfortunately per-
sistent in the environment. 

In summary, it is worth mentioning that only few of 
82 identified compounds have the toxicological data avail-
able, among them: chlorophenols and hydroxylated poly-
chlorinated biphenyls. It is possible only to predict the tox-
icity of the others from the similarity to the classified 
compounds. However, they are too numerous and may be 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorophenol
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/haloform
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represented by various isomers. Moreover, they are com-
mercially unavailable and have to be synthesized before. 

Figure 5. Chemical structure of resveratrol and its reactive centers.  

3. Stability of Chlorinated Products
Photostability of chlorinated benzophenones and 

dibenzoylmethanes (3-chloro, 5-chloro, and 3,5-dichloro 
products) has been performed in a custom-made photore-
actor with six UV-A lamps as already described.28 The ex-
periment revealed different photostability of each com-
pound in the presence of UV-A light after 120 min of 
irradiation. 

In the case of benzophenones, parent benzophenone, 
3-chloro, as well as 5-chloro derivatives showed high sta-
bility toward UV-A irradiation, while 3,5-dichloro prod-
uct degraded more than 40% within 120 min of UV-A ir-
radiation.28 

In the case of avobenzone, dichloroavobenzone ex-
hibited the lowest UV-A stability with a half-life of 22.4 
min ± 0.7 min, while avobenzone and chloro avobenzone 
were much more stable (half-lives 126 ± 16 min and 128 ± 
25 min. respectively). Additional experiments were per-
formed to study pH stability, as well as removal capacity 
(using TiO2/UV-A). They have shown higher stability at 
neutral pH for all three compounds, whereas the least sta-
ble was dichloro avobenzone (half-life 14.1 ± 0.6 min) un-
der photocatalytic conditions.41

Our studies on chlorination have been completed 
with the stability study of three commercial sunscreen 
products (SPF 30) containing avobenzone under different 
experimental conditions (UV-A/UV-B, UV-C photostim-
ulation and chlorination). As it was predicted, the degra-
dation of avobenzone as a single compound differs from 
the degradation of avobenzone in relatively complicated 
matrix of SCPs. It was shown that commercial products 
had completely different attitude to protect or promote the 
degradation of avobenzone when it was treated as analyti-
cal standard or as an ingredient in different sunscreens.36  

4. Toxicity of Selected UV Filters And 
Their Chlorination Products

All our studies have been combined with toxicity ex-
periments. The toxicity of selected UV filters and their 

chlorinated by-products was tested with different test or-
ganisms (luminescent bacteria Vibrio fischeri (LUMIStox, 
Dr. LANGE), green algae Pseudokirchneriella subcapitata, 
or Daphnia magna Straus) based on standard ISO guide-
lines.42–44

The results of toxicity monitoring revealed slightly 
increased toxicity of BP3 and BP4 to bacteria Vibrio fis-
cheri. 30 min IC (inhibitory concentrations) obtained for 
Vibrio fischeri were as follows: IC20 for BP3 was 33.2 mg/L 
and 67.3 mg/L for BP4. The 50% inhibition of lumines-
cence was detected at 301 mg/L of BP4 after 30 min of ex-
posure. The reported 16h-EC50 values were 210 and 250 
mg/L obtained for BP4 using Pseudomonas putida as a test 
organism, which confirmed very low toxicity of BP4 to the 
bacteria.31 In the case of BP3 and 5-chloro BP3, we had to 
face with its very low solubility, and from that reason stock 
solution was prepared in acetone or DMSO. Results re-
vealed BP3 was non-toxic to bacteria at lower concentra-
tions, and in the case of 5-chloro BP3 the concentrations 
up to 50 mg/L were non-toxic to bacteria. 

 Toxicity of chlorinated compounds of DHHB 
tested by marine bacteria Vibrio fischeri was found to be 
in the similar range as that of the starting UV filters.32 
This fact we explained by low transformation ratios of 
parent compounds and similar toxicity level of chlorin-
ated products compared with their parent compounds. 
Microalgae Desmodesmus subspicatus were more sensi-
tive to DHHB than to its chlorinated by-products.32 
Contrary, crustaceans Daphnia magna were affected 
more by DHHB’s chlorinated products. The toxicity of 
chlorinated DHHB by-product (i.e. 3-chloro DHHB) 
was significantly higher compared to DHHB when test-
ed on D. magna. Similarly, significant toxicity elevation 
has been shown in the case of BP4 chlorination products 
in the experiment with Phospobacterium phosphori-
cum.45 Such toxicity changes could be explained by the 
nature of substituent or by the reactivity of the molecule. 
According to literature,45 the toxicity of benzophenone 
type UV filters, in general, decreases after the chlorina-
tion process. 

Toxicity assessment of sunscreens containing 
avobenzone within chlorination of photodegradation ex-
periments have been performed using marine bacteria Vi-
brio fischeri. It has been shown that within chlorination of 
avobenzone alone, as well as in sunscreens, in all cases the 
toxicity increased. We assumed that more toxic products 
than the original molecule are formed.36 

The results of toxicity measurements on resveratrol 
and a sunscreen containing it showed no inhibition effect 
on V. fischeri at the beginning and after 120 min of expo-
sure, whereas it was significantly higher already at the be-
ginning of chlorination experiment and remained almost 
the same throughout the whole experiment. Active chlo-
rine reacted immediately with resveratrol, no matter was it 
present as a pure substance or a component of the sun-
screen.37 
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5. Experiments of Chlorination  
of Benzophenone and Resveratrol  

on Human Skin

For this study,46 a controlled clinical trial was con-
ducted on 38 volunteers (age: 20–60; female: 28; male: 10) 
to whom an area of the forearm was irradiated with an 
UV-B light. To conduct the study, the consent of Slovenian 
National Medical Ethics Committee was obtained (16 May 
2018, No. 0120-368/2017/5), as well as written consents 
from all volunteers. The clinical study was done at the Fac-
ulty of Health Sciences, at the University of Ljubljana, in 
summer 2019 (from June to August). The investigation 
was oriented to understand the photoprotection role of 
UV filter (BP3) and two antioxidants (trans-resveratrol 
and β-carotene) under various conditions (including dis-
infection conditions) on human skin. 

 For this application, a portable colorimeter (Kon-
ica Minolta Chroma Meters CR-410 [Tokyo, Japan]) was 
used to measure skin redness using the guidelines for skin 
color measurement and erythema.47 The skin squares 3 × 3 
cm (9 cm2) were irradiated over different periods (the 1st 
square uncovered for the entire irradiation period of 8 
min, the 2nd for 6 min, and the 3rd for 4 min). Other 
squares served to check the effectiveness of the UV filter in 
the presence of antioxidants and disinfectants.

Descriptive statistics (arithmetic means, standard 
deviation, t-test, one-way repeated-measures ANOVA, 
Mauchly’s test, etc.), were used to describe the skin col-
ours’ differences between trials.

The role of antioxidants in sunscreens has previously 
been reported in a study by Gaspar and Campos,48 includ-
ing the combinations of UV filters and vitamins A, C, and 
E, where the presence of vitamins reduced the skin irrita-
tion. Their results are in accordance with the results ob-
tained in our study where we demonstrated the formation 
of several chlorinated products (5-Cl-BP3, and 3,5-di-
Cl-BP3); however, their effect on skin was not tested at that 
point. Moreover, the formed benzophenone-3 chlorina-
tion products were photostable (more than 95% of the ini-
tial concentration) during the irradiation periods. The 
protective role of antioxidants in disinfection conditions 
was expected also in case of resveratrol and its 82 identi-
fied transformation products. In fact, the results proved 
the resveratrol’s protective role and its high potential for 
acting as a scavenger of reactive oxygen species (ROS) in 
sunscreens. The addition of antioxidant molecules is bene-
ficial for UV filters by protecting against UV degradation/
disinfection processes and other in vivo skin effects.49

In summary, this clinical study showed that formula-
tions containing antioxidants were more efficient in skin 
protection than solely UV filters, since they helped to re-
duce the skin redness. Despite the formation of chlorinat-
ed products of BP3 in the presence of chlorinated water, 
the photoprotection was still effective.

6. Conclusions
In our studies we pointed out the importance of 

identification of chlorinated products, formed in the trans-
formation processes under disinfection conditions in 
swimming pool waters. Chlorinated products are a very 
diverse group of compounds. Usually within disinfection 
processes they are formed very fast. It is highly important 
to identify them, characterize and then perform toxicity 
studies since their effects on humans are in many cases still 
unknown. Mass spectrometry (MS) has proven once again 
to be the most powerful analytical tool to study environ-
mental issues. Because of its unsurpassed sensitivity, selec-
tivity, and ability to handle complex mixtures of the most 
various compounds, it is used both in controlling the levels 
of targeted toxicants in the environment and in research 
dealing with the discovery of new natural and anthropo-
genic compounds.50 

MS is used as a principal method to determine and 
to quantify disinfection (chlorination) by-products (DBP). 
Currently, due to applications of both liquid chromatogra-
phy (LC-MS) and gas chromatography (GC-MS) tech-
niques approximately 700 disinfection by-products are of-
ficially listed.51

In addition, comparative toxicity studies should be 
performed for all combinations of parent compounds, as 
well as for chlorinated products. Our data demonstrated 
that the toxic potential of benzophenone-like UV filters is 
related to differences between the type of tested UV filter, 
the modified effects after chlorination (modification of 
molecular structure), and species-specific effects (type of 
organism). 

At the end, the closing loop of all efforts of chlorina-
tion experiments was the clinical trial, where we have, 
thanks to volunteers, tested in real environment the photo-
protective role of complex mixtures of UV filter, antioxi-
dants during the chlorination process, mimicking in the 
laboratory the real swimming pool situations.

FUNDING: This research was funded by Slovenian 
Research Agency (ARRS), the research core funding No. 
P3-0388 (Mechanisms of Health Maintenance).

7. References
1.  D. L. Giokas, A. Salvador, A. Chisvert, TrAC 2007, 26, 360–

374.   DOI:10.1016/j.trac.2007.02.012
2.  M. S. Diaz-Cruz, M. Llorca, D. Barcelo, TrAC 2008, 27, 873–

887.   DOI:10.1016/j.trac.2008.08.012
3. CosIng – Cosmetics Ingredients
  http://ec.europa.eu/consumers/cosmetics/cosing/index.

cfm?fuseaction=search.results&annex_v2=VI&search (as-
sessed: August, 2023)

4.  US Food and Drug Administration, 1999, Sunscreen drug 
products for over-the-counter human use: Final mono-

https://doi.org/10.1016/j.trac.2007.02.012
https://doi.org/10.1016/j.trac.2008.08.012
http://ec.europa.eu/consumers/cosmetics/cosing/index.cfm?fuseaction=search.results&annex_v2=VI&search
http://ec.europa.eu/consumers/cosmetics/cosing/index.cfm?fuseaction=search.results&annex_v2=VI&search


609Acta Chim. Slov. 2023, 70, 601–610

Bavcon Kralj et al.:   Chlorination of UV Filters with Antioxidant Shield   ...

graph. Federal Register, 64(98), 27666–27693. 
5.  N. A. Shaat, Photochem. Photobiol. Sci. 2010, 9, 464–469.
 DOI:10.1039/b9pp00174c
6.  V. A. Sakkas, D. L. Giokas, D. A. Lambropoulou, T. A. Alban-

is, J. Chromatogr. A 2003, 1016, 211–222.
 DOI:10.1016/S0021-9673(03)01331-1
7.  J. Xiao, J. Song, V. Hodara, A. Ford, X. L. Wang, Q. Shi, J. L. 

VandeBerg, J. Diabetes Res. 2013, 2013.
 DOI:10.1155/2013/185172
8.  W. Chao, Z. Xuexin, S. Jun, C. Ming, J. Hua, L. Guofu, X. 

Wanhai, Exp. Ther. Med. 2014, 7(4), 923–928.
 DOI:10.3892/etm.2014.1544
9.  D. Rossi, A. Guerrini, R. Bruni, E. Brognara, M. Borgatti, R. 

Gambari, G. Sacchetti, Molecules 2012, 17(10), 12393–12405.
 DOI:10.3390/molecules171012393
10.  S. Agustin-Salazar, N. Gamez-Meza, L. À. Medina-Juàrez, H. 

Soto-Valdez, P. Cerruti, ACS Sustain. Chem. Eng. 2014, 2(6), 
1534–1542.   DOI:10.1021/sc5002337

11.  N. Negreira, P. Canosa, I. Rodriguez, M. Ramil, E. Rubi, R. 
Cela, J. Chromatogr. A 2008, 1178, 206–214. 

 DOI:10.1016/j.chroma.2007.11.057
12.  M. Nakajima, T. Kawakami, T. Niino, Y. Takahashi, S. Onode-

ra, J. Health Sci. 2009, 55, 363–372.   DOI:10.1248/jhs.55.363
13.  A. J. M. Santos, M. S. Miranda, J. C. G. Esteves da Silva, Water 

Res. 2012, 46, 3167–3176.   DOI:10.1016/j.watres.2012.03.057
14.  A. J. M. Santos, D. M. A. Crista, M. S. Miranda, I. F. Almeida, 

J. P. S. de Silva, P. C. Costa, M. H. Amaral, P. A. L. Lobão, 
J. M. S. Lobo, J. C. G. E. da Silva, Environ. Chem. 2013, 10, 
127–134.   DOI:10.1071/EN13012

15.  D. M. A. Crista, M. S. Miranda, J. C. G. Esteves da Silva, En-
viron. Technol. 2015, 36, 1319–1326.

 DOI:10.1080/09593330.2014.988184
16.  S. Díaz-Cruz, D. M. Barceló, TrAC 2009, 28, 708–717.
 DOI:10.1016/j.trac.2009.03.010
17.  K. Fent, P. Y. Kunz, A. Zenker, M. Rapp, Mar. Environ. Res. 

2010, 69, S4–S6.   DOI:10.1016/j.marenvres.2009.10.010
18.  J. M. Brausch, G. M. Rand, Chemosphere, 2011, 82, 1518–

1532.   DOI:10.1016/j.chemosphere.2010.11.018
19.  D. Kaiser, A. Sieratowicz, H. Zielke, M. Oetken, H. Hollert, J. 

Oehlmann, Environ. Pollut. 2012, 163, 84–90.
 DOI:10.1016/j.envpol.2011.12.014
20.  J. Y. Hu, T. Aizawa, S. Ookubo, Environ. Sci. Techn. 2002, 36, 

1980–1987.   DOI:10.1021/es011177b
21.  J. Y. Hu, G. H. Xie, T. Aizawa, Environ. Sci. Techn. 2002, 21, 

2034–2039.   DOI:10.1002/etc.5620211005
22.  J. Y. Hu, S. Cheng, T. Aizawa, Y. Terao, S. Kunikane, Environ. 

Sci. Techn. 2003, 37, 5665–5670.   DOI:10.1021/es034324+
23.  J. Y. Hu, X. Jin, S. Kunikane, Y. Terao, T. Aizawa, Environ. Sci. 

Techn. 2006, 40, 487–493.   DOI:10.1021/es0516108
24.  Q. Liu, Z. Chen, D. Wei, Y. Du, J. Environ. Sci. 2014, 26, 440–

447.   DOI:10.1016/S1001-0742(13)60411-8
25.  V. A. Sakkas, D. L. Giokas, D. A. Lambropoulou, T. A. Alban-

is, J. Chromatogr. A 2003, 1016, 211–222. 
 DOI:10.1016/S0021-9673(03)01331-1
26.  A. T. Lebedev. Eur. J. Mass Spectrom. 2007, 13(N1), 51–56. 
 DOI:10.1255/ejms.852

27.  S. E. Duirk, D. R. Bridenstine, D. C. Leslie, Water Res. 2013, 
47, 579–587.   DOI:10.1016/j.watres.2012.10.021

28.  T. Manasfi, V. Storck, S. Ravier, C. Demelas, B. Coulomb, J.-
L. Boudenne, Environ. Sci. Technol. 2017, 51, 13580–13591.

 DOI:10.1021/acs.est.7b02624
29.  M. Xiao, D. Wei, J. Yin, G. Wei, Y. Du, Water Res. 2013, 47 

(16), 6223–6233.   DOI:10.1016/j.watres.2013.07.043
30.  N. Negreira, I. Rodriguez, R. Rodil, R. Cela Anal. Chim. Acta 

2012, 743, 101–110.   DOI:10.1016/j.aca.2012.07.016
31.  R. Zhuang, R. Žabar, G. Grbović, D. Dolenc, J. Yao, T. Tišler, 

P. Trebše, Acta Chim. Slov. 2013, 60, 826–832.
32.  G. Grbović, P. Trebše, D. Dolenc, A. T. Lebedev, M. Sarakha, 

J. Mass Spectrom. 2013, 48, 1232–1240.   
 DOI:10.1002/jms.3286
33.  K. Kalister, D. Dolenc, M. Sarakha, O. V. Polyakova, A. T. 

Lebedev, P. Trebše, J. Anal. Chem. 2016, 71:14, 1289–1293. 
 DOI:10.1134/S1061934816140057
34.  P. Trebše, O. V. Polyakova, M. Baranova, M. Bavcon Kralj, 

D. Dolenc, M. Sarakha, A. Kutin, A. T. Lebedev, Water Res. 
2016, 101, 95–102.   DOI:10.1016/j.watres.2016.05.067

35.  E. A. Detenchuk, J. Chen, O. V. Polyakova, P. Trebše, S. A. 
Pokryshkin, A. T. Lebedev, J. Anal. Chem. 2019, 74, 1271–
1276.   DOI:10.1134/S1061934819130069

36.  A. T. Lebedev, M. Bavcon Kralj, O. V. Polyakova, E. A. De-
tenchuk, S. A. Pokryshkin, P. Trebše, Environ. Int. 2020, 137, 
105495-1-105495-8.   DOI:10.1016/j.envint.2020.105495

37.  E. A. Detenchuk, P. Trebše, A. Marjanović, D. S. Kosyakov, N. 
V. Ul’yanovskii, M. Bavcon Kralj, A. T. Lebedev, Chemosphere 
2020, 260, 127557.

      DOI:10.1016/j.chemosphere.2020.127557
38.  A. T. Lebedev, Eur. J. Mass Spectrom. 2007, 13(1), 51–56.
 DOI:10.1255/ejms.852
39.  N. Y. Tretyakova, A. T. Lebedev, V. S. Petrosyan, Environ. Sci. 

Technol. 1994, 28(4), 606–613.   DOI:10.1021/es00053a012
40.  A. A. Chugunova, M. Bavcon Kralj, O. V. Polyakova, V. Ar-

taev, P. Trebše, S. A. Pokryshkin, A. T. Lebedev, J. Anal. Chem. 
2017, 72, 1369–1374.   DOI:10.1134/S1061934817140039

41.  C. Wang, M. Bavcon Kralj, B. Košmrlj, J. Yao, S. Košeni-
na, O.V. Polyakova, V. Artaev, A. T. Lebedev, P. Trebše, 
Chemosphere 2017, 182, 238–244.

 DOI:10.1016/j.chemosphere.2017.04.125
42.  ISO 11348-2, Water quality – Determination of the inhibi-

tory effect of water samples on the light emission of Vibrio 
fischeri (Luminescent bacteria test) – Part 2: Method using 
liquid-dried bacteria, International Organization for Stand-
ardization, Geneve, Switzerland, 2007.

43.  ISO 8692, Water quality – Fresh water algal growth inhibition 
test with unicellular green algae, International Organization 
for Standardization, Geneve, Switzerland, 2012.

44.  ISO 6341, Water quality – Determination of the inhibition 
of the mobility of Daphnia magna Straus (Cladocera, Crus-
tacea) – Acute toxicity test, International Organization for 
Standardization, Geneve, Switzerland, 2012.

45.  G. Grbović, O. Malev, D. Dolenc, R. Sauerborn Klobučar, Ž. 
Cvetković, B. Cvetković, B. Jovančićević, P. Trebše, Environ. 
Chem. 2016, 13(1), 119–126.   DOI:10.1071/EN15013

https://doi.org/10.1039/b9pp00174c
https://doi.org/10.1016/S0021-9673(03)01331-1
https://doi.org/10.1155/2013/185172
https://doi.org/10.3892/etm.2014.1544
https://doi.org/10.3390/molecules171012393
https://doi.org/10.1021/sc5002337
https://doi.org/10.1016/j.chroma.2007.11.057
https://doi.org/10.1248/jhs.55.363
https://doi.org/10.1016/j.watres.2012.03.057
https://doi.org/10.1071/EN13012
https://doi.org/10.1080/09593330.2014.988184
https://doi.org/10.1016/j.trac.2009.03.010
https://doi.org/10.1016/j.marenvres.2009.10.010
https://doi.org/10.1016/j.chemosphere.2010.11.018
https://doi.org/10.1016/j.envpol.2011.12.014
https://doi.org/10.1021/es011177b
https://doi.org/10.1002/etc.5620211005
https://doi.org/10.1021/es034324+
https://doi.org/10.1021/es0516108
https://doi.org/10.1016/S1001-0742(13)60411-8
https://doi.org/10.1016/S0021-9673(03)01331-1
https://doi.org/10.1255/ejms.852
https://doi.org/10.1016/j.watres.2012.10.021
https://doi.org/10.1021/acs.est.7b02624
https://doi.org/10.1016/j.watres.2013.07.043
https://doi.org/10.1016/j.aca.2012.07.016
https://doi.org/10.1002/jms.3286
https://doi.org/10.1134/S1061934816140057
https://doi.org/10.1016/j.watres.2016.05.067
https://doi.org/10.1134/S1061934819130069
https://doi.org/10.1016/j.envint.2020.105495
https://doi.org/10.1016/j.chemosphere.2020.127557
https://doi.org/10.1255/ejms.852
https://doi.org/10.1021/es00053a012
https://doi.org/10.1134/S1061934817140039
https://doi.org/10.1016/j.chemosphere.2017.04.125
https://doi.org/10.1071/EN15013


610 Acta Chim. Slov. 2023, 70, 601–610

Bavcon Kralj et al.:   Chlorination of UV Filters with Antioxidant Shield   ...

46.  R. Sotler, M. Adamič, K. Jarni, R. Dahmane, P. Trebše, M. 
Bavcon Kralj, Antioxidants 2021, 10(11), 1720.

 DOI:10.3390/antiox10111720
47.  H. Maibach, G. P. Honari: Applied Dermatotoxicology: Clin-

ical Aspects, 1st ed.; Elsevier Inc.; Academic Press: San Fran-
cisco, CA, USA, 2014, pp.41–56. 

 DOI:10.1016/B978-0-12-420130-9.00003-7

48.  L. R. Gaspar, P. M. Campos, Int. J. Pharm. 2007, 343(1-2), 
181–189.   DOI:10.1016/j.ijpharm.2007.05.048

49.  K. Geoffrey, A. N. Mwangi, S. M. Maru, SPJ 2019, 27(7), 
1009–1018.   DOI:10.1016/j.jsps.2019.08.003

50.  D. M. Mazur, A. T. Lebedev, J. Anal. Chem. 2022, 77(14), 
1705–1728.   DOI:10.1134/S1061934822140052

51.  S. D. Richardson, T. A. Ternes, Anal. Chem. 2018, 90(1), 398–
428.   DOI:10.1021/acs.analchem.7b04577

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License

Povzetek
Članek povzema raziskave naše skupine o sintezi, karakterizaciji in toksičnosti izbranih UV-A filtrov in ter vlogo an-
tioksidanta resveratrola kot dodatka v kremah za zaščito pred soncem. UV filtri benzofenonskega tipa reagirajo pod 
dezinfekcijskimi pogoji s klorom, pri čemer se tvorijo mono- in diklorirani produkti. Derivati dibenzoilmetana, kot 
je avobenzon, pa reagirajo s klorom tako, da najprej reagira metilenska skupina avobenzona, pri čemer se tvorita dva 
glavna klorirana produkta, v nadaljevanju procesa pa sledi nastanek številnih kloriranih produktov. Resveratrol vsebuje 
tri skupine, na katerih poteče kloriranje, začenši z elektrofilno adicijo na dvojno vez ter s kloriranjem fenolnih delov. 
Več poskusov, izvedenih v različnih pogojih dezinfekcije (bazen/morska voda, dodajanje soli, obsevanje s svetlobo), 
je pokazalo podobne vzorce kloriranja z razlikami pri številu in tipu produktov. Rezultati ugotavljanja toksičnosti z 
uporabo različnih testnih organizmov (Vibrio fischeri, mikroalge, vodne bolhe) so pokazali različno občutljivost testnih 
organizmov na osnovne UV filtre v primerjavi s kloriranimi produkti ter različno toksičnost posameznih UV filtrov. 
Nadgradnjo vseh laboratorijskih poskusov predstavlja študija izpostavljenosti pogojem kloriranja in obsevanja, ki je bila 
izvedena na človeški koži.
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Abstract
The reaction of 2-benzimidazolethiole (L) with copper dichloride in the presence of two equivalents of triphenylphosphine 
led to a binuclear complex of the type [Cu(L)2(Ph3P)2Cl2]: dichloridobis(μ-1,3-dihydro-2H-benzimidazole-2-thione)
bis(triphenylphosphine)-di-copper. The Cu(I) compound has been fully identified by elemental analysis, molar con-
ductivity, FT-IR, UV/Vis, and single-crystal X-ray diffraction (XRD). The XRD study reveals that the complex has dis-
torted tetrahedral geometry around the Cu(I) center, which contains two bridge sulfur atoms. The Hirshfeld surface 
mapped over dnorm, shape index, and curvature revealed important H…H, H…C/C…H, and H…Cl/Cl…H intermolec-
ular interactions as the main contributors to crystal packing. The natural bond orbital (NBO) was applied to understand 
the strength of nucleophilic and electrophilic attack between ligands and Cu(I) ions. Furthermore, density functional 
theory (DFT) was employed to demonstrate the molecular reactivity and stability of the ligands and copper complex.

Keywords: Copper(I), 2-benzimidazolethiole, distorted tetrahedral geometry, Hirshfeld surface analysis, DFT studies

1. Introduction
The extensive study currently conducted in Cu(I) co-

ordination compounds is due to the interactions of this 
cation in particular chemical redox reactions and can uti-
lize a variety of coordination modes.1 Cu(I) halides pro-
duce complexes with triphenylphosphine as ligands that 
have copper halide to ligand ratios of 1:2, 2:2, 1:3, 2:3, and 
2:4 with the geometry typically being controlled by steric 
instead of electronic properties of the phosphine ligands.2,3 
Due to their lower toxicity, greater availability, and compa-
rably lower cost compared to third-row transition metal 
compounds including rhenium, iridium, platinum, and 
gold, Cu(I) complexes with irregular square planar and 
tetrahedral geometry are in perpetual interest.4 For a long 
time, there is a continuous interest about chelating agents 
comprising nitrogen and sulfur-donor atoms among with 
their metal complexes.5,6 This consideration results from 
their antimicrobial,7 antitumour8,9 activities along with 
other numerous potential pharmaceutical applications.10 
Several mixed-ligand coordination complexes of Cu(I) 

halides with thione compounds and triphenylphosphines 
were synthesized and structurally determined during our 
previous study on the interaction of univalent group IB 
metals with biologically important molecules.11,12 In such 
complexes, neutral thione ligands that contained both ni-
trogen and sulfur as donor atoms regularly adopted the 
unidentate coordination mode, coordinating with the 
metal ions via the exocyclic sulfur atom in a bridging or 
terminal form .13 However, an incredible variety of com-
plexes, ranging from mononuclear three- or four-coordi-
nate thiones with square planar and tetrahedral Cu(I), re-
spectively, to dimers with distorted tetrahedral geometry, 
are produced by bridging thione ligands through sulfur 
atoms.14,15 For decades, mixed-ligand complexes have 
pinched a lot of attention as a result of their serious func-
tion in biological processes. Numerous studies16–22 have 
discussed the production and spectral investigation of 
mixed-ligand complexes. It was found that the insertion of 
heterocyclic nitrogen donor ligands, such as nitrogen, ox-
ygen-donors like 8-hydroxyquinoline or nitrogen, nitro-
gen-donors like 1,10-phenanthroline, significantly en-
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hanced the biological and pharmacological actions of the 
complexes.16–23 In the current study, a new Cu(I) complex 
based on a 2-benzimidazolethiole ligand (L) was synthe-
sized and investigated. This complex was characterized 
using elemental analysis, molar conductivity, FT-IR, UV-
Vis, and X-ray analysis. Hirshfeld surface analysis was also 
used to confirm the crystal structure, which is useful for 
interpreting the intermolecular forces in crystal packing. 
DFT simulations were also carried out to forecast the com-
plex’s electronic and geometrical structure.

2. Experimental
2. 1. Materials and General Methods

In this study, methanol (99%), dichloromethane 
(99.7%), and dimethyl sulfoxide (99.8%) were bought 
from Alfa Aesar and used without further purification. 
The Sigma-Aldrich product 2-benzimidazolethiole (L) 
was used directly. At 296 K, a Bruker Kappa Apex II dif-
fractometer was used to measure the single-crystal X-ray 
structure with a radiation wavelength of (λ = 0.71073). 
The EURO EA 300 CHNS analyzer was used to determine 
the percentages of C, H, N, and S. Infrared spectra in the 
4000–400 cm–1 and 600–200 cm–1 range as KBr and CsI 
discs, respectively, were taken using a Shimadzu FT-IR-
8400S spectrophotometer. On the AEUV1609 LTD Shi-
madzu spectrophotometer, the UV-visible spectra of the 
compounds in DMSO were measured. On a Meter CON 
700 Benchtop Conductivity Meter, the molar conduc-
tivities of 10–3 M solutions of the complex and ligands 
in DMSO were measured at 25 °C. The Scientific Stuart 
SMP3 melting point apparatus was used to determine the 
melting point of the complex.

2. 2. Synthesis of [Cu(L)2(Ph3P)2Cl2]
Dropwise under stirring, a solution of CuCl2.H2O 

(0.341 g, 2.0 mmol) in methanol (20 mL) was added to a 
solution mixture of 2-benzimidazolethiole (L) ligand (0.300 
g, 2.0 mmol) and triphenylphosphine ligand (0.524 g, 2.0 
mmol) in dichloromethane (25 mL). After that, the mixture 
was stirred for 4 h. at room temperature, resulting in the for-
mation of a clear solution, which was then slowly evaporated 
at room temperature to produce white crystalline products 
within two weeks. m.p. 238–239 °C. Yield: 0.947 g (81.60 
%). Anal. Calcd. for C50H42Cl2Cu2N4P2S2: C 58.65, H 4.10, 
N 5.47, S 6.25. Found: C 58.58, H 4.12, N 5.48, S 6.22. Molar 
conductivity: 7.31 × 10–5 S cm2 mol–1. FT-IR (KBr) 3138, 
3097, 3055, 1620, 1508, 1458, 1348, 734, 697, 457 cm–1. UV-
Vis data in DMSO [λ/nm, (cm–1)]: 316(31645), 247(40485).

2. 3. X-ray Crystal Structure Determination
A Bruker Kappa Apex II X-ray diffractometer 

with graphite monochromated Mo-Ka radiation (λ = 

0.71073) at 296 K was used to measure the X-ray diffrac-
tion of the Cu(I) complex. The crystallographic software 
SHELXT-2018 was used to solve the structure using a du-
al-space algorithm, and SHELXL-2018/3 was used to re-
fine it using least-squares procedures. All C, N, Cl, S, and 
Cu atoms were anisotropically resolved.24,25 All of the C, 
N, Cl, S, and Cu atoms were resolved anisotropically. The 
hydrogen atoms bound to the C atoms were permitted to 
rotate geometrically and were treated as a riding mod-
el with a C-H distance of 0.93 Å (aromatic), 1.72 Å (C-S 
group), and 0.84 Å (-NH group).26 The complex’s crystal 
data and structure refinement details have been collected 
in Table 1.

Table 1. Crystal data and structure refinement of the complex

Formula C50H42Cl2Cu2N4P2S2

Formula weight 1022.94
Temperature, K 296
Wavelength, Å 0.71073
Crystal system triclinic
Space group P-1 (No. 2)
Crystal size, mm 0.18 x 0.43 x 0.47
a / Å 12.4699(7)
b / Å 13.7519(7)
c / Å 14.0572(6)
α / ° 95.051(2)
β / ° 91.866(2)
γ / ° 103.818(2)
V / Å3 2328.2(2)
Z 2
Dc / g cm–3 1.459
µ(Mo-Kα) (mm–1) 1.227
θ range for data collection, ° 1.5,28.4
Dataset –16:16; –18:18; –18:18
F 000 1048
No. of reflections 11605
No. of parameters 575
Rint 0.022
R1, wR2 0.0320, 0.0855
S 1.04
[I >2σ(I)] 9718
Δρmin, Δρmax / eÅ–3 –1.08, 1.02

2. 4. Computational Details
Density functional theory (DFT) calculations were 

performed using the Gaussian 09 software program to 
better understand the structure of the copper complex. 
The Gauss View 6.0 program at the B3LYP level of theory 
was helpful in determining the frontier molecular orbitals 
of the ligand and the Cu(I) complex.27 In particular, the 
6-31G(d) basis set for non-metal elements (C, H, N, S, and 
Cl) and the LANL2DZ basis set for the copper metal atom 
were both studied.28 Using the same level of theory, the 
complex’s neutral bond orbital (NBO) analysis was carried 
out using the Gaussian 06 program.29
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2. 5. Hirshfeld Surface

For the Hirshfeld surface visualization of the Cu(I) 
complex, a crystallographic information file (CIF) ob-
tained from single-crystal X-ray diffraction studies used as 
the input file. Using the program Crystal Explorer 21.5, the 
Hirshfeld surface analysis was generated in order to better 
understand the intermolecular interactions in the complex 
crystal structure.30 Using the same program, 2D finger-
print plots with dean de and di distances were calculated, 
Hirshfeld surface visualization was performed, and results 
were presented as dnorm, shape index, and curvedness.31

3. Results and Discussion
The 2-benzimidazolethiole (L) and triphenylphos-

phine ligands react with Cu(II) chloride to produce the 
Cu(I) complex, as illustrated in Scheme 1. In this reac-
tion, Cu(II) is reduced to Cu(I) by triphenylphosphine, 
which acts as a reducing agent. Under atmospheric condi-
tions, the synthesized Cu(I) compound complex is stable. 
The metal complex was successfully synthesized as white 
crystals with a good yield suitable for single-crystal X-ray 
structure analysis. The complex dissolves in common 
organic solvents such dimethyl sulfoxide, dimethylfor-
mamide, and chloroform at ambient temperature but not 
in ethanol, acetone, methanol, or water.

respectively. These higher bond angles are counterbal-
anced by the bond angles Cu1-S1-Cu1_a and Cu2-S3-
Cu2_b, whose values are all less than the ideal tetrahedral 
value of 109.5°. The bulky triphenylphosphine  and the 
2-benzimidazolethiole (L) ligands often interact sterically 
to cause this tetrahedral distortion in a large number of 
dimeric copper (I) complexes that also contain one heter-
ocyclic thione and two monodentate triphenylphosphine 
ligands.32 The bond lengths between Cu1-P2 (2.2379(5)) 
and Cu2-P4 (2.2371(5)) are shorter than those between 
Cu1-S1 (2.3256(6)) and Cu2-S3 (2.3580(5)), showing that 
the interaction between Cu(I) metal center and P donor 
atom is stronger than that between Cu(I) and S donor 
atom. The torsional angles of Cl1-Cu1-S1-Cu1_a, P2-Cu1-
S1-C17, and Cl1-Cu1-P2-C211 are 100.94(2)°, 130.32(7)°, 
and 179.75(7)°, respectively, which results in steric repul-
sion between triphenylphosphine and thione rings and 
electron repulsion of chlorine and nitrogen atoms.33 In the 
crystal structure of the Cu(I) complex, there are intermo-
lecular N11–H11…Cl1, N12–H12…Cl2, N31–H31…Cl2, 
N32–H32…Cl1, C212–H212…N11 and C433–H433…
Cl1 hydrogen bonds, the nitrogen and carbon atoms of the 
ligand acts as proton donors, whereas the chlorine acts as 
proton acceptors.

Scheme 1. Synthetic route of the Cu(I) complex.

3. 1.  Description of the Cu(I) Crystal 
Structure

The main bond lengths and angles for the Cu(I) 
complex are given in Table 2, and Table 3 shows the de-
tails of the hydrogen bonding. Figure 1 display molecu-
lar plots that display the atom numbering schemes. The 
two copper atoms are surrounded by one P and one Cl 
atom in a distorted tetrahedral coordination, producing 
a binuclear complex. The two copper atoms are bridged 
by two sulfur atoms. The largest variation from the ideal 
tetrahedral geometry is reflected by the Cl1-Cu1-S1, Cl1-
Cu1-P2, S1-Cu1-P2, and Cl2-Cu2-S3 bond angles, with 
values of 113.40(2), 114.65(2), 116.40(2), and 112.67(2), 

Table 2. Selected bond lengths (Å) and angles (°) of the complex.

Bond Distances, Å Bond Angle, °

Cu1-Cl1 2.3402(5) Cl1-Cu1-S1 113.40(2)
Cu1-S1 2.3256(6) Cl1-Cu1-P2 114.65(2)
Cu1-P2 2.2379(5) Cl1-Cu1-S1_a 93.49(2)
Cu1-S1_a 2.6203(6) S1-Cu1-P2 116.40(2)
Cu2-Cl2 2.3563(7) S1-Cu1-S1_a 105.63(2)
Cu2-S3 2.3580(5) S1_a -Cu1-P2 110.35(2)
Cu2-P4 2.2371(5) S3-Cu2-S3_b 103.82(2)
Cu2-S3_b 2.4727(5) S3_b-Cu2-P4 114.30(2)
S1-C17  1.7094(19)  Cl2-Cu2-S3 112.67(2)
P2-C211  1.8237(18)  Cl2-Cu2-P4 107.02(2)
P2-C221  1.8236(19)  Cl2-Cu2-S3_b 101.37(2)
P2-C231  1.822(2)  Cu1-S1-Cu1_a  74.37(2)
S3-C37  1.721(2)  Cu2-S3-Cu2_b 76.18(2) 
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Figure 1. Crystal structure of [Cu(µ-S-2-BIT)2(Ph3P)2Cl2] shown at 
20% ellipsoid probability, H atoms are omitted for clarity.

