JSCSEN 91(2)99-212(2026)

ISSN 1820-7421(Online)

Journal of
the Serbian
Chemical Society

VOLUME 91
No 2

BELGRADE 2026

RRRRRRRRRRR
EEEEEEEEEE
JJJJJJJJ


Miki
Typewritten Text

Miki
Typewritten Text

Miki
Typewritten Text
VOLUME 91

Miki
Typewritten Text

Miki
Typewritten Text
BELGRADE 2026

Miki
Typewritten Text
JSCSEN 91(2)99-212(2026)

Miki
Typewritten Text
No 2


The Journal of the Serbian Chemical Society (formerly Glasnik Hemijskog drustva Beograd), one volume (12 issues)
per year, publishes articles from the fields of chemistry. The Journal is financially supported by the Ministry of
Education, Science and Technological Development of the Republic of Serbia.

Atrticles published in the Journal are indexed in Clarivate Analytics products: Science Citation Index-Expanded™
— accessed via Web of Science® and Journal Citation Reports®.

Impact Factor announced for the year 2024: 0.700; 5-year Impact Factor: 0.900.

Articles appearing in the Journal are also abstracted by: Scopus, Chemical Abstracts Plus (CAplus™), Directory of
Open Access Journals, Referativnii Zhurnal (VINITI), RSC Analytical Abstracts, EuroPub, Pro Quest and
Asian Digital Library.
Publisher: Serbian Chemical Society, Karnegijeva 4/111, P. O. Box 36, 1120 Belgrade 35, Serbia
tel./fax: +381-11-3370-467, E-mails: Society — shd@shd.org.rs; Journal — jscs@shd.org.rs
Home Pages: Society — http://www.shd.org.rs/, Journal — http://www.shd.org.rs/JSCS/
Contents, Abstracts and full papers (from Vol. 64, No. 1, 1999) are available in the
electronic form at the Web Site of the Journal (http://www.shd.org.rs/JSCS/).

Nikola A. Pusin (1930-1947), Aleksandar M. Leko (1948—-1954), Panta S. TutundZi¢
(1955-1961), Milos K. Mladenovi¢ (1962-1964), Porde M. Dimitrijevi¢ (1965-1969),
Aleksandar R. Despi¢ (1969-1975), Slobodan V. Ribnikar (1975-1985), Dragutin
M. DraZi¢ (1986-2006).

BRANISLAV Z. NIKOLIC Serbian Chemical Society (E-mail: jscs-ed@shd.org.rs)
DUSAN SLADIC, Faculty of Chemistry, University of Belgrade

Internet Service:

Former Editors:

Editor-in-Chief:
Deputy Editor:
Sub editors:
Organic Chemistry DEJAN OPSENICA, Institute of Chemistry, Technology and Metallurgy, University of
Belgrade

JANOS CSANADI Faculty of Science, University of Novi Sad

Biochemistry and
Biotechnology
Inorganic Chemistry
Theoretical Chemistry

Physical Chemistry
Electrochemistry
Analytical Chemistry
Polymers
Thermodynamics
Chemical Engineering

OLGICA NEDIC, INEP - Institute for the Application of Nuclear Energy, University of
Belgrade

BILJANA GLISIC, Faculty of Science, University of Kragujevac

MATIJA ZLATAR, Institute of Chemistry, Technology and Metallurgy, University of
Belgrade

MILOS MILICIC, F: aculty of Chemistry, University of Belgrade

LJILJANA DAMJ. ANOVIC VASILIC, Faculty of Physical Chemistry, University of Belgrade
SNEZANA GOJKOVIC, Faculty of Technology and Metallurgy, University of Belgrade
RADA BAOSIC, F. ‘aculty of Chemistry, University of Belgrade

BRANKO DUNJIC Faculty of Technology and Metallurgy, University of Belgrade
MIRJANA KIJEVCANIN, Faculty of Technology and Metallurgy, University of Belgrade
TATJANA KALUPEROVIC RADOICIC, Faculty of Technology and Metallurgy,
University of Belgrade

Materials RADA PETROVIC, Faculty of Technology and Metallurgy, University of Belgrade
Metallic Materials and ~ ANA KOSTOV, Mining and Metallurgy Institute Bor, University of Belgrade
Metallurgy

Environmental and VESNA ANTIC, Faculty of Agriculture, University of Belgrade

Geochemistry

History of and DRAGICA TRIVIC, Faculty of Chemistry, University of Belgrade

Education in Chemistry

English Language VLATKA VAJS, Serbian Chemical Society

Editors: MIROSLAV PAVLOVIC, Institute of Chemistry, Technology and Metallurgy, University of

Belgrade
VLADIMIR PANIC, Institute of Chemistry, Technology and Metallurgy, University of
Belgrade, MARIO ZLATOVIC, Faculty of Chemistry, University of Belgrade

Technical Editors:

Journal Manager &

Web Master: MARIO ZLATOVIC, Faculty of Chemistry, University of Belgrade
Office: VERA CUSIC, Serbian Chemical Society
Editorial Board

From abroad: R. AdZi¢, Brookhaven National Laboratory (USA); A. Casini, University of Groningen (The
Netherlands); G. Cobb, Baylor University (USA); D. Douglas, University of British Columbia (Canada); G. Inzelt,
Etvos Lorand University (Hungary); J. Kenny, University of Perugia (Italy); Ya. I. Korenman, Voronezh Academy of
Technology (Russian Federation); M. D. Lechner, University of Osnabrueck (Germany); S. Macura, Mayo Clinic
(USA); M. Spiteller, INFU, Technical University Dortmund (Germany); M. Stratakis, University of Crete (Grecce);
M. Swart, University de Girona (Cataluna, Spain); G. Vunjak-Novakovié¢, Columbia University (USA); P. Worsfold,
University of Plymouth (UK); J. Zagal, Universidad de Santiago de Chile (Chile).

From Serbia: B. Abramovi¢, V. Anti¢, R. Baosi¢, V. Beskoski, J. Csanadi, Lj. Damjanovi¢-Vasili¢, A. Dekanski,
V. Dondur, B. Dunji¢, M. DPuran, B. Gli$i¢, S. Gojkovi¢, I. Gutman, B. Jovan¢icevi¢, I. Jurani¢, T. Kaluderovié¢
Radio¢i¢, L. Katsikas, M. Kijev¢anin, A. Kostov, V. Leovac, S. Milonji¢, V.B. MiSkovi¢-Stankovi¢, O. Nedi¢, B.
Nikoli¢, D Opsenica, V Pani¢, M. Pavlovi¢, M. Petkovska, R. Petrovi¢, 1. Popovi¢, B. Radak, S. Razw D. Sladi¢,
S. Sovilj, S. Serbanovi¢, B. Solaja, Z. Tesi¢, D. Trivi¢, V. Vajs, M. Zlatovi¢.

Subscription: The annual subscription rate is 150.00 € including postage (surface mail) and handling. For Society
members from abroad rate is 50.00 €. For the proforma invoice with the instruction for bank payment contact the
Society Office (E-mail: shd@shd.org.rs) or see JSCS Web Site: http://www.shd.org.rs/JSCS/, option Subscription.
Godi$nja pretplata: Za ¢lanove SHD: 2.500,00 RSD, za penzionere i studente: 1000,00 RSD, a za ostale: 3.500,00
RSD:za organizacije i ustanove: 16.000,00 RSD. Uplate se vrie na tekuci racun Drustva: 205-13815-62, poziv na broj
320, sa naznakom “pretplata za JSCS”.

Nota: Radovi ¢iji su svi autori ¢lanovi SHD prioritetno se publikuju.

Odlukom Odbora za hemiju Republickog fonda za nauku Srbije, br. 66788/1 od 22.11.1990. godine, koja je kasnije
potvrdena odlukom Saveta Fonda, ¢asopis je uvrSten u kategoriju medunarodnih Casopisa (M-23). Takode, aktom
Ministarstva za nauku i tehnologiju Republike Srbije, 413-00-247/2000-01 od 15.06.2000. godine, ovaj Casopis je
proglasen za publikaciju od posebnog interesa za nauku. Impact Factor Casopisa objavljen za 2024. godinu je 0,700, a
petogodisnji Impact Factor 0,900.



Journal of
the Serbian

Chemical Society

J. Serb. Chem. Soc. Vol. 91, No. 2 (2026)

CONTENTS*

Biochemistry and Bioengineering

G. T. Deli¢c, M. B. Pavlovi¢, Z. B. Simi¢, J. M. Tubi¢ Vukajlovi¢, D. V. Grujici¢, M. Z.
Radovi¢ Jakovljevi¢ and O. M. Milosevi¢-Dordevié: The accumulation of metals in
Onobrychis viciifolia Scop., their distribution in plant parts and the impact on the
content of phenols and flavonoids, as well as antioxidant and genotoxic activity. .....

Inorganic Chemistry

A. Tavman, D. Gurbuz, M. Hacioglu, A. Cinarli, O. Sahin and A. S. Birteksoz Tan: Spectral
characterization and antimicrobial activity studies of 5,6-dichloro-1H-benzimida-
zol-2-y1-(4'/5'/6'-substituted)-phenols (HLi1—HLz20) and Co(1l), Ni(I), Cu(II), Zn(II)
and PA(IT) complexes Of HL1.....c.ooueiiriiiiriieieieeeeeee et

Theoretical Chemistry

A. M. Purdevi¢ Pelmas, D. P. Trajkovi¢, K. Milci¢ and M. K. Milc¢i¢: Molecular dyn-
amics-based methodological approach to clarify perfluorooctanoic acid binding on
human Serum albUmIN........cocoeviriiriiniirce e

Electrohemistry

E. Keskin, M. Kiran and Y. Yardim: A simple and feasible determination of the selective
estrogen receptor modulator raloxifene in pharmaceutical formulation using pre-
treated boron-doped diamond electrode............coovrierieriiiienieieeee e

Polymers

H. Sebaihi, W. Bensalah, K. Badis and M. Haouaria: A comparative study of ketoprofen-
-loaded microparticles prepared using emulsion-congealing and solvent evaporation
LECHIMIQUES ...ttt ettt sttt b ettt sttt eb ettt be e sbenes

Materials

N. Akter, Md. R. Repon, A. D. Pranta, Md. Ruhul Amin, N. Yunusov and S. M. Otajonov:
Exploring the distinct physico-mechanical characteristics of bio-polymer based
ChAMDTAY TADTIC ....veviuiieiiiciiiecetcte ettt b bbb senas

Environmental

N. T. Vu, A. P. Nguyen, H. S. Nguyen, V. A. Pham, D. T. Vu and Q. M. Le: Composite
materials based on biochar from coffee husk origin and nano zero-valent type
Fe/Cu: Potential for treatment of water sources contaminated with As(V)..................

Published by the Serbian Chemical Society
Karnegijeva 4/111, P.O. Box 36, 11120 Belgrade, Serbia
Printed by the Faculty of Technology and Metallurgy
Karnegijeva 4, P.O. Box 35-03, 11120 Belgrade, Serbia

* For colored figures in this issue please see electronic version at the Journal Home Page:
http://www.shd.org.rs/JSCS/

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

JSCS-info@shd.org.rs » www.shd.org.rs/JSCS

99

113

129

145

161

181

(CC) 2026 Serbian Chemical Society.



Journal of
the Serbian
Chemical Society

JSCS@tmf.bg.ac.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 91 (2) 99—112 (2026) Original scientific paper
JSCS-5480 Published 12 February, 2026

. .s‘(\d@“"ﬁbg-ac,s

The accumulation of metals in Onobrychis viciifolia Scop., their
distribution in plant parts and the impact on the content of
phenols and flavonoids, as well as antioxidant and genotoxic
activity

GORICA T. BELIC!, MILICA B. PAVLOVIC!, ZORAN B. SIMIC2, JOVANA M. TUBIC
VUKAJLOVIC!, DARKO V. GRUJICIC!, MARINA Z. RADOVIC JAKOVLJEVIC!*
and OLIVERA M. MILOSEVIC-DORDEVIC!3

IUniversity of Kragujevac, Faculty of Science, Department of Biology and Ecology, Radoja
Domanovica 12, Kragujevac, Serbia, 2University of Kragujevac, Faculty of Science,
Department of Chemistry, Radoja Domanovica 12, Kragujevac, Serbia and 3University of
Kragujevac, Faculty of Medical Sciences, Department of Genetics, Svetozara Markovica 69,
Kragujevac, Serbia

(Received 27 August, revised 16 October, accepted 3 December 2025)

Abstract: This research investigated the potentially toxic elements (PTE) content
and biological activities of Onobrychis viciifolia Scop. collected from a tailing
site and an uncontaminated locality. Concentrations of Mn, Ni, Ca, Mg, Fe, Zn,
Cr, Pb, and Cu were determined in soil and plant parts (roots, aerial parts, and
inflorescences) using the wet digestion method, followed by atomic absorption
spectrophotometric analysis. Bioaccumulation (BCF) and translocation (7F)
factors were calculated to assess PTE uptake and distribution. Total phenolic and
flavonoid contents were determined spectrophotometrically. Antioxidant act-
ivity was evaluated using the DPPH radical scavenging assay. DNA damage in
human lymphocytes treated with plant extracts was assessed using the comet
assay. Results revealed significantly higher concentrations of PTE in soil and
plant material from the contaminated site compared to the uncontaminated loc-
ality. Plants from the contaminated soil exhibited increased bioaccumulation and
translocation of PTE. Moreover, the biological activity of the extracts, including
antioxidant capacity and genotoxic effects, was influenced by the exposure of
plants to PTE, which affected the synthesis of secondary metabolites. Extracts
from plants growing in tailing site showed stronger activity compared to those
from the uncontaminated locality. This study highlights the adaptive responses
of O. viciifolia to PTE-induced stress and provides insights into its potential
applications in environmental monitoring and phytopharmacology.

* Corresponding author. E-mail: marina jakovljevic@pmf.kg.ac.rs
https://doi.org/10.2298/JSC250827089D
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100 PELIC e al.

Keywords: potentially toxic elements; plant; extracts; DPPH radical scavenging
assay; comet assay.

INTRODUCTION

The genus Onobrychis Mill. comprises about 170 species with a cosmopolitan
distribution.! Onobrychis viciifolia is a perennial forage plant which characterised
a high nutritional value and good quality of coarse fodder, and it is very adaptable
to different climatic and soil conditions. Despite its production-quality properties,
its occurrence and use in the agroecological conditions of Serbia is limited and it
is mainly known as a honey-bearing species.2 O. viciifolia shows tolerance to high
concentrations of potentially toxic elements (PTE) in the soil and can thrive under
such conditions.3 For environmental protection, it is crucial to understand how
PTE concentrations in soil can be controlled to remain below the toxicity threshold
for plants.# Plant tolerance to PTE by exclusion involves two modes of action:
preventing the uptake of metals and metalloids by limiting their passage from the
soil to the root, or accumulating PTE in the root while preventing their transport to
the aerial parts of the plant.> The uptake of PTE into the plant parts depends on the
movement of PTE from the soil to the plant roots (bioconcentration factor), as well
as on the transport of the elements (translocation factor) from the roots, whereby
they are transported to the aerial part and inflorescences.® According to the liter-
ature, O. viciifolia has antimicrobial,’ antibacterial,8 anti-inflammatory,® antioxid-
ant!0 and many other activities.