3. 2. FT-IR Spectra
The medium intensity peak at 3155 cm–1 in the IR 

spectrum of the ligand (2-BIT) can be attributed to the 
stretching vibration of the NH group, which is shifted by 
17 cm–1 to a lower frequency due to hydrogen bonding be-
cause hydrogen bonding weakens the N-H bond, result-
ing in its absorption frequency being lower.34 The infra-
red spectrum of the Cu(I) complex lacked the stretching 
vibration of the thiol (SH) group at 2562 cm–1, indicating 
that the sulfur atom is coordinated to the metal center and 
the thione tautomer is more dominant than the thiol tau-
tomer.35 The strong band at 1458 cm–1 related to v(P-C) of 
the triphenylphosphine ligand.36 The band at 457 cm–1 in 
the complex’s IR spectrum may be attributed to C=S-Cu 
vibrations, whereas the band at 343 cm–1 is considered to 
be related to Cu-Cl vibrations.37 Furthermore, the com-

plex IR spectrum showed a high intensity band at 697 cm–1 
corresponding to v(Cu-P).38

3. 3.  Electronic Spectra and Conductivity 
Study
The electronic absorption spectrum of the Cu (I) 

complex in dimethyl sulfoxide is dominated by two broad 
bands at 247 and 316 nm.39 The first one is due to intra-
ligand transitions of the triphenylphosphine ligand be-
cause uncoordinated triphenylphosphine shows a strong 
absorption band at 245 nm, which normally stays unshift-
ed upon coordination to Cu(I).40 The free 2-BIT ligand 
exhibits a band at 304 nm, whereas the absorption spec-
trum of the Cu(I) coordination complex is red-shifted by 
12 nm, indicating C=S coordination to the Cu(I) center 
in the LMCT transition.41 The molar conductivity value 
in DMSO (7.31 ×  10–5 S cm2 mol–1) of the synthesized 
complex was found to be very low, suggesting that it is 
non-ionic in nature.42

3. 4.  DFT Studies
The electronic characteristics of the ligands  and 

Cu(I) complex were investigated using frontier molecular 
orbitals. The highest occupied molecular orbital (EHOMO) 
and lowest unoccupied molecular orbital (ELUMO) energies 
are used to calculate the HOMO-LUMO energy gap (ΔE = 
ELUMO- EHOMO). The energy gaps of the ligands and Cu(I) 
complex are displayed in Table 4 and Figure 2. One of the 
most important theories for predicting complex reactivity 
and stability is the theory of frontier molecular orbitals. A 
reaction between two chemical compounds is shown by 
the interaction of one compound’s HOMO orbital and an-
other compound’s LUMO orbital, according to this idea.43 
The energy gaps (ΔE) of the free 2-BIT and Ph3P ligands 
are 6.573 eV and 6.706 eV, respectively, whereas the Cu(I) 
complex has an (ΔE)  of 3.194 eV. Therefore, compared to 
ligands, the synthesized Cu(I) complex in our study is less 
stable and more reactive. The 2-BIT ligand appears to be 
less stable and more reactive than the triphenylphosphine 
ligand. Table 3 shows the computed NBO atomic charges 
for the free ligands and their complexes. The Natural Bond 
Orbitals (NBO) are used to compute electron densities 
(distributions) in atoms as well as bonds between atoms.44 

Table 3. Hydrogen bonding (Å,  °) for Cu(I) complex.

D–H…A d(D–H) / Å d(H…A) / Å d(D…A) / Å <(DHA) / °

N11–H11…Cl1 0.84(2) 2.28(2) 3.1076(17) 166(2)
N12–H12…Cl2 0.840(18) 2.52(2) 3.2323(18) 143(2)
N31–H31…Cl2 0.86(2) 2.24(2) 3.0648(19) 159(2)
N32–H32…Cl1 0.855(19) 2.376(19) 3.2021(19) 163(2)
C212–H212…N11 0.9300 2.5300 3.255(3) 135.00
C433–H433…Cl1 0.9300 2.8200 3.548(3) 136.00
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The natural charges of the Cu atom reduce when 2-BIT is 
connected to Cu by its S atoms, which also become more 
positive (moved from 0.022e on the ligand alone to 0.226, 
0.225e on the ligand coordinated to the Cu complex). 

However, the Cu-P complexes have changed slightly (from 
0.842e to 0.977e and from 0.842 to 1.000e for P37 and 
P71), suggesting electron transfer from the Ph3P ligand to 
the metal center.45

Figure 2. Surface plots of HOMO and LUMO orbitals of ligands and Cu(I) complex
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Table 4. Energy properties (eV) and NBO Charge (e) of ligands and 
their Cu(I) complex.

Parameter Ph3P 2-BIT Cu(I) complex

EHOMO –6.853 –7.513 –5.817
ELUMO –0.147 –0.940 –2.623
ΔE –6.706 –6.573 –3.194

The NBO Charge of ligands and Cu(I) complex

Atom Ph3P 2-BIT Atom Cu(I) complex

N12 – –0.480 Cu1, Cu2 –0.120, –0.166
N13 – –0.580 S3, S4 0.226, 0.225
S – –0.022 Cl5, Cl6 –0.553, –0.535
P 0.842 – P37, P71 0.977, 1.000

3. 5. Hirshfeld Surfaces Analysis (HAS)
The Crystal Explorer 21.5 program was used to cre-

ate the Hirshfeld surface analyses (HSA) and fingerprints 
of the Cu(I) complex.46 The complex’s fingerprint plots are 
shown in Figure 3. In a similar manner, Figure 4 displays 
the complex’s Hirshfeld surface (HS). The dnorm surfaces 
are mapped in the range of –0.4424 to 1.5180 Å, while 
the shape index, and curvedness are mapped over ranges 
–1.0 to 1.0 Å, and –4.0 to 0.4 Å, respectively. The 2D fin-

gerprint plots of the copper complex show that the major 
intermolecular interactions are H…H, H…C/C…H, H…
Cl/Cl…H, C…C, and H…S/S…H as shown in Figure 4. 
The largest contribution to the overall Hirshfeld surface is 
due to H...H close contacts with 60.3%. The percentages of 
H…H, H…C/C…H, H…Cl/Cl…H, C…C, H…S/S…H, 
C…N/N…C, H…N/N…H, and Cl…C/C…Cl interac-
tions are 60.3, 24.1, 7.0, 3.2, 3.1, 1.2, 1.0, and 0.1% of the 
complex surface, respectively. The dnorm surface detected 
very close intermolecular interactions, which were dis-
played as red spots and indicated short C–Cl…H, C–H…
Cl, and C–C…H, C…H–C interactions. The stacking in-
teraction can be investigated using the shape index and 
curvedness of HS, where blue areas represent convex re-
gions of the compound inside the surface and red areas 
represent concave regions above the surface due to the 
π∙∙∙π stacked complex’s phenyl groups of triphenylphos-
phine and 2-benzimidazolethiole (L) ligands. Green flat 
areas on the curvedness surface also show the presence of 
π∙∙∙π interaction in the Cu(I) complex.47

4. Conclusion
In conclusion, a new copper(I) complex was synthe-

sized using triphenylphosphine and 2-benzimidazolethiole 

Figure 3. Fingerprint plots for the C(I) complex, showing percentages of major contact contributions to the total Hirshfeld surface analysis (HAS).
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(L) ligands in a dichloromethane/methanol mixture. The 
spectroscopic techniques and X-ray crystallographic data 
revealed the synthesis of a binuclear copper complex with 
a 2-benzimidazolethiole ligand acting as a bridging ligand 
in thione form. The electronic spectrum of the complex 
displayed a peak at 31645 cm–1, which corresponded to the 
ligand-to-metal charge transfer (LMCT) transition. The 
NBO analysis showed that the charge on the copper met-
als surrounded by the sulfur and phosphine atoms of the 
ligands (Cu1= –0.120 e, Cu2 = –0.166 e) is found to be less 
than the formal charge of the copper ion (+1) due to the 
transfer of electrons from the ligands to the metal center. 
According to the DFT study, the copper complex (ΔE= 
3.194 eV) was less stable and more reactive than ligands. 
The Hirshfeld surface and 2D fingerprint plots analysis in-
dicated that noncovalent interactions, such as H…H…H 

(60.3%), H…C/C…H (24.1%), and H…Cl/Cl…H (7%), 
constitute the driving force in stable crystal packing.

Supplementary material
Crystallographic data for the Copper(I) complex 

have been deposited with the Cambridge Crystallographic 
Data Center (CCDC), with the deposit number  
1991210. The data can be obtained free of charge at http://
www.ccdc.cam.ac.uk/conts/retrieving.html.
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Povzetek
Z reakcijo med 2-benzimidazoltiolom (L) in bakrovim dikloridom v prisotnosti dvakratne množine trifenilfosfina 
smo sintetizirali nov dvojedrni kompleks [Cu(L)2(Ph3P)2Cl2]: dikloridobis(μ-1,3-dihidro-2H-benzimidazol-2-tion)
bis(trifenilfosfin)-di-baker. Spojino bakra(I) smo karakterizirali z elementno analizo, meritvami molske prevodnosti, 
FT-IR, UV/Vis in monokristalno rentgensko difrakcijo. Strukturna analiza je pokazala, da ima kompleks popačeno 
tetraedrično geometrijo okoli centralnega Cu(I), z dvema mostovnima atomoma žvepla. Hirschfeldova površinska anal-
iza na dnorm je pokazala, da so medmolekulske interakcije H…H, H…C/C…H in H…Cl/Cl…H ključne za pakiranje 
kristalov. Za razumevanje nukleofilnih in elektrofilnih interakcij med ligandom in Cu(I) ioni smo uporabili naravno 
vezno orbital (NBO). Za prikaz molekularne reaktivnosti oziroma stabilnosti ligandov in kompleksa smo uporabili iz-
račune DFT.

https://doi.org/10.1134/S0022476623070156
https://doi.org/10.1002/aoc.5368
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Abstract
In this study, two innovative hydrazine-hydrazone ligands were synthesized through the chemical reaction involving 
the isatin moiety with 4-hydroxybenzohydrazide and salicyloylhydrazine. Subsequent to the synthesis of these ligands, 
Cu(II) complexes were meticulously prepared, and their molecular structures were comprehensively analyzed utilizing 
an array of spectroscopic techniques. Furthermore, the crystallographic investigation was employed to elucidate the 
precise crystal structure of the Cu(L2)2 complex, incorporating the salicyloylhydrazine moiety. The research focuses 
on investigating the cytotoxic effects of Cu(II) complexes bearing isatine groups on cancer cells. These complexes were 
tested against lung carcinoma (A549) and breast carcinoma (MCF-7) cell lines using the MTT assay, with cisplatin as a 
positive control. Additionally, their effects on human normal cell line 3T3 were assessed. The Cu(L1)2 complex exhibited 
significant inhibitory effects on tumor cells in a dose-dependent manner, although not as potent as cisplatin. The cytotox-
ic selectivity indices (SI) indicated acceptable selectivity levels for both cancer cell lines, indicating potential for selective 
lethality. The crystal structure of one compound was confirmed, revealing van der Waals interactions and hydrogen 
bonding in the packing. 

Keywords: Isatin; hydrazone; metal complexes; crystal structure; cytotoxic activity.

1. Introductıon
Isatin and its derivatives hold significant impor-

tance in the field of inorganic chemistry and encompass 
diverse applications. Isatin serves as a versatile ligand for 
metal complexes, exerting a profound influence on the 
synthesis of catalysts, photosensitizers, electrochromic 
materials, and bioactive compounds. Notably, isatin de-
rivatives have attracted considerable attention in the 
pharmaceutical industry, showcasing a spectrum of bio-
logical activities encompassing anticancer, antiviral, and 
antimicrobial properties. Moreover, isatin and its deriva-
tives find utility in molecular labeling, sensor technolo-
gies, and the realm of biological imaging. Within the do-
main of inorganic chemistry, the incorporation of isatin 
and its derivatives as ligands enables investigations into 
metal complexes, contributing substantially to a broad 
range of applications.1,2

Hydrazide-hydrazone derivatives, distinguished by 
their unique reactive moiety (CO-NH-N=CH), have 

emerged as highly promising candidates in the realm of 
novel drug development. These compounds have garnered 
substantial recognition within the field of medicinal chem-
istry owing to their multifaceted biological properties. No-
tably, they have exhibited significant potential in various 
therapeutic areas, encompassing antimicrobial, anti-my-
cobacterial, anticonvulsant, analgesic, anti-inflammatory, 
anti-platelet, anti-tubercular, anti-tumoral, anti-cancer, 
and anti-HIV activities. The remarkable breadth of their 
potential applications underscores the growing signifi-
cance and versatility of hydrazide-hydrazones in the realm 
of medicinal chemistry.3–6

Hydrazide-hydrazone derivatives have demonstrat-
ed versatility in coordinating with metal ions, leading to 
the formation of metal complexes. These complexes ex-
hibit unique properties and biological activities, making 
them valuable in catalysis, medicinal chemistry, and ma-
terials science. The coordination of metal ions with hy-
drazide-hydrazones allows for the manipulation of reac-
tivity and stability, expanding their potential applications. 
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These metal complexes also show promise as antibacteri-
al, antifungal, and anticancer agents, highlighting their 
potential in therapeutic interventions. Overall, exploring 
metal complexes of hydrazide-hydrazones offers opportu-
nities for designing novel compounds with enhanced 
characteristics.7–9

Copper holds a pivotal role as an essential bioele-
ment within various biological systems, influencing a wide 
array of physiological activities and cellular mechanisms. 
Its significance extends to human metabolism, where it 
plays a crucial part in enzymatic reactions and cellular 
processes. Furthermore, copper’s importance isn’t con-
fined solely to biological functions; it also extends to the 
development of pharmaceutical agents with therapeutic 
applications. This dual role, both as a biological necessity 
and as a key element in pharmaceutical research, under-
scores the multifaceted importance of copper in the realms 
of biology and medicine.10–12

This study focuses on the synthesis and characteriza-
tion of new hydrazide-hydrazone derivatives containing 
isatin groups and their corresponding Cu(II) complexes. 
The molecular structures of the compounds were investi-
gated using various spectroscopic techniques, and the one 
of Cu(II) complexes was further characterized by single 
crystal X-ray diffraction (XRD) analysis. Additionally, the 
synthesis of a series of hydrazide-hydrazone compounds 
and the subsequent evaluation of their Cu(II) complexes 
were carried out with the objective of obtaining novel an-
ticancer agents.

2. Experimental
2. 1. Materials and Measurements

Solvents and chemicals utilized in the laboratory 
were procured commercially from Merck and Sigma. Sol-
vents employed in the synthesis and measurements were 
subjected to meticulous purification procedures involving 
distillation and drying. Microanalysis, specifically carbon 
(C), nitrogen (N), and hydrogen (H) analysis, was per-
formed using an LECO 932 CHNS analyzer. The copper 
content was quantified employing atomic absorption spec-
troscopy on a DV 2000 Perkin Elber ICP-AES instrument. 

Thermo-Scientific Nicolet iS10-ATR infrared spectra were 
acquired using the attenuated total reflectance (ATR) 
method, spanning the wavenumber range from 4000 to 
400 cm–1. Magnetic susceptibility of powdered materials at 
ambient temperature was evaluated utilizing a Sherwood 
Scientific MK1 Model Gouy Magnetic Susceptibility Bal-
ance. Electronic spectra were recorded employing a PG 
Instruments T80+ UV/Vis Spectrophotometer. Notably, 
the compounds 4-hydroxybenzohydrazide (I)13 and sali-
cyloylhydrazine (II)14 were synthesized according to the 
reported methodology. Crystallographic data were record-
ed on a Bruker APEX-II CCD diffractometer using MoKα 
radiation (λ = 0.71073 Å). 

2. 2. Synthesis and Characterization
Synthesis of Ligands: The synthesis of these com-

pounds was accomplished by modifying the literature 
method.15 A solution of 0.01 mol of 4-hydroxybenzohy-
drazide (HL1) and salicyloylhydrazine (HL2) in 15 mL of 
ethanol was prepared. Subsequently, a solution containing 
0.01 mol of isatin in 10 mL of ethanol was added to the 
aforementioned solution. Following the completion of the 
addition, a few drops of acetic acid were introduced as a 
catalyst, and the reaction mixture was subjected to reflux 
conditions for approximately 5 hours. Initially, the solu-
tion exhibited clarity; however, over time, yellow solid pre-
cipitates began to form. The resulting yellow precipitates 
were isolated by filtration. The purity of the obtained prod-
uct was assessed using thin-layer chromatography (TLC), 
and final purification was achieved through crystallization 
from a 1:1 ethanol-water mixture. 

(E)-4-hydroxy-N’-(2-oxoindolin-3-ylidene)benzohy-
drazide (HL1): Yield: 85 %; m.p. 259–262 °C. FT-IR (ATR, 
cm-1): 3143 ν(N-OH), 1690;1656 ν(C=O), 1608 ν(C=N), 
1265 ν(C-O); UV (EtOH, λ, nm): 220, 250, 274 (sh), 338,5, 
404,5 (sh) 1H NMR (400 MHz, DMSO_d6, ppm) δ 13.87 
(s, 1H, Ar-OH), 11.37 (s, 1H, NH), 10.31 (s, 1H, NH), 7.77 
(t, 2H, Ar-H), 7.60 (t, 1H, Ar-H) 7.39 (q, 1H, Ar-H) 7.12 
(q, 1H, Ar-H) 6.95 (m, 3H, Ar-H); Analysis (% calculated/
found) for C15H11N3O3, C: 64.05/64.10, H: 3.94/3.95, N: 
14.94/14.84.

Scheme 1. Synthesis and proposed structure of hydrazone ligands (4-hydroxybenzohydrazide (HL1) and salicyloylhydrazine (HL2).
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(E)-2-hydroxy-N’-(2-oxoindolin-3-ylidene)benzohy-
drazide (HL2): Yield: 80 %; m.p. 229–229 °C. FT-IR (ATR, 
cm−1): 3156 ν(N-OH), 1740; 1667 ν(C=O), 1607 ν(C=N), 
1236 ν(C-O); UV (EtOH, λ, nm): 209,5, 248, 338,5, 
403(sh), 1H NMR (400 MHz, DMSO_d6, ppm) δ 14.38  
(s, 1H, Ar-OH), 12.19 (s, 1H, NH), 10.90 (s, 1H, NH), 8.07 
(d, 1H, Ar-H), 7.61 (d, 1H, Ar-H) 7.46 (d, 1H, Ar-H) 7.12 
(d, 1H, Ar-H) 7.04 (d, 2H, Ar-H) 6.99 (t, 2H, Ar-H); Anal-
ysis (% calculated/found) for C15H11N3O3, C: 64.05/64.08, 
H: 3.94/3.90, N: 14.94/14.97.

Synthesis of Cu(II) Complexes: The synthesis procedure 
proceeded as follows: A suspension of 0.02 mol of the hy-
drazone ligand in ethanol was prepared, and subsequently, 
a solution of 0.01 mol of copper(II) acetate dihydrate in 
ethanol was added dropwise to the suspension. The result-
ing mixture was subjected to reflux conditions for approx-
imately 2 hours, followed by cooling and filtration. The 
obtained solid was washed with alcohol and water, and 
then allowed to dry. Crystallization of the complexes was 
achieved using a mixture of dimethylformamide (DMF) 
and ether.

For Cu(L1)2: C30H20CuN6O6.2H2O, Brown complex; Yield: 
65 %; m.p.: >350 °C. µeff = 1.70 B.M.; UV-vis (EtOH, nm) 
210,5, 250,0, 276,5 (sh); 363, 398 and 442 (sh). FT-IR 
(ATR, cm−1) 3354 (OH), 1609 m (C=N-N=C), 1214 w 
(C−O). Analysis (% calculated/found) for C30H20CuN6O6, 
C: 54.59/54.60, H: 3.66/3.59, N: 12.73/12.44, Cu:9.63/9.41.

For Cu(L2)2: C30H20CuN6O6.4H2O, Dark Brown complex; 
Yield: 67 %; m.p.: >350 °C. µeff = 1.69 B.M.; UV-vis. 
(EtOH, nm) 212,5, 250, 291,5, 361,5 (sh), 426,5 (sh). FT-IR 
(ATR, cm−1) 3325 (OH), 1632–1604 m (C=N-N=C),  
1213 w (C−O). Analysis (% calculated/found) for 
C30H20CuN6O6, C: 51.76/51.65, H: 4.05/4.07, N: 
12.07/12.50, Cu: 9.13/9.25.

2. 3. X-ray Crystallography
Suitable crystal of Cu(L2)2 was selected for data col-

lection which was performed on a Bruker diffractometer 

equipped with a graphite-monochromatic Mo-Kα radia-
tion at 296 K. The structure was solved by direct methods 
using SHELXS-201316 and refined by full-matrix least-
squares methods on F2 using SHELXL-2013.17 The follow-
ing procedures were implemented in our analysis: data 
collection: Bruker APEX2; 18 programs used for molecular 
graphics were as follow: MERCURY programs;19 software 
used to prepare material for publication: WinGX.20 Crys-
tallographic data for the structure reported herein have 
been deposited with the Cambridge Crystallographic Data 
Centre as Supporting Information, CCDC No. 2288219. 
Copies of the data can be obtained through application to 
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. (fax: 
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk or at 
http://www.ccdc.cam.ac.uk).

2. 4. Biological studies
Cell culture

Human cancer cell lines, breast cancer cell line 
(MCF-7) and lung carcinoma cell line (A549), human nor-
mal cell line [embryonic fibroblast cells (3T3)] were ob-

tained from the European Collection of Cell Cultures 
(ECACC, UK). The cells were cultured under standard 
conditions in Dulbeccos’ Modified Eagle Medium 
(DMEM) (Gibco, Invitrogen Inc., Carlsbad, California, 
USA), supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS) (Gibco, Invitrogen Inc., Carlsbad, Cali-
fornia, USA), 100 U/mL of penicilin, and 100 U/ml of 
streptomycin and 4 mM L-glutamine, incubated in a hu-
midified incubator set at 37 °C with 5% CO2. The stock 
solution of the Cu(II) complexes (10 mM) was prepared in 
DMF (equivalent to < 0.5% of the final volume), while the 
clinically-used formulation of cisplatin (Cipintu, 100 
mg/100 ml) was used as a stock solution. Further dilutions 
were made with cell culture medium.

Cell viability inhibition assay
3T3, A549 and MCF-7 cells (5x103 per well) seeded 

in 96-well plates to assess cell viability by the 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

Scheme 2. Synthesis and proposed structure of Cu(II) complexes.

http://www.ccdc.cam.ac.uk
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(MTT) assay for 24 h at 37 °C. Then, cells were treated with 
Cu(II) complexes at different concentrations (7.5–250 µM) 
at 100 μl/well. Under the same settings, the standard anti-
cancer drug cisplatin was utilized as a positive control. Af-
ter 24, 48 and 72 h incubation, 5 mg/ml MTT solution (20 
μl/well) was added and cultured for another 4 h. Then, the 
supernatant was discarded and dimethyl sulfoxide was 
added (100 μl/well). A Microplate Reader was used to 
measure the absorbance (A) spectrophotometrically at 540 
nm (SpectraMax i3x). The concentrations of the compound 
were plotted against the percent viability on a graph. Graphs 
were used to calculate the concentrations of samples that 
inhibited the growth of 50% of the cells (IC50 values). All 
tests were run three times for each concentration level.21

3. Results and Discussion
3. 1. Characterization of the Compounds

According to the 1H NMR spectra of the ligands, the 
proton adjacent to the imine group arising from the two 
-NH groups in the ligands’ structure was observed at 
chemical shifts of 11.37 ppm and 12.19 ppm, respectively. 
The -NH group within the isatin ring exhibited signals at 
10.31 ppm in the HL1 ligand and at 10.90 ppm in the HL2 
ligand. The hydroxyl (-OH) peak of the ligand synthesized 
with 4-hydroxybenzohydrazide appeared at 13.87 ppm, 
while the -OH peak of the ligand synthesized with salicy-
loylhydrazine was observed at 14.38 ppm. The downward 
shift of the phenolic OH proton absorption can be attrib-
uted to the presence of strong intramolecular hydrogen 
bonding in these compounds.22–24 The other proton reso-
nances of these ligands are given experimental section.

Upon comparison of the FTIR spectra between the 
derivatives of 4-hydroxybenzohydrazide and salicyloylhy-
drazone, the stretching vibrations of the ν(C=O) in the 
HL1 ligand were observed in the range of 1690–1656 cm–1, 
whereas those in the H2L2 ligand appeared in the range of 
1740–1667 cm–1. This observation can be rationalized by 
the occurrence of intermolecular hydrogen bonding be-
tween the carbonyl groups of the salicyloylhydrazone de-
rivatives and the phenolic -OH moiety. The hydroxyl 
groups within the ligand structure were detected at wave-
numbers of 3143 cm–1 and 3156 cm–1, respectively. Nota-
bly, the -NH stretching bands of these compounds could 
not be discerned in the IR spectra, most likely due to over-
lap with the -OH stretching frequencies. Additional dis-
tinctive IR peaks pertaining to the hydrazide-hydrazone 
compounds synthesized in this investigation are provided 
in the experimental section. These results are consistent 
with the previously reported hydrazone derivatives.25–27

The IR spectra of the complexes demonstrate notable 
distinctions when compared to those of the free ligands. 
Specifically, the characteristic bands associated with amide 
I vibrations of ν(C=O), imine ν(C=N) and amide vibra-
tions of ν(NH) are not directly evident in the IR spectra of 

the complexes. Instead, the emergence of two new bands 
within the spectral range of 1609 cm–1 and 1632–1604 cm–1 

is observed. These newly observed bands can be ascribed to 
the presence of C=N-N=C and C=O moieties, suggesting a 
perturbation in the coordination environment.

The absence of the -NH proton resonance in the IR 
spectra suggests the occurrence of enolization, leading to 
the relinquishment of the -NH proton. Consequently, the 
resulting enolic oxygen and azomethine nitrogen actively 
participate in coordination with the central metal. These 
findings align with prior investigations.26,27 The observed 
upshift in the stretching vibration of the ν(N=N) in the 
complexes, by approximately 30–35 cm-1 compared to the 
free ligand, provides additional evidence supporting the 
involvement of the azomethine nitrogen in coordination. 
This shift to higher energy suggests a change in the bond-
ing environment around the azomethine nitrogen upon 
coordination with the metal center. Such alterations in the 
vibrational frequencies can be indicative of the formation 
of a coordinate bond between the azomethine nitrogen 
and the metal atom. This observation further supports the 
proposition that the azomethine nitrogen actively partici-
pates in the coordination process in these complexes. In 
Cu(II) complexes, the symmetric and asymmetric stretch-
ing vibrations of the hydroxyl group ν(-OH) in hy-
drazide-hydrazone derivative ligands are observed, sug-
gesting that they are not engaged in coordination. The IR 
spectra of these complexes exhibit a broad band around 
3300 cm-1 for the 4-hydroxybenzohydrazide derivative 
and a narrower band for the salicyloylhydrazine deriva-
tive. This spectral observation can be attributed to the 
presence of intramolecular hydrogen bonding involving 
the phenolic -OH group.

Ligands and Cu(II) complexes exhibit an average of 
four or five electronic transitions in their electronic spec-
tra. Absorbances occurring around 200–250 nm are pre-
sumed to be associated with π→π* electronic transitions. 
The absorptions observed at around 290 nm and 350 nm 
correspond to n→π* electronic transitions in the com-
pounds. Furthermore, peaks above 400 nm in the com-
plexes’ spectra represent the peaks of d-d charge-transfer 
transitions of the complexes.28,29

The Cu(II) complex exhibits paramagnetic behavior 
at room temperature. The observed magnetic moment val-
ues for the mononuclear Cu(II) complexes were measured 
to be 1.70 BM and 1.69 BM, which falls within the expect-
ed range for mononuclear copper(II) complexes (1.73 BM) 
containing a single Cu(II) cation with a d9 electronic con-
figuration.30 The magnetic data analysis reveals that mon-
onuclear copper(II) complexes, which possess an octahe-
dral coordination environment facilitated by the addition-
al axial coordination of ligand molecules, adopt a high-
spin configuration.

The thermograms of all Cu(II) complexes were re-
corded within a temperature range of 30 to 800 °C using a 
heating rate of 20 °C/min under a nitrogen atmosphere. 
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Above 900 °C, complete decomposition of the complexes 
was observed, as depicted in Figure S11-12. The decompo-
sition step occurring around approximately 200 °C with an 
associated mass loss of about 5% for the Cu(L1)2 complex 
corresponds to the removal of two moles of water present 
in the structure. Furthermore, for the Cu(L2)2 complex, a 
similar decomposition stage initiates around 270 °C, indi-
cating an approximate mass loss of 8%. This mass loss, 
equivalent to four moles of water, occurring at a higher 
temperature compared to Cu(L1)2 complex, can be attrib-
uted to its encapsulated nature within the crystal structure. 
The second decomposition stage, which commences at 
around 300 °C for all complexes, likely signifies the break-
down of all the complexes. This decomposition process 
culminates at a temperature of around 500 °C.

All spectral data are consistent with those reported 
for similar compounds.25–27 Elemental analysis, UV-Vis, 
IR, 1H-NMR and TGA analysis are confirmed the molecu-
lar formula.

3. 2. X-Ray Structure
The X-ray structural determination of title com-

pound confirms the assignment of its structure from spec-

troscopic datas. As shown in Fig. 1, the compound consists 
of new hydrazide-hydrazone derivatives containing isatin 
and salicyloylhydrazine and its Cu(II) complexes. The ex-
perimental details are given in Table 1. Hydrogen bond 

Table 1. Experimental details.

Crystal data 
Chemical formula C30H20CuN6O6·4(H2O)
Mr 696.12
Crystal system, space group Monoclinic, C2/c
Temperature (K) 293(2)
a, b, c (Å) 16.820(5), 20.354(7), 9.340(3)
β (°) 103.564(9)
V (Å3) 3108.5(17) Å
Z 4
Radiation type MoKα
µ (mm−1) 0.77
Crystal size (mm) 0.07 × 0.06 × 0.02 
Data collection 
Diffractometer Bruker APEX-3 CCD
Absorption correction multi-scan Bruker
No. of measured, independent 22994, 2883, 1448
   and observed [I > 2σ(I)] 
   reflections
Rint 0.181
(sin θ/λ)max (Å−1) 0.606
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.138, 0.263, 1.25
No. of reflections 2883
No. of parameters 214
H-atom treatment  H atoms treated by a mixture 

of independent and constrai-
ned refinement

Δρmax, Δρmin (e Å−3) 0.86, −0.49

Computer programs: APEX3 (Bruker, 2013), SAINT(Bruker, 2013), 
Bruker SAINT, SHELXS (Sheldrick, 2008), SHELXL (Sheldrick, 
2015), Mercury (Macrae, 2020), WinGX (Farrugia, 2012).

Fig. 1. The assymetric unit of the title compound with the atom 
numbering scheme. 

Table 2. Hydrogen-bond geometry (Å, º). 

D—H···A D—H H···A D···A D—H···A

N1—H1···O5 0.86 1.94 2.780(15)  166
O3—H3···N3 0.82 1.82 2.543(11) 146
O5—H5A···O4ii 0.90 2.51 3.09(2) 123.4(12)
O5—H5B···O4iii 0.85 2.53 3.31(2) 152.5(10)

Symmetry codes: (ii) −x + 1/2, y + 1/2, −z + 3/2; (iii) x + 1/2, −y + 
3/2,

Table 3. Selected interatomic distances (Å) 

C7—O1  1.241(12) Cu1—N2i  1.958(7)
C9—O2  1.263(1) Cu1—N2  1.958(7)
C8—N2  1.275(11) Cu1—O2  2.09 (7)
N2—N3  1.359(10) Cu1—O2i  2.095(7)
C9—N3  1.360(12) Cu1—O1  2.338(8)
C7—C8  1.495(14) Cu1—O1i  2.338(8)
C7—N1  1.346(13) N1—H1  0.8600
C9—C10  1.465(14) O3—H3  0.8200

Symmetry code: (i) −x + 1, y.
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geometry is given in Table 2. Selected bond lengths and 
angles are given in Table 3. 

In the crystal structure, the intermolecular C–H···O 
hydrogen bonds (Table 2) link the copper complex mole-
cules and water anions, in which they may be effective in 
the stabilization of the structure. 

3. 3. Stability
The stability of the copper(II) complexes was exam-

ined in DMF solution for 24, 48 and 72 hours using a UV-
Vis spectroscopy (Figure S9–10). Spectra were recorded at 
100 µM concentrations of the complexes. No difference 
was observed in the spectra of the complexes at the end of 
24, 48 and 72 hours. This proves that the complexes are 
stable in solution.

3. 4. MTT Assays
The cytotoxicities of the complexes against human 

cancer cell lines, namely lung carcinoma cell line (A549) 
and breast carcinoma cell line (MCF-7), were investigated 
utilizing the MTT assay. The same conditions were applied 
for the positive control, involving the traditional antican-
cer agent cisplatin. Additionally, to facilitate an additional 
comparison of cytotoxicity between the complex com-
pounds and cisplatin, evaluation was conducted on the 
human normal cell line 3T3 (embryonic fibroblast cells). 
The IC50 values for both the complexes and cisplatin were 
determined using data derived from MTT assays conduct-
ed after 24, 48, and 72 hours of incubation, employing var-
ious doses spanning from 7.5 to 250 µM, as illustrated in 
Fig. 2.

The results have demonstrated that, especially in 
comparison to cisplatin, the Cu(L1)2 complex exhibits a 
visibly inhibitory effect on all tested tumor cells in a 
dose-dependent manner. Although the complex’s inhibi-
tory impact on MCF-7 and A549 cell lines is not as pro-
nounced as that of cisplatin ((with IC50 values of 182.67 ± 
0.01 (24 hours), 38.53 ± 0.11 (48 hours), and 22.40 ± 0.13 
(72 hours) for MCF-7; and IC50 values of 157.95 ± 0.49 (24 
hours), 52.22 ± 0.46 (48 hours), and 26.95 ± 0.30 (72 
hours) for A549)), it still displays an effect. Dose-response 
curves for the Cu(L2)2 complex against MCF-7 and A549 

cancer cell lines after 24, 48, and 72 hours of treatment are 
presented in Fig. 2. The cytotoxic effect of the Cu(L1)2 
complex on cancer cells is higher than that of the Cu(L2)2 
complex. When compared to the positive control of cispla-
tin, the complexes exhibit limited inhibition on the 3T3 
cell lines over the 24, 48, and 72-hour periods. Moreover, 
the outcomes indicate the capacity of the complexes to 
dose-dependently and temporally hinder cellular growth.

Furthermore, the analysis of the cytotoxicity of the 
complexes and cisplatin (control) on the human normal 
cell line 3T3, as presented in Fig. 2, underscores the toxic-
ity of both compounds towards cells. At 48 and 72 hours, 
the complexes exhibited comparable effects (IC50 values of 
38.53 ± 0.11; 82.21 ± 0.22 and 52.22 ± 0.46; 48.55 ± 0.27, 
respectively) to those of cisplatin (with IC50 values of 32.50 
± 0.02 and 3.65 ± 0.87), albeit not as potent.

Additionally, the cytotoxic selectivity indices (SI)31 
for both the complexes and cisplatin were determined and 
compiled in Table 4.

Table 4. SI* Values (µM) of Cu(II) complexes obtained with differ-
ent cell lines for 48 h.

Compounds 3T3/ MCF-7 3T3/A549

Cu(L1)2 3.95 2.92
Cu(L2)2 0.27 0.45
Cisplatin 10.80 96.13

*SI, cytotoxic selectivity index (the degree of selectivity between 
healty cells and cancer cells, expressed as SI = IC50 on normal cells/
IC50 on cancer cells).

Some of the other notable findings arising from this 
in vitro cytotoxicity study encompass the incorporation of 
SI (Selectivity Index) values. These values were calculated 
with the purpose of assessing the selective impact of the 
compounds on cancer cells, achieved by juxtaposing the 
IC50 values of the complexes against those exhibited by the 
normal cell line.32,33 Despite the fact that the cytotoxic se-
lectivity of the complexes, particularly Cu(L1)2, does not 
attain the level observed with cisplatin, the SI values  
remain above 2 for both cancer cell lines, thereby warrant-
ing consideration as an acceptable level of selectivity: 

Fig. 2. MTT assay results
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SI(3T3/A549)= 2.92 and 0.45, SI(3T3/MCF-7)= 3.95 and 0.27. 
The findings put forth the proposition that the compound’s 
diminished cytotoxicity towards healthy cells, coupled 
with its moderate cytotoxicity towards cancer cells, aug-
ments its viability for the exploration of its potential anti-
cancer effects. Consequently, the compound could poten-
tially induce selective lethality in both cancer cells and 
healthy cells.34

4. Conclusions
In this study, two novel hydrazine-hydrazone ligands 

were synthesized through the reaction of the isatin moiety 
with 4-hydroxybenzohydrazide and salicyloylhydrazine. 
Subsequently, Cu(II) complexes of these ligands were pre-
pared and their structures were investigated using various 
spectroscopic techniques. Additionally, the crystal struc-
ture of the Cu(L2)2 complex containing the salicyloylhy-
drazine moiety was elucidated using X-ray crystallogra-
phy. The cytotoxicities of the obtained complexes against 
MCF-7 and A549 cancer cells were examined. In studies 
where cisplatin was utilized as a control, it has been 
demonstrated that the Cu(L1)2 complex with the hydroxyl 
group in the -para position exhibits a superior cytotoxic 
effect against these cancer cells compared to the Cu(L2)2 
complex.

The available spectroscopic data have played a signif-
icant role in elucidating the chemical properties and struc-
tures of H2L1 and H2L2 ligands, as well as Cu(L1)2 and 
Cu(L2)2 complexes. The 1H NMR spectra have clearly 
demonstrated the chemical characteristics of the ligands 
and provided insights into the coordination mechanisms 
of the Cu(II) complexes. IR spectra have assisted in deter-
mining the coordination changes in the Cu(II) complexes, 
while magnetic moment data have indicated the high-spin 
configuration of the mononuclear Cu(II) complexes. Ther-
mal analyses have allowed for the examination of the ther-
mal behavior of the complexes. These results succinctly 
summarize the key findings of this study. In this context, 
the combination of spectroscopic and structural data com-
prehensively explains the chemical properties and struc-
tures of H2L1, H2L2, Cu(L1)2 and Cu(L2)2.

The disparity observed in the cytotoxicities of the 
complexes may potentially stem from the influence of the 
positioning of the hydroxyl group on the formation of hy-
drogen bonds within the compounds. The Cu(II) complex 
with the hydroxyl group in the -ortho position could estab-
lish stronger hydrogen bonding, whereas -para hydroxyl 
groups might form weaker hydrogen bonds. Consequent-
ly, this discrepancy could impact the interaction potential 
and binding affinities of the compound with target mole-
cules.

In summary, the investigations have evidenced that 
the Cu(L1)2 complex exhibits a substantial, selective, con-
centration-dependent cytotoxic impact, particularly on 

the viability and proliferation of breast cancer cells. More-
over, in order to validate the anticancer benefits of this 
study, it is essential to conduct in vivo research.
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Povzetek
V prispevku opisujemo sintezo dveh novih hidrazin-hidrazon ligandov s kemijsko reakcijo med izatinom, 4-hidrok-
sibenzohidrazidom in salicilohidrazinom. V nadaljevanju smo pripravili komplekse bakra(II) z novimi ligandi in jih 
karakterizirali z različnimi spektroskopskimi metodami. S kristalografskimi metodami smo določili strukturo kompl-
eksa Cu(L2)2 s salicilohidrazinom. V nadaljevanju smo raziskave posvetili citotoksičnim učinkom Cu(II) kompleksov z 
izatinskimi skupinami. Testirali smo njihovo delovanje na celice pljučnega karcinoma (A549) in raka dojke (MCF-7) z 
metodo MTT in cisplatino kot pozitivno kontrolo. Ugotavljali smo tudi njihove učinke na normalne človeške celice 3T3. 
Kompleks Cu(L1)2 izkazuje znatno inhibicijo tumorskih celic, vendar šibkejšo kot cisplatina. Meritve citotoksičnosti 
kažejo da je indeks selektivnosti (SI) ustrezen za obe vrsti rakastih celic, kar kaže na potencial za selektivno letalnost. 
Določili smo kristalno strukturo enega od kompleksov in potrdili prisotnost van der Waalsovih interakcij in vodikovih 
vezi v pakiranju.
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Abstract
A synthesis of a novel series of cis-2-azetidinones 2a–c was carried out by the cycloaddition reaction of imine 1a–c and 
chloroacetyl chloride in dry dichloromethane at 0–5 °C using triethylamine. The cycloaddition of the Schiff bases with 
chloroacetyl chloride resulted in the corresponding major product cis-2-azetidinone stereoisomers 2a–c. The synthe-
sized compounds were characterized by analytical and spectral techniques (infrared, 1H NMR, 13C NMR, and elemental 
analysis). 

Keywords: Benzothiazole, β-lactam, Schiff base, cis-2-azetidinone, Staudinger reaction.

1. Introduction
2-Azetidinones, known as β-lactams, are well known 

heterocyclic compounds. The synthesis of heterocyclic 
compounds has attracted the attention of chemists for 
many years because of their important biological activities. 
In particular, 2-azetidinone ring systems are widely found 
in the construction of broad-spectrum antibiotics contain-
ing penicillin cephalosporin. These antibiotics are used as 
chemotherapeutic agents for the treatment of microbial 
diseases and bacterial infections.1–8 Synthesis and antimi-
crobial properties of 2-azetidinones have been studied by 
chemists since the 1990s, to obtain pharmacologically ac-
tive compounds such as cholesterol absorption and inhib-
itory activity.9

Staudinger ketene-imine reaction is the most com-
mon method for the synthesis of 2-azetidinones.10 In this 
reaction, ketene is formed thermally or photochemically 
using acid chlorides and triethylamine.11–12 Although this 
reaction is generally known as a [2+2] cycloaddition, the 
reaction is generally described as a stepwise reaction. The 
first step of the reaction involves the nucleophilic attack of 
the imine nitrogen on the sp hybridized carbon of a keten 
to form the zwitterion intermediate. Then follows the for-
mation of azetidinone ring. The resulting stereochemistry 
of azetidinone may be cis, trans or a mixture of both iso-

mers. In the literature, it has been reported that the cis 
product is obtained in higher yield than the trans product 
in this reaction, because of consisting of ketene before the 
zwitterion intermediate.13 Also, the group attached to the 
nitrogen atom in the azetidinone ring determines the stere-
ochemistry of 2-azetidinone. Stereochemistry of 2-azetidi-
nones is important for their biological activity.3 For exam-
ple, penicillin and cephalosin antibiotics are cis isomer.

In this study, unlike the literature, we designed the 
synthesis of cis-2-azetidinone products by the Staudinger 
reaction, using electron-donating imine and elec-
tron-withdrawing ketene, in apolar solvent environment 
and adding additives.

2. Experimental
2. 1. General Chemistry Methods

The elemental (C, H, N, S) analysis were carried out 
using an Elementar VARIO EL III element analysis device. 
IR spectra were taken by a Perkin Elmer Precisely Spec-
trum 100 FT-IR Sspectrophotometer at Eskişehir Osman-
gazi University, Faculty of Art and Sciences, Department 
of Chemistry. 1H NMR and 13C NMR spectra were record-
ed in CDCl3 and DMSO-d6 using a Bruker DPX FT NMR 
500 MHz spectrometer of Anadolu University, Center of 

mailto:hsakarya@ogu.edu.tr
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Plants, Drugs and Scientific Studies (AÜBİBAM). Chemi-
cal shifts are given as δ values in ppm and coupling con-
stants (J) are reported in Hertz (Hz) units. Reagents and 
solvents used for the synthesis were purchased from com-
mercial sources. Solvents were distilled with an appropri-
ate drying agent. Melting points of the synthesized sub-
stances were determined by a Gallenkamp device.

2. 2.  General Procedure for the Synthesis of 
Schiff Bases 1a–c
Schiff bases were synthesized by modifying the pro-

cedure suggested by Vicini et al.14 The mixture of 6-eth-
oxy-2-aminobenzothiazole (0.35 g, 1.8 mmol) and pa-
ra-methyl benzaldehyde (0.107 mL, 0.9 mmol) in dichlo-
romethane (40 mL) was refluxed at 70 °C for 6 h. The 
liquid fraction was evaporated under reduced pressure. 
The resultant solid 1a was recrystallized from ethylace-
tate:hexane (1:3) solvent system (Scheme 1). Compounds 
1b and 1c were also synthesized by the same method. 

2. 3.  General Procedure for the Synthesis of 
cis-2-Azetidinones 2a–c
cis-2-Azetidinones were synthesized by modifying 

the suggested procedure by Mogilaiah et al.15 Chloroacetyl 
chloride (0.019 mL, 1.5 mmol) was added dropwise within 
a period of 30 minute to the dichloromethane solution of 
Et3N (0.066 mL, 3 mmol), at 0–5 °C cooled, and stirred. 

Then, the compound 1a (0.019 g, 0.16 mmol) was added to 
this well-stirred cold solution. The reaction mixture was 
then stirred for an additional 9 h at 0–5 °C and left at room 
temperature for 6 h. The reaction mixture was extracted 
with, respectively, 10 mL of saturated NaHCO3 solution, 
10 mL of 10% HCl and 10 mL of brine. The organic phase 
was dried with Na2SO4. The resultant mixture was concen-
trated, filtered, and then dried. The product 2a thus ob-
tained was purified by column chromatography over silica 
gel using mixture of 20% ethyl acetate, 20% dichlorometh-
ane, 60% hexane as the eluent (Scheme 1). Compounds 2b 
and 2c were also synthesized by the same method.

6-Ethoxybenzothiazol-2-yl-(4-methylbenzylidene)
amine (1a). This compound was obtained as a yellow sol-
id, yield 0.21 g (79%), m.p. 131–132 °C. FT-IR (KBr)  
νmax 1595 (–CH=N–), 1554, 1481, 1440 cm–1. 1H NMR 
(DMSO-d6) δ 1.40 (t, J = 6.93 Hz, 3H, OCH2CH3), 3.03 (s, 
3H, PhCH3), 4.10 (q, J = 6.90 Hz, 2H, OCH2CH3), 7.10 
(dd, J = 2.36, 8.86 Hz, 1H, H-5), 7.40 (d, J = 7.90 Hz, 2H, 
H-12 and H-14), 7.64 (d, J = 2.29 Hz, 1H, H-7), 7.82 (d, J = 
8.89 Hz, 1H, H-4), 8.00 (d, J = 7.94 Hz, 2H, H-11 and 
H-15), 9.10 (s, 1H, CH=N) (Fig. S1). 13C NMR (DMSO-d6) 
δ 15.11, 21.86, 64.21, 106.19, 116.54, 123.70, 130.28, 
130.46, 132.60, 135.88, 144.37, 145.98, 157.00, 166.42, 
169.40 (Fig. S2) (Spectra of the compounds are given in 
supplementary materials). Anal. calcd for C17H16N2OS: C, 
68.89; H, 5.44; N, 9.45; S, 10.82. Found: C, 68.95; H, 5.53; 
N, 9.38; S, 10.80.

Scheme 1. Synthesis of Schiff bases 1a–c and cis-2-azetidinones 2a–c.
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6-Ethoxybenzothiazol-2-yl-(2-methoxybenzylidene)
amine (1b). This compound was obtained as a yellow sol-
id, yield 0.232 g (82%), m.p. 138–139 °C. FT-IR (KBr)  
νmax 1597 (–CH=N–), 1564, 1492, 1440 cm–1. 1H NMR 
(DMSO-d6) δ 1.40 (s, 3H, PhCH3), 4.00 (t, J = 6.92 Hz, 3H, 
CH3CH2O), 4.10 (q, J = 6.89 Hz, 2H, CH3CH2O), 7.10 (dd, 
J = 2.48, 8.86 Hz, 1H, H-5), 7.14 (d, J = 7.52 Hz, 1H, H-12), 
7.25 (d, J = 8.48 Hz, 1H, H-4), 7.62 (d, J = 2.45 Hz, 1H, 
H-7), 7.66 (dt, J = 7.77 Hz, 1H, H-14), 7.84 (d, J = 8.87 Hz, 
1H, H-15), 8.10 (dd, J = 2.45, 7.68 Hz, 1H, H-13), 9.50  
(s, 1H, CH=N) (Fig. S3). 13C NMR (DMSO-d6) δ 15.10, 
59.52, 64.21, 106.16, 112.90, 116.60, 121.48, 122.88, 123.79, 
127.93, 135.91, 145.99, 156.98, 160.95, 169.80 (Fig. S4). 
Anal. calcd for C17H16N2O2S: C, 65.36; H, 5.16; N, 8.9; S, 
10.26. Found: C, 65.50; H, 5.30; N, 8.95; S, 10.30.

5,6-Dimethylbenzothiazol-2-yl-(4-methoxyben-
zylidene)amine (1c). This compound was obtained as a 
yellow solid, yield 0.217 (81%), m.p. 142–143 °C. 1H NMR 
(DMSO-d6) δ 2.37 (s, 6H, Bzt. CH3), 2.43 (s, 3H, PhOCH3), 
7.41 (d, J = 7.98 Hz, 2H, H-12 and H-14), 7.73 (s, 1H, H-4), 
7.82 (s, 1H, H-7), 7.99 (d, J = 8.02 Hz, 2H, H-11 and H-15), 
9.10 (s, 1H, CH=N). 13C NMR (DMSO-d6) δ 30.15, 30.70, 
40.70, 122.46, 123.46, 130.29, 130.54, 131.78, 132.54, 
134.95, 135.99, 139.31, 144.49, 150.48, 166.91, 170.84.

3-Chloro-1-(6-ethoxybenzothiazol-2-yl)-4-para-tol-
ylazetidin-2-one (2a). This compound was obtained as a 
white solid, yield 0.016 g (65%), m.p. 220–221 °C. FT-IR 
(KBr) νmax 2976, 2925 (C–H), 1666 (C=O), 1595 and 1517 
cm–1 (Aryl C-H). 1H NMR (DMSO-d6) δ 1.35 (t, J = 5.10 
Hz, 3H, CH3CH2O), 2.30 (s, 3H, PhCH3), 4.07 (q, J = 6.95 
Hz, 2H, CH3CH2O), 5.17 (d, J = 8.82 Hz, 1H, H-3'), 5.29 
(d, Jcis = 8.8 Hz, 1H, H-4'), 6.93 (dd, J = 2.41, 9.12 Hz, 1H, 
H-5), 7.20 (d, J =7.96 Hz, 2H, H-12 and H-14), 7.27 (d,  
J = 8.09 Hz, 2H, H-11 and H-15), 7.39 (d, J = 2.4 Hz, 1H, 
H-7), 8.04 (d, J = 8.89 Hz, 1H, H-4) (Fig. S5). 13C NMR 
(DMSO-d6) δ 15.06, 22.22, 29.45, 64.35, 65.48, 109.3, 
113.33, 124.48, 127.88, 128.96, 129.64, 132.30, 137.91, 
163.09 (Fig. S6). Anal. calcd for C19H17ClN2O2S: C, 61.20; 
H, 4.60; N, 7.51; S, 8.60. Found: C, 61.03; H, 4.62; N, 7.53; 
S, 8.67.

3-Chloro-1-(6-ethoxybenzothiazol-2-yl)-4-(2-methoxy-
phenyl)azetidin-2-one (2b). This compound was ob-
tained as a white solid, yield 0.0731 g (84%), m.p. 228–229 
°C. FT-IR (KBr) νmax 1658 (C=O), 1593, 1552, 1514, 2925, 
2854 cm–1. 1H NMR (DMSO-d6) δ 1.35 (t, J = 6.85 Hz, 3H, 
CH3CH2O), 2.90 (s, 3H, OCH3), 4.50 (q, J = 6.95 Hz, 2H, 
CH3CH2O), 5.43 (d, Jcis = 5.24 Hz, 1H, H-3'), 5.10 (d, Jcis= 
5.3 Hz, 1H, H-4'), 6.92 (dd, J = 2.7, 9.02 Hz, 1H, H-12), 
6.97 (t, J = 7.43 Hz, 1H, H-11), 7.09 (d, J = 8.12 Hz, 1H, 
H-4), 7.19 (dd, J = 1.58, 7.53 Hz, 1H, H-5), 7.36 (dd,  
J = 2.35, 8.06 Hz, 1H, H-10), 7.39 (d, 4J = 0.95 Hz, 1H, 
H-7), 8.05 (d, J = 9.02 Hz, 1H, H-13) (Fig. S7). 13C NMR 
(DMSO-d6, ppm): δ 15.10, 56.52, 64.21, 106.16, 112.90, 

116.60, 121.48, 122.88, 123.79, 127.93, 135.91, 145.99, 
156.98, 160.95, 160.98, 169.80 (Fig. S8). Anal. calcd for 
C19H17ClN2O3S: C, 58.68; H, 4.41; N, 7.20; S, 8.25. Found: 
C, 58.70; H, 4.35; N, 7.17; S, 8.31.

3-Chloro-1-(5,6-dimethylbenzothiazol-2-yl)-4-(4- 
methoxyphenyl)azetidin-2-one (2c). This compound was 
obtained as a white solid, yield 0.103 g (82%), m.p. 274–
275 °C. FT-IR (KBr) νmax 1651 (C=O), 2854 and 2923 cm–1 
(C–H). 1H NMR (DMSO-d6) δ 2.40 (s, 6H, CH3), 3.81  
(s, 3H, PhOCH3), 4.13 (d, Jcis = 5.34 Hz, 1H, H-3'), 4.15 (d, 
Jcis = 5.51 Hz, 1H, H-4'), 7.20 (d, J = 8.06 Hz, 2H, H-15 and 
H-11), 7.7 (d, J = 8.01 Hz, 2H, H-12 and H-14), 8.20 (s,  
1H, H-4), 8.87 (s, 1H, H-7) (Fig. S9). Anal. calcd for 
C19H17ClN2O2S: C, 61.20; H, 4.60; N, 7.51; S, 8.60. Found: 
C, 61.03; H, 4.85; N, 7.53; S, 8.67.

3. Results and Discussion
Azetidinones were prepared via the Staudinger reac-

tion. The Staudinger reaction involves the nucleophilic at-
tack of an imine on a ketene, leading to a zwitterion inter-
mediate, which then undergoes stepwise ring closure to 
yield the β-lactam ring.16 Stereoselectivity depends direct-
ly on the competition between ring closure and isomeriza-
tion of the imine moiety in the zwitterion intermediate. In 
the Staudinger reaction, ketene formation prior to the cy-
clocondensation results in the formation of the β-lactam 
product as the major cis form. However, the direct reaction 
of imine with acid chloride gives the exclusive or major 
product of trans-β-lactam17,18 (Scheme 2). The competi-
tion between the isomers depends on many factors, such 
as the electronic effect of the ketene substituents and the 
steric hindrance of the N substituent of imines. Another 
factor influencing the Staudinger reaction is solvents, pos-
sibly affecting the stability and half-life of the zwitterion 
intermediate, causing changes in stereoselectivity.18 In our 
previous study, the Staudinger reactions were carried out 
at different temperatures using different equivalents, dif-
ferently substituted Schiff bases, and different acid chlo-
ride derivatives. cis-2-Azetidinones were obtained in good 
yields using the concentration of acid chloride derivates 
(1.5–3 eq) and triethylamine (2–3 eq). However, some un-
expected azet-2(1H)-ones were synthesized by changing 
the order of addition of the reactants and concentrations 
of triethylamine (7.4–15 eq) and chloroacetyl chloride 
(2–3.7 eq) without changing other reaction conditions 
such as temperature and solvent type.19 We proposed that 
the formation of azet-2(1H)-ones depends on the concen-
tration of triethylamine, and the suggested mechanism of 
azet-2(1H)-ones formation is given in Scheme 2. In the 
first step, the novel Schiff bases 1a–c are synthesized by the 
reaction of benzaldehyde and the substituted benzothi-
azole in dichloromethane solution (DCM). The reaction 
time was 6 hours. These novel Schiff bases 1a–c were iso-
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lated with yields ranging from 79–82% (Scheme 1). Among 
the Schiff bases prepared 1a–c, the compound 1b was iso-
lated with the highest efficiency (82%), which is explained 
as follows: Electron-donating groups attached to the 2-am-
inobenzothiazole ring increase the reactivity of the amino 
group for nucleophiles and accelerate the formation of 
Schiff bases. The structures of Schiff bases were confirmed 
by 1H NMR, 13C NMR and FT-IR spectra. In the FT-IR 
spectrum for compound 1b, the signal observed at 1597 
cm–1 was assigned as the imine (–CH=N–) group. In the 
1H NMR spectrum of the same compound, one singlet of 
the methyl proton was observed at 1.40 ppm and another 
singlet of the protons of an imine at 9.50 ppm. (The num-

bering of protons is given in Scheme 1). Additionally, the 
signal observed as a result of the long-range interaction at 
7.62 ppm (4J = 2.45 Hz) was marked as belonging to the 
H-7 proton. Likewise, at 7.66 ppm, the triplet of the dou-
blet was assigned as belonging to the H-14 proton, while at 
7.10 ppm (3J = 8.86 Hz, 4J = 2.48 Hz) and 8.10 ppm (3J = 
7.68 Hz, 4J = 2.45 Hz) the doublet of the doublet was 
marked as belonging to the H-5 and H-13 protons, respec-
tively. In the compound 1b, the other three doublets at 
7.14, 7.25, and 7.84 ppm were assigned the protons H-12, 
H-4, and H-15, respectively. The triplet and a quartet ob-
served at 4.0 and 4.10 ppm belong to the methyl and meth-
ylene groups in the ethoxy group, respectively. In the 13C 

Scheme 2. The synthesis of cis/trans-2-azetidinones and suggested mechanisms of 
azet-2(1H)-ones formation.
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NMR spectrum of compound 1b, 17 signals belonging to 
the carbons of the compound were observed and from 
these signals, the signal at 169.80 ppm was observed for 
the C=N carbon in the benzothiazole ring. The signal at 
160.98 ppm was marked as belonging to the imine carbon.

Azetidinone was obtained from electron donating 
novel Schiff bases 1a–c by Staudinger reaction in the sec-
ond step as depicted in the Scheme1. In this reaction, ket-
ene electrophiles and imine molecules can act as a nucleo-
phile. The order of addition of chloroacetyl chloride and 
imine affects stereoselectivity, so ketene formation was 
carried out by adding chloroacetyl chloride in the presence 
of triethylamine before the formation of zwitterion inter-
mediate. Thus, ketene and the resulting zwiterion interme-
diate were subjected to stepwise ring closure to give the 
β-lactam ring and producted mostly cis-2-azetidinones 
2a–c. Especially depending on the concentrations of tri-
ethylamine and chloroacetyl chloride, for example trieth-
ylamine 2–3 eq, chloroacetyl chloride 1.5–3 eq and dichlo-
romethane as the solvent, cis-2-azetidinone compounds 
were formed in good yield. Based on the reference 18, the 
cis- and trans-2-azetidinone formation mechanism of the 
novel synthesized compounds is shown in Scheme 2. By 
mixing the imine, substituted with electron-donating sub-
stituent, and the ketene, having electron-withdrawing sub-
stituents, in a nonpolar solvent and with the addition of 
triethylamine at 0–5 °C in an ice bath for 9 h, almost only 
the single isomer cis-2-azetidinone was obtained with 65–
84% yield. However, it is declared in the literature that im-
ines having electron-withdrawing substituents and ketens 
having electron-donating substituents cause cis-β-lactam 
formation.16 On the contrary, when the concentration of 
acid chloride and triethylamine is adjusted, cis-β-lactam 
stereoisomer can be obtained by the Staudinger reaction 
from the reaction of the imine having electron-donating 
substituents and from ketene, having electron-withdraw-
ing substituents (Scheme 1).

The structure of cis-2-azetidinones is confirmed by 
1H NMR, 13C NMR and FT-IR spectra. In the FT-IR spec-
trum of compound 2b, the imine signal was not observed 
at 1597 cm–1, while the strong peak observed at 1658 cm–1 
confirmed the presence of a carbonyl group in the 
cis-2-azetidinone ring. The peaks at 2976 and 2887 cm–1 
were marked as belonging to the aliphatic CH3 and CH2 
groups of the imine compound, and the CH signal in the 
cis-2-azetidinone ring was also observed as a strong signal 
in the same region. In the 1H NMR spectrum of compound 
2b, three doublet doublets at 6.92, 7.19 and 7.36 ppm due to 
long distance coupling have been marked as belonging to 
H-12, H-5 and H-10 protons, respectively. (The numbering 
of protons is given in Scheme 1.) Signals for protons H-11, 
H-4, and H-13, respectively, have been observed as a triplet 
at 6.97 ppm and two doublets at 7.09 and 8.05 ppm. Addi-
tionally, at 6.97, 7.09 and 8.05 ppm observed a triplet and 
two doublets, belong to the H-11, H-4, and H-13 protons, 
respectively, The value of the spin-spin coupling constant of 

the protons H-3' and H-4' in the 2-azetidinone cyclobutane 
ring determined whether the product is cis or trans. The 
stereoisomer of these compounds is determined by the 
spin-spin coupling constant of the protons in the azetidi-
none ring, where J > 4.0 Hz for the cis isomers, J ≤ 3.0 Hz 
for the trans isomers,and the stereoisomer of the synthe-
sized compounds was determined by comparing these val-
ues.19–23 For compound 2b, while the two doublets ob-
served at 5.43 and 5.10 ppm were marked as belonging to 
the H-3' and H-4' protons in the azetidinone ring, the cou-
pling constant values of these protons were calculated as 
5.24 and 5.30 Hz. For compound 2a, the spin-spin coupling 
constant of the doublets were observed at 8.82 and 8.86 Hz, 
respectively (Figure S5). For compound 2b, the coupling 
constant of protons in the 2-azetidinone ring was found to 
be 5.24 and 5.30 Hz. Similarly, for compound 2c, the cou-
pling constant of protons in the 2-azetidinone ring was 
found to be 5.34 and 5.51 Hz. Based on these data, the ste-
reoisomer of the synthesized azetidinone was determined 
to be cis-2-azetidinone. 

4. Conclusions
Electron-donating substituents on the phenyl and 

benzothiazole rings of the Schiff bases increase the nu-
cleophilicity of the imine nitrogen, while the electron 
withdrawing substituents of the chloroacetyl chloride in-
crease the acidity of α-hydrogen, and elimination with tri-
ethylamine accelerates the formation of ketene. Ketene 
and imine give the intermediate zwitterion, and the pres-
ence of nitrogen and sulfur in the benzothiazole ring ion-
izes the imine moiety, accelerating ring closure, and 
cis-2-azetidinone is formed. As a result, contrary to what is 
said in the literature, when conditions such as apolar sol-
vent, the amount of triethylamine, the electronic effect of 
the imine, the cold environment and the addition order of 
the reagents are adjusted, the keten with electron-with-
drawing substituent and the imine with electron-donating 
substituent could produce cis-2-azetidinone. These 
cis-2-azetidinone derivatives have been synthesized from 
the reaction of the ketene source (chloroacetyl chloride) 
and novel Schiff bases in the presence of triethylamine via 
Staudinger reaction, in good yields (65–84%). The concen-
tration of chloroacetyl chloride and triethylamine has 
been found to affect the reaction mechanism of 2-azetidi-
none formation. We concluded that cis-2-azetidinones 
were formed in good yields using 1 eq. of a Schiff base, 3 
eq. of Et3N and 1.5 eq. of chloroacetyl chloride in dichlo-
romethane solution at 0–5 °C. 
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Povzetek
S pomočjo cikloadicijske reakcije iminov 1a–c in kloroacetil klorida v suhem diklorometanu pri 0–5 °C z dodatkom tri-
etilamina smo uspešno pripravili serijo novih cis-2-azetidinonov 2a–c. S cikloadicijo Schiffovih baz na kloroacetil klorid 
so kot ustrezni glavni stereoizomeri nastali produkti cis-2-azetidinoni 2a–c. Pripravljene spojine smo karakterizirali z 
analitskim in spektroskopskimi tehnikami (infrardeča spektroskopija, 1H NMR, 13C NMR ter elementna analiza).
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Abstract
The rising prevalence and appeal of designer benzodiazepines (DBZDs) pose a significant public health concern. To 
evaluate this threat, the biological activity/potency of DBZDs was examined through in silico studies. To gain a deeper 
understanding of their pharmacology, we employed the Monte Carlo optimization conformation-independent method 
as a tool for developing QSAR models. These models were built using optimal molecular descriptors derived from both 
SMILES notation and molecular graph representations. The resulting QSAR model demonstrated robustness and a high 
degree of predictability, proving to be very reliable. The newly discovered molecular fragments used in the comput-
er-aided design of the new compounds were believed to have caused the increase and decrease of the studied activity. 
Molecular docking studies were used to make the final assessment of the designed inhibitors and excellent correlation 
with the results of QSAR modeling was observed. This discovery paves the way for the swift prediction of binding activity 
for emerging benzodiazepines, offering a faster and more cost-effective alternative to traditional in vitro/in vivo analyses. 

Keywords: Benzodiazepines; QSAR; Monte Carlo optimization; New psychoactive substances; GABAA receptor

1. Introduction
Everyday prescriptions involve benzodiazepines, as 

well as their derivatives, in the form of anxiolytic, anti-in-
somnia and anti-convulsant drugs for the purpose of tack-
ling a multitude of medical conditions by acting on the 
gamma-aminobutyric acid type A (GABAA) receptor.1 
Gamma-aminobutyric acid (GABA) is the endogenous 
neurotransmitter for the GABAA receptor and its binding 
reduces cell excitability.2 Much lower cellular excitability is 
effected by benzodiazepines that potentiates GABAA re-
ceptor’s response to GABA. In physiological terms, this 
leads to relaxation and sedation.1 In such instances, the 
medical benefit of benzodiazepines is visible, since their 
anxiolytic effects lessen agitation and stress in patients. 
Nevertheless, owing to the psychoactive effects of the 
mentioned, there is a long abuse history of benzodiaze-

pines, and they are frequently illegally secured.1–5 Recent-
ly, the black market has had a steady supply of benzodiaz-
epines. They are either licensed as prescription drugs in 
countries which are not their original home country, or are 
newly-synthesized and they are called ‘new psychoactive 
substances’ (NPS).6–9 Most of the benzodiazepines that 
have appeared in this manner have not been subjected to 
regular pharmaceutical trials. For this reason, their effects 
can vary greatly and their activity may prove to be ex-
tremely hazardous.10 Even though the use of benzodiaze-
pines is quite safe if they are taken as prescribed, simulta-
neous use of benzodiazepines and opioids (whether abused 
or prescribed) can cause respiratory depression and even 
lead to death.11,12 Numerous side effects may occur if ben-
zodiazepines are not carefully monitored and if they are 
not prescribed. Such side-effects include dependency and 
tolerance in the event that the medication is taken long-

mailto:aveselinovic@medfak.ni.ac.rs


635Acta Chim. Slov. 2023, 70, 634–641

Antovićet al.:   Development of QSAR Model Based on Monte Carlo   ...

term. Furthermore, sudden withdrawal can lead to medi-
cal problems, such as insomnia and anxiety.13,14 A certain 
number of overdose cases, driving under the influence of 
drugs (DUID) and hospital admissions have already been 
reported with regard to the use of NPS benzodiaze-
pines.15–17 One of the most prominent issues is that illegal 
benzodiazepines are not controlled at all and represent a 
safety hazard. In addition, in the event that the trend of 
their abuse gets increasingly big, the situation might be 
even more worrying.

Benzodiazepines represent a diverse group of psy-
choactive compounds whose central structural compo-
nent consists of a diazepine ring and a benzene ring. There 
is a multitude of derivatives, including imidazo-benzodi-
azepines, thienotriazolobenzodiazepines and triazoloben-
zodiazepines. Correlating molecular structure to biologi-
cal activity is attempted through the use of the quantitative 
structure-activity relationship (QSAR), frequently with 
the use of a various molecular descriptors, such as elec-
tronic, topological, physiochemical and steric properties.18 
Commonly, a set of compounds with a known biological 
activity is used for the purpose of attaining a ‘training’ da-
taset and creating a model. Afterwards, the model may be 
utilized for predicting the unknown biological activity 
possessed by compounds having a similar structure or for 
exploring the key structural features for the relevant bio-
logical activity in question. There have been numerous 
reasons for the use of QSAR, such as the pharmacological 
interpretation of drug-related deaths and developing com-
pounds in the pharmaceutical industry.19–21 Over the re-
cent years, an approach in which the studied activity is 
treated as a random event has showed promise in QSAR 
modeling: the Monte Carlo optimization method. The 
mentioned method relies on the approach which is of con-
formation-independent nature, where the optimal de-
scriptors are based on topological molecular features and 
the molecules in the Simplified Molecular Input Line En-
try System (SMILES) notation.22–24 The simplicity and ef-
ficiency of the method described are the primary advan-
tages over more commonly used methods. What is more, 
molecular fragments (calculated as SMILES notation de-
scriptors) with an impact on studied activity and which 
can be associated with the studied compounds’ chemical 
structures can also be determined with the use of this 
method. When it comes to the applications with regard to 
new psychoactive substances, the application of QSAR’s 
predictive power has mainly been aimed at cannabinoid 
binding to CB1 and CB2 receptors.25–27 However, its use 
has also been to examine the biological activity of hallu-
cinogenic phenylalkylamines, as well as the binding of 
tryptamines, phenylalkylamines and LSD to the 5-HT2A 
receptor and the selectivity of methcathinone for norepi-
nephrine (NAT), dopamine (DAT) and serotonin trans-
porters (SERT).28–30 At present, a great many novel benzo-
diazepines have not been analyzed, and their 
physicochemical and biological properties have not been 

determined, since this would entail making a considerable 
investment, both in terms of money and time. This is pre-
cisely why a quick and economical method is desirable for 
predicting their properties.

Predicting the absorption rate, clearance, bioavaila-
bility, half-life and distribution volume for a group of ben-
zodiazepines has previously been the application of QSAR 
to benzodiazepines. This study included phenazepam, a 
benzodiazepine which appeared as an NPS in 2007.31,32 
Over the years, after the publication of this study, other 
benzodiazepines (such as etizolam) appeared solely as new 
psychoactive substances. Also, QSAR methodology has 
been applied for the purpose of modeling the post-mor-
tem redistribution of benzodiazepines, in which case a 
good model was obtained (R2 = 0.98), where energy, ioni-
zation and molecular size were discovered to have a signifi-
cant impact.33 In an attempt to predict how toxic these 
compounds are, the toxicity of benzodiazepines to their 
structure has been correlated with the use of quantitative 
structure-toxicity relationships (QSTR).34 In recent years, 
a study concluded that identifying the structural frag-
ments responsible for toxicity (the presence of hydrazone 
substitutions and amine, as well as saturated heterocyclic 
ring systems resulting in greater toxicity) was possible 
with the use of QSTR, and that the information could po-
tentially be used in order to create new, less toxic benzodi-
azepines for medical purposes. Correlating the benzodiaz-
epine structure to GABAA receptor binding and tearing 
apart the complex relationship between various substitu-
ents, as well as their effect on activity have been achieved 
with the use of different QSAR models, though no one has 
specifically attempted to predict the binding values for the 
benzodiazepines which represent new psychoactive sub-
stances.35,36 The main aim of this study is the development 
of QSAR models for predicting GABAA receptor binding 
of newly emerging benzodiazepines.

2. Materials and Methods
The studied activity is expressed as the logarithm of 

the reciprocal of concentration (log 1/c), with “c” repre-
senting the molar inhibitory concentration (IC50) required 
to displace 50% of [3H]-diazepam from synaptosomal 
preparations in the cerebral cortex of rats.37,38 The primary 
objective of this study is to construct a QSAR model capa-
ble of predicting the potential biological activity of new-
ly-appearing benzodiazepines. The ultimate aim is to en-
hance our comprehension of these substances and 
consequently reduce their potential harm more rapidly 
than through traditional in vitro/in vivo testing methods.

To establish relevant QSAR models, the initial step 
involved acquiring molecules from the literature sourc-
es.37,38 These molecules were subsequently rendered as 
graphical representations using ACD/ChemSketch soft-
ware v.11.0, and were then transformed into the SMILES 
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notation using the same software. The Supporting Infor-
mation section provides the chemical structures of the 
compounds utilized in QSAR modeling, along with their 
corresponding SMILES notation. The dependent variable 
used for QSAR model was the relationship between GAB-
AA receptor binding and the structure of characterized 
benzodiazepines, expressed as the logarithm of the recip-
rocal of concentration (log 1/c). The numerical values pre-
sented in Table S1 of the Supplementary material corre-
spond to these data. After completing the construction of 
the appropriate database, it was divided into two sets 
through three different main molecule random splits. The 
first set was the training set, comprising 63 compounds 
(75%), while the second set was the test set, containing 21 
compounds (25%). Subsequently, the distribution activity 
normality was assessed using the method outlined in pub-
lished literature.23,24 The CORAL (CORrelation and Logic, 
http://www.insilico.eu/coral) software was employed to 
create conformation-independent QSAR models using the 
Monte Carlo method and its algorithm, which treats the 
relevant activity as a random event. Two types of molecu-
lar descriptors, based on the SMILES notation and the mo-
lecular graph, were considered. Invariants were established 
as local graph invariants using the molecular graphs, spe-
cifically path numbers of length 2 and 3 (p2, p3), Morgan 
extended connectivity index of increasing order (EC0), the 
Code of Nearest Neighbors (NNCk) and the valence shells 
within the range of 2 and 3 (s2, s3). In recent years, the 
Simplified Molecular Input-Line Entry System (SMILES) 
notation, particularly in chemoinformatics, since the 
SMILES notation has emerged as the most convenient rep-
resentation, especially in the field of chemoinformatics. In 
the realm of medicinal chemistry this is particularly ad-
vantageous, as establishing correlations between molecu-
lar fragments and descriptors based on the molecular 
graph can be quite challenging. In the realm of QSAR 
modeling, one can establish molecular optimal descriptors 
(DCW) by utilizing the SMILES notation, and these DCW 
descriptors can be computed as a result of applying Equa-
tion 1 to the SMILES notation. 

DCW(T,Nepoch)SMILES = ΣCW(ATOMPAIR) +  
ΣCW(NOSP) + ΣCW(BOND) + ΣCW(HALO) +  (1)
ΣCW(HARD) + ΣCW(Sk) + ΣCW(SSk) + ΣCW(SSSk) 

This research employed SMILES notation-based de-
scriptors, encompassing global, local, and HARD-index 
descriptors. An essential aspect of the developed QSAR 
model is the calculation of the correlation weight (CW) for 
each optimal descriptor used, which is accomplished 
through the application of the Monte Carlo method.23,24 
This process can be accomplished by generating suitable 
random numbers and observing how the distribution of 
these numbers adheres to specific properties or criteria. In 
this procedure, CW values are assigned randomly to all the 
optimal descriptors, including both SMILES nota-

tion-based descriptors and molecular graph-based ones, 
during each independent Monte Carlo run. Subsequently, 
the Monte Carlo optimization process is employed to com-
pute the numerical data for correlation weights. These 
weights are instrumental in achieving the highest possible 
correlation coefficient between the optimal descriptors 
used and the target activity under study. The Monte Carlo 
method employs two parameters to attain this objective: 
the number of epochs (Nepoch) and the threshold (T). For 
the construction of QSAR models, a range of values was 
used, specifically 0 to 10 for T and 0 to 70 for Nepoch. The 
determination of the most effective combination of T and 
Nepoch, based on predictive performance, was conducted 
following the methodology outlined in published litera-
ture.23,24

The primary objective in any QSAR modeling pro-
cess is to create a robust model capable of accurately, con-
sistently, and objectively predicting the properties of new 
molecules. The effectiveness of the established QSAR 
models was assessed using the following methods: internal 
validation through the training set, external validation us-
ing the validation set, and data randomization through the 
Y-scrambling test. This was accomplished by utilizing var-
ious statistical parameters to assess the quality of the mod-
els. These parameters include the correlation coefficient 
(r2), cross-validated correlation coefficient (q2), mean ab-
solute error (MAE), standard error of estimation (s), root-
mean-square error (RMSE), the Fischer ratio (F), Rm2, 
and MAE-based metrics.39–43 Recently, a new criterion 
called the Index of Ideality of Correlation (IIC) has been 
introduced to evaluate the predictive potential of QSAR 
models. The IIC takes into account both the correlation 
coefficient and the distribution of data points relative to 
the diagonal line in the coordinate space of observed ver-
sus calculated values of the studied endpoint. The IIC is 
calculated using Equations 2–5 as the final estimator for 
the QSAR model's performance.44–46

 (2)

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

 (3)

 (4)

 (5)

Molegro Virtual Docker (MVD) software was used 
to perform molecular docking studies on geometrically 
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optimized ligands using MMFf94 force field. The target of 
these docking studies was the CryoEM structure of human 
full-length alpha1beta3gamma2L GABA(A)R in complex 
with diazepam (Valium) (PDB: 6HUP). MVD uses a rigid 
receptor structure and a flexible ligand structure for dock-
ing studies. It accounts for both hydrophilic and hydro-
phobic interactions, with a particular focus on van der 
Waals and steric interactions. This includes the identifica-
tion of hydrogen bonds between the amino acids in the 
studied ligands and the active site. These interactions can 
be quantified using scoring functions, which are calculated 
numerical values that correlate with relevant binding ener-
gies.47 As a general rule, for most enzymes, the stronger 
the interaction between the receptor and the ligand, the 
higher the inhibition. Therefore, the numerical values ob-
tained for scoring functions can be used to assess the po-
tential inhibitory effect of the studied ligands.24 To esti-
mate inhibitory potential, the following scoring functions 
were calculated and used: Pose energy, MolDock, and Re-
rank Score. A published methodology was used to validate 
the entire molecular docking protocol.48,49 Discovery Stu-
dio Client v20.1.0.19 was used to display two-dimensional 
representations of the interactions between the studied 
molecules and the amino acids in the dopamine transport-
er active site.