In the present study, the biological activities (genotoxic and antioxidant) and
the total phenolic content (TPC) and total flavonoid content (TFC) were evaluated
in methanolic extracts obtained from the root, inflorescence, and aerial parts of O.
viciifolia. In addition, the concentrations of PTE (Mn, Ni, Ca, Mg, Fe, Zn, Cr, Pb,
and Cu) were determined in plant tissues and in the soils collected from two
locations: an uncontaminated site (Gornji Milanovac) and a tailing site (Zitkovac,
Kosovska Mitrovica former Pb—Zn mining tailings).

EXPERIMENTAL

Chemicals

Gallic acid, rutin hydrate and 2,2-diphenyl-1-picrylhydrazyl (DPPH), Histopaque-1077,
Roswell Park Memorial Institute (RPMI) medium, phosphate-buffered saline (PBS), Tris-HCI
buffer and ethidium bromide reagent were bought from Sigma Chemicals Co. Folin—Ciocalteu
phenol reagent and aluminium chloride hexahydrate were obtained from Fluka Chemie AG,
Buchs, Switzerland. Low-melting-point agarose was purchased from AppliChem GmbH
(Darmstadt, Germany). Triton X-100 was obtained from Fisher Scientific (Geel, Belgium).
Sodium chloride, ethylenediaminetetraacetic acid (EDTA) and dimethyl sulfoxide (DMSO)
were purchased from Centrohem (Stara Pazova, Serbia). Electrophoresis equipment (PowerPac
Basic) was supplied by Bio-Rad (Hercules, CA, USA).

Available online at: http://www.shd.org.rs/JSCS
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O. viciifolia AT TAILING AND UNCONTAMINATED SITE 10 1

Plant material

The plants in the flowering phase and soil materials were collected from tailings at Zit-
kovac (tailing site), 4 km away from Kosovska Mitrovica (42.924052 N; 20.830233 E) in 2018
on 20 June and from an uncontaminated locality (Gornji Milanovac, Brusnica village,
44.002512 N; 20.432371 E) in 2020 on 30 June. Voucher specimen of O. viciifolia deposited in
the Herbarium of the University of Kragujevac, Faculty of Science, Department of Biology and
Ecology, No. 31/018.

Analysis of potentially toxic elements in samples of plant and soil

The content of PTE (manganese, nickel, calcium, magnesium, iron , zinc, chromium, lead
and copper) was determined in the soil and in each plant part of O. viciifolia collected from both
localities. Metals were analysed using the wet digestion method according to Téth et al.ll, in
the Laboratory for Analytical Chemistry, Faculty of Science, University of Kragujevac. For
each analysis, five replicate samples (soil, roots, aerial part and inflorescence) were prepared,
and the average value and standard deviation were calculated. The measurements of PTE con-
tent were carried out using an atomic absorption spectrophotometer (Perkin Elmer 3300). After
the results were obtained, the bioaccumulation (BCF) and translocation factors (TF) were deter-
mined.!? The BCF was used to determine the PTE accumulation from the soil to the roots, and
the TF was used to calculate the ratio of PTE concentrations in the aerial part, inflorescence and
roots. 13

Root, aerial part and inflorescence were air-dried and 50 g of ground material from each
plant part was extracted with 250 mL of methanol. After 24 h, the plant material was filtered,
made up of 250 mL methanol and the extraction was repeated three times. After the extraction
was completed, the extracts were evaporated in a vacuum evaporator (Soxtherm S 306, Ger-
hardt, Germany). The dry extract was stored at —18 °C until it was used in the tests. For testing
purposes, the extract was dissolved in PBS.

Determination of total phenolic content of the extracts

The concentration of TPC in the sample’s methanol solutions was determined using the
spectrophotometric method (at Amax = 725 nm) by Wootton-Beard et al.'4 The reactant blend
was made from methanolic dilutions (roots, aerial part and inflorescences), and Folin—Ciocalteu
reagent and then incubated. After that, sodium carbonate was added to the mixture. Gallic acid
(GA) was used to create the standard curve, which showed a linear regression 2 > 0.99. The
TPC is expressed in gallic acid equivalents per gram of plant extract.

Determination of flavonoid content of the extracts

The concentration of flavonoids in the methanol solutions of the samples was determined
according to the spectrophotometric method (at imax = 430 nm) of Quettier-Deleu et al.!> The
reagent mixture was prepared from methanolic dilutions (roots, aerial part and inflorescences),
and aluminum chloride, after which they were incubated. Rutin (RU) was used to create the
standard curve, which showed a linear regression 2 > 0.99. The flavonoid content is expressed
in rutin equivalents per gram of plant extract.

Determination of the antioxidant activity of the extracts

The free radical scavenging activity in the sample’s methanol solutions was determined
using the spectrophotometric method (at Amax = 517 nm) by Takao et al.1® First, a dilution
series of methanol solution samples was made, with concentrations of 15.62, 31.25, 62.5, 125,
250 and 500 pg/mL. The reagent mixture was prepared from diluted solutions (roots, aerial part
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102 PELIC e al.

and inflorescences) and DPPH, which were then incubated. Ascorbic acid was used as a stan-
dard. The antioxidant activity is expressed as a concentration that inhibits 50 % of the activity
(ICs values in pg/mL).

Measurement of DNA damage

The whole blood was taken by venipuncture from three donors, non-smokers, priorly
unexposed to any known genotoxic agents. The study was approved by the Ethics Committee
of the Clinical Centre of Kragujevac (01/18/4927), before the start of the study. Written inf-
ormed consent was obtained from all the patients according to the guidelines of the World Med-
ical Association (Declaration of Helsinki).

To assess the level of DNA damage of peripheral blood lymphocytes in the treatment with
different parts O. viciifolia plant, single-cell gel electrophoresis (comet assay) was used as des-
cribed by Singh et al.!7 with some modifications given by Collins et al. 18 Lymphocytes were
isolated from the whole peripheral blood using Histopague-1077 and treated for 30 min at 37
°C in phosphate buffered saline solution with methanolic extract of O. viciifolia root, inflores-
cence or aerial part at concentrations of 125, 250, 500 and 1000 pg/mL. Untreated lymphocytes
were used as a negative control, while a positive control was lymphocytes treated with hydrogen
peroxide at a final concentration of 10 pg/mL. The cell suspension was mixed with 1 % low-
-melting-point agarose for slide embedding. The slides were kept on ice for a few seconds to
solidify the agarose. The coverslips were then removed and the slides were placed in a lysis
solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1 % Triton X-100 and 10 % dimethyl
sulfoxide) for 2 h in the dark at 4 °C.

The alkaline denaturation was performed in an electrophoresis buffer solution (10 M
NaOH, 200 mM EDTA, pH > 13) in a horizontal position and the slides were electrophoresed
for 30 min at 25 V and 300 mA. The slides were washed in neutralizing Tris-HCI buffer (0.4 M
Tris, pH 7.5) and stained with 50 pL ethidium bromide (20 pg/mL). One hundred randomly
selected cells from each slide (50 cells from each of the two gel replicates) were visually ana-
lysed using a Nikon E50i fluorescence microscope at 400x magnification. Each cell was class-
ified into five classes, from 0 (undamaged class cells) to 4 (the most severely damaged one).

The level of DNA damage, expressed as genetic damage index (GDI), was calculated for
all 100 cells using the Eq. (1) described by Pitarque et al.!® The level of DNA damage, expressed
as the GDI, is:

_ Class1+2x Class2+3x Class3 +4x Class4
Class0+ Class1+ Class2 + Class3 + Class4

GDI (D

Data analysis

The statistical analyses were performed using the SPSS package (IBM SPSS Statistics 21).
The results are expressed as mean + standard deviation (SD). GDI was evaluated by one-way
analysis of variance (ANOVA), with a Tukey post hoc test for comparisons of different treat-
ments versus negative controls. The relationship between the tested extract concentrations and
the GDI was determined using the Pearson correlation coefficient. A statistically significant
difference in GDI between the uncontaminated locality and tailing site was determined by Stu-
dent’s t-test. Levels of significance were p < 0.05, p < 0.01 and p < 0.001. To determine the
existence of differences between PTE in the soil by localities, PTE, TPC, TFC and antioxidant
activity, in plants from different localities, and differences between localities by plants, Tukey’s
tests were used (p < 0.05). In addition, a multivariate statistical method (PCA) was used to
investigate the relationship between chemical elements in plant parts and different localities.
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O. viciifolia AT TAILING AND UNCONTAMINATED SITE 103

RESULTS AND DISCUSSION

Based on the concentrations of PTE in the soil at the tailing site, the analysed
PTE (Table I) can be ranked as follows: Fe > Mg > Ca > Mn > Pb > Cr > Ni > Zn
> Cu. In contrast, the ranking in uncontaminated soil is as follows: Fe > Ca > Mg
>Mn > Ni>Cr>Zn>Pb>Cu.

TABLE 1. The content of potentially toxic elements (PTE) in the examined soil samples
(mg/kg); different uppercase letter (A, B, C,...) within a column indicates significant differences
between PTE at the same locality (p < 0.05, ANOVA with Tukey’s test). Different lowercase
letters (a, b) within a row indicate significant differences in the content of the same PTE between
the two localities (p < 0.05, ANOVA with Tukey’s test)

PTE Tailing site Uncontaminated locality
Mn 2685.58+16.0 Aa 676.24+5.8 Ab

Ni 199+0.97 Ba 38.74+0.56 Bb

Ca 3649.76+31.20 Ca 4837.16+32.95 Cb
Mg 4540.54423.4 Da 2236.86+36.41 Db
Fe 77363.08+682.37 Ea 24332.84+19.58 Eb
Zn 176.24+0.78 Fa 25.48+0.42 Fb

Cr 453.36+1.36 Ga 27.64+0.14 Gb

Pb 873.66+2.057 Ha 11.384+0.07 Hb

Cu 113.88+0.8 Ia 10.44+0.28 Ib

All metals (with the exception of Ca) have significantly higher concentrations
at the tailing site. The most abundant PTE at the tailing site is Fe, with a concen-
tration 3.18 times greater than in the uncontaminated soil. Also, an exceptionally
high Pb concentration was observed at the tailing site, where it is 76.7 times higher
than at an uncontaminated locality. For Ca and Mg, the differences between the
two sites are smaller. PTE such as Pb, Cr and Zn exhibit particularly high dis-
parities between the sites.

A comparative analysis of the PTE content in different plant parts from a
tailing site and an uncontaminated site is shown in Table II. At the tailing site, the
order of PTE concentration in the roots was: Ca > Mg > Fe > Ni > Mn > Zn > Cu
> Cr > Pb. In the aerial parts, Ca, Mg, Cr, Fe and Zn were predominant, while in
the inflorescences, Ca was dominant, followed by Mg, Zn and Fe. A particularly
high Pb concentration was observed at the contaminated site, where the levels in
the aerial parts (17.6 mg/kg) and roots (6.16 mg/kg) exceeded the permissible
limits, ranging from 2 to 10 mg/kg, according to the regulations of the FAO/
/WHO.20 Additionally, the Cr content in the aerial parts from the tailing area was
significantly above the permissible levels (132.88 mg/kg compared to the allowed
range of 5-20 mg/kg). At the uncontaminated site, the most abundant elements in
the roots were Ca, Fe and Mg (Ca > Mg >Fe > Mn > Zn > Ni > Cu > Cr > Pb). The
aerial parts primarily contained Ca, Mg, and Fe, while the inflorescences followed
a similar pattern, with Ca and Mg being dominant. The concentrations of all PTE
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104 PELIC e al.

at uncontaminated locality were within or below the recommended safety levels,
while Pb was below the detection limit. Mn and Cr showed higher concentrations
in the roots of the plants from the uncontaminated site compared to the tailing area.

TABLE II. The content of investigated potentially toxic elements (mg/kg) in root, aerial part
and inflorescence of O. viciifolia; different uppercase letter (A, B, C,...) within a row indicates
significant differences between plant parts (root, aerial part, inflorescence) at the same locality
(» <0.05, ANOVA with Tukey’s test). Different lowercase letters (a, b) within a column indi-
cate significant differences between the two localities (tailing site vs. uncontaminated) for the
same plant organ (p < 0.05, ANOVA with Tukey’s test); *n.d. = not detected

Tailing site Uncontaminated

Root Aerial part  Inflorescence Root Aerial part Inflorescence
Mn 27.36+1.28%¢  81.92+0.518¢ 77.18+0.295% 34.52+0.56"* 23.94+0.635% 23.38+0.49°
Ni  49.4+028%  12.42+0.33B¢  30.58+0.42°¢ 8.67+0.454% 9.82+0.14%* 13.56+0.07°
Ca 11892+62.25%% 147724+42.995 13856+44.615 7802+21.494* 8142+34.085% 6258+3.81
Mg 4161+35.21%° 6 087+27.77% 7177+37.56“* 2386+9.267% 2229+24.53B 1851+38.18?
Fe 447.36+1.444° 334.88+38.775 304.82+1.01°* 1399+30.82"* 87.98+3.81% 424.1+0.28°
Zn 222240234 41.28+0.41% 61.2440.36° 18.56+0.354% 17.04+0.56% 35.78+0.35°
Cr  7.45+0.04¢ 132.88+0.67%° 16.54+0.34% 9.86+0.09%* 2.23+0.05%* 2.28+0.01°
Pb  6.16+£0.03A¢  17.6+£0.348¢  5.54+0.03 *n.d. *n.d. *n.d.
Cu  9.86+0.032¢  17.22+0.318¢ 5.30+£0.02°° 7.49+£0.15%* 3.87+0.07%* 24.5440.08°

PTE

Elevated concentrations of PTE, primarily Cd and Pb, in all plant parts col-
lected from the tailing site compared to the uncontaminated locality, indicate a
strong anthropogenic influence and long-term contamination of the soil with toxic
metal compounds.!2-21 Furthermore, essential metals such as Ca, Mg and Fe, were
present at both sites, they showed significant differences in concentration, which
could be linked to alterations in the plant's biochemical regulation under PTE
stress.22:23

The presentation of the principal component analysis (PCA) in plant parts and
localities is presented in Fig. S-1 of the Supplementary material to this paper. The
two main components (factor 1 and factor 2) for plant samples are represented with
a variation of 69.02 %. The first two factors clearly show the differences in the
amount of elements tailing site and the uncontaminated locality around the parts
of the plant where PTE accumulate. Elements, such as Mn, Ni, Ca, Mg, Fe, Zn, Cr,
Pb and Cu, are included in factor 2. High amounts of the mentioned elements are
characteristic of the tailing site, which are grouped on the positive side of the PCA
axis and most affect the separation of the plant population. The amounts of Mn,
Ni, Ca, Fe, Zn and Cr have negative values around a factor 1, for the uncontam-
inated locality in the plant samples.