3. Results and Discussion
A pivotal aspect to consider is the applicability do-

main (AD), which is determined based on the criteria 
mentioned.50,51 To establish the AD, we applied the meth-

odology outlined in published literature and found that all 
the molecules encompassed by this study fell within the 
defined AD range, with no outliers detected.23 Table S2 
displays the values of statistical metrics used by the au-
thors to assess the quality of the developed QSAR models 
for the studied activity. The results suggest that the method 
employed was effective in creating a QSAR model with 
strong reproducibility, as confirmed by the concordance 
correlation coefficient. The predictability of the established 
QSAR model was subsequently assessed using the values 
provided in Table S2, confirming the model's validity. Ad-
ditionally, the model's validity was affirmed through the 
utilization of MAE-based metrics. The ultimate assess-
ment of the developed QSAR models was carried out for 
both the test set and the training set, utilizing the Ideality 
of Correlation Index. The resulting values indicate that the 
developed QSAR models exhibit a strong predictive capa-
bility. Figure 1 displays the graphical representation of the 
best-developed QSAR model, which achieved the highest 
r2 value across all three splits and was determined through 
the best Monte Carlo optimization run. Furthermore, a 
Y-randomization approach was implemented, involving 
the randomization of Y values in 1000 trials and across ten 
distinct runs, to assess the robustness of the developed 
QSAR models. Additionally, a Y-randomization procedure 
was employed, involving the randomization of Y values in 
1000 trials and across ten separate runs to evaluate the ro-
bustness of the developed QSAR models. The values pro-
vided in Table S3 demonstrate that there was no chance 
correlation present in the developed models. In terms of 
the statistical results, the most favorable QSAR model was 
derived from the first split.

Figure 1. Graphical presentation of the best Monte Carlo optimization runs (the highest value for r2) for the developed QSAR models.
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Mathematical expressions for the best QSAR mod-
els, as determined by the test set r2 values across all splits, 
are provided in Equations 6–8. 

 Split 1:  log(1/c) = 2.2950(±0.024) + 
0.0484(±0.0002)×DCW(1,12)  (6)

 Split 2:  log(1/c) = 2.1642(±0.030) + 
0.0504(±0.0002)×DCW(1,20) (7)

Split 3: l og(1/c) = –1.2010(±0.048) + 
0.0700(±0.0004)×DCW(1,20)  (8)

Equations 6–8 highlight that the optimal values for T 
and Nepoch for Split 1 are 1 and 12, respectively. Similarly, 
for Split 2, the preferred values for T and Nepoch are 1 and 
20, respectively. Lastly, for Split 3, the recommended val-
ues for T and Nepoch are also 1 and 20, respectively.

The primary objective of this study is to create de-
pendable QSAR models capable of predicting the correla-
tion between GABAA receptor binding and the structure 
of characterized benzodiazepines, represented as the loga-
rithm of the reciprocal of concentration (log 1/c). The 
quality of predictability is assessed through the application 
of a range of statistical parameters. The calculations for the 
conformation-independent models, constructed based on 
the optimal descriptors derived from SMILES notation in-
variants and a local graph, were executed using the Monte 
Carlo optimization method. The utilization of various sta-
tistical techniques enabled the evaluation of the resilience 
and predictive capability of the created QSAR models. The 
strong applicability of these models is evident from the nu-
merical values employed to validate them. The molecular 
fragments employed in the QSAR modeling, categorized 
as SMILES notation fragments with either a positive or 
negative effect, were successfully identified using the Mon-
te Carlo optimization method. These findings are detailed 
in Table S4 in the Supplementary material. An illustration 

of the calculation for both the summarized correlation 
weight (DCW) and the studied activity (pIC50) of a mole-
cule is provided in Table S5. For ease of interpretation, the 
molecular graph-based descriptors were excluded. Addi-
tionally, a graphical representation of the chosen molecu-
lar fragments is depicted in Figure 2. 

Based on the results obtained from the QSAR mode-
ling studies, the molecular fragments that exert an influ-
ence on the studied activity are: “O...........” and “O...-.......” 
– both a regular oxygen atom and an oxygen atom carry-
ing a negative charge positively influence the studied activ-
ity. Moreover, fragments associated with a negative charge 
also contribute significantly to this impact, “-...........”, also 
has positive impact on studied activity; “=...........”, 
“O...=.......” – the presence of a double bond, as well as a 
double bond on an oxygen atom, both exert a positive im-
pact on the studied activity, but fragment “N...=.......” asso-
ciated to double bond on nitrogen atom has negative im-
pact on the studied activity; While a regular nitrogen atom 
associated with the “N...........” fragment has negative im-
pact but nitrogen with positive charge, “N...+.......” frag-
ment, a nitrogen atom with a positive charge exerts a pos-
itive influence on the studied activity – “+...........”; 
Molecular branching in the form of a simple molecular 
feature associated with the molecular fragment "(............" 
and molecular branching on a nitrogen atom, "N...(.......," 
both have a negative impact. However, molecular branch-
ing on a carbon atom, "C...(.......", has a positive impact on 
the studied activity; Furthermore, additional molecular 
branching on a carbon atom, defined as "(...C...(..." and 
"C...(...(...," has a positive impact. Likewise, a regular car-
bon atom or a methyl group, defined as "C...........", and two 
carbon atoms or an ethyl group, defined as "C...C.......", also 
have a positive impact on the studied activity; conversely, a 
single aromatic carbon atom, defined by the molecular 
fragment "c...........", negatively affects the activity. Howev-
er, the presence of two or three connected aromatic carbon 
atoms, defined by the molecular fragments "c...c......." and 
"c...c...c...", positively influences the studied activity. 

Obtained molecular fragment were further used for 
the Computer-Aided Design (CAD) of higher/lower activ-
ity compounds and summarized results are presented in 
Figure 3, where conformational-independent results in the 
CAD process generated the design of six novel potential 
inhibitors (structures presented in Figure 3). CAD process 
started with addition of methy group in ortho and para 
position which yield molecules A1 and A2, both having 
additional molecular fragment “C............”, SMILES nota-
tion descriptor, in comparison to molecule A. Additional-
ly, molecules A1 and A2 have molecular branching on 
benzene ring with carbon atom involved, in comparison to 
molecule A, defined with molecular fragments – “c...(.......”, 
"C...(.......", “c...c...(...”, “c...C.......” and “c...C...(...”. These frag-
ments have positive impact on studied activity so calculat-
ed values for pIC50 for molecules A1 and A2 were 7.4308 
and 7.5591, respectively, both higher in comparison to Figure 2. Contribution of Molecular Fragments to Benzodiazepines 

Binding Activity (Green – Increase, Red – Decrease).
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pIC50 for molecules A (7.2771). Molecules A3, A4, A5 and 
A6 have added hydroxyl group or chlorine atom in ortho 
and para position respectively. All molecules have added 
appropriate molecular fragments “O............”, “Cl............”, 
both with positive impact on studied activity. Like mole-
cules A1 and A2, molecules A3, A4, A5 and A6 have mo-
lecular branching on benzene ring defined with “c...(.......”. 
Addition of above stated fragments yield to the increase of 
calculated pIC50 for molecules A3, A4, A5 and A6 in com-
parison to molecule A.

Figure 3. Chemical structures of designed molecules.

Computational studies were performed using molec-
ular docking to evaluate the binding affinities of all de-
signed molecules and the template molecule A to the GAB-
AA. This was done to assess the predictive power of the 
developed QSAR models and to further validate them. Ta-
ble 1 summarizes the calculated scoring functions for all 
molecules. Various scoring functions can be used to repre-
sent different ligand-amino acid interactions. Therefore, 
when assessing inhibitory potency, all scoring functions 
must be considered. The results from the MolDock and Re-
Rank scoring functions show that all designed molecules 
have the potential to be more active than the template mol-
ecule A, with molecule A6 having the highest predicted ac-
tivity. The energy scoring function results show that all de-
signed molecules have higher interaction energies with the 
amino acids than molecule A, with molecule A6 also hav-

ing the highest energy. Overall, the results from the molec-
ular docking studies, as represented by the scoring function 
values, correlate well with the QSAR modeling results. The 
Supplementary Information figures show all the interac-
tions between the amino acids of the GABAA active site and 
the selected molecules. They also depict hydrogen bonds 
and hydrophilic and hydrophobic interactions within the 
binding pocket in two dimensions. Figure 3 shows the 
best-predicted poses of all the designed molecules within 
the active site of the GABAA.

Figure 4. The best calculated poses for all the designed molecules 
within the active site of GABAA.

4. Conclusion
The effectiveness of the QSAR methodology, which 

relies on the Monte Carlo optimization in conjunction 
with molecular graph and SMILES notation descriptors, 
has been showcased in this study. It has proven to be a val-
uable approach for establishing the relationship between 
GABAA receptor binding and the structural characteristics 
of characterized benzodiazepines. To construct the con-
formation-independent QSAR models presented here, 
easily interpretable descriptors with a mechanistic inter-
pretation were employed successfully. Additionally, this 
methodology has efficiently identified molecular frag-
ments, characterized as SMILES notation fragments in 
QSAR modeling, that exhibit both positive and negative 
effects on the studied activity. Subsequently, the developed 

Table 1. The list of all the designed molecules with their SMILES notation, calculated activities and score values (kcal/mol) for all computer-aided 
designed compounds

Molecule SMILES notation pIC50 (calc.) Energy MolDock Score Rerank Score

A0 CCc1ccc2c(c1)C(=NCC(=O)N2)c1ccccc1 7.2771 –96.9452 –93.7531 –69.8862
A1 CCc1ccc2c(c1)C(=NCC(=O)N2)c1ccc(cc1)C 7.4308 –97.3104 –95.8847 –71.252
A2 CCc1ccc2c(c1)C(=NCC(=O)N2)c1cccc(c1)C 7.5591 –97.6046 –97.0659 –72.638
A3 CCc1ccc2c(c1)C(=NCC(=O)N2)c1ccc(cc1)O 7.5996 –97.3448 –95.7188 –71.8375
A4 CCc1ccc2c(c1)C(=NCC(=O)N2)c1cccc(c1)O 7.7038 –98.5056 –99.387 –62.6546
A5 CCc1ccc2c(c1)C(=NCC(=O)N2)c1ccc(cc1)Cl 8.0723 –97.1929 –95.606 –71.5423
A6 CCc1ccc2c(c1)C(=NCC(=O)N2)c1cccc(c1)Cl 8.3195 –100.576 –96.6462 –75.8107
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QSAR models were used to design new compounds with 
higher pIC50 values. Molecular docking studies were then 
performed to validate the QSAR models and assess the po-
tential activity of the designed molecules. A good correla-
tion was observed between the calculated pIC50 values 
from the QSAR models and the calculated binding ener-
gies from the molecular docking studies. Notably, this ap-
proach facilitates a swift overview of the dataset without 
the need for complex calculations of molecular conforma-
tions. Consequently, it holds promise for future applica-
tions in rapidly and accurately assessing the relationship 
between GABAA receptor binding and the structure of 
novel benzodiazepines.
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Povzetek
Naraščajoča razširjenost in uporaba benzodiazepinov na črnem trgu predstavlja pomembno javnozdravstveno skrb. V 
tem delu uporabljamo in silico tehnike, s katereimi ocenjujemo biološko aktivnost takšnih benzodiazepinov. Da bi po-
globili razumevanje njihove farmakologije, smo uporabili metodo od konformacij neodvisne Monte Carlo optimizacije 
kot orodje za razvoj modelov QSAR. Ti modeli so bili zgrajeni z uporabo optimalnih molekulskih deskriptorjev, prido-
bljenih tako iz notacije SMILES kot tudi iz molekularnih grafov. Izdelani model QSAR je pokazal robustnost in visoko 
stopnjo napovedljivosti, kar kaže na njegovo zanesljivost. Novi molekularni fragmenti, odkriti pri računalniško podpr-
tem načrtovanju novih spojin, povzročijo povečanje in zmanjšanje aktivnosti. Za končno oceno zasnovanih inhibitorjev 
smo uporabili orodja molekularnega sidranja, pri čemer smo opazili odlično ujemanje z rezultati modeliranja QSAR. 
Študija odpira pot hitremu napovedovanju vezavne aktivnosti za nove benzodiazepine ter ponuja hitrejšo in stroškovno 
učinkovito alternativo tradicionalnim analizam in vitro/in vivo.
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Abstract
It is well known that the guanidinium group in Arginine plays an important role in noncovalent interactions. However, 
its role is not well documented since the selection of its global minimum structure is still controversial. The main diffi-
culties on obtaining accurate results lie on: neutral Arginine can occur in 3 forms, two of which are canonical and one 
is zwitterion; each form has degenerate enantiomers D- and L-; its numerous degrees of freedom make it challenging to 
perform a thorough study; the short-range interactions require higher levels of theory to correctly describe them. Thus, 
we have performed a meticulous global minimum search. We performed optimizations of the systems at the PBE0 /
Def2TZVP level of theory and single point calculations at the DLPNO-CCSD(T)/Def2TZVP level with zero-point cor-
rections at PBE0 /Def2TZVP. We also analyzed Thermal Populations and IR Spectra of the systems to fully understand 
Arginine’s behavior. The results show the energy minima structures strongly rely on its internal nitrogen-rich groups.

Keywords: Arginine, canonical forms, zwitterion, theoretical study

1. Introduction
L-amino acids are naturally occurring molecules 

that are essential in several biofunctions1–4. D-amino acids 
are also important in biological systems such as memory 
and growth5–10. D-serine (D-Ser) is an indicator for ear-
ly-stage tumor growth. Atypical levels of D-serine can in-
duce schizophrenia, Alzheimer’s disease, amyotropic later-
al sclerosis11,12; low levels of D-aspartic acid (D-Asp) can 
lead to sexual disfunction13; D-arginine (D-Arg) has a 
high toxicity for bacteria14–16. Unfortunately, the under-
standing of D-amino acids is still incomplete due to tech-
nical limitations for their detection17

Amino acids exist as zwitterions in aqueous solution 
at a specific pH window18–22. The structure of amino acids 
is specially sensitive to protic solvents23–26 since they re-
lease H+ in the solution, forming hydrogen-bonded net-
works with them. In the absence of solvent, it has been re-
ported experimentally that not all amino acids exist as 
zwitterions27–30. In the case of Arg in aqueous solution, the 
formation of zwitterions is led by a protonation of the gua-
nidine side chain31. Similarly, in the gas phase, the guani-
dine side chain acts as a competitive site of protonation 
compared to the carboxylate group32. Whether or not the 
most stable structure in the gas phase is a zwitterion is still 
under debate28, 31–36. Its extremely basic guanidine side 
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chain makes arginine perhaps one of the common natural-
ly occurring amino acid most likely to form a stable zwit-
terion25. Arg can form stable charged aggregates intermo-
lecularly bound by salt bridges29,37–39. In addition, several 
studies have shown that zwitterionic states can be induced 
through different mechanisms such as: adding diffuse 
proximal charges40–45, electrons46, noncovalent cluster-
ing29,39 or a few solvent molecules47–49. 

The determination of the dominant tautomeric form 
of neutral Arg in the gas phase has been studied experi-
mentally32,35,29,39–42. According to the work of Price and 
coworkers, protonated dimers of arginine are bound in a 
salt bridge32. Their study at BLYP/6-31G* and MP2/6-
31G* levels of theory implied that the global minimum of 
arginine is a zwitterion lower by 1 kcal/mol than the lowest 
canonical tautomer. Anyhow, Maksic and Kovacevic per-
formed MP2 and density functional theory (DFT) calcula-
tions50, where they reported that the most stable structure 
was canonical with a energy difference between the lowest 
zwitterion and canonical structures within 1-3 kcal/mol 
depending on the level of theory. Skurski and coworkers 
have extended this work at CCSD/6-31++G(d,p)+5(sp)//
MP2/6-31++G(d,p)+5(sp) levels of theory36 and found the 
canonical form to be 2.8 kcal/mol lower in energy than the 
lowest zwitterion. This group performed a more extensive 
global minimum search at CCSD/6-31++G** level of the-
ory, obtaining the minimum canonical structure was 3.2 
kcal/mol lower than the lowest zwitterion. Ling and cow-
orkers have similar results at CCSD/6-31++G(d,p) level of 
theory, where the most stable canonical conformer is 3.4 
kcal/mol lower than the lowest zwitterion51. 

A conformational search for arginine is the most 
challenging of the 20 amino acids due to its great number 
of degrees of freedom28,33. Arginine has two kinds of pro-
ton donor groups (OH and NH), six proton acceptor sites 
(N’s and O’s) and six/seven (depending on the tautomer) 
bonds that can be rotated. Thus, a meticulous conforma-
tional search is required. If not done carefully, it could lead 
to mistaking local with global minima. Several conforma-
tional searches on arginine have been performed in the gas 
phase31, 35, 36, 50–53. Theoretical studies in the presence of 
water have also been conducted24,54–58. Gu et al. performed 
a theoretical study on the thermal dissociation of singly 
protonated Arginine59. They reported that backbone dis-
sociations and side-chain fragmentations compete during 
dissociation. The guanidine loss occurred as a conse-
quence of the side-chain dissociation; while CO and H2O 
loss were part of the backbone breakage. The effect of tem-
perature on neutral Arg has been taken into account in the 
past. However, only a few representative temperatures 
have been reported51. 

In this paper, we performed a thorough energy min-
ima search for both D- and L- enantiomers, which has 
only been done to the best of our knowledge for L-arginine 
in the gas phase36,51. Before the study of the solvation of 
arginine, it is of primordial importance to understand its 

electronic interactions in the gas phase and use them as a 
reference point for further investigations. The results could 
help predict its behavior upon solvation in different media. 
This search was performed at DLPNO-CCSD(T)/
Def2-TZVP level of energy. This wider basis set is a correc-
tion to those used in previous papers36,51 to take into ac-
count the dispersion forces involved in these systems more 
accurately. 

Fig. 1. Structures of canonical 1 (C1), 2 (C2) and zwitterionic argi-
nine considered in this work.

Several works have shown that energy minima struc-
tures are temperature-dependent,60–66. Thus, we per-
formed a temperature-dependent relative populations 
analysis in the range of 0–1800 K since enantioselectivity is 
a function of temperature60,67. It is our intention to eluci-
date if nitrogen-rich moieties such as the guanidinium and 
amino groups participate in minimizing the energy of Ar-
ginine structures, based on reports22,32 that have affirmed 
that the guanidine side chain is a competitive site of proto-
nation.

Photodissociation spectra for cationized Arg with 
Li+, K+, Na+ have been experimentally observed in68. In 
this work, we calculate the gas phase temperature depend-
ent Boltzmann weighted IR spectra. These two spectra are 
not comparable. To the best of our knowledge, Arginine’s 
IR spectra is not reported.

2. Theoretical Methods
2. 1 Computational Details

We employed the ensemble DFT methodology in or-
der to emulate experimental conditions69. It has been 
proven to be valid for finite temperatures70. The global 
minimum search for Arg is complicated due to the amount 
of degrees of freedom, as mentioned in the Introduction 
section. To explore the potential free energy surface, we 
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employed the kick methodology71. The global minima 
search is computationally expensive for medium to large 
systems. Especially, for Arg with several dihedral angles, 
the possible configurations rise significantly. We studied it 
at a higher level of theory than past studies31,35,36,50–53, at 
the domain based local pair natural orbital coupled cluster 
single, double and perturbative triples DLPNO-CCS-
D(T)72,73 level of theory. We employed a two-step ap-
proach. The first step was to perform a thorough explora-
tion of the potential energy surface at the PBE0 /
Def2TZVP74,75 level in conjunction with the Grimme dis-
persion correction GD376 coupled to the conformational 
search code (CSC). It generated 800 conformers with the 
random variation of dihedral angles of Arg, similarly to 
other conformational search algorithms77 applied in Py-
thon as a part of global search of the GALGOSON code60,61. 
The second step was to obtain single point calculations of 
the lowest energy systems at the DLPNO-CCSD(T)/
Def2TZVP level with zero-point corrections at the PBE0 /
Def2TZVP. The optimizations and single point calcula-
tions were all performed using the ORCA software78.

2. 1. Thermochemical Properties
We used the following equations to calculate ther-

mochemical properties. The partition function Q assum-
ing ideal gas, a particle in a box, rigid rotor harmonic os-
cillator (RRHO), and Born Oppenheimer approximation 
(BOA)79 is stated on equation (1) 

, (1)

Where qi is the degeneracy factor, kB is the Boltz-
mann factor, T is temperature and ΔEi is the total energy. It 
should be noted that in order for an accurate comparison 
between theoretical and experimental results, anhar-
monicity must be contemplated.

Employing BOA and RRHO approximations, Q can 
be expressed by equation (2)

 (2)

The equations for each component to the canonical 
ensemble are reported in80. The equations for free energy, 
entropy, enthalpy and internal energy (U) depend on the 
partition function since they can be expressed either in 
terms of it or its derivatives80–82.

2. 2. IR Spectra
The IR spectra and vibrational spectra of each isomer 

were computed employing DFT as implemented in ORCA 
code78 under the harmonic approximation. Anharmonic ef-
fects are not considered. We scaled harmonic frequencies by 
a factor of 0.97 and convoluted with a Gaussian line shape of 
20 cm–1 full width at half maximum (FWHM). 

At thermal equilibrium all arginine-rotamers are 
populated according to the Boltzmann distribution. Con-
sequently, the observed properties in a molecule are statis-
tical Boltzmann-averages over the ensemble of geometri-
cal conformations. We employed the thermal population 
to compute the IR spectra of arginine at temperature T, we 
weighted the IR spectrum of each isomer according to the 
thermal populations and summed them up.

3. Results and DiscUSSION
3. 1. Energy Minima Structures

Qualitatively, the energy values of all reported geom-
etries at PBE0/def2-TZVP and DLPNO-CCSD(T)/
def2-TZVP levels showed the same trend. It is interesting 
to note that C2 D- geometries where not obtained on pre-
vious theoretical studies and therefore we only compare 
L- geometries. Our results listed in Table 1, confirm L- and 
D- Arg structures’ degeneracy.

Fig. 2 shows the lowest energy structures of arginine 
for D- and L- enantiomers of C1, C2 and Z at 0K. The glob-
al energy minima structures are D- and L- C2. Referenc-
es36,51 have a very similar L- C2 structure (named C3 and 
C4 in their papers, respectively) with mild differences. The 
main hydrogen (H-) bonds are a) between N2 and HO1 
and b) two H-bonds form between O2 and the amino 
group N1H2. 

Structures 3 and 4 are only at 0.07 kcal/mol higher 
than geometries 1 and 2. Most noncovalent interactions in 
arginine are due to the guanidinium group, as Schug and 
Linder wrote on their Review8386. This has incredible vari-
ations on entropy and thus on thermal percent shares, 
which will be discussed further on.

Table 1. Relative energies in kcal mol–1. DLPNO-CCSD(T) and 
PBE0 with zero-point energy correction at 0K for structures 1–12.

Arg CCSD(T) PBE0

1 0.00 0.00
2 0.00 0.00
3 0.07 0.02
4 0.07 0.02
5 1.47 1.07
6 1.47 1.07
7 1.53 1.14
8 1.53 1.14
9 1.51 1.37
10 1.51 1.37
11 5.04 2.13
12 5.04 2.13

Structures 5 and 6, at a relative energy of 1.47 kcal/
mol, differ from the last structures mainly on the loss of a 
H-bond between O2 and N1H2. Structures 7 and 8 have a 
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relative energy of 1.53 kcal/mol. They share most H-bond 
values. Anyhow, positions of the hydrogens on both, the 
guanidinium and amino groups differ. Structures 5–7 are 
most similar to structure C5 on ref,51 There are no similar 
structures for ref.36

At a relative energy of 1.51 kcal/mol the D- and L- 
enantiomers of C1 Arg were found. These structures also 
form H-bonds similar to those of Ref36. As for Ref.51, the 
most stable C1 geometry is totally different, with a relative 
energy of 0.65 kcal/mol.

At 5.038 kcal/mol, we found the first zwitterionic ar-
ginine enantiomers. The DFT relative energy for the zwit-
terionic enantiomers was of 2.13 kcal/mol. This notable 
difference can be accounted for the importance of the 
methodology used on systems with short-range interac-
tions. The results of36,51 show that the first zwitterion was 
3.2 and 3.4 kcal/mol away from the most stable canonical 

structure, respectively. The wider basis set we used 
(def2-TZVP) models dispersion forces better, which in-
crease on zwitterionic structures. The most stable zwitteri-
on at 0K we found shows half structure facing toward the 
other half, which increases the van der Waals interactions 
and even adds a H-bond between N1 and N4H of 1.94 Å 
(1.96 Å for Ref51) in addition to a H-bond between O2 and 
N3Hthe carboxylate group and the guanidinium group of 
1.50 Å (1.59 Å for Ref51). The first zwitterion found on 
Ref36 does form this last H-bond at 1.64 Å, yet the amino 
group lies far apart from the guanidinium group and does 
not form a H-bond. 

3. 1. Thermal Populations
At 0K, thermal populations of C2-Arg structures 1 

and 2 are immensely different from those of 3 and 4. It is 

Fig. 2. Selected geometrical parameters in Å for geometries 1–12, where C1, C2 and Z stand for canonical 1, 2 or zwitterion, respectively according 
to Fig. 1. L or D stand for Levorotatory or Dextrorotatory enantiomers, respectively.



646 Acta Chim. Slov. 2023, 70, 642–650

de Leon et al.:   The Role of Nitrogen-Rich Moieties in the Selection   ...

interesting to note that the main difference between these 
pairs of structures relies on the position of hydrogen atoms 
on amino and guanidinium groups.

At low temperatures, the degrees of freedom of the 
system are minimum. However, at higher temperatures, 
kinetic energy allows movement. Thus, this implies higher 
degrees of freedom, positively influencing entropy. At 
around 335 K, which is a healthy body temperature, struc-
tures 1–4 are equiprobable.

Fig.3 depicts the importance of nitrogen-rich groups 
in arginine on thermal populations. These groups are re-
sponsible for not only the gap at 0K between structures 
1–4, but also with the rest of the geometries, which is con-
firmed by Shug and Linder’s review8386, where they state 
that the guanidinium group is accountable for most 
non-covalent interactions of arginine, as mentioned in the 
above Results and Discussion section. Structures 5–8 are 
also C2-Arg, with an important difference, the loss of a hy-
drogen bond between O2 and HN1. Structures 9 and 10 
correspond to C1-Arg, where the main difference with C2-
Arg lies on a double bond in the guanidinium group.

Fig. 3. Relative population for temperature 0–1800 K at the CCS-
D(T)/Def2-TZVP.

Geometries 11 and 12 pertain to Z D- and L- enanti-
omers. By around 750 K, their curve has crossed those of 
structures 5–10 and by around 1100 K, their thermal pop-
ulation is the highest. At higher temperatures, increased 
kinetic energy could contribute to the migration of a hy-
drogen from the carboxyl group to the guanidinium one. 

3. 2. IR Spectra
A direct comparison between experimental IR data 

and IR spectra is not possible since in most DFT calcula-
tions the temperature is not considered. Differences be-
tween experimental and calculated IR spectra can be due 
mainly to finite temperature, anharmonic effects and the 
fact that IR experiments are essential of multi-photon na-
ture, whereas IR spectra calculations assume single-pho-
ton processes and DFT calculations are at O K.

According to our DFT calclulations, only few low en-
ergy structures on the free energy surface strongly domi-
nate the thermal population in temperature range 0 to 900 
K and are responsible for the observed IR in Arg. This is 
displayed in Fig. 3.

Fig. 4 displays the Boltzmann spectrum for Arg. In it 
there are two main peaks. The first one is located at 1700 
cm–1 that pertains to the carbonyl-bending of the carbox-
ylate group. The second peak at 491 cm–1 represents the 
bending of the hydrogens attached to N3 and N4. 

In Fig.4a we show the IR spectrum of the lowest en-
ergy structure of arginine. D-enantiomers at room tem-
perature have a contribution of 21%. We underline the 
lowest energy conformers of arginine are enantiomers. 
Fig. 4b portrays the IR spectrum of the lowest energy 
enantiomers-L. Their contribution to total IR spectrum is 
similar, with a value of 20.7%. In Fig. 4c,d we show the 
spectrum of the lowest Arg-enantiomers configurations 
with just an H with a different orientation in the amine 
group. Energetically, the isomers located at the same ther-
mal point, but at cold temperature, below 335 K, have a 
different probability. In summary, the IR spectrum and all 
molecular properties are strongly dominated by those four 
structures through the entire temperature range of 20 to 
900 K. 

4. Conclusion
According to our studies, more than 89% of Arg oc-

currence is attributed to C2. D- and L- enantiomers 
showed to be equally likely in all the range of tempera-
tures. At 0K, structures 1 and 2 are global energy minima. 
The difference with structures 3 and 4 lies only in the ori-
entation of hydrogen atoms bonded to N-rich groups 
such as the amino and guanidinium groups. As tempera-
ture rises, at around 335 K, structures 1–4 are equiproba-
ble. This could be explained by the fact that as tempera-
ture increases, so does kinetic energy, enabling the 
movement from one configuration to another. Structures 
5–8 have only form 1 hydrogen bond O2-HN1, whereas 
for structures 1–4, they form 2 hydrogen bonds between 
these moieties. The first zwitterion appeared at 5.04 kcal/
mol higher in energy than the global energy minimum C2 
structure. The relative energy at which the first zwitterion 
appears has been a very controversial subject. We report-
ed energies at the DLPNO-CCSD(T)/Def2TZVP and the 
PBE0/Def2TZVP level. The greatest difference in them 
was with the zwitterion, where the predicted energy was 
of 2.13 kcal/mol. This is more than twice the energy dif-
ference. Zwitterions should be studied at a high theory 
level, since short range interaction such as dispersion 
forces play a strong role in their interactions. This could 
be the reason why previous works36,50,51 differ so much 
on how far from the most stable canonical structure are 
they.
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Povzetek
Dobro je znano, da ima gvanidinska skupina v argininu pomembno vlogo pri nekovalentnih interakcijah. Kljub temu 
njena vloga ni dobro dokumentirana, saj je določitev strukture v globalnem minimumu energije težka in nezanesljiva. 
Glavna težava pri pridobivanju natančnih rezultatov je v tem, da lahko nevtralni arginin obstaja v treh oblikah; vsaka 
oblika ima degenerirani enantiomeri D- in L-. Številne prostostne stopnje arginina otežujejo temeljito študijo; za pravil-
no opisovanje kratkosežnih interakcij je potrebno uporabiti visoko raven teorije. Zato smo izvedli natančno iskanje 
globalnega minimuma. Opravili smo optimizacije sistemov na nivoju PBE0/Def2TZVP, ki jim je sledil izračun energi-
je na nivoju DLPNO-CCSD(T)/Def2TZVP s popravki ničelnega vibracijskega nivoja, izračunanimi po metodi PBE0/
Def2TZVP. Prav tako smo analizirali termične populacije vibracijskih stanj in infrardeče spektre sistemov, da bi podrob-
neje razumeli lastnosti molekule arginina. Rezultati kažejo, da so strukture energijskih minimumov močno odvisne od 
položaja z dušikom bogatih funkcionalnih skupin arginina.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License
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Abstract
Liver cancer continues to pose a formidable global health challenge, with its incidence on the rise across the world. 
Predictions suggest that by 2040, the toll of individuals affected by liver cancer will surpass one million. Consequently, 
numerous researchers have been motivated to improve therapies and develop new medications with minimal side effects 
on human health. Plant-derived natural products have offered a variety of pharmacological chemical structures and 
biologically active substances, which exhibit cytotoxic effects on tumor cells. The current study investigates the poten-
tial anti-cancer properties of Fallopia baldschuanica flower extract against thioacetamide (TAA) induced cancer. This 
study pinpointed specific amino acids in the raw extract, with methionine registering the highest percentage, trailed by 
cysteine, valine, threonine, tyrosine, isoleucine, and lysine. Amino acids have vital activities in various aspects of human 
health and the condition of diseases. The aim of this study is to evaluate the potential impact of Fallopia baldschuan-
ica flower extract on the regression of the experimentally induced HCC in rats. These assessments were conducted 
through the measurement of liver function, involving aspartate aminotransferase, alanine transaminase, and alkaline 
phosphatase. Moreover, antioxidant enzyme and tumor marker assays were utilized and the histopathological examina-
tion to support the findings.

Keywords: Thioacetamide (TAA); Fallopian baldschuanica flower; Mitomycin C; Antioxidant; Anticancer.

1. Introduction
Cancer continues to pose a substantial global health 

challenge, affecting millions of individuals, with a mortal-
ity rate expected to reach approximately 1.4 million by the 
year 2040.1 Worldwide, there were approximately 19.3 mil-
lion new cases of cancer in 2020, with a projected rise to 
28.4 million by 2040.2,3 Various external factors, including 
smoking, pollution, UV radiation, and chemicals, signif-
icantly contribute to this estimate. Additionally, internal 
factors encompass immunological disorders, genetic mu-
tations, hormones, and alterations occurring during the 
body's metabolic processes.4

The liver is essential for synthesis of bile acids, me-
tabolization of fat, and detoxification.5 However, the rising 
tide of metabolic disorders, including metabolic syndrome, 
diabetes, obesity, and NAFLD, these expected to make in-

dividuals more susceptible to hepatocellular carcinoma 
(HCC).6,7 Accumulation of fats in the liver is associated 
with NASH characterized by inflammatory reaction and 
cellular death, also referred to as NAFLD.8 Conventional 
management techniques involving either surgical resec-
tion and chemotherapy or liver transplantation have ex-
hibited satisfactory results. Nevertheless, minimizing their 
side effects would significantly enhance their effectiveness. 
The above problems underscore the need for other meth-
ods that will give secure and more suitable medicines for 
liver tumor patients.9

Oxidative stress takes center stage as a significant 
mechanism for cancer development. This phenomenon 
unfolds within an environment where the heightened pro-
duction of Reactive Oxygen Species (ROS) surpasses the 
cellular antioxidant defense, creating a pivotal imbalance 
that contributes to the intricate tapestry of cancer pro-
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gression. This oxidative onslaught triggers the oxidation of 
crucial biomolecules–DNA, proteins, and lipid peroxida-
tion. These oxidative events, fueled by ROS, form a fun-
damental nexus in the intricate web of cancer formation. 
ROS was believed to have played an essential role in cancer 
progression hence the need for novel therapies, and new 
therapeutic targets.10

Carcinogenesis, the intricate process of cancer de-
velopment, hinges on a diverse array of natural chemicals 
sourced from plants. This has spurred extensive research 
into the potential anti-cancer properties of these natural 
products, positioning plant extracts as indispensable re-
sources for potential cancer chemotherapeutics. In various 
drug development programs, extracts from plants emerge 
as critical suppliers, contributing to the expansive arsenal 
of potential anti-cancer agents.11 Several plants carry bi-
oactive compounds like alkaloids, flavonoids, terpenoids, 
and phenolics that possess cytotoxic features towards 
cancer cells.12 However, structurally related analogs of 
those natural substances were developed with different 
pharmaceutical agents expanding, strengthening the anti-
cancer arsenal.13 Remarkably, over 70 percent of current 
anticancer drugs trace their origins to natural resources 
or their derivatives.14 This reliance on nature's diversity 
underscores its significance as a template for discovering 
novel molecular scaffolds, paving the way for innovative 
approaches in the ongoing battle against cancer.15

Asian Fallopia baldschuanica is an herbaceous per-
ennial plant known for its highly competitive and invasive 
nature within the Polygonaceae family.16 Studies have re-
vealed its phytochemical composition, highlighting the 
substantial presence of various compounds, including: an-
thraquinones (emodin, citreorosein, fallacinol, physcion, 
and others), flavonoids (rutin, apigenin, quercetin, quer-
citrin, isoquercitrin, hyperoside, Stilbenes resveratrol and 
polydatin, coumarins, lignins with essential oil and a host 
of compounds.17,18 The key bioactive compounds can be 
also found in Fallopia plant parts like the stem, leaf, flow-
er, and roots.19 Extracts obtained from different parts of 
Fallopia species such as roots, rhizome, stems, leaves, and 
flowers possess promising medicinal properties including 
antibacterial20, antioxidant21, anticancer, antiproliferative 
and apoptotic properties.22 These findings emphasize the 
capacity of Fallopia species to serve as a rich source of di-
verse natural compounds with potential therapeutic appli-
cations. For instance, a previous study illustrated that Fal-
lopia japonica extract exhibited potent inhibition of ABC 
transporters, significant inhibition of metabolic enzymes, 
and cell growth.23 As research continues, natural products 
may prove to be valuable sources of medication regarding 
those with cancer, with the ability to offer safer and more 
effective therapies.24

The aim of the present study is to evaluate the po-
tential anticancer effects of Fallopia baldschuanica flower 
extract on thioacetamide D (TAA)-induced cancer. For 
this purpose, the anticancer potential of plant extract was 

examined through biochemical studies of liver function 
tests and histological examination.

2. Experiment
2. 1. Preparation of the Plant Extracts

Asian Fallopia baldschuanica was used in this study, 
Family: Polygonaceae, Genus: Fallopia baldschuanica and 
Species: F. baldschuanica.25

Asian Fallopia baldschuanica flower (100 g) was tak-
en and homogenized after mixing with distilled water (1:5) 
weight: volume and then the crude extract was prepared.26

2. 2. Experimental Design
In the present study, male rats (Wister) weighing 

between 200 and 250 gm of body weight were involved 
in this study. For the experiments on rats, the study re-
ceived approval from the University of Mosul College of 
Veterinary Medicine/ Institutional Animal Care and Use 
Committee, under reference number UM.VET.2023.029. 
This rigorous ethical oversight ensures the humane and 
responsible treatment of the animal subjects involved in 
the research, upholding the principles of ethical conduct 
in scientific investigations. To ensure methodological pre-
cision and mitigate potential complications, a deliberate 
decision was made to exclude the influence of the female 
rat estrus cycle, which could introduce variability in the 
results. 36 rats were involved in the study, which was divid-
ed into 6 groups with 6 animals in each group. All groups 
were treated as the following:

Group 1: Control group (Normal). These rats were 
given a regular diet with distilled water for 48 days.

Group 2: a group that received 23 days of treatment 
with flower plant extract.

Group 3: a group that received a daily LD50 dose of 
100 mg/kg of TAA for 5 days. The 50% Lethal Dose (LD50) 
was determined using the methodology outlined in the 
study conducted by Enegide et al.27 The specific concentra-
tion of TAA was diluted (200, 175, 150, 125, 100, 75, and 
50 mg/kg), ten male rats for each concentration. The LD50 
value, a critical measure of lethal dose, is typically derived 
using a straightforward formula:

LD50=[M0+M1]/2, where M0 represents the highest 
administered dose with no mortality, while M1 signifies 
the lowest dose at which mortality is observed.

Group 4: a group that received daily doses of TAA 
for five days and then treated with flower plant extract for 
a period of 23 days.

Group 5: a group that received daily doses of TAA 
for five days and then treated with mitomycin C (MMC) 
for a period of 23 days.

Group 6: a group that received daily doses of TAA for 
five days. After that, they were treated with a combination 
of flower plant extract and MMC for a duration of 23 days. 
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After the specified period, blood samples were collected 
from the medial canthus of the eye of male rats to conduct 
the required tests.28 Then after a period of 30 days, the 
rats were dissected to examine the extent of liver damage 
caused by TAA. Liver samples were extracted, weighed, and 
then fixed in a 10% formalin solution for further analysis.

2. 3. Histology
Liver tissue has been fixed in 10% formalin and then 

dehydrated using an ethanol gradient. Washing has been 
done with xylene and embedded in paraffin wax. The tis-
sue blocks were sectioned at a thickness of 5–6 microm-
eters, deparaffinized, and stained with hematoxylin and 
eosin to enable microscopic examination.29

2. 4. Biochemical Parameters Assay
Serum samples were analyzed for various biochem-

ical parameters, including alpha-fetoprotein AFP meas-
ured using an ELISA kit (Kamiya Biomedical),30 alkaline 
phosphatase ALP measured using an ELISA kit (Mybio-
source),31 Aspartate Transaminase (AST) measured us-
ing an ELISA kit (Mybiosource),26 alanine transaminase 
(ALT) measured using an ELISA kit (Mybiosource),32 
Malondialdehyde (MDA) levels, which were determined 
using a modified thiobarbituric acid reaction.34 The level 
of glutathione (GSH) was measured using Ellman's rea-
gent/ DTNB,34 while the total protein levels were deter-
mined using the Biuret method at 564nm.35

2. 5. Amino Acid Analyzer
Amino acids were extracted from the sample using 

the Young Lin Amino Acid Analysis System, which em-
ployed a ZORBAX Eclipse-AAA column for separation. 
The column had a dimension of 150 × 4.6 mm with a parti-
cle size of 3.5 μm. This system was available at the Ministry 
of Science and Technology/Department of Environment 
and Water Laboratories.36

2. 6. Statistical Analysis
The acquired data underwent meticulous statistical 

scrutiny employing one-way analysis of variance (ANO-
VA). To discern specific differences between the groups, 
the Duncan test was employed, providing a detailed explo-
ration of the dataset. All statistical computations were exe-
cuted with the aid of IBM SPSS Statistics 22 software. Ad-
ditionally, Graph Pad Prism v8.0 was used for graphical 
representation. The significance level for the statistical 
analysis was set at 5% (P < 0.05).

3. Results and Discussion
The liver dysfunction is a major health problem. 

The present study evaluates the potential role of Fallo-

pia baldschuanica flower extracts on thioacetamide D 
(TAA)-induced cancer in rats. TAA has been widely used 
by researchers as an experimental model to induce liver 
damage in animals. The toxicity of TAA causes oxidative 
stress leading to the production of reactive oxygen species, 
inflammation responses, and apoptosis in Hepatocytes. 
This ultimately leads to liver injury and failure. Conse-
quently, there is an elevation in serum aminotransferase 
levels, including aspartate aminotransferase and alanine 
aminotransferase (ALT).37

3. 1.  The effect of Some Enzymes on Liver 
Cancer
Liver enzymes are essential for detoxification pur-

poses yet an imbalance in their levels leads to liver dam-
age that causes initiation, progression, and spread of liver 
cancer. The most sensitive biochemical indicators used to 
diagnose hepatic impairment are serum AST, ALT, and 
ALP.38

The mean of AST, ALT, and ALP levels in serum were 
significantly (P < 0.05) higher in TAA-treated rats than 
in the control group 92.75, 61.75, 63.3 to 117.5, 155.75, 
and 153.69 respectively (Fig. 1; Table 1). There were sig-
nificantly increased concentrations of AST and ALT in 
TAA-treated male rats but given extract crude of flower 
plant when compared to the group given crude extract 
only. Abnormally high levels of these enzymes denote the 
presence of liver damage, inflammation, or tumor growth 
(1, 2). These findings are in agreement with earlier works 
that showed similarly raised levels of liver enzymes.37,39,40 

The graph depicted in Figure shows a statistically viable 
reduction (P < 0.05) of these mentioned factors for the 
male rats receiving TAA with MMC, flower plant extract, 
or MMC + flower plant extract compared to the male rats 
treated with the TAA group (Fig. 1; Table 1). These results 
are consistent with Marzouk et al. (2011) findings, which 
demonstrated decreased activities of certain enzymes 
(AST, ALT, and ALP) associated with liver damage in male 
rats treated with the hydroalcoholic extract of Cichorium 
endivia.41 This indicates the potential of the plant extract 
to alleviate liver damage in TAA-treated rats. Furthermore, 
the administration of MMC resulted in a decrease in ALT 
and ALP activities, which indicates an improvement in liv-
er function.42,43 Many studies demonstrated that certain 
plant extracts can exhibit synergistic effects when used 
in combination with conventional chemotherapy drugs, 
Consequently, their anticancer properties would take ef-
fect.44 Various plant extracts with different structures have 
demonstrated efficacy in reversing various malignancies.

According to a recent study, the combination of 
C. maritimum ethyl acetate extract and a half-dosage of 
sorafenib IC50 reduced the suppression of HCC cell lines 
(Huh7 and HepG2) growth comparably to a full dose of 
sorafenib, without causing more cell damage.45 In contrast, 
there was a significant (P < 0.05) increase in the activity of 
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AST observed in the TAA male rats group when treated 
with MMC, as depicted in Figure 1 and Table 1. The reason 
may be attributed to the rapid destruction of cancer cells 
during treatment can lead to increased AST levels due to 
the release of AST from the dying cells.

Notably, the most potent agent in inhibiting the 
growth of HCC was an ethyl acetate fraction derived from 
extracts of Brassica oleracea L. and Crithmum maritimum 
L. This mechanism resulted in the inhibition of protein 
synthesis, thereby influencing membrane biosynthesis, 
and disrupting the lipid equilibrium within HCC cells. All 
these items played a significant part in enhancing chemo-
therapy and reducing its side effects.46–49

3. 2.  The Effect of Some Biochemical 
Parameters on Liver Cancer

The findings of this study highlight a significant ele-
vation in serum AFP and MDA levels in TAA-treated male 
rats, registering at 186.19 and 6.13, respectively, compared 
to the control group, which exhibited levels of 2.11 for AFP 
and 1.65 for MDA (Fig. 1; Table 2). This notable surge in 
oxidative stress is attributed to lipid peroxidation within 
liver tissue, a consequence of TAA-induced hepatotoxicity. 

Notably, the protein content demonstrated minimal vari-
ation between TAA-treated male rats and the healthy con-
trol group. This aligns with a prior study, where no statis-
tical difference in serum total protein levels was observed 
among patients with oral cancer.50 Nevertheless, this find-
ing differs from other studies dealing with low levels of to-
tal protein in cancer.51, 52

There was a statistically significant decrease observed 
(P < 0.05) for the AFP levels among TAA-treated rats with 
flower plant extract, MMC, or MMC+flower plant extract 
compared to the TAA group (Fig. 1; Table 2). The decrease 
can be attributed to some of the components found in the 
plant flower extract, including antioxidants and essential 

amino acids that are known to enhance hepatic function-
ality and may buffer the effects of thioacetamide.53,54

The concentration of TP in the TAA-treated rats 
considerably dropped from 17.56 g/dL to 8.66 g/dL in 
comparison to the control rats treated with floral plant 
extract, as evidenced by the results in Fig. 1 and Table 2. 
This decline is a result of the body's inability to proper-
ly digest proteins because of TAA exposure, which might 
result in hypoalbuminemia. The prevailing cirrhotic state 
associated with malabsorption is known to contribute to 

Table 1: Effects sum of AST, ALT, and ALP in both normal and experimental conditions.

 Control Crude TAA TAA +  TAA + MMC TAA + MMC + 
  extract  crude extract  crude extract

AST 92.75 ± 2.50 54.25 ± 3.77* 117.50 ± 2.08* 94.25 ± 2.5 131.50 ± 7.77* 45.50 ± 7.05*
 c b d c e a
ALT 61.75 ± 8.02 59.00 ± 9.20 155.75 ± 4.35* 72.75 ± 4.57* 63.50 ± 4.80 90.50 ± 2.08*
 a a d b a c
ALP 63.30 ± 4.26 71.51 ± 8.89* 153.69 ± 3.97* 8.02 ± 0.51* 5.91 ± 0.89* 5.63 ± 1.00*
 b c d a a a

AST=aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline phosphatase; MMC= Mitomycin C
Values are given as mean± SD of 5 replicates; *P value <0.05 = significant level.
The variables a, b, c, d, and e are represented in multiple comparison settings among groups that were identified using the Duncan test.

Table 2: Effects sum of biochemical variables in both normal and experimental conditions.

 Control Crude TAA TAA +  TAA + MMC TAA + MMC + 
  extract  crude extract  crude extract

AFP ng/ml 2.11 ± 0.35 2.94 ± 0.87 186.19 ± 6.51* 144.85 ± 14.53* 33.46 ± 1.94* 69.76 ± 6.98*
 a a e d b c
T.P g/dL 9.67 ± 0.92 17.42 ± 2.24* 12.17 ± 0.24 8.66 ± 1.00 16.52 ± 1.68* 14.04 ± 3.61*
 ab e bc a de cd
GSH *10–6 µmol/L 3.35 ± 0.49 2.55 ± 0.16* 1.29 ± 0.05* 2.46 ± 0.38* 2.50 ± 0.20* 2.70 ± 0.10*
 c b a b b b
MDA * 10–5 µM/L  1.71 ± 0.04 2.38 ± 0.14* 6.60 ± 0.51* 4.83 ± 0.11* 4.93 ± 0.24* 5.81 ± 0.10*
 a b e c c d

AFP = alpha-fetoprotein; TP= total protein; GSH = glutathione; MDA= malondialdehyde.
Values are given as mean± SD of 5 replicates; *P value < 0.05 = significant level.
The variables a, b, c, d, and e are represented in multiple comparison settings among groups that were identified using the Duncan test.
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decreased albumin levels.55 In alignment with this, the 
study validates a substantial increase in total protein (TP) 
concentration in TAA-treated rats receiving injections of 

MMC, rising significantly from 12.17 g/dL to 16.52 g/dL 
compared to the TAA-only group. However, the findings 
revealed a non-significant increase in the concentration 

Fig. 1: shows the levels of (A) AST (aspartate aminotransferase); (B) 
ALT (alanine aminotransferase); (D) ALP (alkaline phosphatase); 
(E) T.P (total protein); (F) GSH (glutathione); (G) MDA (Malondi-
aldehyde) contents in control, TAA, TAA + TAA + crude extract, 
TAA + MMC, and TAA + MMC + crude extract. The number of 
rats in each group was 6. Values are given as mean ± SD; *P value < 
0.05 = significant level.
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of total protein (TP) following treatment with a combina-
tion of MMC and the flower plant extract. The exposure of 
MMC in cancer cell exposure is known to trigger the DNA 
damage response (DDR), a cellular mechanism.56 One 
protein that can be stimulated by the DDR is p53, a tran-
scription factor controlling the expression of various genes 
related to DNA repair, cell cycle, and apoptosis. Activation 
of p53, in turn, can potentially elevate the overall cellular 
protein levels, presenting a complex interplay of molecular 
events in response to the treatment.56

In contrast, the data showed a significant reduction 
in total protein (TP) activity among male rats treated with 
both TAA (thioacetamide) and the flower plant extract, as 
opposed to the TAA group. Natural products employed in 
cancer treatment can decrease the proteins associated with 
tumor growth by lowering their expression levels. This 
process leads to apoptosis and decreased tumor growth.57

According to the data shown in Fig. 1 and Table 2, 
rats treated with flower plant extract, MMC or a combi-
nation of both demonstrated reduced levels of MDA com-
pared to the group that received only TAA. Remarkably, 
TAA-treated male rats receiving the flower plant extract 
displayed significantly elevated MDA levels compared to 
the control group treated solely with the extract. MDA, a 
widely recognized biomarker of oxidative stress in cancer, 
and the observed reduction in MDA levels implies a po-
tential protective effect against the oxidative stress induced 
by TAA.

In Table 2, the data shows serum Glutathione (GSH) 
levels of the untreated control group exhibited signifi-
cantly higher GSH levels at 3.34 µmol/L compared to the 
TAA-treated male rats of 1.29 µmol/L. Interestingly, the 
GSH levels in the male rats treated with TAA and admin-
istrated with flower plant extract, as well as the control 
rats administrated with flower plant extract, showed no 

significant difference. Furthermore, the GSH data have re-
vealed a significant elevation in TAA-treated rats admin-
istered with various treatments of (MMC, MMC + flower 
plant extract, or flower plant extract) when contrasted 
with the TAA-treated male rats. GSH is one of the signif-
icant antioxidants that assumes a crucial role in shielding 
cells from the detrimental impact of free radicals. Never-
theless, flower plant extract and MMC increased the ac-
tivity of GSH indicating a positive effect against oxidative 
stress.57

3. 3.  Estimation of Amino Acids in the 
Fallopia baldschuanica Crude Extracts
The crude extracts of Fallopia baldschuanica flower 

reveal the presence of various amino acids, including glu-
tamic acid, valine, glycine, threonine, serine, isoleucine, 
and phenylalanine, that may have antioxidant properties, 
helping to eliminate harmful free radicals within the body 
(Fig. 2; Table 3). Notably, methionine constitutes a larger 
percentage of the sample, playing a pivotal role in bolster-
ing antitumor immunity by enhancing the activity of cyclic 
GMP-Amp synthases and promoting chromatin dissocia-
tion.58,59 Similarly, cysteine, another amino acid identified 
in the extract, is recognized as a tumor regression amino 
acid, that enhances chemotherapy.60

3. 4. Histological Examination
Hematoxylin and eosin (H&E) staining has been 

used to examine liver tissue under a microscope. Accord-
ing to the description provided, the control group showed 
normal architecture of the hepatic lobules. Microscopical 
examination of liver sections stained with H&E, the con-
trol group exhibited a normative architectural profile with 

Fig. 2: Amino acids identified in the crude extracts of Fallopia flower.
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a notable proliferation of Kupffer Cells, signaling the ab-
sence of any discernible pathological changes in the tissue 
(Fig. 3). The microscopic portrayal of the TAA group (100 

mg/kg of TAA over 5 days) showed intricate pathological 
alterations. Hepatocellular carcinoma, sinusoidal dilata-
tion, the penetration of mononuclear cells, degeneration 

Table 3: Percentage of amino acids present in the crude extracts of Fallopia flower.

 Reten. Time [min] Response Amount [ppm] Amount [%] Peak Type Compound Name

1 10.848 37.642 1.122 0.5 Ordnr Glutamic acid
2 11.704 207.714 2.125 1.0 Ordnr Serine
3 12.548 3251.788 0.000 0.0  
4 12.632 1853.310 20.134 9.6 Ordnr Threonine
5 13.012 7948.690 0.000 0.0  
6 13.072  12747.388 0.000 0.0  
7 13.700 2944.959 0.000 0.0  
8 13.760 1635.572 19.948 9.5 Ordnr  Tyrosine
9 15.912 3528.679 58.573 27.8 Ordnr  Cysteine
10 16.844 6577.316 j 0.000 0.0  
11 16.936 2009.170 0.000 0.0  
12 17.248 1256.845 26.694 12.7 Ordnr  Valine
13 17.616 1308.515 69.785 33.2 Ordnr  Methionine
14 18.356 132.608 6.149 2.9 Ordnr  Iso leucine
15 18.592 161.316 0.000 0.0  
16 19.068 151.532 5.862 2.8 Ordnr  Lysine
17 19.108 365.632 1 0.000 0.0  
 Total  210.392 100.0  

Fig. 3: Hematoxylin and eosin (H&E) stained section of rat liver. (1) The control 
group of histological features represented by hepatocytes (A), sinusoids (B), and 
central vein (C) in the control group. (2) Liver sections of the TAA-treated group 
showed the presence of tumors in hepatocytes (A) compared to normal hepato-
cytes (B), fibrous tissue (C) which surrounds the central vein (D), 400X. (3) Liv-
er sections from the TAA treated with flower plant extract group showed normal 
histological (A), sinusoids (B), vascular congestion (C), and infiltration of in-
flammatory cells (D). (4) The histological section of group TAA treated with 
MMC showed normal histological features represented by hepatocytes (A), si-
nusoids (B), slight congestion of blood vessels and sinusoids (C), and infiltration 
of inflammatory cells (D). (5) The histological section of group TAA-treated 
male rats with flower plant extract and MMC showed the normal histological 
features represented by the central vein (A), the sinusoids (B), and a slight 
(cloudy) vacuolar degeneration of the hepatocytes (C).
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of hepatocytes, cellular hypertrophy, and vascular conges-
tion are all included (Fig. 3). Moreover, the TAA-induced 
liver injury precipitated an increase in ROS production, 
instigating oxidative stress and damage to proteins, lipids, 
and DNA within the hepatic cellular milieu. This is con-
sistent with previous studies which indicated that the use 
of the chemical substance TAA caused liver tumors and 
infiltration of hepatocytes.61,62

The lesions were reduced in a TAA group treated 
with the flower plant extract and only a few tumor cells 
were present. These findings indicate that the plant extract 
may have anti-cancer properties that can effectively reduce 
the development of tumors in liver tissue (Fig. 3).

The histological sections of TAA group treated with 
MMC at a concentration of 75 mg/kg (which is used as 
chemotherapy) showed changes in the liver tissue, includ-
ing the appearance of some tumor cells, nucleus polymor-
phism and division, and the emergence of congestion in 
the central vein of the liver, and infiltration of inflamma-
tory cells (Fig. 3). Many studies suggest that MMC can 
effectively shrink tumors when used as a form of chemo-
therapy. However, the use of MMC can also lead to various 
side effects that affect the liver tissue, such as congestion in 
the central vein and infiltration of hepatocytes.63

Histological sections revealed that treatment with 
both MMC and plant extract induced changes in the liver 
tissue. These changes included less appearance of tumor 
cells, the proliferation of Kupffer cells, and sinusoidal ob-
struction (Fig. 3). These findings suggest that the combina-
tion of MMC and plant extract may have an impact on liv-
er health, affecting the liver tissue structure and function. 
Many studies have revealed that Annona muricata plant 
pulp has several beneficial effects on liver tissue, including 
anti-cancer properties attributed to the presence of flavo-
noids and phenols.64

4. Conclusion
The findings of the current study have reinforced the 

idea that Fallopia baldschuanica flower crude extracts or 
combining them with MMC can effectively improve liv-
er damage caused by TAA-treated rats. The data demon-
strated that the plant extract improved the reversal of liver 
damage caused by TAA, through the restoration of liver 
enzyme levels that approach normal. Furthermore, this 
study has provided new insights into the potential benefits 
of this combination therapy. However, further research is 
required to fully understand the mechanisms behind how 
these substances work together.
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Povzetek
Rak na jetrih še vedno predstavlja velik globalni zdravstveni izziv, saj njegova pojavnost po vsem svetu narašča. Napovedi 
kažejo, da bo do leta 2040 število obolelih za rakom na jetrih preseglo milijon. Zato so številni raziskovalci motivirani za 
izboljšanje terapij in razvoj novih zdravil z minimalnimi stranskimi učinki na zdravje ljudi. Naravni izdelki rastlinskega 
izvora ponujajo različne farmakološke kemijske strukture in biološko aktivne snovi, ki izkazujejo citotoksične učinke na 
tumorske celice. Pričujoča študija raziskuje potencialne protirakave lastnosti izvlečka cvetov Fallopia baldschuanica proti 
raku, povzročenemu s tioacetamidom (TAA). Študija je natančno opredelila specifične aminokisline v surovem izvlečku, 
pri čemer je bil najvišji odstotek metionina, sledili so mu cistein, valin, treonin, tirozin, izolevcin in lizin. Aminokisline 
so pomembne za različne vidike človekovega zdravja in bolezni. Namen te študije je oceniti potencialni vpliv izvlečka 
cvetov Fallopia baldschuanica na regresijo eksperimentalno povzročenega HCC pri podganah. Ocene so bile izvedene 
z merjenjem delovanja jeter, ki vključuje aspartatno aminotransferazo, alanin-transaminazo in alkalno fosfatazo. Poleg 
tega so bili uporabljeni testi antioksidativnih encimov in tumorskih označevalcev ter histopatološki pregledi, ki so potr-
dili ugotovitve.



661Acta Chim. Slov. 2023, 70, 661–673

Nangare et al.:   Zinc Metal-Organic Frameworks- Graphene Quantum   ...

DOI: 10.17344/acsi.2022.7870

Scientific paper

Zinc Metal-Organic Frameworks- Graphene Quantum  
Dots Nanocomposite Mediated Highly Sensitive  

and Selective Fluorescence “On-Off-On” Probe for  
Sensing of Quercetin

Sopan N. Nangare1, Premnath M. Sangare2, Ashwini G. Patil3  
and Pravin O. Patil2,*

1 Department of Pharmaceutics, H. R. Patel Institute of Pharmaceutical Education and Research,  
hirpur 425405, Dist: Dhule (MS), India.

2 Department of Pharmaceutical Chemistry, H. R. Patel Institute of Pharmaceutical Education and Research,  
Shirpur 425405, Dist: Dhule (MS), India.

3 Department of Microbiology, R. C. Patel Arts, Commerce and Science College, Shirpur 425405, Dist: Dhule (MS), India.

* Corresponding author: E-mail: rxpatilpravin@yahoo.co.in

Received: 11-03-2022

Abstract
The current study presents a fluorescence-based ‘On-Off-On’ nanoprobe composed of rose petal-derived graphene quan-
tum dots embedded in zinc metal-organic frameworks (RP-GQDs@Zn-MOFs) as a proof of concept for quercetin sens-
ing. The particle size and HR-TEM analysis confirmed the synthesis of a uniformly distributed nanosized probe, while 
the zeta potential (+33.03 mV) verified its good stability. The fluorescence analysis confirmed that the introduction of 
copper ions (Cu2+) resulted in fluorescence quenches, while the inclusion of quercetin forms quercetin-Cu2+ complex, 
leading to recovery of quenched fluorescence in RP-GQDs@Zn-MOFs due to static quenching. The nanoprobe demon-
strated a wide concentration range and a low detection limit of 100 ng/mL to 1400 ng/mL (R2 = 0.99) and 37.8 ng/mL, 
respectively. Selectivity analysis highlighted pronounced specificity for quercetin, attributed to Cu2+ coordination be-
tween carbonyl oxygen atom and the 3-OH group of quercetin. Furthermore, designed probe exhibited excellent stability, 
repeatability (RSD < 5), and potential for real-time analysis.

Keywords: Zinc metal-organic frameworks; graphene quantum dots; copper ions; quercetin; high sensitivity; high se-
lectivity

1. Introduction
Metal-organic frameworks (MOFs) are preferred for 

various applications, including biomedical and environ-
mental uses. This preference stems from their distinctive 
characteristics, such as their ability to modify surfaces, 
their large surface area, and their adjustable structure.1 It 
provides a highly porous structure through the associa-
tion of metal ions with carefully selected organic linkers 
via strong bonding.2 To date, various types of MOFs have 
been developed for numerous applications, including drug 
delivery, biosensing, chemical sensing, gas separation, and 
more.3,4 At present, they are widely employed for biosens-
ing purposes, offering low detection limits, high sensitivity, 

excellent responsiveness, and good stability, among other 
benefits.4 Despite these groundbreaking merits, MOFs suf-
fer from major drawbacks, primarily the collapse of their 
structure and pore shrinkage.2 As a result, there is a need 
for complementary nanoparticles that can help overcome 
these significant drawbacks while preserving the original 
features of MOFs.

Currently, significant efforts are underway to devel-
op innovative MOFs-centered composites to address the 
genuine needs of the scientific community. Encapsulating 
nanosized components within MOFs represents a novel 
advancement in the biomedical field.5,6 In this context, it 
is worth noting that fluorescence-mediated sensing tech-

mailto:rxpatilpravin@yahoo.co.in
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niques are widely employed due to their several advantages, 
including a straightforward process, rapid detection, high 
sensitivity, and specificity compared to previously exist-
ing technologies.7 Furthermore, MOFs are porous frame-
works with numerous unsaturated metal coordination 
sites and superior surfaces, making them suitable hosts for 
the integration of fluorescent nanomaterials.8 In this con-
text, various types of fluorescent nanomaterials have been 
reported for the development of MOFs-based nanocom-
posites, including carbon dots,9 graphene quantum dots 
(GQDs),10 molybdenum disulfide quantum dots,11 black 
phosphorus quantum dots,12 and more. Among these, 
fluorescent GQDs have been extensively reported as the 
latest carbon-mediated nanomaterial for biomedical appli-
cations.13 Interestingly, they offer good stability, consistent 
fluorescence, biocompatibility, and excellent aqueous sol-
ubility, among other qualities.14 Furthermore, they have 
been widely favored for numerous biomedical applica-
tions, including drug delivery, biosensing,15 and chemical 
sensing.16 The bare, green-synthesized GQDs were used 
to detect curcumin.17 In this case, the selective detection 
mechanism has been unknown. Additionally, it has been 
conjugated with various types of nanomaterials to achieve 
highly sensitive and selective recognition of the target an-
alyte.18,19 The designed nanoprobe based on GQDs and 
manganese dioxide nanosheets offers a simple, highly sen-
sitive, and selective fluorescent 'Off-On' configuration.20 In 
this situation, the primary focus was to maintain the suf-
ficient fluorescence potential of GQDs and the substantial 
adsorption capacity of the functional material. Therefore, 
we aim to synthesize new RP-GQDs@Zn-MOFs nanopro-
bes by decorating RP-GQDs within Zn-MOFs.

Quercetin is a flavonoid primarily found in medic-
inal plants.21 It plays a crucial role in accurate pharma-
cological response and monitoring of biochemical and 
biological activities.22 Various recognition methods have 
been employed for the analysis of quercetin, including 
high-performance liquid chromatography,23 fluores-
cence-centered sensing,22 electroanalytical methods, and 
electrophoresis.21 Despite the numerous advantages, there 
are several drawbacks, including the cost factor, and the 
need for larger equipment, expertise, and solvents. Fur-
thermore, there is a desire to enhance the sensor's sensi-
tivity and selectivity.

In this study, our objective was to design a new RP-
GQDs@Zn-MOFs fluorescence-based sensor through 
a simple method and demonstrate its utility in sensing 
quercetin as a proof of concept. In brief, this work involved 
synthesizing Zn-MOFs using zinc ions (Zn2+) as the metal 
source and 2-methyl-1H-imidazole as an organic linker. 
Simultaneously, we focused on synthesizing RP-GQDs 
using rose petal waste. By combining the desirable fluo-
rescence potential of RP-GQDs and the substantial ad-
sorption capability of Zn-MOFs, we aimed to create new 
RP-GQDs@Zn-MOFs nanoprobes through the incorpora-
tion of RP-GQDs onto Zn-MOFs. To enhance selectivity 

for the target analyte, we developed a quenched version 
of the Cu2+-RP-GQDs@Zn-MOFs probe, utilizing copper 
ions (Cu2+) to confer specificity. Ultimately, our research 
aimed to evaluate the performance of the quenched Cu2+-
RP-GQDs@Zn-MOFs probe, prepared by combining RP-
GQDs and Zn-MOFs, for the sensitive, specific, simple, 
rapid, and cost-effective detection.

2. Materials and Methods
2. 1. Materials

Rose petal waste was collected from a local market 
in Shirpur, Maharashtra, India. Zinc dinitrate hexahydrate 
(molecular formula: H12N2O12Zn), and 2-methyl-1H-imi-
dazole (molecular formula: C4H6N2) were purchased from 
Loba Chemie Pvt. Ltd., Mumbai, India. Copper dinitrate 
was purchased from Sigma-Aldrich Chemicals Pvt. Ltd., 
Bangalore, India. Sodium hydroxide (NaOH) was supplied 
from Merck Specialties Pvt. Ltd., Mumbai, India. Methanol 
was purchased from Loba Chemie Pvt. Ltd., Mumbai, In-
dia. Sulphuric acid was purchased from Merck Specialties 
Pvt. Ltd., Mumbai, India. Quercetin was obtained from 
Otto Chemicals in Marine Lines, Mumbai, India. Eth-
anol was purchased from Anil Cottage Industries, A/31, 
M.I.D.C., Wardha, India. Also, the HPLC grade deionized 
water (DI, 0.2 μm filtered) and hydrochloric acid (HCl) 
were purchased from Avantor Performance Materials 
India Ltd., Thane, India. Quinine sulfate (99%) was pur-
chased from Loba Chemie Pvt. Ltd., Mumbai, India. Phos-
phate buffer tablets (pH 7.4) were obtained from Loba 
Chemie Pvt. Ltd., Mumbai, India. All chemicals employed 
in the research study were analytical grade and pure, as 
supplied by the distributor.

2. 2. Methods
2. 2. 1.  Synthesis of RP-GQDs using the Green 

Approach
At the outset, abandoned rose petals were acquired 

from a local market and cut into small fragments before 
being ground into a paste using a mortar and pestle. The 
creation of RP-GQDs from these discarded rose petals 
was achieved using a one-pot hydrothermal technique. To 
summarize, 10 g of the rose petal paste was homogenized 
with 50 mL of distilled water (DI water) and sonicated for 
20 min. The resulting dispersion was then transferred into 
a Teflon-lined autoclave and heated for 10 h at 200 °C. Af-
ter the reaction, the slurry was cooled to room temper-
ature. To obtain a uniform dispersion, the resulting dark 
brown dispersion was ultrasonicated for 10 min. Subse-
quently, the dispersion was passed through a 0.22 µm mi-
croporous membrane to remove any insoluble or untreated 
carbonous elements. The resulting filtrate was retained for 
36 h and subjected to rinsing using a dialysis bag (12,000 
kDa). Afterwards, the outer dispersion was collected and 
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processed in a hot air oven (Bio-Technics, India) at 60 °C 
for 24 h.4 Finally, the photoluminescence spectrum analy-
sis of the obtained RP-GQDs was conducted.

2. 2. 2. Synthesis of Zn-MOFs
We adopted the previously published strategy for 

the fabrication of Zn-MOFs.24,25 To begin, 2 g of zinc 
dinitrate hexahydrate (as the source of metal ions) was 
evenly mixed in 10 mL of distilled water (DI water) at 50 
rpm. Simultaneously, at room temperature, 4 g of 2-me-
thyl-1H-imidazole (the organic linker) was dissolved in 10 
mL of DI water. The zinc solution was then combined with 
the 2-methyl-1H-imidazole solution while continuously 
stirring at 100 rpm. All procedures were carried out at 20 
°C. Subsequently, a milky precipitate formed, indicating 
the formation of Zn-MOFs. Afterwards, the Zn-MOFs 
precipitate was centrifuged and washed three times with 
DI water. Finally, the drying of Zn-MOFs was achieved us-
ing a laboratory hot air oven (Bio-Technics, India) at 60 
°C. The photoluminescence spectra of the resulting Zn-
MOFs were then analyzed.

2. 2. 3. Development of RP-GQDs@Zn-MOFs
In this phase, we employed various diluted concen-

trations of Zn-MOFs to assess the impact on the strong 
fluorescence of RP-GQDs. Fluorescence spectra of RP-
GQDs were recorded using an excitation wavelength of 
330 nm. Subsequently, 10 ppm solutions of Zn-MOFs in 
phosphate-buffered saline (PBS) at pH 7.4 were prepared 
for the fabrication of the RP-GQDs@Zn-MOFs probe. 
Different concentrations of Zn-MOFs were individual-
ly added to 1.5 mL of RP-GQDs to optimize the overall 
fluorescence of the probe. The fluorescence change of RP-
GQDs was assessed after 5 min. Finally, the concentration 
of Zn-MOFs used for constructing the RP-GQDs@Zn-
MOFs fluorescence nanoprobe was determined. For this 
purpose, a physical absorption technique was employed to 
synthesize the RP-GQDs@Zn-MOFs probe. Specifically, 
1.5 mL of RP-GQDs and 0.5 mL of pre-synthesized Zn-
MOFs (10 ppm) were combined and magnetically stirred 
for 15 min. To separate the nanoconjugates, the resulting 
mixture was centrifuged at 15,000 rpm for 45 min using 
a refrigerated centrifuge (Eltek Overseas Pvt., India), and 
then washed four times with ethanol to remove unreacted 
species. To examine the variation in fluorescence intensity, 
we conducted a photoluminescence spectrum analysis of 
the resulting RP-GQDs@Zn-MOFs probe.

2. 2. 4. Spectroscopical Characterization
Ultraviolet-visible (UV-Vis) spectroscopy was em-

ployed to confirm the synthesis of RP-GQDs, Zn-MOFs, 
and RP-GQDs@Zn-MOFs using a UV-Vis Spectropho-
tometer (UV 1800 Shimadzu, Japan) with a scanning 

wavelength range of 200 nm to 800 nm, utilizing a quartz 
cuvette (1 cm). The fluorescence behavior of RP-GQDs, 
Zn-MOFs, and RP-GQDs@Zn-MOFs was observed with-
in a laboratory UV cabinet (Southern Scientific Lab In-
struments, Chennai, India) under different lighting con-
ditions, including visible light, short UV (wavelength: 254 
nm), and long UV (wavelength: 365 nm). Excitation spec-
tra, emission spectra, and sensing were performed using 
a Jasco fluorescence spectrophotometer (FP-8200). Subse-
quently, Fourier transform infrared spectroscopy (FTIR, 
IR-Affinity-1, Shimadzu) was utilized to investigate the sur-
face functionality of the synthesized RP-GQDs, Zn-MOFs, 
and RP-GQDs@Zn-MOFs over a scanning wavelength 
range from 400 cm-1 to 4000 cm-1. Particle size, polydis-
persity index, and zeta potential analysis were conducted 
using a Particle size analyzer (Nanoplus 3, Micromeritics, 
USA). The powder X-ray diffraction (PXRD) analysis of 
RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs was con-
ducted using an X-ray diffractometer (D2 PHASER). The 
dimensions and selected area diffraction (SAED) pattern 
of RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs were 
confirmed through high-resolution transmission electron 
microscopy (HR-TEM-SAED, Jeol/JEM 2100) utilizing a 
LaB6 light source at 200kV (STIC Cochin, India).

2. 2. 5.  Fluorescence Study and Quantum Yield  
(% QY)

In this case, we measured the fluorescence intensity 
of the synthesized RP-GQDs, Zn-MOFs, and RP-GQDs@
Zn-MOFs probe using a spectrofluorometer (JASCO FP 
8200 Spectrofluorometer). Additionally, we assessed the 
excitation-emission spectrum of the produced RP-GQDs, 
as well as the photoluminescence behavior of the RP-
GQDs at different excitation wavelengths ranging from 
300 nm to 350 nm. Following these measurements, we de-
termined the % QY (quantum yield) of RP-GQDs using 
the previously reported method.4 In brief, quinine sulfate 
(with a known quantum yield, QY = 0.54, in 0.1 M sulfuric 
acid) served as the reference standard. Simultaneously, RP-
GQDs were dissolved in deionized (DI) water, and their 
concentrations were adjusted to achieve a UV absorbance 
value of less than 0.1. For the analysis, a 10 mm cuvette was 
utilized, and slit widths were set at 5 nm for both excitation 
and emission. Finally, the fluorescence emission spectra of 
the standard and RP-GQDs were measured at an excita-
tion wavelength of 330 nm. The following formula (1) was 
employed for calculating the % QY.

 (1)

Wherein, 'QYs' and 'QYr' represent the quantum 
yields of the sample and the standard reference, respective-
ly. Similarly, 'Is' and 'Ir' denote the unified photolumines-
cence intensities of the sample and the reference standard. 
'Ar' and 'As' correspond to the absorbance values, while 
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'nr' and 'ns' signify the refractive indices of the reference 
and the sample, respectively.

2. 2. 6. Sensing of Quercetin
In this study, we measured the changes in fluores-

cence of RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs 
using a spectrofluorometer. Subsequently, we executed 
the detection of quercetin using a fluorescent RP-GQDs@
Zn-MOFs probe. In essence, we prepared a stock solution 
of 5 mg of quercetin (50 µg/mL) by dissolving it in a vol-
umetric flask containing 100 mL of deionized (DI) water 
(at 18 °C). Using this stock solution, we created different 
concentrations of quercetin, ranging from 100 ng/mL, 200 
ng/mL, 300 ng/mL, 400 ng/mL, 500  ng/mL, 600 ng/mL, 
700 ng/mL, 800 ng/mL, 900 ng/mL, 1000 ng/mL, 1100 ng/
mL, 1200 ng/mL, 1300 ng/mL and 1400 ng/mL in cleaned 
volumetric flasks (n = 3). Meanwhile, we dissolved 10 mg 
of RP-GQDs@Zn-MOFs fluorescent probe in 100 mL of 
DI water. Next, we assessed the fluorescence intensity of 
the designed probe at an excitation wavelength of 330 nm 
(n = 3). For this work, we adopted the Cu2+-Zn-MOFs@
RP-GQDs probe as a new sensory platform. In this case, 
we evaluated different concentrations of Cu2+ (ranging 
from 0.1 mL, 0.2 mL, 0.3 mL, 0.4 mL, 0.5 mL, 0.6 mL, 0.7 
mL, 0.8 mL, 0.9 mL, 1.0 mL, 1.1 mL, and 1.2 mL of a 0.16 
mM Cu2+ solution) as quenching agents to suppress the 
fluorescent ability of the Zn-MOFs@RP-GQDs, leading 
to a fluorescent "Turn-Off " effect (n = 3). Following this, 
the concentration of Cu2+ ions at which the RP-GQDs@
Zn-MOFs probe fluorescence was completely quenched 
was considered the optimized concentration of Cu2+ 
ions. Subsequently, several RP-GQDs@Zn-MOFs probes 
were designed as a sensory platform for the recognition 
of quercetin, with fluorescence quenching being ensured 
for each probe, separately (n = 3). In brief, the probes 
were prepared in individual test tubes containing 1.2 mL 
of a 0.16 mM Cu2+ ion solution and left for 5 min at 25 
°C. The first probe was then incubated with a 100 ng/mL 
concentration of quercetin to initiate complex formation 
between Cu2+ ions and quercetin. In this step, the recov-
ery of the quenched fluorescence of RP-GQDs@Zn-MOFs 
referred to as "Turn-On," was monitored. The fluorescence 
intensity was measured using optimized parameters at 
an excitation wavelength of 330 nm. The same procedure 
was applied to the other prepared quercetin concentra-
tions (samples), each time with a fresh Cu2+-RP-GQDs@ 
Zn-MOFs probe. Each experiment was performed in trip-
licate to confirm their reproducibility. Finally, the linear 
concentration range was determined by plotting the re-
covered probe fluorescence against quercetin concentra-
tion. Additionally, the limit of detection (LOD) and limit 
of quantification (LOQ) were computed using previously 
described methods and formulas (2) and (3).