The results of the bioaccumulation and translocation factors (BCF and TF) for
PTE in plant parts of O. viciifolia are presented in Fig. 1. The highest BCF in
individuals of O. viciifolia from the tailings site was recorded for Ca, exceeding a
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value of 3.5, indicating a high capacity of the plant to accumulate this element in
its roots. Moderate accumulation was observed for Mg and Fe, with BCF values
close to or slightly above 1. Other elements (Mn, Ni, Zn, Cr, Pb, Cu) exhibited low
BCF values, below 1, suggesting limited accumulation of these metals by the plant.
For plants from the uncontaminated site, BCF values for all elements were less
pronounced compared to the tailings site. However, the highest accumulation was
still recorded for Ca, but with a slightly lower value (around 2.5). Significant
translocation from the roots to the aerial parts and inflorescences was observed for
Cu in the plants collected from the tailing site, with 7F values above 3. A higher
TF value was also observed for Zn. In the plants of the uncontaminated site, the
highest 7F was also observed for Cu, albeit with lower values compared to the
tailings site. The translocation of Ca and Mg from the roots to the aerial parts and
inflorescences was more moderate compared to the tailings site.

L A P

| M L

CELLLLLET LTI
Yrriiiriiiiza

SHall]
oo e N
Mn Ni Ca Mg Fe Pb Cu
R BCF tailing site BBCF uncontaminated locality
® TF/aerial part-tailing site ®TF/aerial part uncontaminated locality

O TF/inflorescence-tailing site OTF/ infl orescence-uncontaminated locality

Fig. 1. Bioconcentration factor (BCF) and translocation factor (7F) of potentially toxic
elements in O. viciifolia, which grows on the tailing site and an uncontaminated locality.

High BCF and TF factors at the tailing site indicate effective mechanisms for
the uptake and transport of PTE from the roots to the aerial parts, aligning with
previous studies suggesting that plants from contaminated sites adaptively enhance
metal accumulation.2* For example, a high BCF for calcium could reflect its role
in stabilising cell membranes and acting as a signaling molecule under stress con-
ditions, while a high TF for copper and zinc could be associated with their roles in
antioxidant enzymes and plant metabolism.

The results of TPC and TFC revealed significant differences in the accumul-
ation of phenolic compounds between plant parts and locations, indicating adaptive
responses of the plant to environmental stress conditions (Table III).
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TABLE III. Total phenolic and flavonoid content in the different parts of O. viciifolia; different
capital letters (A, B, C) indicate significant differences among plant parts within the same loc-
ality. The same lowercase letters (a, b, ¢) indicate significant differences between localities for
the same plant part, according to ANOVA with Tukey’s test (p < 0.05)

Locality Root Aerial part Inflorescence
Total phenolic content, mg GAE/g extracts

Tailing site 80.22+2,778b 137.83+1.4542 47.7243.71¢¢

Uncontaminated locality 64.88+0.2582 86.16+2.96Ab 55.38+0.41¢C2
Total flavonoid content, mg RUE/g extracts

Tailing site 10.11+0.39C¢ 66.64+=1.8742 27.52+1.49Bb

Uncontaminated locality 20.33+0.32€b 25.41+0.52B¢ 28.52+2.1842

At the tailing site, the TPC in the roots was 80.22+2.77 mg GAE/g, which was
significantly higher compared to the uncontaminated locality (64.88+0.25 mg
GAE/g). The aerial parts of O. viciifolia showed the highest TPC value of all plant
parts analysed (137.83+£1.45 mg GAE/g for the tailing site and 86.16+£2.96 mg
GAE/g for the uncontaminated locality). The TPC in the inflorescences was lower
compared to the roots and aerial parts at both localities.

At the tailing site, the flavonoid content in the roots was 10.11+0.39 mg
RUE/g, significantly lower than at the uncontaminated site (20.33+0.32 mg
RUE/g). The aerial parts of the plant exhibited the most significant difference in
flavonoid content between the two sites. At the tailing site, the flavonoid content
in the aerial parts reached 66.64+1.87 mg RUE/g, which is significantly higher
than at the uncontaminated site, where it was 25.41+£0.52 mg RUE/g. The flavo-
noid content in the inflorescences was similar at both sites, with slightly higher
values at the uncontaminated site (Table III).

The elevated levels of 7PC and TFC in the plants from the tailing site indicate
a robust activation response to oxidative stress induced by heavy metals. Phenolic
compounds are well-known for their ability to neutralize reactive oxygen species
(ROS) and thereby protect cells from oxidative damage.25 Interestingly, flavonoids
were recorded in higher concentrations in the aerial parts of plants from the tailing
site, while their content in the roots was reduced. This may indicate a redistribution
of secondary metabolites in response to local stress or the inhibition of flavonoid
biosynthesis in the roots due to the toxic effect of metals.26

A comparative analysis of the flavonoid, phenol and heavy metal content in
O. viciifolia shows the plant’s complex adaptation strategies to environmental
stress conditions. At the tailing site, the plant increases the synthesis of flavonoids
and phenols to combat oxidative stress caused by PTE contamination. However,
the high metal accumulation limits their safety of use. Plants from uncontaminated
localities, with a balanced content of secondary metabolites and a low metal con-
tent, are more suitable for phytotherapy and the food industry.
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Despite the use of O. viciifolia in traditional medicine, these results present a
dual message. Increased concentrations of phenols and flavonoids may enhance
the medicinal properties of the plant, including antioxidant, anti-inflammatory and
antimicrobial effects.25 However, the presence of elevated levels of PTE, espe-
cially in the aerial parts used for phytopreparations, poses a serious health risk.
Additionally, the ability of O. viciifolia to accumulate metals could be beneficial
for phytoremediation of polluted areas, but plants growing in such environments
must not be used as food or medicine.

The results of antioxidant activity for the root from tailing site was 13.66+0.89
ug/mL, representing significantly better activity compared to the root from the
uncontaminated locality (32.75+1.68 ug/mL). The aerial parts of the plant demon-
strated moderate antioxidant activity, with significant differences between local-
ities. The inflorescences showed the lowest antioxidant activity compared to the
root and aerial parts (Table IV). At the uncontaminated locality, antioxidant act-
ivity was more balanced among different plant parts, with inflorescences showing
significantly higher activity compared to the tailing site.

TABLE IV. Antioxidant activity of the different parts of O. viciifolia (ICsy/ pg mL™); different
capital letters (A, B, C) indicate significant differences among plant parts within the same loc-
ality. The same lowercase letters (a, b, ¢) indicate significant differences between localities for
the same plant part, according to ANOVA with Tukey’s test (p < 0.05)

Locality Root 1 Aerial part Inflorescence
Tailing site 13.660.89C¢ 74.4+1.578b 109.6+3.1542
Uncontaminated locality 32.75+1.68C2 65.4+0.968> 77.724+1.574b

The genotoxicity of plants from the Fabaceae family has been tested,27-28 but
to our knowledge, similar studies have not yet been conducted on the genus Ono-
brychis, so our results represent a novelty in this field of research. The results of
analysis of DNA damage level in treatment with different parts of O. viciifolia
extracts from uncontaminated locality and tailing site are shown in Fig. 2. All
tested concentrations (125-1000 pg/mL) of extracts from root, inflorescence and
aerial part of O. viciifolia extracts from the uncontaminated locality significantly
increased the GDI (from 1.16+0.09 to 1.78+0.17 for the root; from 0.91+£0.08 to
1.93+0.24 for the inflorescence; from 1.44+0.05 to 2.27+0.07 for the aerial part)
in comparison to the negative control (ANOVA, Tukey post hoc test, p < 0.05). A
strong positive correlation between concentrations of the extracts and GDI was
obtained (Pearson: » = 0.787, p = 0.001 for the root; » = 0.931, p = 0.000 for the
inflorescence; » = 0.785, p = 0.001 for the aerial part). All tested extracts of O.
viciifolia from the tailing site significantly increased the GDI in all concentrations
compared to the negative control (ANOVA, Tukey post hoc test, p < 0.05). The
highest tested concentration of extracts (1000 ug/mL) increased the GDI by 8.2
times for root (2.63+0.19), 8.3 times (2.67+0.10) for inflorescence and 9.9 times
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(3.16+0.04) for aerial part, in comparison to the negative control (0.32+0.08).
Pearson correlation coefficient revealed a significant association between GDI and
the tested concentrations of extracts (» = 0.838, p = 0.000 for root; » = 0.891, p =
= 0.000 for inflorescence; » = 0.756, p = 0.001 for aerial part). Plants from both
the uncontaminated locality and tailing site showed a genotoxic effect. All extracts
obtained of different plant parts from the tailing site had a significantly higher GDI,
compared to the same plant parts extracts from the uncontaminated locality (p <
<0.05). The highest genotoxic effect was observed in the treatment with the extract
of the aerial plant part from the tailing site at all tested concentrations. The extract
of the inflorescence of the plant from the uncontaminated locality exhibited the
lowest GDI at all tested concentrations, except at the concentration of 1000 pg/mL,
where an insignificantly higher GDI was observed for the root extract (1.93+0.24
vs. 1.78+0.17).

@ Tailing site O Uncontaminated locality *ﬁg
4 - d
% 5 " % 8 3
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Fig. 2. Comparative results of the level of DNA damage in lymphocytes treated with methan-
olic O. viciifolia extracts from two localities. The results are expressed as mean + SD, n = 3;
ap < 0.05; bp < 0.01; p < 0.001, 9p < 0.0005 statistically significant difference of GDI
between localities (Student’s #-test).

The observed genotoxic activity of the methanol extracts of the plants from
both localities could be influenced by the exposure of plants to PTE, which
affected the synthesis of secondary metabolites. The PTE analysis showed that the
plants contained a higher amount of Ni, Zn and Cr compared to the other identified
metals, and these amounts were several times higher in the tailings than in the
uncontaminated locality. In addition, the high Pb concentration was only detected
in various plant parts of the tailings. Previous studies have shown that Ni can
induce DNA damage through direct DNA binding and ROS stimulation.2%3% Low
concentrations of Pb also induce genotoxicity.3! It is also known that Cr has a
genotoxic effect and causes chromosomal damage and the formation of oxidized
DNA adducts as well as the formation of DNA and protein/amino acid cross-links.

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

(CC) 2026 Serbian Chemical Society.



O. viciifolia AT TAILING AND UNCONTAMINATED SITE 109

One of the possible mechanisms is the reduction of glutathione, which could gen-
erate free radical species such as hydrogen peroxide that produce high levels of
oxidative stress and cause DNA damage.32-33 In addition, Dutta et al.34 showed
that high concentrations of heavy metals can trigger genotoxic activities by directly
attacking the thiol groups of proteins, leading to disruption of protein structure and
function.

CONCLUSION

The results of this study revealed significant differences in phenolic and fla-
vonoid contents, as well as in antioxidant and genotoxic activities, between plants
collected from a tailing site and an uncontaminated locality. O. viciifolia from the
tailing site exhibited pronounced adaptive mechanisms, including increased syn-
thesis of phenolics and flavonoids, which contributed to enhanced antioxidant act-
ivity under stressful conditions. These adaptive responses were particularly promi-
nent in the roots and aerial parts of the plants, highlighting their significant role in
mitigating oxidative stress induced by potentially toxic elements. Conversely, the
plants from the uncontaminated site displayed a more balanced chemical profile,
with a lower accumulation of potentially toxic elements and a stable content of
bioactive compounds, making them more suitable for medicinal and nutritional
applications. Plants from both sites (uncontaminated and tailing site) demonstrated
genotoxic effects, with the level of genotoxicity correlating with the concentration
of analysed elements in the soil. Further research is needed to isolate bioactive
compounds and evaluate their pharmacological safety.
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H3BOJ

AKYMVJIAIITMJA METAJIA Y BUJBIIU Onobrychis viciifolia SCOP., bUXOBA PACIIOJEJIA
Y BUJbBHUM OPTAHUMA U YTHULIAJ HA CAIPXKAJ ®EHOJIA U ®JIJABOHOMJA, KAO U
HA AHTUOKCHUJIATHBHY U TEHOTOKCHUYHY AKTUBHOCT

TOPULIA T. BEJIUR!, MUJTULIA B. TIABJIOBUR!, 30PAH B. CHMUR2, JOBAHA M. TYBUR BYKAJJIOBUR!, IAPKO
B. TPYJUYWER!, MAPUHA 3. PAJOBUR JAKOB/BEBUR! 1 OJIUBEPA M. MUJIOIIEBUR-FOPBEBUR"?
"Ynueep3uiieii y Kpaiyjesuy, IIpupogno—matiemaiiuuku paxyniteti, HHcWuwy 3a GUoIoiujy u exonoiujy,
Pagoja Jomanosuha 12, Kpaiyjesau, 2Ynugep3uiieit y Kpaiyjesuy, ITpupogro—matiematauuxu Gaxynimeid,
Hncmuinyiw 3a xemujy, Pagoja Jomanosuha 12, Kpaiyjesay, u *Ynueep3uitieii y Kpaiyjesuy, ®axyniei
meguyunckux Hayxa, Katiiegpa 3a ienettiuxy, Ceeitiosapa Mapxosuha 69, Kpaiyjesay,

OBO HCTpaKHBaeE je NCTUTUBAJIO CapKaj MOTeHIIHjaHO TOKCUYHUX enemeHara (II1TE) u
Buoolike akTUBHOCTH dusbke Onobrychis viciifolia Scop. MpUKyI/beHe Ca jaJIOBULITA U HEKOH-
TaMUHHUpaHor JokanuTera. Konnenrpauuje Mn, Ni, Ca, Mg, Fe, Zn, Cr, Pb u Cu onpehene cy y
3eMJBHILTY U OW/BHUM Je/T0BUMa (KOpPEHY, Hal3eMHUM JIeJI0OBUMA U LIBACTH) IPUMEHOM METOTE
MOKpOT CIla/biBama, a 3aTUM aTOMCKOM alCOPNLUOHOM CeKTpodoToMeTpujoM. PauyHatu cy
daxropu duoakymymnanuje (BCF) u Tpanciokaudje (TF) pany mpolieHe ycBajama U pacronesne
MeTasa. YKYIHU cafpxaj deHona u diaBoHoWAa onpehuBaH je crieKTpooTOMETPHjCKH. AHTH-
OKCHZaTHUBHA aKTUBHOCT NTpoLiewUBaHa je momohy DPPH Tecta 3a HeyTpanusanujy c1odonHuX
panukana. Owrehewe JHK y xymaHuM nuMGOLUTHMA TPETUPAHO OWBHUM EKCTPaKTHMa
HCIUTaHO je KOMeT TeCcToM. Pe3ynraTu Cy mokasaad 3HauajHO Bulle koHLeHTpauuje IITE y
3eMJBUINTY U OWbHUM IeJI0BUMa Ca KOHTAMHUHHUPAHOT JIOKaNnTeTa y nopehemwy ca HEKOHTaMHU-
HUpaHUM. brbke ca KOHTaMUHHPAHOT 3eMJBUILTA T0Kas3ane cy nosehaHy duoakymynauujy u
tpaHcinokauujy IITE. [Topen Tora, OruosolIka akTUBHOCT eKCTpakaTta, yKby4uyjyhu aHTHOKCH-
DaTUBHM KallalMTeT U TEHOTOKCHYHE edexTe, duna je noj yruuajem usnoxeHocty dupaxa PTE,
IITO je YTULIO0 Ha CHUHTe3y CeKyHOapHUX MeTabonuTa. EkcTpakTy Ombaka ca jaysoBUIITa
WCIIOJBUIIM CY jady aKTUBHOCT y nopehemy ca du/bkaMa ca HEKOHTaMUHHpaHOT oKkanuTeta. OBo
UCTpaKUBame UcThye amantusHe oprosope O. viciifolia Ha crpec usassad PTE u npy»xa yBun y
eHe NMoTeHIMja/IHe TPUMeHe y eKOJIOIIKOM MOHUTOPHHTY B pUTOGapMaKOIOTHjH.