LOD: 3.3*σ/m (2)

LOQ: 10* σ/m (3)

In this context, 'm' (slope) and 'σ' (standard devia-
tion) were obtained from the calibration curve of querce-
tin concentration (ng/mL) vs. the recovery of fluorescent 
intensity of the quenched RP-GQDs@Zn-MOFs probe.

Stability and repeatability are crucial parameters for 
this sensor. Therefore, the stability of the envisioned RP-
GQDs@Zn-MOFs fluorescent probes was assessed. Specif-
ically, the concentration of quercetin at 600 ng/mL for six 
consecutive days was recorded using a manufactured probe 
(n = 6) under laboratory-programmed parameters at 25 °C. 
Subsequently, the efficiency of the sensory system was eval-
uated and computed the percent relative standard deviation 
(% RSD). Furthermore, the repeatability of the probe for 
the detection of quercetin was investigated using the RP-
GQDs@Zn-MOFs probe (n = 9), with quercetin concentra-
tions set at 500 ng/mL for assessment. Finally, the percent-
age RSD was calculated based on the collected responses.

2. 2. 7.  Interference Study and Spiked Sample 
Analysis

In this study, plasma served as the representative 
sample. In brief, the various potential interfering agents 
were selected based on the composition of plasma to eval-
uate the selectivity of the designed RP-GQDs@Zn-MOFs 
fluorescence probe. Additionally, other interfering agents 
were randomly chosen for confirmation. In summary, we 
tested the selectivity of the RP-GQDs@Zn-MOFs fluores-
cence probe towards quercetin in the presence of several 
interfering chemicals, including ascorbic acid, glucose, 
albumin, potassium (K+), magnesium (Mg2+), calcium 
(Ca2+), sodium (Na+), citric acid, ascorbic acid, glycine, 
and others. To do this, 2 mL of the Cu2+-RP-GQDs@Zn-
MOFs probe was incubated with 600 ng/mL of quercetin, 
while different interfering elements (600 ng/mL) were 
introduced separately to the Cu2+-RP-GQDs@Zn-MOFs 
probe in individual test tubes. The concentration of in-
terfering agents remained constant to assess their effects 
at the same concentration as quercetin. Subsequently, we 
evaluated the fluorescence intensity for each sample us-
ing preprogrammed settings. Also, spiked sample analysis 
of quercetin in artificial plasma was performed using the 
Cu2+-RP-GQDs@Zn-MOFs probe. In this procedure, an 
artificial plasma sample was prepared using a previously 
described method.26 Afterwards, 1000 ng/mL of querce-
tin was added into a test tube containing 1 mL of artificial 
plasma sample (n = 3). Simultaneously, a placebo test tube 
containing only 1 mL of artificial plasma sample was pre-
pared. Then the 500 ng/mL quercetin-containing plasma 
sample was added to 2 mL of Cu2+-RP-GQDs@Zn-MOFs 
probe. The test tube was allowed to sit for 5 min, after 
which the fluorescence intensity of the Cu2+-RP-GQDs@
Zn-MOFs probe was monitored under optimized con-
ditions. Finally, the percent recovery of quercetin and % 
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RSD was calculated to confirm the real-time applicability 
of the proposed Cu2+-RP-GQDs@Zn-MOFs probe.

3. Results and Discussion
3. 1. UV Cabinet Fluorescence Study

RP-GQDs were initially synthesized from rose petal 
waste using a hydrothermal technique in a stainless steel 
Teflon line reactor. Subsequently, the resulting RP-GQDs 
were analyzed for fluorescence within a UV cabinet. RP-
GQDs exhibited a yellow color under visible light (Figure 
1A), greenish fluorescence when excited with 254 nm light 
(Figure 1B), and blue fluorescence when excited with 365 
nm light (Figure 1C). This observation supported the suc-
cessful synthesis of carbon-centered RP-GQDs from rose 
petal waste. Furthermore, the fluorescence capacity of the 
Zn-MOFs diminished under various UV lights, indicating 
that Zn-MOFs lacked fluorescence capabilities. However, 
the final product of the RP-GQDs@Zn-MOFs probe ex-
hibited fluorescence properties similar to RP-GQDs (Fig-
ure 1D). The presence of blue fluorescence under UV light 
with an excitation wavelength of 365 nm in RP-GQDs@
Zn-MOFs confirmed the successful encapsulation of RP-
GQDs within Zn-MOFs without compromising the fluo-
rescence behavior of RP-GQDs.

Figure 1: Photographs of RP-GQDs under visible light (A), UV 
light with λEx 254 nm (B), and λEx 365 nm (C) taken inside a UV 
cabinet. (D) Photographs of the RP-GQDs@Zn-MOFs probe under 
UV light with λEx 365 nm in the UV cabinet. (E) UV spectral analy-
sis of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs probe.

3. 2. UV Vis Spectroscopy
The UV-Vis spectra of RP-GQDs, Zn-MOFs, and 

RP-GQDs@Zn-MOFs are presented in Figure 1E. In these 
spectra, RP-GQDs exhibit a prominent absorption peak 

ranging from 238 nm to 341.50 nm, which supports the π → 
π* transition of sp2 C=O bonds and the n→ π* transition of 
C=O bonds, respectively.27 This observation suggests that 
RP-GQDs are derived from rose petal waste and possess 
carboxylic functionality on the surface of RP-GQDs. The 
UV-Vis absorption spectra of Zn-MOFs exhibit a peak at 
239 nm, confirming the successful synthesis of Zn-MOFs, 
which is consistent with previously reported literature.24 
The final composite, RP-GQDs@Zn-MOFs, displays a 
broadened absorption spectrum. In this case, the absorp-
tion peak intensities of both RP-GQDs and Zn-MOFs 
were observed to decrease, possibly indicating efficient en-
capsulation of RP-GQDs within the Zn-MOFs structure.25 
Ultimately, this confirms the successful fabrication of RP-
GQDs utilizing Zn-MOFs as a fluorescent detector for pre-
cise target measurements as a proof of concept.

3. 3.  Fluorescence Study and % QY 
Measurement
The excitation and emission spectra of RP-GQDs were 

measured using a spectrofluorometer at various excitation 
wavelengths ranging from 290 nm to 360 nm under con-
trolled experimental conditions, including a temperature of 
25 °C. The photoluminescence ability of green-synthesized 
RP-GQDs, dependent on excitation wavelength (ranging 
from 310 nm to 350 nm), is illustrated in Figure 2A. Initial-
ly, excitation wavelengths from 310 nm to 330 nm resulted 
in a shift of the emission peak towards longer wavelengths 
(from 429 nm to 492 nm). Additionally, there was an in-
crease in emission peak intensity up to an excitation wave-
length of 330 nm. Surprisingly, a strong emission peak at 
492 nm was observed with an excitation wavelength of 330 
nm. Furthermore, as the excitation wavelength increased, 
the peak emission intensity decreased from 340 nm to 350 
nm. Overall, the photoluminescence of the obtained RP-
GQDs was found to be dependent on the excitation wave-
length. In this study, the excitation and emission spectra for 
green-processed GQDs were reported at 288 nm and 492 
nm, respectively (Figure 2B). Subsequently, RP-GQD QY 
were calculated to be 18.20%. In conclusion, the excellent 
optical properties of RP-GQDs synthesized using the green 
method were confirmed. Figure 2C depicts a comparison 
of the fluorescence behavior of RP-GQDs, Zn-MOFs, and 
RP-GQDs@Zn-MOFs. In this case, Zn-MOFs displayed the 
absence of fluorescence. Conversely, the obtained RP-GQDs 
exhibited strong fluorescence at 492 nm. Importantly, the 
conjugation of Zn-MOFs and RP-GQDs did not signifi-
cantly alter the fluorescence behavior of RP-GQDs. Hence, 
it validates the development of the fluorescence-based RP-
GQDs@Zn-MOFs probe.

3. 4. FT-IR Spectroscopy
Figure 3 displays the FT-IR spectrum of RP-GQDs, 

Zn-MOFs, and RP-GQDs@Zn-MOFs. In this case, the use 
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of FT-IR for RP-GQDs and Zn-MOFs aids in the charac-
terization of the RP-GQDs@Zn-MOFs probe. The FT-IR 
spectrum of RP-GQDs exhibits peaks at 3403.57 cm−1, 
1637.6 cm−1, and 1079.14 cm−1, respectively, indicating 
the presence of -OH, C=O, and C-O functionalities.28 
This confirms the presence of hydroxylic and carboxylic 
functionality in RP-GQDs, ensuring good solubility in 
water. The FT-IR spectrum of Zn-MOFs shows peaks at 
2931  cm−1 and 2864 cm−1, verifying the presence of the 
C–H stretching mode of the aromatic ring and aliphatic 
chain present in 2-methyl-1H-imidazole. Additionally, the 
peaks at 1089 cm−1 and 1434 cm−1 confirm the presence 
of imidazole ring-related stretching and bending modes. 
Finally, the peak at 1600 cm−1 assures the existence of the 
C-N stretching mode in 2-methyl-1H-imidazole, while 
the broad peak at 3220 cm−1 verifies the presence of -OH 
stretching in Zn-MOFs, which may be due to the presence 
of water content. In the case of the RP-GQDs@Zn-MOFs 
probe, the peak at 3312 cm−1 confirms the presence of OH 
stretching in RP-GQDs, while the peaks at 2931 cm−1 and 
2864 cm−1 verify the presence of the C–H stretching mode 
of the aromatic ring and aliphatic chain present in the link-

er of Zn-MOFs. Additionally, the peaks at 1664 cm−1 and 
1093 cm−1 indicate the presence of C=O and C-O stretch-
ing, which are characteristics of RP-GQDs, while the peak 

Figure 2: (A) Excitation-dependent 
fluorescence behavior of green synthe-
sized RP-GQDs. (B) Excitation and 
emission spectrums of RP-GQDs. (C) 
Fluorescence analysis of RP-GQDs, 
Zn-MOFs, and RP-GQDs@Zn-MOFs 
probe at 492 nm

Figure 3: FTIR of (A) RP-GQDs, (B) Zn-MOFs, and (C) RP-
GQDs@Zn-MOFs probe
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at 1584 cm−1 assures the presence of the C-N stretching 
mode in 2-methyl-1H-imidazole. Therefore, this confirms 
the formation of RP-GQDs embedded in Zn-MOFs, con-
stituting the RP-GQDs@Zn-MOFs probe.

3. 4. Particle Size and Zeta Potential Analysis
Figure 4 presents the particle size distribution of RP-

GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs probe. 
To summarize, the particle size of the obtained RP-GQDs 
was estimated to be 10.80 nm, and the polydispersity index 
(PDI) was found to be 0.32. This confirms the production 
of nanosized GQDs in water with a uniform distribution 
in the system. In Figure 4B, the particle size of Zn-MOFs is 
represented, with the average diameter and PDI confirmed 
as 141.20 nm and 0.26, respectively. The average diameter 
and PDI of the final RP-GQDs@Zn-MOFs probe were ob-
served to be 158.23 nm and 0.36, respectively. HR-TEM 
analysis was conducted to verify the precise dimensions 
of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs 
probe. Zeta potential analysis was performed to assess 
stability. Figure 5 illustrates the zeta potential analysis 

of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs 
probe. Due to the presence of oxygen functionality on the 
surface of RP-GQDs, the zeta potential was confirmed to 
be –14.82 mV, indicating excellent stability of nanosized 
RP-GQDs in an aqueous environment and the potential 
for interaction with Zn2+ ions from Zn-MOFs.29 As a re-
sult of Zn2+ ions, the zeta potential of Zn-MOFs was con-
firmed to be +41.32 mV. Finally, the zeta potential of the 
RP-GQDs@Zn-MOFs probe was reported to be +33.03 
mV, lower than that of the naked Zn-MOFs in this study, 
possibly due to interactions between Zn-MOFs and RP-
GQDs. In conclusion, this confirms the construction of a 
stable form of RP-GQDs, Zn-MOFs, and the RP-GQDs@
Zn-MOFs probe.

3. 5. PXRD Analysis
Figure 6 represents the diffractogram of RP-GQDs, 

Zn-MOFs, and the RP-GQDs@Zn-MOFs probe. In brief, 
the diffractogram of RP-GQDs shows a sharp diffraction 
peak at 2θ = 10.59°, 12.83°, 14.84°, 16.73°, 18.12°, 24.75°, 
26.74°, 29.92°, 35.08°, 36.65°, etc. confirming that the ob-

Figure 4: Particle size analysis of (A) RP-GQDs,  
(B) Zn-MOFs, and (C) RP-GQDs@Zn-MOFs probe
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tained RP-GQDs are highly crystalline. Similarly, both the 
Zn-MOFs and RP-GQDs@Zn-MOFs probe exhibit sharp 
diffraction peaks at 2θ = 10.47°, 13.23°, 16.75°, 18.24°, 
21.20°, 23.58°, 25.35°, 26.56°, 28.43°, 30.57°, 33.89°, and 
36.54° confirming the formation of a crystalline form of 
Zn-MOFs in both cases. Furthermore, the diffractogram 
of the RP-GQDs@Zn-MOFs probe only shows character-
istic peaks of Zn-MOFs, with no discernible peaks from 
RP-GQDs.30 It is possible that the incorporation of RP-
GQDs into the framework of Zn-MOFs, where the surface 
carboxylic functionality of RP-GQDs may interact with 
the amine functionality of 2-methyl-1H-imidazole (the 

organic linker).31 Additionally, the fact that there was no 
change in the diffractogram of Zn-MOFs after conjugation 
with RP-GQDs confirms the probe stability.

3. 6. HR-TEM Analysis
Figure 7 presents the HR-TEM images and SAED 

patterns of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-
MOFs probe. In essence, RP-GQDs were found to exhibit 
a spherical shape with a uniform distribution. The aver-
age diameter of RP-GQDs was measured to be 8.68 nm, 

Figure 5: Zeta analysis behavior of (A) RP-GQDs, (B) Zn-MOFs, and (C) RP-GQDs@Zn-MOFs probe
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confirming the synthesis of nanoscale GQDs from a green 
precursor. The HR-TEM image of Zn-MOFs displayed a 
hexagonal form, with an average diameter of 210.12 nm.32 

The surface morphology of the RP-GQDs@Zn-MOFs 
probe closely resembles that of the Zn-MOFs, with an av-
erage diameter of 226.98 nm. This observation is crucial 
as it confirms the successful assembly of the RP-GQDs@
Zn-MOFs probe without any disruption of the Zn-MOF 
frameworks. Finally, the selected area electron diffraction 
(SAED) patterns of Zn-MOFs, RP-GQDs, and the RP-
GQDs@Zn-MOFs probe indicate their polycrystalline 
nature.

3. 7. Sensing of Quercetin
To detect quercetin, a stable and nanosized RP-

GQDs@Zn-MOFs probe was created, wherein zinc (Zn2+) 
ions and carboxylic ions engage in a charge-charge inter-
action, effectively linking the RP-GQDs and Zn-MOFs. 
Additionally, hydrogen bonding interactions involving 
RP-GQDs with carboxyl, epoxy, and hydroxyl groups, 
as well as Zn-MOFs with amine functionality of 2-me-
thyl-1H-imidazole, contribute to the formation of the RP-
GQDs@Zn-MOFs probe (Turn-On). In this configuration, 
the developed probe exhibits fluorescence behavior. This 
probe was employed for sensing quercetin, with Cu2+ ions 
chosen as a quenching agent (Figures 8 A and B). In this 
scenario, the fluorescence property of the RP-GQDs@Zn-
MOFs probe was observed to decrease (Turn-Off) upon 
the addition of Cu2+ ions, likely due to the formation of 
a complex between Cu2+ ions and RP-GQDs@Zn-MOFs 
(Cu2+-RP-GQDs@Zn-MOFs). Subsequently, the intro-
duction of quercetin led to the restoration of fluorescence 
in the Cu2+-RP-GQDs@Zn-MOFs complex (Figures 8 C 
and D), indicating a proportional relationship between 
quercetin concentration and the recovered probe fluores-
cence (referred to as “Turn-On”). This provided a linear 
concentration range of 100 ng/mL to 1400 ng/mL (Y = 4.2x 
+ 777.8, R2 = 0.99). Additionally, the LOD and LOQ were 
determined to be 37.8 ng/mL and 114.7 ng/mL, respec-
tively. Table 1 summarizes various types of sensors for the 
detection of quercetin. In summary, the utilization of sul-
fur-doped GQDs as a fluorescent sensor for the detection 
of quercetin requires a thorough discussion of sensitivity 
and selectivity.22 The development of modern electrodes 
is essential for designing electrochemical sensors, and it 
is equally important to thoroughly discuss the selectivity 
study for quercetin. Additionally, a comprehensive explo-
ration of the impact of current/voltage is necessary.33,34 
Similarly, the importance of selecting modified MOFs35 
as well as the use of carbon nanoparticles36 should not be 
understated. However, it's crucial to note that the discus-
sion should include specific details about their impact on 
selectivity and sensitivity analysis for quercetin detection. 
In the present work, it is confirmed that the designed nan-
oprobe offers a wide linear range and a low LOD. Interest-
ingly, due to the coordination of quercetin with its 3-OH 
functionality (B ring) and 4-carbonyl groups (B ring) with 
Cu2+ ions, the addition of quercetin demonstrates signifi-

Figure 6: Diffractogram of (A) RP-GQDs, (B) Zn-MOFs, and (C) 
RP-GQDs@Zn-MOFs probe

Figure 7: HR-TEM images and SAED pattern of (A, B) RP-GQDs, 
(C, D) Zn-MOFs, and (E, F) RP-GQDs@Zn-MOFs probe, respec-
tively
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cant selectivity towards Cu2+ ions. In this context, 3-OH, 
with its more acidic proton, and 4-carbonyl groups are the 
preferred sites for complex formation. On the other hand, 
the 'C' ring, which contains 3'-OH and 4'-OH functional-
ity, serves as the second site for complex formation. Addi-
tionally, the steric barrier of the first choice complex, com-
bined with the lower proton acidity of 5-OH functionality, 
makes them non-reactive sites in quercetin sensing. Figure 

9A illustrates the detection of quercetin using RP-GQDs@
Zn-MOFs, followed by the formation of a Cu2+-quercetin 
complex. Altogether, the proposed RP-GQDs@Zn-MOFs-
based fluorescence probe, which exhibits a "Turn-On-
Off-On" behavior, was found to be highly responsive to 
quercetin. The stability and reproducibility of the fluores-
cent RP-GQDs@Zn-MOFs probe were subsequently eval-
uated. In terms of stability testing, the %RSD was found to 

Figure 8: (A) Depicts the fluorescence quenching spectra of RP-GQDs@Zn-MOFs in the presence of Cu2+ ions. (B) Presents a graphical representation 
of the quenched fluorescence of the RP-GQDs@Zn-MOFs probe plotted against the concentration of Cu2+ ions. (C) Shows the fluorescence spectra of 
the Cu2+-RP-GQDs@Zn-MOFs probe with varying concentrations of quercetin (ranging from 100 ng/mL to 1400 ng/mL). (D) Provides a graphical 
representation illustrating the relationship between quercetin concentration and the recovered fluorescence of the RP-GQDs@Zn-MOFs probe.

Table 1: The summary of different types of sensors reported for detection of quercetin

Sr. No. Type of sensor Nanomaterial used Linearity range LOD Ref.

1. Fluorescent Sulfur doped GQDs 0 to 50 μM 0.006 μg/mL 22

2. Electrochemical GQDs/Gold nanoparticle nanocomposite 0.01 to 6 μM 2 nM 33

3. Amperometric Aminated-GQDs/ thiolated β-cyclodextrin  1 to 210 nM 285 pM 34

  /gold nanoparticles
4. Fluorescent Carbon nanoparticles 3.3 to 41.2 μM 0.175 μM 36

5. Fluorescent MOFs 0.3 to 80 μM 0.14 μM 35

6. Fluorescent Cu2+-RP-GQDs@Zn-MOFs 100 ng/mL to 1400 ng/mL 37.8 ng/mL Present
     work
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be 1.3%, which is well below the 5% threshold, indicating 
that the probe remains robust under experimental condi-
tions. Furthermore, repeatability testing yielded a %RSD 
of 1.8%, also meeting the criteria for reproducibility of the 
proposed sensor for quercetin measurement.

3. 8.  Study of Selectivity and Real-Time 
Analysis
In this study, the selectivity of the RP-GQDs@Zn-

MOFs fluorescence probe for quercetin was confirmed in 
the presence of various interfering compounds. Initially, 
the addition of copper ions to RP-GQDs@Zn-MOFs re-
sulted in the formation of quenched Cu2+-RP-GQDs@
Zn-MOFs. Subsequently, the introduction of quercetin to 
this quenched Cu2+-RP-GQDs@Zn-MOFs probe led to 
the recovery of fluorescence, thereby validating querce-
tin's exceptional selectivity even in the presence of mul-
tiple interfering compounds. Figure 9B illustrates the se-
lectivity of quercetin amidst competing substances. The 
addition of various interfering agents to the quenched 

Cu2+-RP-GQDs@Zn-MOFs probe resulted in the mini-
mal recovery of quenched fluorescence compared to the 
control Cu2+-RP-GQDs@Zn-MOFs quenched probe (ab-
sence of quercetin). This lack of significant recovery can 
be attributed to the absence of interactions between the 
Cu2+ ions (the quencher) responsible for quenching and 
the selected metal ions. Similarly, the use of citric acid, 
glycine, albumin, glucose, and ascorbic acid as interfer-
ing agents to assess the selectivity potential of Cu2+-RP-
GQDs@Zn-MOFs confirmed the high selectivity of the 
probe for quercetin alone. This selectivity is likely due 
to the specific interaction between copper ions and the 
3-OH and 4-C=O functionalities of quercetin. Any mi-
nor changes in fluorescence recovery may be attributed to 
weak interactions between copper ions and amino acids, 
proteins, or other biomolecules, which have no significant 
impact on the selectivity of Cu2+-RP-GQDs@Zn-MOFs. 
Additionally, the application of quercetin to simulated 
plasma samples resulted in a 97.42% recovery rate, with 
LOD and LOQ values of 38.11 ng/mL and 115.64 ng/mL, 
respectively. This demonstrates the feasibility of using the 

Figure 9: (A) Mechanism involved in quercetin detection using proposed design of RP-GQDs@Zn-MOFs nanoprobe and Cu2+ ions. (B) Interference 
study of RP-GQDs@Zn-MOFs fluorescence probe for detection of quercetin
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Zn-MOFs@RP-GQDs probe for quercetin detection in 
complex samples. In the future, we intend to validate the 
RP-GQDs@Zn-MOFs-mediated fluorescence turn "On-
Off-On" probe with preclinical blood samples as a proof 
of concept.

4. Conclusion
In this paper, we have presented an exceptionally 

stable and nanosized RP-GQDs@Zn-MOFs-based fluo-
rescence turn "On-Off-On" nanoprobe. This innovative 
probe was developed by encapsulating RP-GQDs, synthe-
sized from rose petals, within Zn-MOFs. The interaction 
between Zn2+ and carboxylic functionalities was employed 
to create RP-GQDs@Zn-MOFs, which was confirmed 
through spectroscopic analysis. Importantly, the encap-
sulation of RP-GQDs in Zn-MOFs retained the lumines-
cent properties of RP-GQDs. The particle size analysis 
of the complex demonstrated the stability of Zn-MOFs. 
The study further showed that the presence of quercetin 
in the Cu2+-RP-GQDs@Zn-MOFs sensing system led to 
fluorescence recovery. This recovery is attributed to the 
formation of a complex between Cu2+ ions and specific 
functionalities of quercetin, specifically the 3-OH and the 
carbonyl group (4-C=O) in the 'B' ring. This probe exhibit-
ed a low LOD of 37.8 ng/mL, indicating its high sensitivity 
for quercetin detection. Additionally, the probe's selectiv-
ity was assessed through interference testing, confirming 
its high specificity for quercetin in the presence of various 
interfering substances. The analytical parameters demon-
strated the probe's stability and repeatability, making it a 
reliable sensing system for quercetin detection. Real-time 
analysis in artificial plasma validated its practical utility. 
In conclusion, the developed RP-GQDs@Zn-MOFs-based 
sensor offers a straightforward process, excellent sensitiv-
ity, and selectivity for quercetin detection. This sensor has 
the potential for applications in measuring quercetin levels 
in clinical samples and food products.
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Povzetek
Pričujoča študija predstavlja ‘On-Off-On’ nanoprobo na osnovi fluorescence kot možnost za zaznavanje kvercetina. Pro-
ba je narejena iz grafenskih kvantnih točk, proizvedenih iz vrtničnih cvetnih listov in vključenih v cinkova kovinsko-or-
ganska ogrodja (RP-GQDs@Zn-MOF). Z analizo velikosti delcev in HR-TEM smo potrdili sintezo uniformno porazdel-
jene probe v nanovelikosti, medtem ko je zeta potencial (+33,03 mV) dokazal njeno dobro stabilnost. Fluorescenčna 
analiza je potrdila, da dodatek bakrovih ionov (Cu2+) povzroči dušenje fluorescence, medtem ko dodatek kvercetina 
povzroči nastanek kvercetin-Cu2+ kompleksa, kar privede do obnovitve zadušene fluorescence pri RP-GQDs@Zn-MOF 
zaradi statičnega dušenja. Nanoproba je izkazala široko koncentracijsko območje od 100 ng/mL do 1400 ng/mL (R2 = 
0,99) ter nizko mejo zaznave 37,8 ng/mL. Analiza selektivnosti je pokazala izrazito specifičnost za kvercetin, kar prip-
isujemo koordinaciji Cu2+ s karbonilnim kisikovim atomom in 3-OH skupino kvercetina. Nadalje je pripravljena proba 
pokazala odlično stabilnost, ponovljivost (RSD < 0,05) in potencial za analizo v realnem času.
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Abstract
This article describes the synthesis of a nanosilica-cysteine composite (SiO2-Cys) and its application as a sorbent and 
carrier for arsenic(III) using different media. Attenuated total reflectance-Fourier-transform infrared spectroscopy, scan-
ning and transmission electron microscopy, X-ray diffraction, and thermogravimetric analysis were applied to character-
ize SiO2-Cys. Using the batch technique, the sorption of As(III) ions by SiO2-Cys was studied, and the effects of pH, sorb-
ent dosage, temperature, initial concentration, and contact time were all taken into consideration. According to kinetic 
studies, the pseudo-second-order equation adequately described the sorption of the As(III) ion. The spontaneity of the 
sorption process on SiO2-Cys is suggested by the negative values of Gibbs free energy (ΔG°). Positive values of enthalpy 
(ΔH°) indicate an endothermic adsorption process and positive values of entropy (ΔS°) for the adsorption of As(III) ions 
mean that adsorption is associated with increasing randomness. The Langmuir model, which has a maximum sorption 
capacity for SiO2-Cys of (66.67 mg/g) at 25 °C, provided a better fit to the sorption isotherm.

Keywords: Arsenic; modification; silica nanoparticles; cysteine; sorption; ion uptake

1. Introduction
Arsenic, a group 15 metalloid element with an atom-

ic weight of 74.9216 amu and atomic number 33, is consid-
ered one of the most common elements in nature.1,2 Arse-
nic is an element of concern from both an environmental 
and human health perspective.3 Arsenic is in all its fea-
tures mostly recognized as a poison. Arsenic species can 
be found in all kinds of environments and can come from 
both natural and anthropogenic sources.4 The most toxi-
cologically potent arsenic compounds are in the trivalent 
oxidation state. This is due to their ability to produce reac-
tive oxygen species and their reactivity with compounds 
that contain sulfur. Nevertheless, humans are exposed to 
both trivalent and pentavalent arsenicals.5 Natural sourc-
es of arsenic include weathering, the activity of volcanoes 
and some biological processes. Anthropogenic sources 
are diverse from the burning of fossil fuels, smelting, and 
mining to different types of industrialization (pesticides, 
desiccants, pigments, and preservatives). However, these 
are all responsible for the presence of arsenic in water.6–8 
The World Health Organization (WHO, Geneva, Switzer-
land), Environmental Protection Agency (US-EPA, Unit-
ed States)9,10 and Central Pollution Control Board (CPCB, 

India)11,12 have established that arsenic in drinking water 
that is not to exceed a certain level of the range from 0.01 
to 0.05 mg L−1 due to its extreme toxicity.

Arsenic can be eliminated from aqueous solutions us-
ing many physical and chemical treatment methods. Over 
the past few decades, various techniques have been used, 
inclusive of sorption, ion exchange, chemical precipitation, 
and electrodialysis.13 Several variables, including the con-
centration of arsenic, pH, and the interference with compet-
ing ions, affect the effectiveness of each of these techniques. 
Sometimes, they are suitable for As(V), but not for As(III).14 
The efficiency, affordability, and ease of the technique, all 
play a role in selecting the best arsenic removal method.15,16 
Adsorption is one of the most promising techniques among 
all those that are currently in use.17 Moreover, current in-
frastructure and technologies for treating wastewater and 
water are at their capacity to provide water of sufficient 
quality to meet both environmental and human needs.18,19 
Nanoparticles are good options for water treatment appli-
cations due to their many diverse properties involving sur-
face area, specificity, and reactivity.20,21 In the past ten years, 
reports on the selective and effective adsorption of arsenic 
ions by silica that have been functionalized with amino 

mailto:amr9170169@ju.edu.jo
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollution-control
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acids,22,23  surface ions-imprinted silica,24 or quaternary 
amines25 have all been made. The purpose of this research is 
to synthesize composite material using cysteine, where the 
thiol groups play a major role in the process of As(III) ad-
sorption, and to thoroughly investigate the effectiveness of 
As(III) removal from water and different media. The main 
goals are to (a) synthesize and characterize the composite 
nano-material, (b) to determine the kinetics of As(III) ad-
sorption, and (c) to study the impact of temperature, pH, 
time, and initial concentration on As(III) adsorption. This is 
the first novel work that deals with nanosilica-cysteine com-
posite (SiO2-Cys) and its application as a sorbent and carrier 
for arsenic(III) using different media.

2. Experimental
2. 1. Materials

Nano powder of SiO2 (99.5%), L-Cysteine (≥ 
98%) from a non-animal source and Luecocrystal violet 
(4,4ʹ,4ʹʹ-methylidynetris(N,N-dimethylaniline) from Sig-
ma Aldrich, Ninhydrin from Bio Basic Inc. Hydrochlo-
ric acid (37%) from VWR Chemicals, Arsenic trioxide 
(99.5%) from BDH Chemicals, England. NaOH pellets 
from Merck.

2. 2. Instruments
The RADWAG® AS 220.R2, Electronic Balance was 

used for the weighing. A BANTE pH-meter (PHS-25CW) 
was used to determine the pH of the solutions. The attenu-
ated total reflectance-Fourier transform infrared spectrum 
was recorded on a Bruker Vertex 70-FT-IR spectrometer 
at room temperature coupled with a vertex Pt-ATR-FTIR 
accessory. Centrifugation was done using (DJB Lab Care-
AIC PK 130) at 4000 RPM speed. DHP-9052 heating in-
cubator was used to heat the samples. Using a NETZCH 
STA 409 PG/PC thermal analyzer with a heating rate of 
20 °C/min from (0–1000 °C), thermal gravimetric analysis 
was performed. The Philips X-Pert PW 3060, running at 
45 kV and 40 mA, was used to measure X-Ray Diffraction. 
The 3D shape was examined using a scanning electron 
microscope NCFL’s FEI QUANTA 600 FEG. Shape and 
size distribution of the nanoparticles were obtained by a 
Formvar-coated copper grid (Electron Microscopy Scienc-
es, USA) using an FEI Morgagni 268 transmission elec-
tron microscopy (Eindhoven, The Netherlands) at a 60 kV 
accelerating voltage. GRIFFIN (1-150) vacuum oven was 
used to dry samples at 25 °C and 630 mm Hg. A 1.0 cm 
quartz cell and a METASH vis-spectrophotometer, model 
V-5100, were used to measure the As(III) concentration.

2. 3. Modification of Nanosilica with Cysteine
Dissolving 36 g ± 0.1 mg of the nanosilica powder in 

600.0 ± 0.1 mL of deionized water and adjusting the pH to 

5.60 ± 0.01. Add 36 g ± 0.1 mg of cysteine to the nanosili-
ca solution and shaking was done using a magnetic stirrer 
for 48 hrs. Then the mixture was filtered by centrifugation 
and dried in a vacuum oven at 25 ± 0.5 °C for 5 days (90% 
yield). The product is labeled as (SiO2-Cys).

2. 4. Characterization
Attenuated total reflectance-Fourier Transform 
Infrared (ATR-FTIR) Spectroscopy Analysis

SiO2-Cys and SiO2-Cys with As(III) (SiO2-Cys/
ATO) spectra of ATR-FTIR were recorded using a Vertex 
70-FT-IR spectrometer (Bruker, Germany) at room tem-
perature coupled with a vertex Pt-ATR-FTIR accessory.

Thermal Gravimetric Analysis (TGA)
The TGA of SiO2-Cys and SiO2-Cys/ATO was per-

formed using a Netzsch STA 409 PG/PC thermal analyzer 
(Selb Bavaria, Germany) in the temperature range (0–1000 
°C) at a 20 °C/min heating rate and 50 mL/min flow rate 
for nitrogen purging.

X-ray Diffraction (XRD) Analysis
Philips X pert PW 3060 diffractometer (PANalytical, 

United Kingdom) was used to investigate the crystalline 
phases of SiO2-Cys and SiO2-Cys/ATO. The XRD experi-
ments were operated with Cu Kα-radiation (λ = 1.5406 Å) 
in the 2θ range (6.0–60.0°) at 45 kV and 40 mA.

Scanning Electron Microscope (SEM)
Information about the surface topography and com-

position of the sample was examined for SiO2-Cys and 
SiO2-Cys/ATO using NCFL’s FEI QUANTA 600 FEG (FEI 
Ltd, Japan). Disperse 3 mg ± 0.1 mg of the sample on the 
carbon tape. Samples weren't further coated before being 
analyzed.

Transmission Electron Microscopy (TEM)
Shape and size distribution of SiO2-Cys and SiO2-

Cys/ATO were obtained by a Formvar-coated copper grid 
(Electron Microscopy Sciences, USA). The grid was left to 
dry overnight, and a FEI Morgagni 268 TEM (Eindhoven, 
The Netherlands) was used for imaging (60 kV accelerat-
ing voltage).

Point of zero charge (PZC) of SiO2-Cys
PZC was determined using two methods: Salt Addi-

tion and the pH drift method. PZC values by the salt ad-
dition method were determined in 0.1 M NaNO3 solution 
at 25 ± 0.5 ºC. In the Salt Addition method, SiO2-Cys (0.1 
g ± 0.1 mg) and 0.1 M NaNO3 (40 ± 0.1 mL) were mixed 
in different reaction flasks. The pH of the suspension was 
then adjusted to an initial pH value of 3, 4, 5, 6, 7, 8, 9, 
10, and 11 using either 0.1 M HCl or 0.1 M NaOH solu-
tions. Each flask was then  vigorously agitated in a shaker 
for 24 hr. After settling, the final pH of each suspension 

https://sg.vwr.com/store/supplier/id/VWRC/vwr-chemicals
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was measured very carefully. In the drift method, 0.1 M 
HCl or 0.1 M NaOH, was used to change the pH of NaNO3 
solution to a range of 3 to 11. The pH was measured after 
SiO2-Cys (0.1 g ± 0.1 mg) was added to 20 ± 0.1 ml of the 
pH-adjusted solution and equilibrated for 24 hr then the 
final pH was measured.

2. 5. Removal of As(III) Ions from Water
Preparation of standard curve of As(III)

The stock solution of arsenic (1000 ppm) was pre-
pared by dissolving an appropriate quantity of arsenic tri-
oxide in 20 ± 0.1 mL of 2 ± 0.1 mg g NaOH, which was 
neutralized by adding dilute HCl to make acid. The solu-
tion was then made up to the mark in a 500 mL volumetric 
flask by adding deionized water. From the stock solution, 
a working solution of 100 ppm has been prepared. These 
two solutions were used to build up an analytical calibra-
tion curve with various concentrations (0.75, 1.25, 1.50, 
2.50, 3.00, 4.00 and 5.00 ppm).

Sorption experiments
Sorption experiments of As(III) implying kinetic 

studies were conducted in the following simple settings to 
establish the sorption equilibrium time by SiO2-Cys using 
batch technique; 0.05 g ± 0.1 mg of SiO2-Cys was shaken 
with 25.0 ± 0.1 mL of 50 ppm As(III) ion solution, pH 6 
is to be assured, the contact time was varied from 12 to 
108 hours at 25.0, 37.5 and 45.0 °C. A spectrophotometric 
method using Luecocrystal violet indicator to quantify the 
amount of As(III) ions that were still present in the filtrate 
was applied. The following equations have been used to 
calculate the sorption capacity (qe) and the percentage up-
take of As(III) ions:

 (1)

 (2)

where C0 is the initial As(III) ions concentration (ppm), 
Ce is the concentration of As(III) ions left in solution at 
equilibrium, V is the volume (L) of As(III) solution, and m 
is the mass (g) of SiO2-Cys.

Sorption isotherms and kinetics modelling
The following two models were used in kinetic eval-

uation to better understand how As(III) ions adsorb to 
SiO2-Cys:

Pseudo-first-order:

 (3)

and pseudo-second-order:

 (4)

where k1, k2 are the rate constants for pseudo-first-order 
and pseudo second-order adsorption process, respectively. 
qe and qt (mg/g) are the amounts of As(III) ions adsorbed 
onto SiO2-Cys at equilibrium and time t (min).26

The sorption of As(III) ions onto SiO2-Cys was in-
vestigated using three different isotherm models: Lang-
muir,27 Freundlich,28 and Dubinin–Radushkevich (D-
R).29 The sorption isotherms were carried out by shaking 
0.05 g ± 0.1 mg of SiO2-Cys with 25.0 ± 0.1 mL of solutions 
of variable concentrations (50, 100, 150, 200 and 250 ppm) 
for As(III) at pH 6.0 ± 0.01 and at 25.0, 37.5 and 45.0 °C. 
Samples were shaken for 96 hours, then centrifuged and 
the amount of As(III) ions left in solution was determined. 
The adsorption isotherms are studied using the following 
formulas:

• Langmuir equation (Form I):

 (5)

• Freundlich equation:

 (6)

• Dubinin–Radushkevich equations:

 (7)

where the Polanyi potential ε, can be calculated as:

 (8)

Desorption experiments
A 0.05 g ± 0.1 mg of SiO2-Cys was dissolved in 25.0 

± 0.1 mL of 50 ppm As(III) at pH 6.0 ± 0.01 and 25.0 ± 0.5 
°C, shaken for 96 hours, then centrifuged and dried in a 
vacuum oven. Adding to vessels containing 50.0 mL media 
solution (normal saline, dextrose, ringer lactate, water (all 
at pH = 7.4 ± 0.01), and 0.1 M HCl, then were shaken at 
250 rpm for 48 hr and 37.5 ± 0.5 °C. After that an aliquot 
was taken out for the determination of desorbed As(III) 
ions. The concentration of As(III) in each sample was de-
termined by comparison with a calibration curve based on 
the absorption maximum at 590 nm.

2. 6. Regeneration and Reusability of SiO2-Cys
The regeneration and reusability of SiO2-Cys after 

As(III) adsorption/desorption cycles were investigated. 
Four cycles were performed. 25 ± 0.1 mL of a 50 ppm 
As(III) solution at pH 7.4 was contacted with 0.5 g ± 0.1 
mg of SiO2-Cys with shaking at 37.5 ± 0.5 °C during 24 
hr. The suspension was centrifuged, the final solution was 
measured for As(III) content and the remaining solid was 
washed with 50 ± 0.1 mL of 0.1 M HCl followed by wash-
ing with deionized water. The washed adsorbent was then 
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dried at 25 ± 0.5 °C in a vacuum oven for 24 hr. The dried 
solid was weighted, and the process was repeated three 
more times. The amount of As(III) adsorbed was deter-
mined by Equation 2 and the removal % was calculated 
using Equation 1.

3. Results and Discussion
Nanosilica-cysteine composite (SiO2-Cys) was pre-

pared successfully. The yield percentage of the reaction 
was 90% and a well structural characterization of the syn-
thesized nanoparticles using ATR-FTIR, TGA, SEM, TEM 
and XRD was achieved.

3. 1. ATR-FTIR Analysis
The ATR-FTIR analysis was performed to establish 

the changes in the functional groups of SiO2-Cys to ensure 
the uptake of As(III). The spectrum of SiO2-Cys (Figure 
1b) shows distinctive peaks at three main wavenumbers: 
1077, 800, and 453 cm–1 which corresponds to the asym-
metric, symmetric modes of Si–O–Si, bending O-Si-O, 
respectively, and a characteristic peak at 962 cm–1 for the 
silanol group stretching vibration.30 The red shift in asym-
metric Si–O–Si band from original 1060 cm–1 on nanos-
ilica to 1077 cm–1 on SiO2-Cys indicated the interaction 
of amino acid with surface silanols of nanosilica.31 Other 
peaks: 1583 cm–1 (COO– asymmetric stretching), 1486 
cm–1 (N-H bending), and 1406 cm–1 (COO– symmetric 

Figure 1. ATR-FTIR spectra for a fine powder sample of a) SiO2-Cys/ATO, b) SiO2-Cys, and c) ATO. The spectra were recorded in the mid-infrared 
region (4000–400 cm–1) and show characteristic absorption bands corresponding to the sample's chemical composition and functional groups.
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stretching) were also observed. The existence of COO– and 
N-H peaks showed that cysteine is present as a zwitterion 
molecule.32

ATR-FTIR spectra of the bare As2O3 (Figure 1c) 
shows the prominent peak of As–O stretching vibration at 
802 cm−1 and another peak at 474 cm−1 which is related to 
As–O bending.33

3. 2. TGA Thermogram
The TGA thermogram of SiO2-Cys in Figure 2 (line 

2) consisted of a main gradual weight loss starting at about 
180 °C attributed to decomposition loss (about 21 wt %) of 
the organic component, which is in our case is cysteine.34 
The thermogram showed a prior decomposition occurred 
around 100 °C, which has to do with the elimination of 
water that has been adsorbed (physically).35 TGA ther-
mogram for SiO2-Cys/ATO which is shown in Figure 2 
(line 1) showed two decomposition behaviours; the first 

occurred around 100 °C, which is related to the elimina-
tion of water, whereas the second (about 14 wt %) about 
220 related to the loss of cysteine. It is obvious from the 
residual mass percent that SiO2-Cys/ATO (line 1) retains 
more mass than SiO2-Cys (line 2) which can be explained 
by the existence of the arsenic-oxide in addition to the 
nanosilica.

3. 3. XRD Pattern
XRD pattern of SiO2-Cys and SiO2-Cys/ATO 

(Figure 3) illustrates important solid-state structural 
data, represented by the degree of crystallinty. Instead 
of distinct peaks, a broad hump or diffuse scatter-

ing over a range of angles appeared at 2θ = 22.50° for 
SiO2-Cys. This indicates the lack of long-range order 
characteristic of crystalline materials, this has to be a 
characteristic peak related to the amorphous silica.36 
The presence of three sharp peaks at 2θ = 19.22°, 2θ = 
28.34° and 2θ = 33.46° associated with the monoclin-
ic crystalline cysteine.37 The XRD pattern of SiO2-Cys/
ATO possesses two sharp peaks at 2θ = 29.56° and 2θ 
= 34.78° corresponding to monoclinic crystal of arse-
nic trioxide in which the intensity of the peaks indi-
cates the abundance of arsenic trioxide in the sample. 
Higher peak intensity suggests a higher concentra-
tion of ATO.38 This finding confirms the formation of  
SiO2-Cys/ATO.

Figure 2. TGA thermogram of [1] SiO2-Cys/ATO and [2] SiO2-Cys under a nitrogen atmosphere in the temperature range (0–1000 °C). The ther-
mogram shows the weight loss as a function of temperature, revealing the thermal stability and decomposition behavior of the samples.

Figure 3. XRD pattern of a sample of SiO2-Cys and SiO2-Cys/ATO 
obtained using a Cu Kα radiation source (λ = 1.5406 Å) in the 2θ 
range (6.0° – 60.0°).
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images (Figure 4) showed that the ATO particles had 
spread out over the SiO2-Cys system and created a 
smooth surface.

3. 4. SEM Spectroscopy
Using FEI Quanta SEM, the morphology of SiO2-

Cys and SiO2-Cys/ATO was examined. All of the SEM 

Figure 4. SEM micrographs at different magnifications: (a,c) 2500x-magnification image revealing the surface details and microstructure for  
SiO2-Cys and SiO2-Cys/ATO, respectively. (b,d) 1000x-magnification image showing the overall morphology of SiO2-Cys and SiO2-Cys/ATO, re-
spectively.

Figure 5. TEM images for (a) SiO2-Cys, scale bar: 200 nm (b) SiO2-Cys, scale bar: 100 nm; (c,d) SiO2-Cys/ATO, scale bar: 200 nm. Images showing 
the morphology of the samples in the atomic-level.
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The adsorption of ATO on nanosilica can involve 
binding interactions between the ATO molecules and 
the surface atoms or functional groups of nanosilica (i.e. 
cysteine). These binding interactions can promote the 
formation of stable surface species or bridging structures, 
which can contribute to the smoothness of the surface by 
reducing surface roughness and promoting surface uni-
formity. Additionally, ATO adsorption can contribute to 
surface energy minimization. Adsorbed molecules tend to 
redistribute and orient themselves to achieve a lower en-
ergy state, which can lead to a smoother surface in which 
the interaction between ATO molecules and the nanosilica 
surface can facilitate the rearrangement of surface atoms 
or molecules, reducing height variations and resulting in a 
more uniform surface.

3. 5. TEM Spectroscopy
TEM analysis was carried out to achieve the shape 

and size distribution of SiO2-Cys and SiO2-Cys/ATO. Fig-
ure 5 shows that the composite was observed to have dense 
nano-aggregates possessing a (16–24 nm) particle size and 
a morphology shape that is roughly spherical in appear-
ance.

Nanosilica particles may have a high surface ener-
gy, which can drive them to aggregate and minimize their 
surface area. Additionally, the presence of ATO can also 
affect the surface properties of the nanosilica particles, 

promoting their aggregation. Surface interactions between 
the nanosilica and ATO, such as van der Waals forces or 
chemical bonding, can contribute to the formation of the 
observed dense nano-aggregates.

3. 6. PZC of SiO2-Cys
PZC is traditionally known as the pH where one or 

more components of the surface charge vanishes at a spec-
ified temperature, pressure, and aqueous solution compo-
sition. PZC was obtained using two methods: Salt Addi-
tion and the pH drift method.

PZC values using the salt addition method were de-
termined in 0.1 M NaNO3 solution at 298 K. The pH of the 
suspension was adjusted to an initial pH value in the range 
of 3 to 11. The addition of SiO2-Cys to the NaNO3 solution 
changes the pH. The final pH values were calculated, and 
the initial pH values were plotted against ΔpH as seen in 
Figure 6a. The PZC was chosen to represent the initial pH 
at which pH is zero.39 In the pH 5 to 11 range, the ΔpH 
values are positive with a maximum value at pH 10 and the 
PZC of SiO2-Cys is pH = 5.

In the drift method, the pH of the 0.01 M NaNO3 was 
adjusted to a value in the range of 3 to 11. The difference 
between the final and initial pH was measured and plotted. 
The PZC was determined to be the pH at which the curve 
crosses the pHinitial = pHfinal line.43 The PZC for SiO2-Cys 
using the drift method is given in Figure 6b. There are no 

Figure 6. PZC diagram for SiO2-Cys sample obtained through (a) salt addition method and (b) drift method using 0.1 M NaNO3 at 25 °C. The dia-
gram illustrates the variation in surface charge as a function of pH, indicating PZC.
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ions in the diffuse swarm to neutralize the surface charge 
at the PZC, so any ions that are adsorbed must be ad-
sorbed in surface complexes.40 The PZC achieved (pH = 
5), showed the existence of perfect charge balance in the 
acidic region in an aqueous solution.

3. 7. Effect of Adsorbent Dose
Adsorption capacity reaches a maximum as adsor-

bent (i.e. SiO2-Cys) dosage rises, while all other param-
eters remain constant. As(III) uptake decreases with in-
creasing adsorbent dosage, as shown in Figure 8. Since 
there are more active sites at lower adsorbent concentra-
tions, increasing the dosage of adsorbent causes particle 

aggregation, which lowers adsorption capacity and As(III) 
uptake. Figure 8 shows that 0.05 g of nanosilica has the 
highest adsorption capacity and achieves a 97% uptake.

3. 8. Effect of pH
Arsenic existing in different forms, alteration in the 

oxidation state, and solubility in aqueous solutions are 
all strongly influenced by pH.41 According to literature,42 
As(III) species are predominant in nature. Arsenite can be 
found in water as arsenous acid (H3AsO3) with pKa values 
as shown in Scheme 1.

H3AsO3       → H2AsO3
– + H+ pKa1 = 9.22

H2AsO3
–     → HAsO3

2– + H+ pKa1 = 12.13

HAsO3
2–     → AsO3

3– + H+ pKa1 = 13.40

Scheme 1: pKa values of arsenous acid

Arsenic can be soluble in water at pH levels between 
2 and 11 with the right chemical and physical conditions, 
but generally, it is soluble at low pH levels (less than 2).43 
Oxidation of the trivalent form of As to pentavalent hap-
pens rather slowly; days are needed. Oxidation occurs 
when air is present between 4 to 9 days. However, it takes 
2 to 5 days when pure oxygen is present.44

The impact of aqueous solution initial pH values, 
in the range of pH 3 to 8 on the adsorption behaviour of 

Figure 7. Adsorbent dosage effect on the adsorption of As(III) us-
ing SiO2-Cys at 25 °C. The graph shows the influence of varying 
SiO2-Cys dosage in the range of 0.05–0.25 g on the adsorption effi-
ciency of As(III).

Figure 8. % Uptake of As(III) by 0.05 g of SiO2-Cys at different (a) pH, (b) temperatures, (c) As(III) concentrations, and (d) contact times. % Uptake 
experiments were carried out in the range of 25, 37.5, and 45 °C
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SiO2-Cys for fixed As(III) concentration was investigated 
at different temperatures. It can be clearly observed from 
Figure 8a that the % uptake of As(III) was low at pH 3 to 
5, indicating the existence of competitive adsorption on 
SiO2-Cys surface between H3O+ and H4AsO3

+ at low pH, 
and its approach was constrained by the repulsive force 
that existed between the protonated surface and H4A-
sO3

+. After that, the % uptake of As(III) increased from 
pH 6 to pH 8, where pH 6 produced the highest level of 
uptake. The positive charges or the negative charges on 
SiO2-Cys may change depending on the H+ concentra-
tion so that H4AsO3

+ ions were more readily absorbed 
when placed on the silica surface. The percentage of As(I-
II) ions that are absorbed increases with increasing solu-
tion pH for this reason.45 The relation between PZC and 
the pH of high uptake comes into play when examining 
the uptake of ions onto a surface. The PZC of a particular 
surface can be used in the adsorption prediction of an ion 
onto that surface, with a higher PZC increasing the like-
lihood of adsorption. To complicate the matter further, 
the pH of a given solution also impacts ion adsorption. 
In a basic solution (higher pH) or acidic solution (lower 
pH), the adsorption of a given ion can be significantly 
altered or even reduced altogether. So in our case, pH = 
5 is the point at which a molecule or surface has neither 
a net positive nor negative charge, making it a neutral 
surface, with higher numbers indicating a more basic/
alkaline surface and lower numbers indicating a more 
acidic surface.

3. 9. Effect of Temperature
For the purpose of determining how temperature af-

fects the adsorption of As(III) by SiO2-Cys, experiments 
were performed at 25, 37.5, and 45 °C. Figure 8b shows a 
slightly increasing % uptake of As(III) ions as increasing 
the temperature from 25 to 45 °C, which demonstrated the 
energy-dependent and endothermic nature of the As(III) 
ion adsorption mechanism.46

3. 10. Effect of Initial Concentration
The initial As(III) concentration was varied from 

50 to 250 ppm in order to study the sorption of As(III) 
ions onto SiO2-Cys composite. As(III) ions were readily 
adsorbed at low initial concentrations of As(III) because 
there are a lot of adsorption sites available and the surface 
area is relatively large. As(III) ion removal percentages de-
cline at higher initial concentrations due to a limited num-
ber of total adsorption sites (Figure 8c).

3. 11.  Contact Time Effect and Models of 
Sorption Kinetic

It is evident from the findings in Figure 8d that the 
As(III) ions adsorption efficiency increases rapidly during 
the first 84 hours before gradually reaching equilibrium. This 
phenomenon indicates that, with increasing contact time, 
these binding sites gradually become fewer until reaching 
saturation, which resulted in decreased uptake and the ad-

Figure 9. (a) Pseudo-first order and (b) Pseudo-second order adsorption kinetics of 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6 and different tem-
peratures (25.0, 37.5 and 45.0 °C).
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sorption reaction reaching equilibrium. The equilibrium time 
has been taken as 96 hours. The linear plots of [ln(qe–qt) vs. 
time] and [t/qt vs. time] were displayed in Figure 9a and Fig-
ure 9b for As(III), and the values of qe, k1, k2, and correlation 
coefficient (R2) are given in Table 1. The pseudo-second-or-
der kinetic model was better suited to explain the adsorption 
process of As(III) by SiO2-Cys due to its R2 values (R2 = 1.00) 
and its calculated adsorption capacity (qe) was close to the ex-
perimental equilibrium adsorption capacity. One could argue 
that the rate-controlling step is chemisorption.47

3. 12.  Initial Concentrations Effect and 
Models of Sorption Isotherm

To understand what is occurring in the adsorption 
process (i.e. the mechanism of interaction) we must deal 

with adsorption isotherms. Three distinct isotherm mod-
els were employed for the adsorption of As(III) onto SiO2-
Cys: Langmuir, Freundlich, and D-R.48 Isotherm models 
as shown in Figures: 10b, 10c and 10d for As(III). Table 
2 displays the isotherm parameter values that were deter-
mined. The adsorption of As(III) on SiO2-Cys show high 
correlation coefficients (R2 > 0.97) for both the Langmuir 
and Freundlich isotherm models. The fact that the adsorp-
tion process included both monolayer and multilayer ad-
sorption possibly contributed to that.

Figure 10a shows the effect of adsorption of the ini-
tial concentration of As(III) by SiO2-Cys. The adsorption 
capacities (qe) of As(III) were obviously increased as the 
initial concentration of As(III) increased at pH 6. The pro-
cess of adsorption may have been enhanced because an 
increase in the initial concentration of As(III) provided a 

Figure 10. Plots of (a) adsorption isotherm of As(III) on SiO2-Cys, (b) linearized Langmuir(I), (c) linearized Freundlich, (d) D-R isotherm. The 
sorption onto 0.05 g SiO2-Cys using the three isotherm models was investigated with solutions of variable concentrations (50, 100, 150, 200 and 250 
ppm) for As(III) at pH 6.0 and at 25.0, 37.5 and 45.0 °C.

Table 1. Kinetic parameters for adsorption of 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6 and dif-
ferent temperatures (25.0, 37.5 and 45.0°C).

Kinetic models Parameters  T (K)
  298 310.5 318

Pseudo-first-order model k1 (L/min) 0.0395 0.0404 0.0429
 qe (mg/g) 2.298 2.341 2.506
 R2 0.746 0.741 0.719
Pseudo-second-order model k2 (g/mg.min) 0.748 0.742 0.735
 qe (mg/g) calculated 1.156 1.161 1.167
 qe (mg/g) experimental 1.157 1.163 1.168
 R2 1.000 1.000 1.000
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potent impact to overcome the mass transfer resistance be-
tween the solid phase and aqueous phase.49

With a finite number of identical centers evenly dis-
tributed across the surface of the sorbent, Langmuir ad-
sorption distinguishes monolayer adsorption from other 
types of adsorption. A high level of adsorption capacity 
(66.67 mg/g) was attained compared with other sorbents 
used with As(III) (Table 3). The separation factor (RL) and 
also known as the equilibrium parameter can be calculated 
using the Langmuir isotherm. As shown in Table 2, it was 
found that (0 < RL < 1), which can be explained that the 
adsorption of As(III) on SiO2-Cys was favourable.50 Addi-
tionally, despite the unity, which is considered a complete-
ly reversible case, the value of RL tended toward zero (the 
completely ideal irreversible case).51

Another model, Freundlich isotherm, is used to 
describe the adsorption on a solid surface. This model 
describes heterogeneous surface adsorption. Freundlich 
constant KF and n are distinctive features related to the 
relative sorption capacity of the sorbent and the intensity 
of sorption, respectively. The values of n, represent the de-
gree of favorability of adsorption. As illustrated in Table 2, 
the values of n are greater than 1.0, which shows that the 
adsorption of As(III) on SiO2-Cys is a successful process 
across the entire temperature and concentration range.52 
KF (mg/g) for the adsorption of As(III) increased with 
temperature, demonstrating the endothermic nature of the 
adsorption process.53

To calculate the apparent free energy of adsorption, 
the D-R isotherm was used.50 This isotherm model is more 
general than Langmuir isotherm as it rejects the homoge-
nous surface or constant adsorption potential. It is possible 
to get a good idea of the general mechanism of the sorp-

Table 2. Langmuir, Freundlich and D-R isotherm parameters for SiO2-Cys towards As(III) at different temperatures (25.0, 37.5 and 45.0 °C).

T(oC) Langmuir Isotherm Freundlich Isotherm D-R Isotherm
 R2 qm KL RL R2 n KF R2 Β qm E
  (mg/g) (L/mg)   (L/mg) (mg/g)  (mol2/kJ2) (mg/g) (kJ/mol)

25.0 0.997 66.667 0.060 0.250 0.986 1.776 6.026 0.853 3 × 10–6 38.939 0.408
37.5 0.995 62.500 0.080 0.199 0.976 1.908 7.379 0.868 2 × 10–6 39.805 0.500
45.0 0.994 58.824 0.105 0.160 0.989 1.976 8.035 0.839 1 ×10–6 39.173 0.707

Table 3: Comparison of adsorption capacities of different adsorbents for the removal of As(III)

 Adsorbent qm (mg/g) Year of publication Reference

1 Waste rice husk 0.02 2006 55
2 Non-immobilized sorghum biomass 2.765 2007 56
3 Immobilized sorghum biomass 2.437  
4 Calix arene-appended functional material 0.412 2012 57
5 Thioglycolated sugarcane carbon 0.085 2013 58
6 Fe-Mn binary oxide impregnated chitosan beads 54.2 2015 59
7 Recombinant E. coli expressing arsR  2.32 2018 60
8 Iron-olivine composite 2.831 2018 61
9 Graphene Oxide and Granular Ferric Hydroxide 0.023 2023 62

tion process from the amount of free energy of adsorp-
tion (E). Typical values for E range from 8 to 16 kJ/mol, 
if the adsorption follows ion exchange, and < 8 kJ/mol, if 
physical adsorption dominates. The calculated E values are 
reported in Table 2 and indicate that As(III) ion uptake by 
SiO2-Cys follows physical adsorption rather than chemical 
ion exchange.54 The same outcomes were observed when 
examining the values of RL, KF, and n.

3. 13. Thermodynamic Studies
The following equations were applied to determine 

the system's thermodynamic functions, such as changes 
in Gibbs free energy (ΔG°), enthalpy of adsorption (ΔH°), 
and entropy of adsorption (ΔS°):

 (9)

 (10)

The values of Kd (distribution coefficient) are shown 
in Table 4, which were calculated from the intercept of 
ln(qe/Ce) vs. qe. Results revealed that Kd rises with T, indi-
cating the endothermic nature63 of As(III) adsorption on 
SiO2-Cys.

Table 4. Distribution coefficient for As(III) SiO2-Cys at pH 6.0 at 
different temperatures.

T (°C) Kd lnKd

25.0 3.262 1.182
37.5 4.088 1.408
45.0 4.895 1.588
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Figure 11 illustrates how ΔH° and ΔS° were deter-
mined from the slope and intercept of the plot of ln Kd vs 
1/T for As(III) ion, while ΔG° values were calculated using 
equation 9.

ΔG° measures the degree of the spontaneity of the 
adsorption process. More negative values of the Gibbs free 
energy represent adsorption processes that are more en-
ergetically advantageous.64 Results in Table 5 show a neg-
ative value of ΔG°, which indicated that the adsorption of 
As(III) onto SiO2-Cys is energetically and agreed with Kd 
values.

Table 5. Thermodynamic parameters for adsorption of As(III) by 
SiO2-Cys.

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

–2.931 15.763 62.629

The positive values of ∆H° (Table 5) demonstrated 
that As(III) on SiO2-Cys is adsorbed through an endother-
mic process. In addition, the type of adsorption can be ac-
cepted as a physical process when the value of ∆H° is less 
than 40 kJ/mol.65

Van der Waals force and electrostatic force between 
adsorbate molecules and atoms that make up the adsor-
bent surface are the main causes of physical adsorption. 
The As(III) ions are well solvated, so they must lose some 
of their hydration to be adsorbed, which is one explana-
tion for ∆H° being positive. The energy needed to carry 
out the ions process of dehydration outweighs the exother-
micity of the ions attachment to the surface.54,66

The increased randomness at the solid/solution in-
terface during the adsorption process is indicated by the 
positive value of ∆S° for SiO2-Cys. Adsorbent affinity for 
the As(III) ions used is also reflected. The presence of ran-
domness in the system is made possible by the fact that 

the adsorbed water molecules, which the adsorbate species 
displace, gain more translational energy than is lost by the 
adsorbate ions. Dehydration of As(III) ions also makes the 
system more random.66,67

3. 14. Desorption and Stability Experiments
When dealing with aqueous media solutions, vari-

ous biological media are options that could be used. The 
most popular ones were chosen as shown in Table 6. The 
stability of the sorbent is being compared in these different 
solutions. Based on the % removal of As(III) by SiO2-Cys 
in these solutions, the stability is evaluated. SiO2-Cys ex-
hibits the highest stability in Ringer lactate, as indicated 
by the % removal value of 6.22. This suggests that Ringer 
lactate is effective as a media when delivering As(III) using 
SiO2-Cys with a relatively low percentage of the substance 
released. On the other hand, the sorbent shows the low-
est stability in 0.1 M HCl (stomach acidic environment), 
as indicated by the % removal value of 21.70. This implies 
that the sorbent is less effective at removing As(III) in 0.1 
M HCl compared to other media. A higher percentage of 
As(III) is released after the sorption process in this solu-
tion. Based on these findings, it is concluded that SiO2-Cys 
exhibits superior stability and performance in physiolog-
ical conditions (represented by Ringer lactate), making it 
more suitable for the desired drug delivery application. 
It could be further optimized SiO2-Cys formulation and 
drug loading process to enhance its stability in physiolog-
ical environments, ensuring effective drug release and tar-
geted delivery to cancer cells.

3. 15.  Regenerability of SiO2-Cys in Multiple 
As(III) Adsorption/ Desorption Cycles

The reuse of a functionalized adsorbent is of para-
mount importance from economic and synthetic points of 
view. Because of this, the feasibility of reusing SiO2-Cys 

Figure 11. Plot of ln Kd vs 1/T for 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6.0 and different temperatures (25.0, 37.5 and 45.0°C).
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after four reuse cycles was assessed in this work. Results 
(Figure 12) showed that SiO2-Cys loses about 35% of the 
As(III) removal efficiency in the Ringer lactate media 
(from ~94% to 58%), about 45% in both the Dextrose and 
water media, and about 50% in the Normal saline media. 
These results are encouraging in applying this adsorbent 
for As(III) in drug delivery and biological systems.

4. Conclusions
The modification of silica nanoparticles with 

cysteine (SiO2-Cys) has been carried out and further char-
acterized by ATR-FTIR, TGA, XRD, SEM, and TEM tech-
niques. Using batch sorption experiments under different 
experimental conditions, the removal of As(III) ions by 
SiO2-Cys from aqueous solutions was studied. Was found 
that the As(III) sorption onto SiO2-Cys is highly depend-
ent on pH. Kinetic studies indicate that sorption needs 96 
hours to reach equilibrium, and its data complied with the 
pseudo-second-order model well. High correlation coeffi-
cients (R2 > 0.97) of the two isotherm models, Langmuir 
and Freundlich, for the adsorption of As(III) on SiO2-

Cys are achieved, which can be explained by the fact that 
both monolayer and multilayer adsorption is included in 
the process. Thermodynamic parameters demonstrated 
the endothermic and spontaneous nature of the sorption 
process.SiO2-Cys represents a featured sorbent in which 
it works in harmony with the biological environment; this 
could have a practical application in drug delivery and bio-
logical systems (promising candidates for ATO delivery in 
medical therapy applications). In addition, this sorbent has 
a high adsorption capacity (66.67 mg/g) and can be reused 
without significant loss of performance. This characteristic 
reduces the overall cost and environmental impact asso-
ciated with using this sorbent. The prepared composite is 
thus an effective, efficient, and biologically compatible for 
As(III) adsorption and could be used for ATO delivery in 
cancer therapy applications.
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Povzetek
Ta članek opisuje sintezo nanosilicijevega dioksida in cisteinskega kompozita (SiO2-Cys) ter njegovo uporabo kot sorben-
ta in nosilca za arzen(III) z uporabo različnih medijev. Za karakterizacijo SiO2-Cys so uporabili infrardečo spektroskopi-
jo oslabljene popolne odbojnosti s Fourierovo transformacijo, vrstično in transmisijsko elektronsko mikroskopijo, rent-
gensko difrakcijo in termogravimetrično analizo. S šaržno tehniko smo proučevali sorpcijo As(III) iona s SiO2-Cys, pri 
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Abstract
Efficiency of time use is a key factor in chemistry calculation tasks, affecting both, personal and professional domains. 
This study is dedicated to finding the fastest methods for accomplishing chemistry tasks. Our investigation delves into 
the comparative temporal outlays made by students as they engage three different approaches: using an electronic cal-
culator, a basic calculator app on a smartphone, and a desktop computer calculator. As part of our research, we examine 
a cohort of 52 Slovenian university students, preservice teachers who were actively enrolled in chemistry and related 
science programs, spanning the academic years of 2019 and 2022. The results from 2019 show that students can solve the 
chemistry tasks most quickly using electronic calculator and take the most time to calculate the tasks using smartphones 
(Δmean = 133 s; ΔSD = 5 s; Δmin = 97 s; Δmax = 131 s). An even larger difference is observed from the 2022 study year (Δmean 
= 189 s; ΔSD = 129 s; Δmin = 170 s; Δmax = 625 s). In summary, although smartphones are recognised as a multitasking 
device, replacing traditional single-purpose devices, they have not been able to outperform them.

Keywords: Chemistry tasks; chemistry calculations; electronic calculator, smartphones, computer calculators.

1. Introduction
Solving chemical equations and calculating quanti-

ties of reactants and products, as well as concentrations of 
solutions, are a traditional part of virtually every second-
ary and tertiary chemistry class and are skills that extend 
beyond the chemistry laboratory1,2 and can be considered 
a lifelong skill.3 There are basically two approaches to deal-
ing with chemical equations. The first is algebraic, when 
one is more interested in proportions, and the second is 
more "practical", when students are expected to deal with 
measurable quantities. While the first approach is mainly 
concerned with the micro level and symbolic level, the sec-
ond approach is mainly concerned with the macro level 
and measurable quantities associated with symbolic anno-
tations.4 Typical examples for the first approach are stoi-
chiometric equations  and for the second approach, for 
example the calculation of quantities used to produce solu-
tions by mixing ingredients. The term chemical calcula-
tions is used in the text to refer to these types of chemistry 
tasks, although in some cases they may be considered 

physics, showing the interconnectedness of the scientific 
disciplines.

Solving chemical calculations is anything but an easy 
task, because students have to switch between real (meas-
urable) quantities and ratios and their symbolic rep-
resentations,4 using different procedures and concepts 
learned in other subjects (e.g., mathematics). Some diffi-
culties can also be traced to teachers who try to teach their 
students, usually forgetting that what may be obvious to 
them was actually developed by some of the most brilliant 
minds of the past.5

Chemistry classes are compulsory for all Slovenian 
students in lower secondary education (8th and 9th grade of 
compulsory school), for students in upper secondary edu-
cation and for students in many vocational education pro-
grammes, which places an additional burden on teachers, 
as many students lack interest, motivation and various 
skills to learn chemistry, including solving equations and 
performing calculations that are expected as learning out-
comes of the courses.6 An additional problem, especially 
in the early grades, is the need to apply mathematical pro-
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cedures and concepts with which students are not familiar, 
such as negative exponents or logarithms. What does not 
make the problems easier is the finding that many students 
are not able to transfer knowledge and skills from mathe-
matics to chemistry.7

Thus, to successfully teach chemical calculations to 
students, teachers should consider several factors at differ-
ent levels of control. While teachers have very limited, if 
any, control over students' individual abilities and, at least 
in the Slovenian context, over the curriculum content pre-
scribed by the authorities, they have almost absolute con-
trol over the methods used to teach the prescribed topics 
and over the application of the technology used for chem-
ical calculations.

Typically, early in their education, students learn how 
to perform chemical calculations with paper and pencil, 
with or without the use of an electronic calculator, and later 
in their education they may also learn how to process data 
with software (e.g., structural calculations).8 What makes 
chemical computing complex is that students need not only 
chemical knowledge, but also mathematical knowledge 
(initially algebra), language, graphing and information pro-
cessing skills.9 It has long been known that chemical calcu-
lations present difficulties for students, especially in molar 
and stoichiometric calculations10,11 and that there is only a 
weak link between students' algorithmic skills and concep-
tual understanding of topics in chemistry, which is also re-
lated to solving chemical problems.12,13

In solving chemical calculations we can see two basic 
steps. The first is the understanding of what to do, associ-
ated with symbolic representations of substances, formu-
las, conventions, units of measurement, and the like, and 
the second part is a general ability to perform numerical 
operations (calculations). Both steps can be supported 
with or without the help of digital technologies.

Nowadays, digital technologies have become every-
day companions in the professional and personal lives of 
teachers and students, sometimes as invisible and some-
times as visible technologies.14 When teaching and learn-
ing chemistry in secondary schools and high schools, 
teachers and students tipically use computers, tablets and 
smartphones to investigate substances, phenomena and 
processes at the macroscopic level and explain them at the 
submicroscopic level, which can improve understanding 
of chemical concepts.15,16 It is beyond the scope of this ar-
ticle to list all possible applications of digital technologies, 
but we would like to highlight some references as examples 
of such use. For example, Dolničar et al.17 have developed 
a molecular editor for constructing and editing molecular 
models; Tortosa18 provides an overview of the use of data 
loggers in chemistry laboratories; and the potential of arti-
ficial intelligence for chemistry education has yet to be 
evaluated.19 Nevertheless, the question of whether digital 
technologies are ubiquitous and pervasive is one of the 
most common questions that arise in schools and to which 
there is no simple answer.20 The question that needs to be 

answered is, "Is the use of computers, smartphones, or tab-
lets always justified in schools?"

The answer to this question cannot be answered in a 
blanket manner, and each individual use or context of use 
should be evaluated and possible side effects should be 
considered. While the use of desktop calculators and com-
puters is the norm in chemistry labs today, the situation 
with smartphones is completely different. The use of 
smartphones is banned in many schools or even entire 
school systems unless justified. It is hard to imagine some-
one asking students to put desktop calculators or mobile 
computers in a locker and punishing them if they do not. 
The opposite might be true for smartphones. One of the 
useful uses of smartphones in school could be solving 
chemistry problems using the smartphone calculator or 
searching for information about chemicals. Solving a par-
ticular task or exchanging information with colleagues 
while writing exams are usually the cases where the use of 
smartphones should be prohibited, unless the study regu-
lations or teacher's instructions are different.

Time is a precious commodity in education, and one 
of the most important tasks of teachers should be time 
management so that they can focus their efforts on activi-
ties where they can expect to make progress in knowledge 
and skills. In line with Borton's reflective cycle (What?, So 
what?, What now?)21 teachers should be able to identify 
portions of instruction devoted to chemical calculations 
when time is being wasted on routine procedures or tasks 
where mastery of the speed and accuracy of calculations 
cannot be further improved. Since numerical calculations 
can be performed with or without digital technologies, we 
were interested in finding out whether the use of different 
digital technologies can affect the time required to solve a 
typical chemistry task related to the preparation of solu-
tions. Three standard options were included in the study: 
a) the standard paper – electronic calculator method; b) 
paper – smartphone calculator, and; c) paper – desktop 
computer calculator. In addition to the direct aim of the 
study, we also had in mind showing students how to use 
simple research methods that could later be used in their 
classroom  practice in the role of reflective practitioners 
and researchers of their own work.22

The research question was as follows: Are there dif-
ferences in the time required to solve and present chemical 
calculation problems between three approaches, namely a) 
the standard paper – electronic calculator method; b) pa-
per – smartphone calculator; and c) paper – desktop com-
puter calculator.

2. Methods
2. 1. Sample

The sample was 52 two-stream master level preser-
vice teachers of chemistry and other science subject from 
the Faculty of Natural Sciences and Mathematics, Univer-
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sity of Maribor, Slovenia. The sample included 27 females 
and two males from a population of 29 students (56%) in a 
2019 degree programme and 23 students (44%), 8 males 
and 15 females, from a population of students in 2022. De-
spite the covid 19 situation, all students in both cohorts 
were enrolled in an equal number of chemistry subjects in 
which they gained experience in solving chemical equa-
tions and quantity calculations, which was part of the cur-
riculum.

The students were randomly divided into three 
groups. Each group had a similar task. The time taken to 
solve the task is shown in Table 1.

Some of the data are missing because some students 
did not cooperate on all tasks.

2. 2. Procedure
1.  The students were given three chemistry tasks with sim-

ilar data. The students had already solved similar tasks 
on the same level of difficulty during the study process. 
Each task involved data from inorganic acid (hydro-
chloric acid, nitric(V) acid and sulphuric(VI) acid): the 
volume of the acid and volumetric flask, the acid con-
centration and the density of the newly prepared solu-
tion.

2.  The students were randomly divided into three groups. 
Each group had to solve the given task in three different 
ways 1) using the standard paper – electronic calculator 
method, 2) using paper – smartphone calculator and 3) 
using paper – desktop computer calculator. The stu-
dents who solved the tasks using the standard method 
(1) were also given the table with specific information 
about the densities of the acids in different mass frac-
tions. The other two groups were instructed to obtain 
the information from the Internet (using their smart-
phone or computer).

3.  The students read the task and then began to measure 
the time it took them to solve the task until they had the 
correct result.

4.  Each group was given a new task once every three 
weeks. The first group solved the task with hydrochloric 
acid using basic calculator app on their smartphones. 

After three weeks, the same students were given the task 
with nitric acid to solve using the standard method, etc.

Text of Task 1:
We add 15 mL of concentrated 38% HCl into a 250 

mL volumetric flask already filled with some distilled wa-
ter (up to 1/3 of the volume) and dilute it to the division 
mark. Calculate the molar concentration and mass frac-
tion of the newly prepared solution with a density of 1.010 
g/mL.

Text of Task 2:
We add 20 mL of concentrated 65% HNO3 into a 250 

mL volumetric flask already filled with some distilled water 
(up to 1/3 of the volume) and dilute it to the division mark. 
Calculate the molar concentration and mass fraction of the 
newly prepared solution with a density of 1.036 g/mL.

Text of Task 3:
We add 25 mL of concentrated 96% H2SO4 into a 250 

mL volumetric flask already filled with some distilled wa-
ter (up to 1/3 of the volume) and dilute it to the division 
mark. Calculate the molar concentration and mass frac-
tion of the newly prepared solution with a density of 1.107 
g/mL.