(ITpumibeHo 27. aBrycra, peBuaupano 16. okrodpa, mpuxsahero 3. nenembpa 2025)
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Abstract: 5,6-Dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols
(HL4—HL,4) and MCl, complexes (M: Co, Ni, Cu, Zn, Pd) of HL; were syn-
thesized and characterized by various physicochemical and spectroscopic
methods such as elemental analysis, thermogravimetric analysis, FTIR, NMR
and fluorescence spectroscopy. The structures of the complexes were also con-
firmed by performing molar conductivity and magnetic moment measurements.
HL, acted as a bidentate, monobasic chelating ligand with NO donor sites in all
the complexes. It was found that all complexes have non-electrolytic properties
and the M:L ratios are 1:1 in the Zn(IT) complex and 1:2 in the other complexes.
Crystal structure of HLg was also investigated. The presence of both intra- and
inter-molecular hydrogen bonding was observed in both molecules. According
to the fluorescence spectral data, the substituents at the 4-position made the
fluorescence emission shifted to the lower wavelengths (redshift) compared to
HL,;, while the substituents at the 3- and 5-positions caused a blue shift effect.
The Zn(IT) complex showed a greater redshift effect compared to the other com-
plexes. In addition, antimicrobial activity of the compounds was evaluated
against six bacteria and three fungi. It was observed that HL; and its mono sub-
stituted derivatives (HL;—HL;;) show selective activity especially against
Gram-positive bacteria, Staphylococcus aureus and Staphylococcus epidermidis.
Zn(IT) complex showed relatively higher activity against Gram-positive bacteria
differently from the other complexes.

* Corresponding author. E-mail: atavman@iuc.edu.tr
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INTRODUCTION

It is known that many benzimidazole derivatives play a role in the field of
pharmacology as the active ingredient of many drugs. For example, 4-{5-[bis(2-
-chloroethyl)amino]-1-methyl-2-bezimidazolyl}butyric acid hydrochloride, also
known as bendamustine and used as a chemotherapy agent, is one of them.!:2
Perhaps the well-known one is omeprazole, 5-methoxy-2-(4-methoxy-3,5-di-
methylpyridin-2-yl-methylsulphinyl)-1H-benzimidazole, an antisecretory agent.3
Other important benzimidazole derivatives used as drugs include thiabendazole,*->
albendazole, mebendazole, flubendazole,%7 astemizole® and fenbendazole.”

Many researchers in different parts of the world continue their research on
benzimidazole derivatives because they have a wide range of biological activities,
especially antimicrobial, antiviral, antifungal, anti-inflammatory, proton pump and
pancreatic lipase inhibitor, hormone modulator, antihypertensive, antidiabetic,
antidepressant, anticoagulant, etc.10-14 Also, it is known that there is a 5,6-dimeth-
ylbenzimidazole moiety that coordinated to a Co(Il) ion through the imidazole
C=N nitrogen atom in vitamin B12.15

Benzimidazole derivatives containing phenol groups, benzimidazolylphenols,
are one of the current and widespread research topics, and their results have
application potential in many areas. One of the most important features of these
compounds is that they form strong chelate complexes with a two-ring structure
by coordinating to metals through phenolic OH oxygen and C=N nitrogen atoms.
In addition, many studies have been published examining the photophysical pro-
perties of these compounds and their complexes with strong fluorescent character-
istics.16,17

We reported that many benzimidazolyl-phenol derivatives and some of their
transition metal complexes exhibited antibacterial and antifungal effect in our pre-
vious studies.!® For example, 2-(5-nitro-1H-benzimidazol-2-yl)-bromophenol and
its Zn(II), Fe(III) and Cu(Il) complexes showed considerable antibacterial activity
on Staphylococcus aureus and Staphylococcus epidermidis.19-20 It is observed that
the CI, Br and NO» groups in some 5-methoxy-2-(5-substituted-1H-benzimidazol-
-2-yl)-phenols increase the antimicrobial activity toward S. aureus, Enterococcus
faecalis and Candida albicans.2!

In this study, twenty benzimidazolylphenol derivatives, eighteen of them are
new, 5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols  (HL{—
—HL;¢, Scheme 1) were synthesized and characterized. The compounds except for
HL and HL4 are reported for the first time in this study. The compound 2-(5,6-
dichloro-1H-benzimidazol-2-yl)phenol (HLj) and its Mn(III), Fe(II), Co(Il) and
Ni(II) complexes were reported in the literature.22-24 Additionally, the anticancer
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effect of a group of compounds, including HL;, was examined, and it was reported
that HL; showed very weak anticancer activity against A549, MDA-MB-231 and
PC3 cell lines (IC5( value >100 ug mL~! for all three cell types).25 The anticancer
activity of HL4 was also investigated, but no significant effect was observed.26
We also prepared and characterized the MCl, complexes (M: Co, Ni, Cu, Zn, Pd)
of HL. In addition, antimicrobial activities of the compounds were tested towards
six bacteria and three fungi. The structural characteristics and antimicrobial
activity of the compounds were investigated and compared.

Rs
Cl NH, o Cl 7
\\ DMF, 3h reflux 6
+ C R, —>
H/ H;BO;, :
Cl NH, -H,0, -H, cl .
HO R,
R1:R2:R3:H (HL]) R]ZRZZH, R3:F (HLz)
R]ZRZZH, R3:Br (HL3) R1:R2:H, R3:C1 (HL4)
R1:R2:H, R3:I (HLs) R1:C1, R2:R3:H (HL6)
RIZOCH3, R2:R3:H (HL7) RIZH, RZZOCH3, R3=H (HLs)
RIZRZZH, R3:OCH3 (HLg) RIZRZZH, R3:CH3 (HLIO)
RIZCH3, R2=R3:H (HL]]) R1=BI', RQZH, R3=Cl (Hle)
RIZF, RZZH, R3:Br (HL13) R]ZCI, RZZH, R3:F (HL14)
R1:C1, RZZH, R3:Cl (HLIS) R1:Br, R2:H, R3:BI' (HL16)
RIZI, R2:H, R3:I (HL17) R]ZOCH3, R2:H, R3:C1 (HLIS)
RIZOCH3, RZZH, R3=Br (HL19) R1=Br, R2=OCH3, R3=Br (HLzo)

Scheme 1. Synthesis scheme and chemical structures of 5,6-dichloro-1H-benzimidazol-2-yl-
-(4'/5'/6'-substituted)-phenols in the study.

EXPERIMENTAL
Chemistry and apparatus

All chemicals and solvents were of reagent grade and they were used without further
purification. Information on the chemicals and equipment used is provided as supporting
information.

Synthesis of 5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6'"-substituted)-phenols (HL ;—HL »p)

A modified method developed by us, by utilizing two different methods available in the
literature, was applied in the synthesis of benzimidazolylphenol derivatives.2”-28 An appropriate
aldehyde (0.003 mol) and 4,5-dichlorobenzene-1,2-diamine (0.003 mol, 0.531 g) and 0.150 g
H;BO; as catalyst were dissolved in 20 mL DMF, and refluxed for 3 h. The reaction mixture
was left to cool at room temperature and then poured into 250 mL of water, after which a pre-
cipitate formed. It was filtered, then dried and crystallized from ethanol. The compounds were
obtained in yields ranging from 65 to 94 %. Physicochemical and spectroscopic data for HL;—
—HL,, are given in the supplementary file.

Synthesis of the complex compounds

Appropriate metal salt solutions (7.5%10"* mol of CoCl,-6H,0, NiCl,-6H,0, CuCl,-2H,0
in 10 mL ethanol, K,PdCl, (obtained by dissolving 1 mmol PdCl, (0.177 g) and 2 mmol KCl
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(0.15 g) in 10 mL MeOH+H,0 mixture (6:4 volume ratio)) and ZnCl,-6H,0 in 10 mL of ethyl-
acetate was added to a solution of the HL; (0.210 g, 7.5x10** mol) in appropriate solvent (15
mL), and refluxed for 3 h. The resulting precipitates were filtered off after cooling the reaction
mixture, washed with a very small amount of methanol and water and kept at room temperature

to dry.

Spectral and analytical data of the complexes are given in Supplementary material to this
paper.
Determination of antimicrobial activity

Antibacterial activity of samples was studied in vitro with microbroth dilution technique
against Staphylococcus aureus ATCC 29213 (meticillin susceptible Staphylococcus aureus,
MSSA), Enterococcus facealis ATCC 29212, Escherichia coli ATCC 25922, Klebsiella pneum-
onia ATCC 4352, Pseudomonas aeruginosa ATCC 27853, Staphylococcus epidermidis ATCC
12228. Antifungal activity was assayed in vitro against Candida albicans ATCC 10231, Can-
dida parapsilosis ATCC 22019 and Candida tropicalis ATCC 750. The evaluation of anti-
bacterial and antifungal activity was done using micro broth dilution technique according to the
Clinical Laboratory Standards Institute (CLSI) guidance2%-30 as detailed in previous studies.?!

The samples were evaluated for their antibacterial and antifungal potency against members
of Gram-negative bacteria, Gram-positive bacteria, and Candida spp. As reference compounds,
ciprofloxacin for antibacterial assays, and Amphotericin B for antifungal assays were preferred.
X-Ray diffraction analysis

Suitable crystals of HLg were selected for data collection which was performed on a D§-
QUEST diffractometer equipped with a graphite-monochromatic MoK, radiation at 296 K. The
structure was solved by direct methods using SHELXS-20133! and refined by full-matrix least-
squares methods on F2 using SHELXL-2013.32 All non-hydrogen atoms were refined with
anisotropic parameters. The following procedures were implemented in our analysis. Data col-
lection: Bruker APEX2;33 program used for molecular graphics were as follows: Mercury pro-
grams;3* software used to prepare material for publication: WinGX.3?

RESULTS AND DISCUSSION
Crystal structure of HL g

Crystal data and structure refinement parameters related HLg are given in
Table I. Some important data on bond distances and bond angles are shown in
Table S-I of the Supplementary material, and hydrogen bond parameters are shown
in Table II. Molecular structure of HL1g is shown in Fig. 1, and the molecular
planes and intermolecular hydrogen bonds in Fig. S-1 of the Supplementary mat-
erial.

HLg crystallized in the monoclinic system. The C—O bond length of 1.353
A, indicate that the bond has a typical phenolic C—O length. It is clearly seen that
there is an intramolecular hydrogen bond with N2---H1A distance 1.86 A. There
is also intermolecular hydrogen bond in the molecule. There appears to be four
different intermolecular hydrogen bonds in HLjg: C14-HI14A---O1 (2.36 A),
N2-H2A---CI3 (2.21 A), O1-H1---CI3 (2.24 A) and O2-H2B---CI3 (2.23 A).
These hydrogen bonds affect the solubility and stability of the molecule.
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TABLE L. Crystal data and structure refinement parameters

Empirical formula C14HoCI3N,0,
Formula weight 343.58
Crystal system Monoclinic
Space group C2/c
alA 27.298 (4)
b/ A 7.3699 (9)
cl/A 14.1238 (18)
pre 100.596 (4)
VA3 2793.1 (6)
iz 8

D,/ gcm 1.634

@/ mm’! 0.66

6 range, ° 2.9-26.5
Measured refls. 28774
Independent refls. 3224
Ryt 0.058

S 1.05
RI/wR2 0.049/0.107
APax!APrmin 0.26/~0.25
CCDC 2194768

TABLE II. Hydrogen-bond parameters; symmetry codes: (i) —x, y+1/2, —z+1/2; (i) —x+1, y+1/2,
—z+1/2

D-H---A D-H, A H-A, A DA, A D-HA,°
Ol1—HI1A""N2 0.82 1.86 2.594 148
C14—HI14A---01 0.97 2.36 3.108 (4) 134
N2—H2A-CI3 0.86 221 3.063 (3) 176
Ol1—HI1---CI3 0.82 224 3.047 (3) 166
02—H2B---CI3il 0.82 2.23 3.045(3) 173

Fig. 1. Molecular structure of HL;g showing the atom numbering scheme.

General properties

In this study, twenty 5,6-dichlorobenzimidazolyl-phenol derivatives were
obtained, eighteen of which are reported here for the first time. In addition, five
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related transition metal complexes were obtained by allowing HLj to react with
Co(II), Ni(II), Cu(Il), Zn(II) and Pd(II) ions at a mole ratio of 1:2 metal:ligand.
This ratio is 1:1 in the Zn(Il) complex obtained and 1:2 in the others. Despite many
attempts, no single crystal sample suitable for X-ray study could be obtained from
the complexes.

The molar conductivity values of all complexes in DMF are below 50 S m?2
mol~!, and these values indicate non-ionic structures according to Geary.3¢

The magnetic moment value of the Ni(Il) complex was found to be 2.05 ug,
which is lower than the 2.83 ug expected for octahedral or tetrahedral geometries,
which are paramagnetic structures that the ¢® ion with two unpaired electrons may
have. Such low values are generally thought to be due to the distorted geometry
between the tetrahedral and square planar systems, called quasi-tetrahedral.37 The
magnetic moment value found as 3.47 ug for the Co(Il) complex can be considered
as evidence that the five-coordinated d7 complex is in a high-spin structure (three
unpaired electrons). The geometry of the central ion may be octahedral. The mag-
netic moment value of the Cu(Il) complex at room temperature was found to be
1.62 up, indicating the formation of a monomeric complex. Although this value is
lower than the theoretical value of 1.71 ug for the Cu(Il) ion with d° electronic
configuration, it remains within acceptable limits due to the influence of various
factors.

FT-IR spectra

FT-IR spectral data are given in the Supplementary material (for HL1—HL>y).
In the IR spectra of most of the benzimidazolyphenol derivatives, strong or
medium bands are seen in the range of 3243-3420 cm!. These bands are related
to the combination of O—H) and N-H) frequencies and arises from the form-
ation of intramolecular hydrogen bonding between C=N nitrogen and OH hydro-
gen atoms.38:39 This band observed at 3333 cm! in HL; disappeared as a result
of the coordination of phenolic oxygen atom with the formation of the com-
plexes.40

The stretching and out-of-plane bending modes (v(C-H) and 8(C—H)) of the
aromatic rings are detected at the 3117-3042 cm~! and 870-800 cm~! wavenumber
regions, respectively, for all the compounds. The stretching frequencies of the
aromatic C=C and the imidazole C=N groups are identified at the ranges of 1577—
~1609 cm~! and 1614-1657 cm !, respectively, as expected. In the spectra of HLq,
the medium band at 1256 cm™! can be assigned to v(C-O) of the phenolic group
and it shifted to the range of 1233-1246 cm™! in the complexes as a result of the
phenolic oxygen atom coordination. The bands of v(C—O) were determined in the
range of 1182-1273 cm! in the spectra of other benzimidazolylphenol derivatives
(HL>-HL39).
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The C—Cl stretching vibrations are seen at the range of 710-796 cm™! as
medium bands in all of the compounds.*! In the iodine-containing compounds,
HL5 and HLq7, the C—I vibrations bond can be detected around 550 cm~!; in the
bromine-containing compounds, HL.3, HL3, HL¢, HL19 and HL3, the medium
bands between 550 and 600 cm™! can be attributed to v(C—Br). The v(C-F) is
expected to give a band above 1000 cm~! in derivatives containing fluorine atom
(HL3, HL13 and HL14); however it is difficult to detect the band of this bond due
to interference with the vibrations of other bonds.*#2

The emergence of new bands of medium intensity around 503 cm™! can be
assigned to the v(M—OC) vibration frequencies resulting from phenolic oxygen
atom coordination.43 It was evaluated that the new bands appearing in the com-
plexes between 443—462 cm~! belong to the stretching vibration mode of the
MN bond formed as a result of the coordination of the C=N nitrogen atom.44
The coordination of the C=N nitrogen atom can also be associated with the shift of
the 1639 cm~! band of the ligand to the lower wavenumbers in the IR spectra of
the complexes to 1602-1620 cm~! range. The broad bands with medium character-
istics between 3365 and 3225 cm~! in the complexes mightily support the presence
of the HoO molecules.

It is known that the keto-enol structure is found in benzimidazolylphenol type
compounds.!® According to the IR spectral data, HL3, HL4, HL1,—-HL;5, HL{7
and HL3¢ compounds also have keto form in the solid state (Fig. 2). In other words,
these compounds exist as a mixture of the keto and enol form. The weak or medium
bands at 1662—1723 cm! range are considered to arise from the C=0 bond in the
keto form of the compounds in the solid state.

cl cl
cl H H
N a N
p _ —
a N cl b
HO cl o cl
Fig. 2. Keto-enol tautomer structures of HLs.

NMR spectra

TH-NMR spectral data of HL1—HLj( and the diamagnetic complexes are
given in the Supplementary material. In the H-NMR spectra of the compounds,
signals of the NH and OH protons were detected at the 13.88—11.64 ppm range,
and aromatic ring protons appeared in the range of 7.0 to 8.5 ppm. In H-NMR
spectra, whether salicylic OH protons are removed or not can be evaluated in
relation to whether complexation occurs via the oxygen atom. Indeed, the absence
of OH proton in both Zn(Il) and Pd(II) complexes of HL{ shows that phenolic
proton is removed and the oxygen atom is coordinated. While the chemical shift
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values of the ligand protons in Pd(II) complex were detected at significantly higher
ppm values (downfield shift), the shifts in Zn(II) complex were observed to be
weaker compared to the Pd(Il) complex, albeit in the same direction.

Although the keto form of some benzimidazolylphenols is dominant in the
solid state according to IR data, the detection of OH protons shows that the enol
structure is dominant in DMSO (or organic solvents) in the NMR spectra of all
benzimidazolylphenol derivatives.

Thermogravimetric analysis (TGA)

Thermal analysis data of the complexes are given in the Supplementary
material to this paper. The samples were heated from room temperature up to 800
°C in air atmosphere. Thermogravimetric analysis values provide important clues,
especially explaining the status of HoO molecules. It is known that lattice H,O
molecules removed up to 100 °C and coordinated HoO molecules up to 200 °C.
The 5.7 % mass loss seen in thermal analysis of the Co(II) complex around 150 °C
can be considered as an indication of presence of two moles of coordinated H,O
considering the fact that two moles of H>O in the complex corresponds to a theor-
etical mass of 5.5 %. The mass losses of 5.8 and 5.4 % in Ni(Il) and Pd(II) com-
plexes up to 100 °C, respectively, can be explained by the presence of two moles
of lattice H>O in both complexes (theoretical values are 5.5 and 5.15 % for Ni(Il)
and Pd(II) complexes, respectively). In addition, the absence of significant mass
loss in these complexes between 100 and 200 °C (0.2 and 0.3 %, respectively for
Ni(IT) and Pd(II) complexes) can be attributed to the absence of coordinated HyO
molecules. In the Zn(II) complex, the mass losses of 8.6 % up to 100 °C and 4.3 %
between 100 and 200 °C are evaluated to be related to two moles lattice and one
mole coordinated H,O molecules, respectively.

According to TGA data, the Zn(II) complex begins to decompose above
200 °C and the others above 300 °C. The different thermal behavior of the Zn(II)
complex may be related to its different M:L ratio from the others with a ratio of
1:1. The fact that a greater mass loss occurs in the Zn(II) complex above 200 °C,
unlike the others, can be interpreted that the chlorine atom starts leaving as HCI
complex around this temperature and is completely removed up to 300 °C (totally
25.1 % mass loss).

It is possible to suggest that above 500 °C all complexes are completely
decomposed and metal oxide forms begin to form. The mass ratios remaining from
the complexes after complete dissociation are consistent with the theoretical mass
ratios calculated for metal oxides.

Fluorescence spectra

The emission maximum data of the compounds are given in the Supplement-
ary material. It was observed that HL; emits strong fluorescence at 466 nm.
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Among the compounds, the highest emission spectrum wavelength belongs to HLg
(4-methoxy derivative), which has dual fluorescence characteristic, with a value of
508 nm. HLg also emits strongly at 389 nm. The lowest emission spectrum wave-
length belongs to HLg (5-methoxy derivative) with a value of 452 nm (Fig. 3).
HLg, which has a chlorine substitution at 2-position on the phenol ring, is another
compound that exhibits a lower emission wavelength (blueshift) according to HL,
with a value of 463 nm. A redshift effect is observed in all compounds except HLg
and HLg. Based on these observations, it can be concluded that substitutions gen-
erally cause redshift.

——HL,
800 —+ HLs

—HL,

[+

[=}

=]
1

400 —

Intensity, a.u.

200

T T T
400 500 600

Wavelength, nm

Fig. 3. Comparative fluorescence spectra of HL; and its derivatives with the lowest and
highest emission wavelength values.

While there is no significant shift in the complexes relative to the ligand, there
is a significant decrease (or quenching effect) in the fluorescence intensity. The
Zn(IT) complex, which emits light at 450 nm, differs from the others by showing a
red shift. It is also worth noting that the decrease in fluorescence intensity in the
Cu(Il) complex is greater than the others (Fig. 4).

Considering all the analytical, physicochemical and spectroscopic data des-
cribed above, the proposed structures in Fig. 5 can be suggested for the complexes.

Antimicrobial activity

The results of the in vitro antibacterial and antifungal activities of the com-
pounds and the values of the antibiotic and antifungal drugs given for comparison
are presented in Table III as minimum inhibitory concentration (MIC).

When the Table III is examined, it is noted that the first eleven compounds
(HL1 to HLq1) show higher activity when compared to the other compounds and
selective activity against some microorganisms. The common feature of these
compounds is that they are all mono substituted derivatives of HLj. It can be said
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—HL,
HL,+Pd
——HL#Ni

800 -

[+]

Q

(=]
1

400

Intensity, a.u.

200

T T T T T
400 500 600
Wavelength, nm

Fig. 4. The comparative fluorescence spectra of HL; and its complexes.

Bosc ol oo ol

M: Ni, Pd (0=2); Cu (n=1) H H,0 al H0

Fig. 5. Suggested coordinations for the complexes in the study.

that all mono substituted derivatives show selective activity especially against
Gram-positive bacteria, S. aureus and S. epidermidis. The activity of HL7 (6'-
-methoxy derivative) against S. epidermidis is remarkable with 9.75 pg mL-1.
However, another noteworthy finding is that disubstituted derivatives of HLj
(HL12 to HLyg) are also moderately or weakly effective against all microorg-
anisms (non-selective general activity).

TABLE 111 In vitro antimicrobial activity of the compounds (MIC / ug mL1); Sa — Staphylo-
coccus aureus ATCC 29213; Se — Staphylococcus epidermidis ATCC 12228; Ec — Escherichia
coli ATCC 25922; Kp — Klebsiella pneumoniae ATCC 4352; Pa — Pseudomonas aeruginosa
ATCC 27853; Pm — Proteus mirabilis ATCC 14153; Ca — Candida albicans ATCC 10231; Cp
— Candida parapsilosis ATCC 22019; Ct — Candida tropicalis ATCC 750; references: cipro-
floxacin and amphotericin B were used for bacteria and fungi, respectively

Compound Microorganism

Sa? Se? Ec®  Kpb  Pa®  Pmb Ca Cp Ct
HL, 19.5 39 78 625 - 312 - 625 625
HL, 19.5 156 312 156 - 312 - 39 625
HL; 19.5 156 312 625 - 312 - 156 625
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TABLE III. Continued

C d Microorganism
orpoun Sa® Se? Ecb Kpb Pab PmP Ca Cp Ct

HL, 39 39 625 156 - 625 - 312 312
HL; 156 312 625 625 625 312 625 1250 1250
HL, 78 156 156 156 - 156 39 156 312
HL, 156 9.75 312 625 - 312 - 312 312
HLg 156 156 312 312 - 625 - 312 625
HL, 156 78 156 625 - 312 - 625 625
HL,, 19.5 78 312 156 - 625 - 312 625
HL,; 39 19.5 156 312 - 312 - 156 625
HL,, 156 312 625 625 1250 625 1250 1250 1250
HL; 312 156 625 625 625 625 1250 1250 625
HL,4 312 156 1250 625 1250 625 1250 625 625
HL4 156 312 1250 625 1250 312 1250 625 625
HL4 312 156 1250 1250 1250 312 1250 1250 625
HL,; 156 156 625 625 1250 312 625 625 1250
HLqg 312 312 625 625 1250 625 1250 1250 1250
HL, 156 156 625 625 1250 625 625 625 1250
HL,, 312 156 625 1250 1250 625 625 1250 1250

HL+Co(Il) 625 312 1250 625 625 625 625 625 1250
HLANi(I) 312 312 1250 1250 1250 312 1250 1250 1250
HL,+Cu(ll) 312 312 1250 625 1250 312 625 1250 625
HL+Zn(Il) 156 156 2500 1250 1250 312 1250 625 1250
HL+PA(II) 625 156 625 1250 625 312 1250 625 1250
References  0.25  0.0625 0.0156 0.0078 1.0 00156 05 10 10

4Gram-positive; bGram—negative; ‘no antimicrobial effect at 5000 pg mL! and lower dilutions

In our previous studies, it was determined that various benzimidazole deriv-
atives exhibited selective activity, particularly against Gram-positive bacteria and
some fungal species.!8:45 It was observed that benzimidazolyphenol derivatives
containing methoxy and nitro/bromine/chlorine groups were distinguished from
others by their activity against Gram-positive bacteria such as S. aureus and also
C. albicans.*!

No significant antimicrobial activity was detected in the complexes according
to the ligand. The only striking feature is that the complexes showed slightly higher
antifungal activity against C. albicans, where the ligand showed no activity. It can
be assumed that the complexes form stable chelates with the ligands at an 1:2 M:L
ratio, thus limiting the activity of the ligands and therefore lowering the activity
compared to the ligand. The relatively high activity of the Zn(Il) complex, with a
1:1 M:L ratio, against Gram-positive bacteria may be attributable to its structural
feature. A possible mechanism is that the Zn(II) complex, thought to bind one mole
of water, releases water upon contact with bacteria and binds to their proteins.
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CONCLUSION

In this study, 2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL{) and its
nineteen derivatives with different substituents on the phenol ring were obtained
and their structural properties were investigated. Structure of HLjg was inves-
tigated by X-ray single crystal spectroscopy, also. Additionally, M(II) complexes
(M: Co, Ni, Cu, Zn and Pd) of HL{ were obtained and various physicochemical
and spectroscopic properties were investigated. It was found that all complexes
have non-electrolytic properties and the M:L ratios are 1:1 in the Zn(II) complex
and 1:2 in the other complexes. Fluorescence spectral studies show that in all com-
pounds except HLg and HLg, the substitution results in a shift of the fluorescence
emission to lower wavelengths (redshift) compared to HL{. The zinc(Il) complex
showed a greater redshift effect compared to the other complexes. After character-
ization, antibacterial and antifungal activity of all the compounds was evaluated
against six bacteria and three fungi. Compounds HL; to HL1; (HL and its mono-
substituted derivatives) show better compared to the other compounds and select-
ive activity against some microorganisms. Another noteworthy result is that the
complexes of HL1 show weak activity against C. albicans, against which HL
itself is inactive. It was observed that the Zn(II) complex showed relatively higher
activity against S. aureus and S. epidermidis (Gram-positive bacteria) compared to
the other complexes.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13486, or from the correspond-
ing author on request.
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CIIEKTPAJTHA KAPAKTEPU3ALIMJA U UCITUTUBAE AHTUMHUKPOFBHE
AKTHUBHOCTH 5,6-DUXJIOPO-1H-BEH3UMHNIA30JI-2-WJ1-(4'/5'/6'-CYIICTH-
TYUCAHHUX)DPEHOJIA (HL1—HLz20) Y Co(11), Ni(II), Cu(II), Zn(II) ¥ Pd(II)
KOMIIIEKCA CA HL1

AYDIN TAVMAN', DEMET GURBUZ? MAYRAM HACIOGLU?, ADEM CINARLI?, ONUR SAHIN*
u A. SEHER BIRTEKSOZ TAN?