2. 3. Statistical analyses
Statistical analyses were performed using the open-

source statistical programme Jamovi 2.3.16.23,24 Research 
variables were analysed for mean, median, mode, standard 
deviation (SD), minimum and maximum.

The assumption of normality was tested using the 
Shapiro Wilk test and visual inspections of Q-Q plots. If 
the Shapiro-Wilk p-values are p < 0.05, it means that the 
assumptions of the normality are violated.

For the analysis comparing differences between 
years nonparametric Mann-Whitney test was applied. Re-
sults with a significance coefficient of less than 0.05 (p < 
0.05) were marked as statistically significant differences.

Since the assumptions of normal distribution were 
violated the Spearman's rho test was applied to examine of 

Table 1: Measures of central tendencies of Tkls = time needed to solve the task with an electronic calculator, Trac = time needed to solve the task 
with a desktop computer calculator and Tmob = time needed to solve the task with a smartphone calculator.

Descriptives                              Shapiro-Wilk
  year N Missing Mean Median Mode SD Minimum Maximum W p

Tkls 2019 29 0 558 439 343a 299 322 1436 0.686 < 0.001
  2022 22 1 611 557 566a 235 260 1118 0.941 0.210
Trac 2019 29 0 685 597 507 300 401 1564 0.686 < 0.001
  2022 20 3 726 705 210a 277 210 1320 0.988 0.993
Tmob 2019 29 0 691 574 419a 304 419 1567 0.750 < 0.001
  2022 23 0 800 674 430a 364 430 1743 0.760 < 0.001

a More than one mode exists, only the first is reported
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the similarities or differences between a various approach-
es to solving chemical calculation problems. Additional 
insight was gained by applying the paired Wilcoxon signed 
rank test using data from an entire research sample. The 
effect size was calculated as Cohen’s d from the value of the 
Wilcoxon signed rank test  and interpreted according to 
the recommendations provided. Margins were set as fol-
lows: 0 < no effect < 0.2 < small effect < 0.5 < medium effect 
< 0.8 < large effect.

3. Results
As can be seen from Table 1, the chemistry task was 

solved fastest in 2019 and 2022 when students used an 
electronic calculator, and they spent the most time solving 
the task using a smartphone calculator. On the other hand, 
it is very interesting to see that the least amount of time 
was spent solving the task when it was calculated using a 
desktop computer calculator, although this method was 
not the fastest to solve the task on average.

To test whether the data conformed to the normal 
distribution, the Shapiro-Wilk test was used. If the Shap-
iro-Wilk p values are p < 0.05, the assumptions for the nor-
mality test are violated. The violation is given for most 
items, except for the Tkls and Trac cases in 2022.

From the results in Table 1 we can be seen that for all 
approaches and in all years the median values are much 
lower than the mean values, and that the differences be-
tween minimum and median values are quite small com-
pared to the differences between maximum and median 
values. This suggests that most students took less or nor-
mal amounts of time to solve the tasks, but a few took 
much more time. Those students who took the most time 
to solve the task with one approach also took more time to 
solve the task with other approaches.

The minimum, maximum, median and mean times 
needed to solve the task increased from the time needed to 
solve the task with the electronic calculator to the desktop 

computer calculator and smartphone calculator. The mean 
and median times needed for solving tasks by all approach-
es are longer in 2022.

In Figure 1 we visually inspect the fit of the normal 
distribution to the data with Q-Q plots.

Since the results of the Shapiro-Wilk test show the 
assumption of normality was violated, the independent 
Mann-Whitney test was used. It shows us that there are no 
statistically significant differences between years at the p < 
0.05 level. The results are as follows: Tkls: U = 231, p = 
0.096; Trac: U = 235, p = 0.268 ; Tmob: U = 242, p = 0.092. 
This test was used because different students solved chem-
istry tasks in 2019 and 2022.

Table 2: Correlation matrix between Tkls = time needed to solve the 
task with an electronic calculator, Trac = time needed to solve the 
task with a desktop computer calculator and Tmob = time needed 
to solve the task with a smartphone calculator.

   Tkls Trac Tmob

Tkls Spearman's rho –    
Trac Spearman's rho 0.752 –  
Tmob Spearman's rho 0.579 0.590 –

Note. All correlations are statistically significant at the p < 0.001 levels.

The values of Spearman's rho in Table 2 show us that 
the correlation for all approaches is positive and p is signif-
icant at all levels (p < 0.01). These results show that the 
students who calculate the task faster with the specific ap-
proach also take less time on average to obtain the result 
with the other approach. The values of the correlation co-
efficients can be interpreted to mean that the connections 
between the methods used for chemical calculations range 
from moderate to high. We can interpret this to mean that 
in addition to differences caused by a particular technolo-
gy, there are other factors at play that are not accounted for 
in a study design.

Figure 1: The distribution of data for each approach to solving the chemistry task. The data are not normally distributed.
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Figure 2: The distribution of the data.

The results are similarly distributed. This confirms 
that the students who needed more time to solve the chem-
istry task in one approach also needed more time in the 
other two approaches.

Figure 3 shows that two students actually took much 
more time to solve the chemistry task using the smart-
phone calculator than the electronic calculator and the 
same students also took much more time using the smart-
phone calculator compared to using the desktop computer 
calculator.

Since the comparison between years there was no 
statistically significant differences, we decided to perform 
the Paired Sample Wilcoxon signed rank test on a total 
sample (N = 52).

The result of Wilcoxon signed rank test shows that 
there are no significant differences in the case of Trac – 
Tmob, p = 0.901, W = 599.5. The effect size for this analysis 
was found to be small (d = 0.0212) according to Cohen's 
convention.

The result shows that there is a significant difference 
in the Tkls – Trac (p < 0.001, W = 89.5) and Tkls – Tmob 

Figure 3: The distribution of the data using results of Spearman's rho.
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(p < 0.001, W = 101.0) cases. The effect size for these anal-
yses was found to exceed the Cohen's convention as large 
(d = 0.848).

The Wilcoxon test shows that using a smartphone 
and computer while calculating tasks produces similar re-
sults while using the calculator produces different results.

The Shapiro-Wilk statistic was calculated to test the 
assumption of normality for the paired samples t-test. The 
result of the Shapiro-Wilk test showed that the assumption 
of normality was violated in the Tkls – Tmob (W = 0.786, 
p < 0.001) cases and Trac – Tmob (W = 0.795, p < 0.001) 
while it was not violated for Tkls – Trac (W = 0.976, p = 
0.410).

calculated with an electronic calculator, which has been 
mostly abandoned in private life because the alternative is 
always the hand as an application of smart devices that be-
come “Swiss Army knives” of digital technologies.25 Based 
on the results presented in the previous chapter, we can 
conclude that students in both cohorts, 2019 and 2022, 
took more time to solve the tasks when they calculated 
them using a desktop computer calculator and basic calcu-
lator apps on their smartphones. While the small sample 
limits the extent on which the findings can be generalized, 
we nevertheless can conclude  that for some students, us-
ing the smartphone calculator takes much more time also 
if compared to the desktop computer calculator. It has 

Table 3: Paired sample T-test.

   Statistic p Mean difference SE difference Effect Size

Tkls Trac Wilcoxon W 89.5 < 0.001 –121.45 16.0 –0.8478
Tkls Tmob Wilcoxon W 101.0 < 0.001 –130.00 33.0 –0.8477
Trac Tmob Wilcoxon W 599.5 0.901 –2.50 36.0 –0.0212

Figure 4: The distribution of the pairs of the data.

In Figure 4 we present the data distribution with the 
95% confidence interval, which shows that there are no 
important differences between the time needed for solving 
tasks when calculated with a desktop computer calculator 
and smartphone calculator, but there are important differ-
ences when comparing the time needed for solving chem-
istry tasks with an electronic and a desktop computer cal-
culator or with an electronic and a smartphone calculator. 
From each plot it is obvious on which approach the stu-
dents used to solve the task faster.

4. Discussion
Calculating chemistry tasks is part of students’ daily 

routine in chemistry classes or in the laboratory when pre-
paring solutions or dilutions. The results of our study indi-
cate that chemistry tasks can be solved most quickly when 

been reported in earlier research, that the time spent on 
task is known to corelate with the results, with unsuccess-
ful students turning to a quick solution while the success-
ful students spending more time while solving the task.26 
However, due to a different experiment design, the conclu-
sions are only partially comparable with the present study.

From our results we can draw some conclusions 
about the factors that may influence the choice of technol-
ogy in a classroom. The technology teachers choose to use 
in the classroom, usually depends on the educational goals 
they want to achieve and the availability of those technol-
ogies. Computers, and especially in the last decade smart-
phones, are commonly used as educational tools in learn-
ing environments. Their integration is believed to have 
positive effects on student learning expectations and out-
comes.27 The use of computers in chemistry classrooms is 
common when working with computer-assisted teaching 
and learning (CATL) methods.These have been around for 
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years and are mainly used teach students the basic con-
cepts or principles of a dynamic chemical process.28,29 
Since all desktop stationary and mobile computers have 
built-in calculators, their use can be approved. However, in 
line with our findings, computers should be used primarily 
for explaining and illustrating concepts rather than for cal-
culating the above written tasks. In working practice, the 
desktop computer calculator is mostly used in chemistry 
for mathematical calculations such as addition, multiplica-
tion, subtraction or division. Therefore, the use of the 
PC-integrated calculator for the calculation of basic chem-
istry tasks, although justified, is not an optimal solution.

Since chemistry calculation tasks are usually solved 
in classrooms or laboratories where students do not have 
their own laptops or PC-s and the smartphones, because of 
their omnipresence (if allowed in a classroom), are the 
next choice of the teachers to be inline with ‘digital na-
tives’.30

Over the past decade years smartphones have be-
come more and more prevalent in the school day. It has 
been suggested that they can be a useful tool in chemistry 
to learn the naming of organic chemical compounds,31 to 
use them in analytical chemistry for optical and electro-
chemical detection and chemometric applications,32 for 
quantifying gold-nanoparticle concentrations,33 for pH 
determination,34 many students need the smartphone 
camera to make videos of demonstrations, to copy com-
plex diagrams from the blackboard35 etc. In addition, 
chemistry apps such as Chemdoodle, Periodic Table, 
Chemistry Helper, Reaction Flash, Learn IUPAC No-
menclature, Chemical Solution Calculator and many 
others whose target audience is students, chemistry pro-
fessionals, and teachers, provide them with powerful and 
compact tools to solve problems conveniently and free 
themselves from traditional media, heavy books, and 
bulky computers.36 Yet, in our study, they were found to 
be the least effective tool for computation compared to 
desktop computers and even traditional electronic calcu-
lators.

In summary the use of traditional calculators 
should be encouraged because of their efficiency, not be-
cause of arguments against the use of smartphones in a 
classroom or the lack of stationary or mobile computers 
in a classroom. Reasoning that in faculties or in a school 
the use of smartphones should be allowed during the 
learning process (searching for information, calculating 
tasks, recording processes, etc.) but should be prohibited 
when writing exams because of potential cheating is 
plausible, but efficiency in time management should be a 
priority. Nevertheless, unintentionally because of this 
system students have to get used to using electronic cal-
culators to solve the basic chemistry tasks especially 
those similar to the given ones, which is the least 
time-consuming approach.

To our knowledge this study is the first to provide 
information on the time comparison for the fastest way to 

calculate basic chemistry tasks similar to the one present-
ed here, using three different approaches. An important 
limitation of the study was that students self-measured 
their time rather than using more objective measures. For 
future studies, it is suggested that an objective supervisor 
be involved in the measurement.

5. Conclusions
Problem-solving ability has been reported to be one 

of the most important skills and is predicted to be even 
more important in the future and thus needs to be empha-
sized during teachers’ pre-service education. One of the 
basic skills for future chemistry teachers is to perform ba-
sic chemical calculation, using digital technologies. Three 
different approaches, using either electronic calculator, 
smartphone calculator, or desktop computer, were consid-
ered in the study. Although our sample size does not allow 
for generalization, we can draw conclusions about the fast-
est way to solve chemistry tasks based on the results pre-
sented above.

From our everyday experience, we can conclude that 
electronic calculators are mainly used for arithmetic in 
chemistry classes, while smartphones and computers are 
intended for broader use. Therefore, it is not surprising 
that the presented results of 2019 and 2022 show that the 
chemistry tasks are on average solved most quickly with 
the electronic calculator. Unexpectedly, the fastest par-
ticular way to obtain the result was with the desktop com-
puter calculator. The research showed that students who 
took more time to solve a chemistry task using one ap-
proach also took more time to solve them using other two 
approaches, suggesting that students' general prob-
lem-solving ability and chemical calculation skills are 
more important than the choice of the particular digital 
technology approach.

The results may act as a suggestion to future chemis-
try teachers' training, showing the need to identify the task 
and choose the most efficient way to solve it and include 
those skills later in their classroom practise. The possibili-
ties to further improve future chemistry teachers' skills in 
chemical calculation, as well as performing correlations 
between time spent on the calculation and the validity of 
results, depending on the three calculation approaches, 
should be the subject of future research.
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Povzetek
Učinkovitost porabe časa je ključni dejavnik pri računanju kemijskih nalog, ki vpliva tako na osebno kot poklicno po-
dročje. Študija je namenjena iskanju najhitrejše metode za reševanje kemijskih računskih nalog. V raziskavi smo prim-
erjali čas, ki ga študentje porabijo, ko pri reševanju računske naloge uporabijo tri različne načine: računanje z običajnim 
kalkulatorjem, računanje z aplikacijo kalkulator na pametnem telefonu in računanje s kalkulatorjem namiznega računal-
nika. V raziskavo smo vključili 52 slovenskih študentov, predmetnih učiteljev, ki so bili aktivno vključeni v programe 
kemije in sorodnih naravoslovnih programov v študijskih letih 2019 in 2022. Rezultati iz leta 2019 kažejo, da študentje 
rešijo kemijske naloge najhitreje z uporabo običajnega kalkulatorja in porabijo največ časa za izračun nalog ob uporabi 
aplikacije kalkulatorja na pametnih telefonih (Δmean = 133 s; ΔSD = 5 s; Δmin = 97 s; Δmax = 131 s). Še večja razlika je opaže-
na v podatkih iz študijskega leta 2022 (Δpovprečje = 189 s; ΔSD = 129 s; Δmin = 170 s; Δmax = 625 s). Če povzamemo: čeprav 
so pametni telefoni večopravilne naprave, ki nadomeščajo  tradicionalne enonamenske naprave, so bile naloge hitreje 
rešene z običajnimi kalkulatorji.
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Sub mis sions
Submission to ACSi is made with the implicit under-
standing that neither the manuscript nor the essence 
of its content has been published in whole or in part 
and that it is not being considered for publication else-
where. All the listed authors should have agreed on 
the content and the corresponding (submitting) au-
thor is responsible for having ensured that this agree-
ment has been reached. The acceptance of an article 
is based entirely on its scientific merit, as judged by 
peer review. There are no page charges for publishing 
articles in ACSi. The authors are asked to read the 
Author Guidelines carefully to gain an overview and 
assess if their manuscript is suitable for ACSi.

Additional information
• Citing spectral and analytical data
• Depositing X-ray data

Sub mis sion ma te rial
Typi cal sub mis sion con sists of:
•  full manuscript (PDF file, with title, authors, ab-

stract, keywords, figures and tables embedded, 
and references)

• supplementary files
 –  Full manuscript (original Word file)
 –  Statement of novelty (Word file)
 –  List of suggested reviewers (Word file)
 –  ZIP file containing graphics (figures, illustra-

tions, images, photographs)
 –  Graphical abstract (single graphics file)
 –  Proposed cover picture (optional, single 

graphics file)
 –  Appendices (optional, Word files, graphics 

files)
Incomplete or not properly prepared submissions will 
be rejected. 

Sub mis sion pro cess
Before submission, authors should go through the 
checklist at the bottom of the page and prepare for 
submission.
Submission process consists of 5 steps.
Step 1: Star ting the sub mis sion
•  Choo se one of the jour nal sections.
•  Con firm all the re qui re ments of the chec klist.
•  Ad di tio nal plain text com ments for the edi tor can 

be pro vi ded in the re le vant text field.
Step 2: Up load sub mis sion
•  Up load full ma nus cript in the form of a Word fi

le (with tit le, aut hors, ab stract, key words, fi gu res 
and tab les em bed ded, and re fe ren ces).

Step 3: En ter me ta da ta
•  First na me, last na me, con tact email and af  lia tion 

for all aut hors, in re le vant or der, must be pro vi ded. 
Cor res pon ding aut hor has to be se lec ted. Full po-
stal ad dress and pho ne num ber of the cor res pon-
ding aut hor has to be pro vi ded.

•  Tit le and ab stract must be pro vi ded in plain text.
•  Key words must be pro vi ded (max. 6, se pa ra ted by 

se mi co lons).
•  Data about con tri bu tors and sup por ting agen cies 

may be en te red.
•  Re fe ren ces in plain text must be pro vi ded in the 

re le vant text fi led.
Step 4: Up load sup ple men tary fi les
•  Original Word file (original of the PDF uploaded in 

the step 2)
•  List of suggested reviewers with at least five re-

viewers with two recent references from the field of 
submitted manuscript must be uploaded as a Word 
file. At the same time, authors should declare (i) 
that they have no conflict of interest with suggest-
ed reviewers and (ii) that suggested reviewers are 
experts in the field of the submitted manuscript.

•  All grap hics ha ve to be up loa ded in a sin gle ZIP 
fi le. Grap hics should be na med Fi gu re 1.jpg, Fi gu re 
2.eps, etc.

•  Grap hi cal ab stract ima ge must be uploaded 
separately

•  Pro po sed co ver pic tu re (op tio nal) should be up-
loa ded se pa ra tely.

•  Any ad di tio nal ap pen di ces (optional) to the paper 
may be uploaded. Appendices may be published as 
a supplementary material to the paper, if accepted.

•  For each uploaded file the author is asked for addi-
tional metadata which may be provided. Depending 
of the type of the file please provide the relevant 
title (Statement of novelty, List of suggested re-
viewers, Figures, Graphical abstract, Proposed cov-
er picture, Appendix).

Step 5: Con fir ma tion
• Fi nal con fir ma tion is re qui red.

Ar tic le Types
Feature Articles are contributions that are written on 
Editor’s invitation. They should be clear and concise 
summaries of the author’s most recent work written 
with the broad scope of ACSi in mind. They are intend-
ed to be general overviews of the authors’ subfield of 
research but should be written in a way that engages 
and informs scientists in other areas. They should con-
tain the following (see also general guidelines for arti-
cle structure below): (1) an introduction that acquaints 
readers with the authors’ research field and outlines 
the important questions for which answers are being 
sought; (2) interesting, novel, and recent contributions 
of the author(s) to the field; and (3) a summary that 
presents possible future directions. Manuscripts should 
normally not exceed 40 pages of one column format 
(font size 12, 33 lines per page). Generally, experts who 
have made an important contribution to a specific field 
in recent years will be invited by the Editor to contrib-
ute a Feature Article. Individuals may, however, send 
a proposal (of no more than one page) for a Feature 
Article to the Editor-in-Chief for consideration.

Acta Chimica Slovenica 
Author Guidelines
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Scien ti fic ar tic les should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They 
should have the following structure:
  1. Tit le (max. 150 cha rac ters),
  2. Aut hors and af  lia tions,
  3. Ab stract (max. 1000 cha rac ters),
  4. Key words (max. 6),
  5. Intro duc tion,
  6. Experimental,
  7. Re sults and Dis cus sion,
  8. Conc lu sions,
  9. Acknowledgements,
10. Re fe ren ces.
The sections should be arranged in the sequence gen-
erally accepted for publications in the respective fields 
and should be successively numbered.
Short com mu ni ca tions generally follow the same 
order of sections as Scientific articles, but should be 
short (max. 2500 words) and report a significant as-
pect of research work meriting separate publication. 
Editors may decide that a Scientific paper is catego-
rized as a Short Communication if its length is short.
Tech ni cal ar tic les report applications of an already 
described innovation. Typically, technical articles are 
not based on new experiments.

Pre pa ra tion of Sub mis sions
Text of the submitted articles must be prepared with 
Microsoft Word. Normal style set to single column, 
1.5 line spacing, and 12 pt Times New Roman font 
is recommended. Line numbering (continuous, for the 
whole document) must be enabled to simplify the re-
viewing process. For any other format, please consult 
the editor. Articles should be written in English. Correct 
spelling and grammar are the sole responsibility of the 
author(s). Papers should be written in a concise and 
succinct manner. The authors shall respect the ISO 
80000 standard [1], and IUPAC Green Book [2] rules 
on the names and symbols of quantities and units. The 
Système International d’Unités (SI) must be used for 
all dimensional quantities.
Grap hics (figures, graphs, illustrations, digital imag-
es, photographs) should be inserted in the text where 
appropriate. The captions should be self-explanatory. 
Lettering should be readable (suggested 8 point Arial 
font) with equal size in all figures. Use common pro-
grams such as MS Excel or similar to prepare figures 
(graphs) and ChemDraw to prepare structures in their 
final size. Width of graphs in the manuscript should be 
8 cm. Only in special cases (in case of numerous data, 
visibility issues) graphs can be 17 cm wide. All graphs 
in the manuscript should be inserted in relevant places 
and aligned left. The same graphs should be provid-
ed separately as images of appropriate resolution (see 
below) and submitted together in a ZIP file (Graphics 
ZIP). Please do not submit figures as a Word file. In 
graphs, only the graph area determined by both axes 
should be in the frame, while a frame around the whole 
graph should be omitted. The graph area should be 
white. The legend should be inside the graph area. The 
style of all graphs should be the same. Figures and 
illustrations should be of sufcient quality for the 
printed version, i.e. 300 dpi minimum. Digital images 
and photographs should be of high quality (minimum 

250 dpi resolution). On submission, figures should be 
of good enough resolution to be assessed by the refer-
ees, ideally as JPEGs. Highresolution figures (in JPEG, 
TIFF, or EPS format) might be required if the paper is 
accepted for publication.

Tab les should be prepared in the Word file of the pa-
per as usual Word tables. The captions should appear 
above the table and should be self-explanatory.

Re fe ren ces should be numbered and ordered se-
quentially as they appear in the text, likewise meth-
ods, tables, figure captions. When cited in the text, 
reference numbers should be superscripted, follow-
ing punctuation marks. It is the sole responsibility of 
authors to cite articles that have been submitted to 
a journal or were in print at the time of submission 
to ACSi. Formatting of references to published work 
should follow the journal style; please also consult a 
recent issue:
1.  J. W. Smith, A. G. Whi te, Ac ta Chim. Slov. 2008, 

55, 1055–1059.
2.  M. F. Kem me re, T. F. Keu rent jes, in: S. P. Nu nes, 

K. V. Pei ne mann (Ed.): Mem bra ne Tech no logy in 
the Che mi cal In du stry, Wi leyVCH, Wein heim, Ger
many, 2008, pp. 229–255.

3.  J. Le vec, Ar ran ge ment and pro cess for oxi di zing an 
aqu e ous me dium, US Pa tent Num ber 5,928,521, 
da te of pa tent July 27, 1999.

4.  L. A. Bur sill, J. M. Tho mas, in: R. Ser sa le, C. Col le la, 
R. Aiel lo (Eds.), Re cent Pro gress Re port and Dis cus
sions: 5th In ter na tional Zeo li te Con fe ren ce, Na ples, 
Italy, 1980, Gia ni ni, Na ples, 1981, pp. 25–30.

5.  J. Sze gez di, F. Csiz ma dia, Pre dic tion of dis so cia tion 
con stant using mi cro con stants, http://www. che
ma xon.com/conf/Pre dic tion_of_dis so cia tion _con
stant_using_mi cro co nstants.pdf, (as ses sed: March 
31, 2008)

Titles of journals should be abbreviated according to 
Chemical Abstracts Service Source Index (CASSI).

Spe cial No tes
•  Com ple te cha rac te ri za tion, inc lu ding cry stal 

struc tu re, should be gi ven when the synthe sis of 
new com pounds in cry stal form is re por ted.

•  Nu me ri cal da ta should be re por ted with the 
num ber of sig ni fi cant di gits cor res pon ding to 
the mag ni tu de of ex pe ri men tal un cer tainty.

•  The SI system of units and IUPAC re com men
da tions for nomenclature, symbols and abbrevia-
tions should be followed closely. Additionally, the 
authors should follow the general guidelines when 
citing spectral and analytical data, and depositing 
crystallographic data.

•  Cha rac ters should be correctly represented 
throughout the manuscript: for example, 1 (one) 
and l (ell), 0 (zero) and O (oh), x (ex), D7 (times 
sign), B0 (degree sign). Use Symbol font for all 
Greek letters and mathematical symbols.

•  The ru les and re com men da tions of the IUBMB and 
the In ter na tio nal Union of Pure and Ap plied 
Che mi stry (IUPAC) should be used for abbreviation 
of chemical names, nomenclature of chemical com-
pounds, enzyme nomenclature, isotopic compounds, 
optically active isomers, and spectroscopic data.

•  A conf ict of in te rest occurs when an individual 
(author, reviewer, editor) or its organization is in-
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volved in multiple interests, one of which could pos-
sibly corrupt the motivation for an act in the other. 
Financial relationships are the most easily identifi-
able conflicts of interest, while conflicts can occur 
also as personal relationships, academic competi-
tion, etc. The Edi tors will make effort to ensure 
that conflicts of interest will not compromise the 
evaluation process; potential editors and reviewers 
will be asked to exempt themselves from review 
process when such conflict of interest exists. When 
the manuscript is submitted for publication, the 
aut hors are expected to disclose any relationships 
that might pose potential conflict of interest with 
respect to results reported in that manuscript. In 
the Acknowledgement section the source of fund-
ing support should be mentioned. The statement of 
disclosure must be provided as Comments to Editor 
during the submission process.

•  Pub lis hed sta te ment of In for med Con sent. 
Research described in papers submitted to ACSi 
must adhere to the principles of the Declaration 
of Helsinki (http://www.wma.net/e/po licy/
b3.htm). These studies must be approved by an 
appropriate institutional review board or commit-
tee, and informed consent must be obtained from 
subjects. The Methods section of the paper must 
include: 1) a statement of protocol approval from 
an institutional review board or committee and 2), 
a statement that informed consent was obtained 
from the human subjects or their representatives.

•  Pub lis hed Sta te ment of Hu man and Ani mal 
Rights.When reporting experiments on human 
subjects, authors should indicate whether the 
procedures followed were in accordance with the 
ethical standards of the responsible committee 
on human experimentation (institutional and na-
tional) and with the Helsinki Declaration of 1975, 
as revised in 2008. If doubt exists whether the 
research was conducted in accordance with the 
Helsinki Declaration, the authors must explain 
the rationale for their approach and demonstrate 
that the institutional review body explicitly ap-
proved the doubtful aspects of the study. When 
reporting experiments on animals, authors should 
indicate whether the institutional and national 
guide for the care and use of laboratory animals 
was followed.

•  To avoid conflict of interest between authors and 
referees we expect that not more than one referee 
is from the same country as the corresponding au-
thor(s), however, not from the same institution.

•  Con tri bu tions aut ho red by Slo ve nian scien tists 
are evaluated by non-Slovenian referees. 

•  Pa pers des cri bing mi cro wa veas si sted reac
tions performed in domestic microwave ovens 
are not considered for publication in Acta Chimica 
Slovenica.

•  Ma nus cripts that are not pre pa red and sub mit
ted in ac cord with the in struc tions for aut hors are 
not con si de red for pub li ca tion.

Ap pen di ces
Authors are encouraged to make use of supporting in-
formation for publication, which is supplementary ma-
terial (appendices) that is submitted at the same time 
as the manuscript. It is made available on the Journal’s 

web site and is linked to the article in the Journal’s Web 
edition. The use of supporting information is particular-
ly appropriate for presenting additional graphs, spectra, 
tables and discussion and is more likely to be of interest 
to specialists than to general readers. When preparing 
supporting information, authors should keep in mind 
that the supporting information files will not be edited 
by the editorial staff. In addition, the files should be not 
too large (upper limit 10 MB) and should be provided 
in common widely known file formats to be accessible 
to readers without difculty. All files of supplementary 
materials are loaded separately during the submission 
process as supplementary files.

Pro po sed Co ver Pic tu re and  
Grap hi cal Ab stract Image
Grap hi cal con tent: an ideally full-colour illustration 
of resolution 300 dpi from the manuscript must be 
proposed with the submission. Graphical abstract pic-
tures are printed in size 6.5 x 4 cm (hence minimal 
resolution of 770 x 470 pixels). Cover picture is print-
ed in size 11 x 9.5 cm (hence minimal resolution of 
1300 x 1130 pixels)
Authors are encouraged to submit illustrations as can-
didates for the journal Cover Picture*. The illustration 
must be related to the subject matter of the paper. 
Usually both proposed cover picture and graphical ab-
stract are the same, but authors may provide different 
pictures as well.
*  The authors will be asked to contribute to the costs 

of the cover picture production.
Sta te ment of no velty
Statement of novelty is provided in a Word file and 
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more than 100 
words emphasize the scientific novelty of the present-
ed research. Do not repeat for this purpose the con-
tent of your abstract.
List of sug ge sted re vie wers
List of suggested reviewers is a Word file submitted 
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full afliation 
(department, institution, city and country) and email 
addresses of five potential referees. Field of expertise 
and at least two references relevant to the scientif-
ic field of the submitted manuscript must be provid-
ed for each of the suggested reviewers. The referees 
should be knowledgeable about the subject but have 
no close connection with any of the authors. In addi-
tion, referees should be from institutions other than 
(and countries other than) those of any of the authors. 
Authors declare no conflict of interest with suggested 
reviewers. Authors declare that suggested reviewers 
are experts in the field of submitted manuscript.

How to Sub mit
Users registered in the role of author can start sub-
mission by choosing USER HOME link on the top of the 
page, then choosing the role of the Author and follow 
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you 
familiarize yourself with the ACSi style by browsing 
the journal, particularly if you have not submitted to 
the ACSi before or recently.
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Cor res pon den ce
All correspondence with the ACSi editor regarding the 
paper goes through this web site and emails. Emails 
are sent and recorded in the web site database. In the 
correspondence with the editorial ofce please provide 
ID number of your manuscript. All emails you receive 
from the system contain relevant links. Please do not 
answer the emails directly but use the embed
ded links in the emails for carrying out relevant 
actions. Alternatively, you can carry out all the ac-
tions and correspondence through the online system 
by logging in and selecting relevant options.

Proofs
Proofs will be dispatched via e-mail and corrections 
should be returned to the editor by email as quick-
ly as possible, normally within 48 hours of receipt. 
Typing errors should be corrected; other changes of 
contents will be treated as new submissions.
 
Sub mis sion Pre pa ra tion Chec klist
As part of the submission process, authors are required 
to check off their submission’s compliance with all of 
the following items, and submissions may be returned 
to authors that do not adhere to these guidelines.
  1.  The submission has not been previously published, 

nor is it under consideration for publication in any 
other journal (or an explanation has been provid-
ed in Comments to the Editor).

  2.  All the listed authors have agreed on the content 
and the corresponding (submitting) author is re-
sponsible for having ensured that this agreement 
has been reached.

  3.  The submission files are in the correct format: 
manuscript is created in MS Word but will be sub
mitted in PDF (for reviewers) as well as in orig-
inal MS Word format (as a supplementary file for 
technical editing); diagrams and graphs are cre-
ated in Excel and saved in one of the file formats: 
TIFF, EPS or JPG; illustrations are also saved in 
one of these formats. The preferred position of 
graphic files in a document is to embed them close 
to the place where they are mentioned in the text 
(See Author guidelines for details).

  4.  The ma nus cript has been exa mi ned for spel ling 
and gram mar (spell chec ked).

  5.  The tit le (ma xi mum 150 cha rac ters) briefly ex
plains the con tents of the ma nus cript.

  6.  Full names (first and last) of all authors together 
with the afliation address are provided. Name of 
author(s) denoted as the corresponding author(s), 
together with their email address, full postal ad-
dress and telephone/fax numbers are given.

  7.  The ab stract sta tes the ob jec ti ve and conc lu
sions of the re search con ci sely in no mo re than 
150 words.

  8.  Keywords (minimum three, maximum six)  are 
provided.

  9.  Sta te ment of no velty (maximum 100 words) 
clearly explaining new findings reported in the 
manuscript should be prepared as a separate 
Word file. 

10.  The text adheres to the stylistic and bibliographic 
requirements outlined in the Aut hor gui de li nes.

11.  Text in normal style is set to single column, 1.5 
line spacing, and 12 pt. Times New Roman font is 

recommended. All tables, figures and illustrations 
have appropriate captions and are placed within 
the text at the appropriate points.

12.  Mathematical and chemical equations are provided 
in separate lines and numbered (Arabic numbers) 
consecutively in parenthesis at the end of the line. 
All equation numbers are (if necessary) appropri-
ately included in the text. Corresponding numbers 
are checked.

13.  Tables, Figures, illustrations, are prepared in cor-
rect format and resolution (see Aut hor gui  de li
nes).

14.  The let te ring used in the fi gu res and graphs do not 
vary greatly in si ze. The re com men ded let te ring 
si ze is 8 point Arial.

15.  Separate files for each figure and illustration are 
prepared. The names (numbers) of the separate 
files are the same as they appear in the text. All 
the figure files are packed for uploading in a single 
ZIP file.

16.  Aut hors ha ve read spe cial no tes and ha ve ac cor-
dingly pre pa red their ma nus cript (if ne ces sary).

17.  Re fe ren ces in the text and in the Re fe ren ces are 
cor rectly ci ted. (see Aut hor gui de li nes). All ref-
erences mentioned in the Reference list are cited 
in the text, and vice versa.

18.  Permission has been obtained for use of copy-
righted material from other sources (including the 
Web).

19.  The names, full afliation (department, institution, 
city and country), email addresses and referenc-
es of five potential referees from institutions other 
than (and countries other than) those of any of the 
authors are prepared in the word file. At least two 
relevant references (important recent papers with 
high impact factor, head positions of departments, 
labs, research groups, etc.) for each suggested re-
viewer must be provided. Authors declare no con-
flict of interest with suggested reviewers. Authors 
declare that suggested reviewers are experts in 
the field of submitted manuscript.

20.  Full-colour illustration or graph from the manu-
script is proposed for graphical abstract.

21.  Ap pen di ces (if appropriate) as supplementary 
material are prepared and will be submitted at the 
same time as the manuscript.

 
Pri vacy Sta te ment
The na mes and email ad dres ses en te red in this journal 
si te will be used exc lu si vely for the sta ted pur po ses of 
this jour nal and will not be ma de avai lab le for any ot
her pur po se or to any ot her party.
 
ISSN: 15803155
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Slovensko kemijsko društvo
www.chem-soc.si
e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac.uk

SETAC
www.setac.org

European Water Association
http://www.ewa-online.eu/

European Science Foundation
www.esf.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

Brussels News Updates
http://www.euchems.eu/newsletters/

Novice europske zveze kemijskih društev 
EuChemS najdete na:

Koristni naslovi



V kombinaciji z aparatom Inert Loop
S-395 Mini Spray Dryer S-300
ponuja varno delo z vzorci, ki

vsebujejo organska topila. Nivo
kisika in pretoka plina je zaradi
varnosti kontinuirno spremljan.

Prevlečen
zbiralni ciklon

Zmanjšuje izgubo vzorca
med procesom.

Programiranje
metod

Programirajte sekvenco
vzorcev za izvedbo enega
vzorca za drugim, za kar

največjo priročnost.

SI enote

Vsi parametri, kot so
npr. razpršilni in sušilni
plin ter hitrost črpalke
so na voljo v SI enotah

in so avtomatsko
regulirani. 

Oddaljen
dostop

Mini Spray Dryer S-300

Tipične aplikacije: 
Aktivne farmacevtske učinkovine, dostava zdravila, cepiva, zdravila za inhalacijo, nanotehnologija,
keramika, UV absorberji, gorivne celice, baterije, sušenje, mikronizacija, enkapsulacija aditivov,
kontrolirano sproščanje, nutracevtiki, funkcionalna hrana, arome, vitamini, proteini, probiotične
bakterije, koncentrati sokov, mleko v prahu, enkapsulacija bakterij 
in proteinov, transplantacija celic, kozmetika.

Donau Lab d.o.o.
Ljubljana Tbilisijska 85 SI-1000 Ljubljana
www.donaulab.si 
office-si@donaulab.com

Auto način

Sušenje z uporabo
organskih topil

Omogoča programiranje
aparat Mini Spray Dryer

S- 300 Advanced in
avtomatski potek metode. 

Aplikacija na katerih koli
mobilnih napravah ali
računalnikih omogoča
popolno kontrolo nad

uporabniškim vmesnikom
aparata. 

Poročila

Vsi ekperimenti se na aparatu
Mini Spray Dryer S-300
beležijo in shranjujejo v

pomnilnik. Na voljo so kot
PDF poročilo ali kot .csv

datoteka.

Zaščita vzorca

Aparat omogoča tako
monitoring izhodne

temperature, kot tudi
končne temperature

produkta. 





www.helios-group.eu

Znanje, kreativnost zaposlenih in inovacije so ključnega 
pomena v okolju, kjer nastajajo pametni premazi skupine 
KANSAI HELIOS. Z rešitvami, ki zadostijo široki paleti 
potreb, kontinuiranim razvojem ter s kakovostnimi 
izdelki, Helios predstavlja evropski center za inovacije in 
poslovni razvoj skupine Kansai Paint.

Razvoj in inovacije 
za globalno uspešnost





May your wishes be sincere,  
your thoughts creative and your actions decisive.

Happy New Year 2024!

www.krka.biz





Hajdrihova 19, 
1000 Ljubljana 
Slovenia 
www.ki.si

Basic and applied  
research in materials, life 
sciences, biotechnology, 
chemical engineering,  
structural and theoretical 
chemistry, analytical chemistry 
and environmental protection.

In line with EU research and innovation 
priorities: nanotechnology, genomics  
and biotechnology for health, sustainable  
development, climate change, energy  
efficiency and food quality and safety.

We expand knowledge and technology transfer  
to domestic and foreign chemical, automotive and 
nanobiotechnology industries.

We are aware of the power of youth, so we transfer our 
knowledge to younger generations and offer many  
opportunities for cooperation. 

contact: mladi@ki.si
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Avobenzone is a widely used UV filter. Under disinfection conditions 
various disinfection by-products (DBPs) are formed. The presence of 
Br– and I– led to formation of brominated and iodinated avobenzone 
DBPs. Aquatic chlorination of avobenzone formulations led to the 
increase in toxicity. Sunscreen formulation influences on degradability 
of avobenzone.

DBPs
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