!Istanbul University-Cerrahpasa, Faculty of Engineering, Department of Chemistry, Inorganic Chemistry
Division, 34320 Avcilar, Istanbul, Tiirkiye, *Istanbul University-Cerrahpasa, Faculty of Engineering,
Department of Chemistry, Organic Chemistry Division, 34320 Avcilar, Istanbul, Tiirkiye, *Istanbul
University, Faculty of Pharmacy, Department of Pharmaceutical Microbiology, 34452 Beyazit, Istanbul,
Tiirkiye u *Sinop University, Faculty of Health Sciences, Department of Occupational Health and Safety,
57000 Sinop, Tiirkiye

5,6-Iuxnopo-1H-bensumunason-2-un-(4'/5'/6'-cyncrutyucanu)bernonu (HLi—HLzo) u
MCl2 xommiexcu (M: Co, Ni, Cu, Zn, Pd) ca HL1 cuHTeTHCaHU Cy ¥ OKapaKTepUCaHH Pa3iiu-
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YUTUM (U3NYKO—XEMHUjCKUM U CIIEKTPOCKOIICKMM MeToZlama, Kao IITO Cy eleMeHTalHa aHa-
7u3a, TepMorpaBuMeTpujcka aHanu3a, FTIR, NMR u dnyopecuenTHa cnektpockonuja. CTpyk-
Type KOMIIIEKCa NOTBpheHe cy U Mepe’meM MojlapHe MIPOBOA/BUBOCTA U MarHeTHOT MOMEHTA.
HL: jepumemne ce KOOPAUHOBAIO kao DueHTaTHH, MOHODA3HU XenaTHU nurany ca NO foHOp-
CKMM aTOMMMa y CBUM KOMILUIEKCUMA. YTBPhHEHO je Ja Cy CBU KOMIUIEKCH HeeJIeKTPOJIUTH, IIPU
4yeMy je ooHOC MeTana U uranna (M:L) 1:1y Zn(II) komnnexcy u 1:2 y ocTanuM KOMIITIEKCUMa.
Kpucranna crpykrypa HLis je, Takohe, ucnutusaHa, npyu yemy je y oba Mosekysna yOoueHO
NPUCYCTBO MHTpa- U UHTEPMOJIEKYJICKMX BOJOHUYHUX Be3a. Ha ocHOBY mojaraka m0oOHMjeHUX
(piryopecrieHTHOM CIIEKTPOCKONHUjOM, CYIICTUTYEHTH Y TI0JI0Kajy 4 U3a3Bald Cy IOMEpamhe MaK-
CHMyMa EMHCH]j€e Ka HIKUM TaJlaCHUM Jy’KHHama (LIpBeHO noMepame) y nopehemwy ca HL1, nok
Cy CyTIICTUTYEHTH Y TION0XKajy 3 U 5 y3pOKOBa/IX Iy1aBo momepamwe. Zn(I1) koMmiexc je nokasao
U3paXeHUje LPBEHO NIOMEpPamle y OJHOCY Ha Apyre komiuiekce. Ilopen Tora, aHTHMHUKPOOHA
aKTHBHOCT jeIlbeha je HCIIUTHBAHA ITpeMa LiecT DakTepHjCKUX U TPU IJbUBUYHE BpcTe. [Ipume-
heno je ma HL1 u weroBu moHocynctutyucanu nepuBatu (HLi—HL11) moxasyjy cenekTHBHY
aKTHUBHOCT, mocebHo mpeMa 'paM-mo3uTUBHUM Daxrepujama S. aureus u S. epidermidis. Zn(11)
KOMIUIEKC je MoKa3ao penaTuBHO Behy akTHBHOCT mpema ['pam-NO3UTUBHUM OakTepHjama y
nopehemwy ca 0CTaIUM KOMILJIEKCHMA.

(ITpumsbeHo 6. aBrycTa, peBupupano 12. okrodpa, npuxsaheno 29. okrodpa 2025)
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SUPPLEMENTARY MATERIAL TO
Spectral characterization and antimicrobial activity studies of
5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols
(HL1—HL»0) and Co(1I), Ni(Il), Cu(II), Zn(II) and Pd(II)
complexes of HL,

AYDIN TAVMAN!*, DEMET GURBUZ2, MAYRAM HACIOGLU3, ADEM CINARLI?,
ONUR SAHIN* and A. SEHER BIRTEKSOZ TAN?3

!Istanbul University-Cerrahpasa, Faculty of Engineering, Department of Chemistry, Inorganic
Chemistry Division, 34320 Avcilar, Istanbul, Tiirkiye, 2Istanbul University-Cerrahpasa, Faculty
of Engineering, Department of Chemistry, Organic Chemistry Division, 34320 Avcilar, Istanbul,
Tiirkiye, 3Istanbul University, Faculty of Pharmacy, Department of Pharmaceutical
Microbiology, 34452 Beyaczit, Istanbul, Tiirkiye, and *Sinop University, Faculty of Health
Sciences, Department of Occupational Health and Safety, 57000 Sinop, Tiirkiye

J. Serb. Chem. Soc. 90 (2) (2025) 113-127

EXPERIMENTAL
Chemistry and apparatus

All chemicals and solvents were of reagent grade and they were used without further
purification.

Analytical data were obtained with a Thermo Finnigan Flash EA 1112 analyzer. Melting
points were determined using a Buchi M-560 melting-point apparatus. Molar conductivity of
the complexes was measured on a WIW Cond315i conductivity meter in DMF at 25 °C.
Magnetic measurements: MK 1 Sherwood Scientific apparatus (at room temperature by Gouy’s
method). NMR spectra were run on a Varian Unity Inova 500 NMR spectrometer. FT-IR spectra
were recorded on a Bruker Optics Vertex 70 spectrometer using Attenuated Total Reflection
(ATR) techniques between 400 and 4000 cm™!. The Electron Spray Ionization-Mass
Spectrometry (ESI-MS) analysis was carried out in positive ion modes using a Thermo Finnigan
LCQ Advantage MAX LC/MS/MS. Fluorescence spectra were performed on a Shimadzu RF-
5301 PC Spectrofluorophotometer in EtOH (c = ~1x10~4 mol L™1).

[Co(Ly),(H,0),]: Light brown solid. Yield: 71 %; dec. p.: 168 °C; Combustion analysis
for CoH3CI4N4O4Co (FW: 651.19): Calculated. C 47.95, H 2.79, N 8.60; found C 48.42, H
3.04, N 8.48. Magnetic moment, peg: 3.47ug. Ay (DMF, 25 °C, S m2 mol™'): 21.3. IR (ATR,
cm™): 3225m,br v(H,O+NH), 3107m v(CH),, ,1607m v(C=N), 1599m v(C=C), 1485m, 1453m,
1372m, 1245m v(C-0), 1098m, 960m, 864m &(CH),,, 813m, 751s v(C-Cl), 677m, 578m,
545m, 502m v(Co—-0), 462m v(Co«—N), 428m. TGA (t/ °C: weight loss, %): 100: 1.1; 150: 5.7;
200: 6.7; 300: 19.4; 400: 53.1; 500: 85.2; 600: 87.5; 700: 89.1; 800: 89.1 (Theoretical value of
CoO: 11.5 %). Fluorescence spectra (EtOH, ¢ = 1x10* mol L1, 1.,/ nm): 469m.

* Corresponding author. E-mail: atavman@iuc.edu.tr
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[Ni(L),]-2H,O: Light brown solid. Yield: 73 %; dec. p.: 165 °C; Combustion analysis for
C,HgCI4N4O4Ni (FW: 650.95): Calculated. C 47.97, H 2.79, N 8.61; found C 48.33, H 2.96,
N 8.44. Magnetic moment, g : 2.05 ug. Ay (DMF, 25 °C, S m? mol™'): 31.5. IR (ATR, cm™):
3356m v(OH), 3269m v(NH), 3068m v(CH),, , 1609m v(C=N), 1595m v(C=C), 1503m, 1456m,
1387m, 1246m v(C-0), 1103m, 1039m, 854m 6(CH),,, 815m, 754s v(C-Cl), 680m, 616m,
537m, 504m v(Ni—O), 449m v(Ni<N), 416m. TGA (t/ °C: weight loss, %): 100: 5.8; 150: 6.0;
200: 6.5; 300: 18.2; 400: 51.6; 500: 86.5; 600: 88.2; 700: 88.8; 800: 88.8 (Theoretical value of
NiO: 11.5 %). Fluorescence spectra (EtOH, ¢ = 1x10~* mol L', A,/ nm): 417sh, 462m.

[Cu(Ly),]-H,O: Brown solid. Yield: 80 %; dec. p.: 332 °C; Combustion analysis for
CysH 6CI4N4O3Cu (FW: 637.80): Calculated. C 48.96, H 2.53, N 8.78; found C 48.60, H 2.54,
N 8.41. Magnetic moment, g 1.62 pug. Ay (DMF, 25 °C, S m? mol!): 7.1. IR (ATR, em™):
3357m,br v(H,O+NH), 3130m,br, 3054w v(CH),,, 1617m v(C=N), 1588m v(C=C), 1556m,
1451m, 1355m, 1244sv(C-0), 1197m, 1100m, 975m, 868m &6(CH),,, 759m, 742m v(C—-Cl),
691m, 573m, 546m, 503m v(Cu—0), 443m v(Cu«N), 420m. TGA (t/ °C: weight loss, %): 100:
2.7; 150: 3.3; 200: 6.3; 300: 18.0; 400: 49.5; 500: 85.5; 600: 87.3; 700: 87.5; 800: 87.7
(Theoretical value of CuO: 12.5 %). Fluorescence spectra (EtOH, ¢ = 1x10* mol L1, A,/
nm): 469w,br.

[Zn(Ly)CI(H,0)]-2H,0: Dirty white solid. Yield: 71 %; dec.p.: 270 °C; Combustion
analysis for C3H;3C13N,0,4Zn (FW: 433.02): Calculated. C 36.06, H 3.03, N 6.47; found C
35.84, H 2.88, N 6.32. Ay; (DMF, 25 °C, S m? mol ): 45.8. IR (ATR, cm™): 3365m,br v(OH),
3203m,br v(NH), 3042w v(CH),,, 1620m v(C=N), 1609m v(C=C), 1558m, 1483m, 1456m,
1321m, 1233s v(C-0), 1147m, 969m, 856m &(CH),, , 740s v(C—Cl), 692m, 577m, 541s, 505m
v(Zn-0), 443mv(Zn—N), 421m. 'H-NMR (500 MHz, DMSO-dg, 8): 12.81 (brs, 1H, NH), 7.89
(brs, 2H, H4+H7), 7.84 (dd, 1H, J; =79, J, = 1.6, H3'), 7.15 (dt, 1H, J; = 8.3, ], = 1.4, H4'),
6.71(dd, 1H,J,=17.7,J,=3.7,H6’),6.52 (td, 1H, ], =7.2,)J,=7.1,J3 = 1.2, H5'). TGA (t/ °C:
weight loss, %): 100: 8.6; 150: 11.7; 200: 16.4; 300: 25.1; 400: 53.5; 500: 79.4; 600: 82.2; 700:
82.4; 800: 82.5 (Theoretical value of ZnO: 18.8 %). Fluorescence spectra (EtOH, ¢ = 1x10~*
mol L, 4./ nm): 425sh, 450m,br.

[Pd(L1),]-2H,0: Soil colored solid. Yield: 66 %; dec. p. >350 °C; Combustion analysis
for CygH;3CI4N4O4Pd (FW: 698.70): Calculated. C 44.41, H 3.01, N 7.21; found C 44.70, H
2.60, N 8.02. Ay (DMF, 25 °C, S m? mol!): 14.3. IR (ATR, cm™!): 3269m,br v(NH+OH,),
3117w v(CH),, 1602m v(C=C), 1588m v(C=N), 1531m, 1476m, 1310m, 1239s v(C-0O),
1144m, 1034m, 969m, 870m &(CH)y,,, 753s v(C—-Cl), 702m, 672m, 568m, 503m v(Pd-0), 443m
v(Pd<—N). "H-NMR (500 MHz, DMSO-dg, 8): 13.43 (s, 1H, NH), 7.94 (brs, 1H, H7), 7.87 (s,
1H, H4), 7.68 (dt, 1H, J; = 8.0, J, = 1.7, H5"), 7.45 (dt, 1H, J; = 7.8, ], = 7.1, J; = 1.0, H4"),
7.22 (d, 1H, J = 7.6, HE’), 7.05 (dt, 1H, J; = 8.0, J, = 1.0, H3’). TGA (t/ °C: weight loss, %):
100: 5.4; 150: 5.7; 200: 6.1; 300: 19.9; 400: 49.7; 500: 74.6; 600: 77.3; 700: 81.1; 800: 81.2
(Theoretical value of PdO: 17.5 %). Fluorescence spectra (EtOH, ¢ = 1x10~* mol L1, A,/
nm): 415sh, 459m.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)phenol (HLj): Yield: 80 %. Slightly yellow solid.
Decomposition point (Dec. p.): 331 °C. (+)ESI-MS (m/z): calculated for [C;3HgCI,N,0]" 279.1,
observed 279.3 (100 %) and 281.3 for ([C3HgCL,N,O + 2H]* (73.9 %). Combustion analysis
for C;3HgCL,N,O: Calculated. C 55.94, H 2.89, N 10.04; found C 56.15, H 3.03, N 9.97. IR
(ATR): 3333m v(NH+OH), 3101m v(CH),,, 1639m v(C=N), 1600m v(C=C), 1578m, 1487s,
1370m, 1256m v(C-0), 1136m, 1106m, 960m, 865m &6(CH),,, 739s v(C—Cl), 678m, 580m,
553m, 422m, cm™'. 'TH-NMR (500 MHz, DMSO-dg, 8): 13.30 (s, 1H, NH), 12.42 (s, 1H, OH),
8.08 (dd, 1H,J,=17.9,J,=1.6, H3"), 8.00 (brs, 1H, H4), 7.84 (brs, 1H, H7), 7.41 (dt, IH, J; =
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1.6,J,=7.2,1,=8.4,H5’),7.06 (dd, 1H,J; =8.3,J,=1.0, H6'), 7.03 (dt, 1H, J; =7.6,], = 1.1,
H4’). Fluorescence spectra (A, / nm): 394w, 466s.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4-fluorophenol (HL,): Yield: 71 %. Light yellow
solid. Dec. p.: 352 °C. (+)ESI-MS (m/z): calculated for [C3H,CI,FN,0]* 297.1, observed 297.3
(100 %) and 299.3 for ([C;3H,CLL,FN,O + 2H]* (66.0 %). Combustion analysis for
C,3H;CI,FN,O: Calculated. C 52.55, H 2.37, N 9.43; found C 52.71, H 2.53, N 9.27. IR (ATR,
cm™1): 3341m v(NH+OH), 3078m v(CH),,, 1650m v(C=N), 1600m v(C=C), 1583m, 1498m,
1448m, 1304m, 1255m v(C-0), 1168m, 1096m, 976m, 859m, 814s 3(CH),,, 780m, 743m
v(C-Cl), 665m, 561s, 470m, 443m, cm™!. TH-NMR (500 MHz, DMSO-dg, §): 13.27 (s, 1H,
NH), 12.21 (s, 1H, OH), 8.02 (brs, 1H, H4), 7.93 (d, 1H, J =3.1, H3"), 7.91 (brs, 1H, H7), 7.28
(dd, 1H, J; =9.0, J, = 3.1, H5), 7.08 (d, 1H, J = 9.1, H6’). Fluorescence spectra (A, / nm):
393w, 480s.

4-Bromo-2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL3): Yield: 85 %. Yellowish
grey solid. Dec. p.; 220 °C. (H)ESI-MS (m/z): calculated for [C3H;BrC1,N,0 + H]* 359.0,
observed 359.3 (100 %) and 357.3 for ([C;3H;BrCI,N,O — H]* (53.3 %). Combustion analysis
for C3H;BrCl,N,O: Calculated. C 43.61, H 1.97, N 7.82; found C 43.45, H 1.91, N 7.74. IR
(ATR, cm™): 3341m v(NH+OH), 3075m v(CH),, , 2960m,br, 1719m v(C=0), 1620m v(C=N),
1609m v(C=C), 1482m, 1372m, 1249s v(C-0), 1136m, 965m, 866m, 801s 3(CH),,, 739m
v(C—Cl), 632m, 565m v(C—Br), 487m, 420m, cm™!. IH-NMR (500 MHz, DMSO-d,, 5): 13.31
(brs, 1H,NH), 12.51 (brs, 1H, OH), 8.16 (d, 1H, J=2.4, H3"), 7.92 (brs, 2H, H4+H7), 7.43 (dd,
1H, J, =8.8,J,=2.4,H5’), 7.10 (d, 1H, ] = 8.8, HE’). Fluorescence spectra (A, / nm): 393w,
474s.

4-Chloro-2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLy): Yield: 81 %. Yellowish
grey solid. Dec. p.: 221 °C. (+)ESI-MS (m/z): calculated for [C;3H,CI;N,0]* 313.5, observed
313.2 (100 %) and 315.2 for ([C3H;C3N,O + 2H]* (90.1 %). Combustion analysis for
C,3H;C13N,0: Calculated. C 49.79, H 2.25, N 8.93; found: C 49.64, H2.16, N 8.80. IR (cm™}):
3338m v(NH+OH), 3077m v(CH),., 2960m,br, 1723m v(C=0), 1621m v(C=N), 1602m
v(C=C), 1576m, 1474m, 1444m, 1355m, 1278m, 1249m v(C-0), 1136m, 1095m, 965m, 866m,
800m 8(CH),,, 745m v(C-Cl), 720m v(C-Cl), 648m, 564m, 543m, 490m, 420m, cm™!. 'H-
NMR (500 MHz, DMSO-dg, 6): 13.32 (brs, 1H, NH), 12.52 (brs, 1H, OH), 8.29 (d, 1H, J=2.4,
H3’), 8.01 (brs, 1H, H4), 7.88 (brs, 1H, H7), 7.54 (dd, 1H, J, = 8.8, J, = 2.4, H5"), 7.03 (d, 1H,
J=18.8, H6'). Fluorescence spectroscopy (A, /nm): 394w, 475m.

2-(5,6-dichloro-1H-benzimidazol-2-yl)-4-iodophenol (HLs): Yield: 65 %. Light orange
solid. Dec. p.: 231 °C. (+)ESI-MS (m/z): calculated for [C;3H;CI1,IN,0]* 405.1, observed 405.1
(100 %) and 407.1 for ([C;3H;CLIN,O + 2H]* (73.9 %). Combustion analysis for
C3H,CI,IN,O: Calculated. C 38.55, H 1.74, N 6.92; found: C 38.41, H1.63, N 6.84. IR (cm™):
3351m v(NH+OH), 3094m v(CH),, , 2930m,br, 1656m v(C=N), 1605m v(C=C), 1565m, 1466s,
1366m, 1273m v(C-0), 1181m, 1128m, 1095m, 961m, 865m, 814s 5(CH),,, 760m v(C—-Cl),
678m, 564m, 540m v(C-I), 508m, 419m, cm~!. 'H-NMR (500 MHz, DMSO-dg, 8): 13.22 (s,
1H, NH), 12.51 (s, 1H, OH), 8.38 (d, 1H, ] =2.0, H3’), 8.00 (brs, 1H, H4), 7.84 (brs, 1H, H7),
7.64 (dd, 1H, J; = 8.7, J, = 2.0, HS’), 6.87 (d, 1H, J = 8.7, H6’). Fluorescence spectroscopy
(Apax/nm): 393w, 476m.

2-Chloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLg): Yield: 80 %. Matte yellow
solid. Dec. p.: 373 °C. (+)ESI-MS (m/z): calculated for [C;3H,CI;N,0]* 313.5, observed 313.2
(100 %), 315.2 ([C3H;CI3N,0 + 2H]" (100 %) and 317.2 for ([C3H;C13N,0 +4H]" (47.6 %).
Combustion analysis for C;3H;C13N,0O: Calculated. C 49.79, H 2.25, N 8.93; found: C 49.63,
H 2.33, N 8.77. IR (cm™!): 3336m,br v(NH+OH), 3075w v(CH),,, 1624m v(C=N), 1601m
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v(C=C), 1464m, 1441m, 1373m, 1252m v(C-0), 1094m, 968m, 860m &(CH),,, 785m, 747m
v(C—Cl), 736m v(C-Cl), 665m, 611m, 571s, 427m, cm™!. 'H-NMR (500 MHz, DMSO-dg, d):
13.72 (brs, 1H, NH), 13.38 (s, 1H, OH1’), 8.08 (brs, 1H, H4), 8.02 (dd, 1H,J; =7.9,]J, = 1.5,
H3’), 7.87 (brs, 1H, H7), 7.59 (dd, 1H,J, =79, J, = 1.5, H5"), 7.06 (¢, 1H, J, =], = 7.9, H4).
Fluorescence spectroscopy (Amax/nm): 394w,br, 463m,br.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HL,): Yield: 90 %. Creamy
colored solid. Dec. p.: 343 °C. (+)ESI-MS (m/z): calculated for [C;4H;(Cl,N,0,]" 309.0,
observed 309.1 (100 %), 311.1 ([C;4H;(CLLN,0, + 2H]" (69.7 %). Combustion analysis for
C14H(ChN,0,: Calculated. C 54.39, H 3.26, N 9.06; found: C 54.25, H 3.37, N 8.95. IR
(cm™): 3294m,br v(NH+OH), 3058w v(CH),., 2943m v(CH),;, 1623m v(C=N), 1591m
v(C=C), 1476m, 1420m, 1372m, 1249s v(C-0), 1182m v(C-0), 1095m, 1056m, 967m, 857m
8(CH)y,, 776m v(C—Cl), 731m, 603m, 545m, 425m, cm™!. 'H-NMR (500 MHz, DMSO-d,, §):
13.33 (brs, 1H, NH), 12.50 (brs, 1H, OH’), 7.92 (brs, 2H, H4+H3’), 7.63 (d, 1H, J = 2.9, H7),
7.12 (dd, 1H, J; = 8.0, J, = 1.1, H5"), 6.97 (¢, 1H, J; = J, = 8.0, H4’), 3.84 (s, 3H, OCHz).
Fluorescence spectroscopy (Amax/nm): 394w,br, 481s.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-5-methoxyphenol (HLg): Yield: 80 %. Slightly
yellow solid. Dec. p.: 292 °C. (+)ESI-MS (m/z): calculated for [Cy4H;(Cl,N,0,]" 309.0,
observed 309.3 (100 %), 311.2 ([C;4H;(C1,N,0, + 2H]" (64.7 %). Combustion analysis for
Cy4H9CLN,0,: Calculated. C 54.39, H 3.26, N 9.06; found: C 54.24, H 3.41, N 8.94. IR
(cm™): 3344m,br v(NH+OH), 3102m v(CH),,, 2971m v(CH),, 1640m v(C=N), 1600m
v(C=C), 1453m, 1388s, 1267m v(C-0), 1200m v(C-0), 1134m, 1026m, 951m, 865m, 817m
8(CH),;., 796m v(C—Cl), 672m, 568m, 548m, 475m, 425m, cm™!. 'TH-NMR (500 MHz, DMSO-
dg, 6): 13.17 (s, 1H, NH), 12.68 (s, 1H, OH), 7.96 (d, 1H, J =8.8, H3"), 7.94 (s, 1H, H4), 7.77
(s, 1H, H7), 6.64 (dd, 1H,J, =8.8,1,=2.5,H4"), 6.59 (d, 1H, ] =2.4, H6'), 3.81 (5, 3H, OCHj).
Fluorescence spectroscopy (Apax/nm): 394w,br, 452m.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4-methoxyphenol (HLy): Yield: 71 %. Slightly
yellow solid. Dec. p.: 352 °C. (+)ESI-MS (m/z): calculated for [Cy4H;(Cl,N,0,]" 309.0,
observed 309.2 (100 %), 311.2 ([C;4H;(CL,N,0, + 2H]" (59.9 %). Combustion analysis for
C14H;oCIhN,0,: Calculated. C 54.39, H 3.26, N 9.06; found: C 54.25, H 3.43, N 8.95. IR
(cm™1): 3306m v(NH+OH), 3076m v(CH),,, 2974m v(CH),;, 1619m v(C=N), 1598m v(C=C),
1493m, 1450m, 1370m, 1273m v(C-0), 1214m v(C-0), 1171m, 1042m, 968m, 866m, 809m
8(CH),;,., 758m v(C—Cl), 726m, 673m, 573m, 512m, 438m, cm™!. 'H-NMR (500 MHz, DMSO-
dg, 8): 13.24 (s, 1H, NH), 11.92 (s, 1H, OH), 8.01 (brs, 1H, H4), 7.85 (brs, 1H, H7), 7.66 (d,
1H,J=2.4,H3’"),7.03 (dd, 1H,J,=8.9,1,=2.6,H5’),6.99 (d, 1H,J, =8.9,J,=7.9, H6"), 3.80
(s, 3H, OCH3;). Fluorescence spectroscopy (Apa/nm): 389s,br, 508m,br.
2-(5,6-dichloro-1H-benzimidazol-2-yl)-4-methylphenol (HLg): Yield: 72 %. Slightly
yellow solid. Dec. p.: 326 °C. (+)ESI-MS (m/z): calculated for [C;4H;oCILN,O]" 293.0,
observed 293.2 (69.9 %), 295.2 ([C14H;(CL,N,0 + 2H]" (100 %). Combustion analysis for
C14HoCLLN,0: Calculated. C 57.36, H 3.44, N 9.56; found: C 57.47, H 3.30, N 9.49. FT-IR
(cm™1): 3467m v(OH), 3376m v(NH), 3062m v(CH),, , 2925m v(CH),; , 1614m v(C=N), 1584m
v(C=C), 1485s, 1354m, 1284m v(C-0), 1257m, 1134m, 962m, 855m, 812s 6(CH),,, 780m
v(C—Cl), 685m, 554m, 476m, 442m, 421m, cm~!. 'H-NMR (500 MHz, DMSO-dg, 8): 13.20
(brs, 1H, NH), 12.16 (brs, 1H, OH), 7.95 (brs, 1H, H4), 7.89 (d, 1H, J = 1.7, H3’), 7.84 (brs,
1H, H7), 7.21 (dd, 1H, J; = 8.3, ], = 1.8, H5’), 6.95 (d, 1H, J = 8.3, HE’), 2.32 (s, 3H, CHj).
Fluorescence spectroscopy (Ayax/nm): 375w,br, 394w,br, 482m.
2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-methylphenol (HLjp): Yield: 94 %. Slightly
bright yellow solid. Dec. p.: 357 °C. (+)ESI-MS (m/z): calculated for [C4H;(C1,N,0]" 293.0,

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

(CC) 2026 Serbian Chemical Society.



858 TAVMAN et al.

observed 293.3 (100 %), 295.2 ([C4HoCI,N,O + 2H]* (92.7 %). Combustion analysis for
C4H,oCL,N,O: Calculated. C 57.36, H 3.44, N 9.56; found: C 57.50, H 3.55, N 9.42. IR (cm™!):
3323m,br v(NH+OH), 3054m v(CH),., 295Im v(CH),, 1628m v(C=N), 1601m v(C=C),
1475m, 1445m, 1415m, 1370m, 1300m, 1252m v(C-0), 1094m, 1013m, 966m, 886m, 863m
8(CH),,, 786s v(C—Cl), 665m, 573s, 518m, 428m, cm™!. IH-NMR (500 MHz, DMSO-dg, §):
13.52 (s, 1H, NH), 13.01 (s, 1H, OH), 8.03 (s, 1H, H4), 7.87 d (1H, J = 7.6, H3’), 7.81 s (1H,
H7), 7.31 d (1H, J = 7.3, HS’), 6.95 dd (1H, J, = 7.5, J, = 7.6, H4’), 2.26 (s, 3H, CHj3).
Fluorescence spectroscopy (Apyax/nm): 379w,br, 473s.
2-Bromo-4-chloro-6-(5,6-dichloro-1 H-benzimidazol-2-yl)phenol (HLy): Yield: 82 %.
Mate light yellow solid. Dec. p.: 228 °C. (+)ESI-MS (m/z): calculated for [C;3HBrC13N,O +
H]™ 393.5, observed 393.1 (100 %), 395.1 ([C;3H¢BrCI3N,O + 3H]* (64.5 %), 391.1
[C13HgBrCI3N,0 — H]* (55.7 %). Combustion analysis for C;3HgBrCI3N,0: Calculated. C
39.78, H 1.54, N 7.14; found: C 39.75, H 1.66, N 7.01. IR (cm™!): 3403m v(NH+OH), 3085m
V(CH),., 1669s v(C=0), 1624m v(C=N), 1601m v(C=C), 1448m, 1373m, 1256m v(C-O),
1096m, 970m, 853m 6(CH),,, 754m v(C-Cl), 722m v(C—Cl), 669m, 610m, 554m v(C—Br),
498m, 423m, cm™!. 'TH-NMR (500 MHz, DMSO-dg, §): 13.80 (brs, 1H, NH), 13.44 (s, 1H, OH),
8.18 (brs, 1H, H4), 8.05 (brs, 1H, H7), 7.95 (s, 1H, H3’), 7.84 (brs, 1H, H5’). Fluorescence
spectroscopy (Apax/nm): 393w,br, 479s,br.
4-Bromo-2-(35,6-dichloro-1H-benzimidazol-2-yl)-6-fluorophenol (HL;3): Yield: 74 %.
Dirty yellow solid. Dec. p.: 284 °C. (+)ESI-MS (m/z): calculated for [C;3HzBrCl,FN,O + H]*
376.0, observed 377.2 (100 %), 375.1 ([C{3H¢BrCl,FN,O — H]" (65.6 %). Combustion analysis
for C{3H¢BrCl,FN,O: Calculated. C 41.53, H 1.61, N 7.45; found: C 41.43, H 1.73, N 7.27. IR
(cm™1): 3398m v(NH+OH), 3084m v(CH),, , 2872m,br, 1662s v(C=0), 1614m v(C=N), 1577m
v(C=C), 1489s, 1374m, 1265s v(C-0), 1233m, 1095m, 972m, 916m, 855s §(CH),,, 807m,
754m v(C—Cl), 666m, 553m v(C—Br), 427m, cm~!. 'TH-NMR (500 MHz, DMSO-d,, 8): 13.58
(brs, 1H, NH), 13.15 (brs, 1H, OH), 8.10 (d, 1H, J = 2.3, H5’), 7.96 (brs, 1H, H4), 7.94 (brs,
1H H7), 7.66 (d, 1H, J = 2.4, H3"). Fluorescence spectroscopy (Apax/nm): 393w, 418sh, 469s.
2-Chloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)-4-fluorophenol (HLp,): Yield: 89 %.
Slightly yellow solid. Dec. p.: 341 °C. (+)ESI-MS (m/z): calculated for [C,3HzCI;FN,O]* 331.5,
observed 331.3 (100 %), 333.3 ([C;3H¢CIsFN,O + 2H]* (73.9 %). Combustion analysis for
C,3H¢C15FN,O: Calculated. C 47.09, H 1.82, N 8.45; found: C 47.21, H 1.96, N 8.27. IR (cm™}):
3420m v(NH+OH), 3089m v(CH),,, 1662m v(C=0), 1622m v(C=N), 1577m v(C=C), 1466m,
1444s, 1370m, 1264m v(C-0), 1209m, 1100m, 999m, 867s 3(CH),., 793m v(C—Cl), 741m
v(C—C1), 666m, 573m, 507m, 425m, cm™!. "TH-NMR (500 MHz, DMSO-dg, 5): 13.69 (brs, 1H,
NH), 13.48 (brs, 1H, OH), 8.06 (brs, 1H, H5"), 7.92 (d, 1H, J =3.0, H4), 7.90 (d, 1H, J = 3.0,
H7), 7.61 (d, 1H, J = 3.0, H3’). Fluorescence spectroscopy (Ay./nm): 394w,br, 482m,br.
2,4-Dichloro-6-(35,6-dichloro-1H-benzimidazol-2-yl)phenol (HL;s): Yield: 86 %. Mate
yellow solid. Dec. p.: 344 °C. (+)ESI-MS (m/z): calculated for [C3HsCI4N,O + H]* 349.0,
observed 349.3 (100 %), 347.3 ([C;3H¢CI4N,0 — H]* (64.2 %), 351.3 ([C3HsCI4N,O + 3H |*
(54.8 %). Combustion analysis for C;3H¢CI4N,O: Calculated C 44.87, H 1.74, N 8.05; found:
C 44.71, H 1.87, N 8.16. IR (cm™!): 3408m v(NH+OH), 3078m v(CH),,, 1722m v(C=0),
1657m v(C=N), 1623m v(C=C), 1576m, 1477m, 1442s, 1365m, 1259m v(C-0), 1187m,
1099m, 974m, 869m, 817m 6(CH),, , 766m v(C—Cl), 728m v(C-Cl), 667m, 614m, 558m, 501m,
427m, cm™!. TH-NMR (500 MHz, DMSO-dg, 8): 13.78 (brs, 2H, NH+OH), 8.15 (d, 1H,J=2.5,
H3%), 8.07 (brs, 1H, H4), 8.03 (brs, 1H, H7), 7.73 (d, 1H, J = 2.5, H5’). Fluorescence
spectroscopy (Ayax/nm): 393w,br, 478m,br.
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2,4-Dibromo-6-(35,6-dichloro-1H-benzimidazol-2-yl)phenol (HL j4): Yield: 75 %. Orangey
yellow solid. Dec. p.: 275 °C. (+)ESI-MS (m/z): calculated for [C3HzBr,Cl,N,O]" 437.0,
observed 437.3 (100 %), 439.3 ([C;3HgBr,C1,N,0 + 2H]" (98.9 %), 435.3 ([C;3HBr,CLN,O
—H " (41.6 %). Combustion analysis for C;3H¢Br,Cl,N,O: Calculated. C 35.74, H 1.38, N
6.41; found: C 35.65, H 1.47, N 6.55. IR (cm™1): 3354w v(NH), 3313w v(OH), 3069m v(CH),,,
1637m v(C=N), 1604m v(C=C), 1558m, 1458s, 1445s, 1364m, 1259m v(C-0), 1097m, 973m,
855s, 836m §(CH),,, 733m v(C—Cl), 684m, 599m, 550m v(C-Br), 447m, 420m, cm™!. 'H-
NMR (500 MHz, DMSO-dg, 6): 13.88 (brs, 1H, NH), 13.82 (brs, 1H, OH), 8.32 (s, 1H,J=2.2,
H3%), 8.08 (brs, 1H, H4), 8.03 (brs, 1H, H7), 7.94 (d, 1H, J = 2.1, H5"). Fluorescence
spectroscopy (Ayax/nm): 479s.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4,6-diiodophenol (HL ;7): Yield: 76 %. Yellowish
orange solid. Dec. p.: 203 °C. (H)ESI-MS (m/z): calculated for [C;3H¢CL,I,N,O]* 531.0,
observed 531.3 (100 %), 533.2 ([C;3HgCLI,N,O + 2H]" (64.1 %). Combustion analysis for
C13HgCLI,N,O: Calculated. C 29.41, H 1.14, N 5.28; found: C 29.57, H 1.07, N 5.37. IR
(cm™1): 3472m v(NH), 3375m v(OH), 3059m v(CH),,, 1665m v(C=0), 1622m v(C=N), 1594m
v(C=C), 1440s, 1356m, 1257m v(C—-0), 1136m, 1093m, 965m, 860s, 825m 6(CH),,, 736m
v(C—Cl), 662m, 595m, 541m v(C-I), 426m, cm™!. TH-NMR (500 MHz, DMSO-d,, §): 13.73
(brs, 1H, NH), 12.64 (s, 1H, OH), 8.39 (d, 1H, J = 2.0, H5"), 8.13 (s, 1H, H4), 7.99 (d, 1H, J =
2.0, H3"), 7.95 (s, 1H, H7). Fluorescence spectroscopy (Apa/nm): 393w,br 486s.

4-Chloro-2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HLg): Yield: 85 %.
Matte yellow solid. Dec. p.: 274 °C. (+)ESI-MS (m/z): calculated for [C4HoCI3N,0,]" 343.5,
observed 343.2 (100 %), 345.2 ([C14HoCI3N,0, + 2H 17 (92.9 %). Combustion analysis for
C14HyCI3N,0,: Calculated. C 48.94, H 2.64, N 8.15; found: C 48.79, H 2.80, N 8.00. IR (cm™):
3359m v(NH+OH), 3102m v(CH),., 2951m v(CH),, 2858m,br, 1665m v(C=N), 1614m
v(C=C), 1579m, 1488m, 1442s, 1405m, 1315m, 1249s v(C-0), 1095m, 1051m, 974m, 836m,
807m 8(CH),,, 730m v(C—Cl), 725m v(C—Cl), 621m, 552m, 433m, cm™~!. 'H-NMR (500 MHz,
DMSO-dg, 6): 13.40 (s, 1H, NH), 12.62 (s, 1H, OH), 7.98 (brs, 1H, H4), 7.89 (brs, 1H, H7),
7.73 (d, 1H, J = 2.4, H3’), 7.18 (d, 1H, J = 2.0, H5’), 3.87 (s, 3H, OCHj3). Fluorescence
spectroscopy (Apax/nm): 393w, 482s.

4-Bromo-2-(35,6-dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HL4): Yield: 75 %.
Skin color solid. Dec. p.: 229 °C. (+)ESI-MS (m/z): calculated for [C;4HoBrCI,N,0, + H]*
389.0, observed 389.1 (100 %), 387.1 ([C4H¢BrC1,N,0, — H]* (61.2 %). Combustion analysis
for C4H¢BrC1,N,0,: Calculated. C 43.33, H 2.34, N 7.22; found: C 43.51, H 2.23, N 7.03. IR
(cm™): 3356m v(NH), 3279m v(OH), 3083m v(CH),., 2852w,br, 1675m v(C=0), 1621m
v(C=N), 1602m v(C=C), 1440m, 1372m, 1254s v(C-0), 1238m v(C—-0), 1093m, 1058m, 972m,
838m, 806m 5(CH),;,, 710m v(C—Cl), 640m, 551m v(C—Br), 487m, 428m, cm™'. 'H-NMR (500
MHz, DMSO-dg, 8): 13.42 (s, 1H, NH), 12.66 (s, 1H, OH), 8.04 (s, 1H, H4), 7.87 (s, 1H, H7),
7.86 (d, 1H, J = 2.2, H5"), 7.25 (d, 1H, J=2.2, H3’), 3.87 (s, 3H, OCHj3). Fluorescence spectra
(Amax / nm): 393w, 486s.

2,4-Dibromo-6-(35,6-dichloro-1H-benzimidazol-2-yl)-3-methoxyphenol (HL,g): Yield: 88
%. Yellowish orange solid. Dec. p.: 234 °C. (+)ESI-MS (m/z): calculated for
[C14HgBr,CLN,O,]" 467.0, observed 467.1 (100 %), 469.1 ([C4HgBr,C1,N,0, + 2H]* (83.2
%). Combustion analysis for C;4HgBr,Cl,N,O,: Calculated. C 36.01, H 1.73, N 6.00; found: C
36.35,H 1.93, N 5.87. IR (ATR, cm™!): 3367w v(OH), 3126m v(NH), 3088m v(CH),,, 2938m
Vv(CH),, 1665m v(C=0), 1632m v(C=N), 1600m, v(C=C), 1564m, 1429m, 1372s, 1260m
v(C-0), 1230m v(C-0), 1096m, 1061m, 970m, 863m &(CH),,, 774m, 753m v(C—Cl), 664m,
627m, 551m v(C—Br), 460m, 412m, cm™!. 'H-NMR (500 MHz, DMSO-dg, 8): 13.76 (brs, 2H,
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NH+OH), 8.38 (s, 1H, H3’), 7.97 (s, 1H, H4), 7.95 (s, 1H, H7), 3.86 (s, 3H, OCHj).
Fluorescence spectra (A, / nm): 393w,br, 467m,br.

TABLE SI. Selected bond distances and angles for HLg (A, °)

C7—N1  1367(3) C7—N2  1323(3)
C2—Cll  1.7393) C3—CL2  1.740(3)
Cl—C2  1377(4) C2—C3  1.401(4)
C7—C8  1461(3) C9—Ol  1353(3)
Cl0—02  1368(3) Cl4—02  1.428(3)
CI2—CI3  1.740(3) C9—Cl0  1.402(4)
Cl0—Cl1  1376(4) Cl1—CI2  1.391(4)
C9-O1-HIA 1095  N2-C7-N1  111.8(2)
NI1-C5-C6  105.4(2) C1-C2-Cll  119.3(2)
C3-C2-Cll  119.6(2) C2-C3-CI2  119.9(2)
C4-C3-CI2 1182(2) NI-C5-C6  105.4(2)
N2-C7-N1  111.8(2) C10-02-C14 116.1(2)
Cl1-C12-C13 117.8(2) CI3-C12-CI3  120.6(2)

Fig. S1. Part of the crystal structure of HL;g, showing the formation of C(6) chain.
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Abstract: Perfluorooctanoic acid (PFOA) is a persistent environmental contam-
inant that binds strongly to human serum albumin (HSA), influencing its distrib-
ution and toxicokinetics. While crystallographic studies in the presence of myris-
tic acid have identified a limited number of high-affinity binding sites, additional
sites may remain undetected due to competitive binding. Here, we combined
molecular docking with extensive molecular dynamics (MD) simulations to com-
prehensively characterize PFOA—HSA interactions. A tiled docking approach
revealed twelve non-overlapping binding poses, including six not previously
reported. Ligand-residue interaction mapping, RMSD analysis and MM/PBSA
free energy calculations identified four sites, FA3, FA1, FA4 and FA6, as the
most stable PFOA binding positions in the absence of competing ligands. Among
all examined sites, FA3 displayed the most favorable calculated binding energy.
Furthermore, ligands at both FA1 and FA3 sites exhibited over 23 and 85 kJ/mol
more favorable binding energy, respectively as calculated by MM/PBSA, than
the ligand at well-characterized FA4 site under other ligand-free conditions. Per-
sistent salt bridges, hydrogen bonds, and halogen contacts were identified as key
stabilizing interactions. Free-energy landscapes further confirmed the stability
of PFOA binding at these sites. These findings provide a more complete under-
standing of the PFOA binding landscape on HSA, offering insights that may
inform the design of biomimetic capture agents and strategies for environmental
remediation.
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INTRODUCTION

Proteins are highly dynamic macromolecules involved in a wide range of vital
biological processes both within and between cells. One of their essential functions
is transporting various molecules, ranging from simple ions and small gases to
more complex compounds such as hormones, fatty acids, neurotransmitters, amino
acids, nucleic acids and drugs, collectively referred to as ligands.! The interactions
between proteins and ligands have been extensively investigated, as proteins are
not only capable of reversible ligand binding but often exhibit enzymatic activity
that enables ligand transformation.2 To understand a protein’s role at the molecular
level, it is crucial to identify its ligand binding site and the specific amino acid
residues involved in the interaction. These residues are central to determining bind-
ing specificity and are particularly important in enzymatic recognition, where fac-
tors like side chain orientation and physicochemical properties critically affect
affinity and selectivity.3 Interestingly, Kuntz et al. observed that binding affinity
generally increases with ligand size, but this trend plateaus when ligands exceed
approximately 15 non-hydrogen atoms. Beyond this threshold, additional atoms
contribute minimally to binding energy, revealing a nonlinear relationship between
ligand size and binding strength.4 Consequently, understanding ligand binding
involves more than locating the binding site, it requires evaluating the broader
molecular and energetic environment that governs the interaction.>-¢ Such insights
are indispensable not only for fundamental biological research but also for prac-
tical applications such as rational drug design, enzyme optimization, and targeted
mutagenesis.’

Human serum albumin (HSA) is the most abundant carrier protein in the
human body, playing a vital role in maintaining osmotic pressure and transporting
a wide variety of endogenous and exogenous ligands (fatty acids, amino acids,
hormones, ions such as Ca2*, Na* and K, water, drugs,...).8.9 It has been dem-
onstrated that HSA is the principal transporter of perfluorooctanoic acid (PFOA)
in the bloodstream.10 PFOA (C8) is a widely prevalent perfluorinated compound
structurally similar to fatty acids, whose exceptional chemical stability and resist-
ance to degradation cause it to persist in the environment and accumulate in living
organisms, resulting in significant human exposure through contaminated food and
water and raising serious health concerns due to its biological half-life of approx-
imately three years.11,12

Experimental and theoretical studies have identified multiple potential PFOA
binding sites on HSA.13-16 Docking simulations have revealed several putative
binding locations, suggesting that while docking is a useful tool for predicting
interaction sites, it may not fully capture the complexity of ligand binding due to
inherent biases and its static nature. Moreover, docking often relies on X-ray crys-
tallographic structures of proteins, which may be incomplete or lack sufficient res-
olution, further limiting the reliability of this method in accurately identifying true
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binding sites. Limited by incomplete molecular models and scoring function short-
comings, docking alone cannot reliably predict binding affinity or the precise
binding locations.!” Protein-ligand association can be described as diffusion
across a multidimensional energy landscape, which typically contains an energy
minimum corresponding to the bound complex. As the ligand approaches the pro-
tein, long-range electrostatic interactions guide the process along a binding funnel
that may contain local minima and multiple competing pathways.!8 In the case of
PFOA binding to HSA, such complexity is particularly relevant, as this ligand is
highly flexible and amphiphilic, capable of transiently interacting with several
regions on the protein surface. These dynamic features often elude static docking
approaches, which oversimplify the energy landscape and may miss alternative or
transient binding modes.

A recent study by Maso et al.13 identified a single high-affinity binding site
for PFOA on HSA, along with three lower-affinity sites. These four sites were
confirmed through crystallization of HSA with PFOA; however, the experiments
were performed in the presence of myristic acid. Consequently, only binding posit-
ions where PFOA outcompeted myristic acid were detected, potentially leaving
additional PFOA binding sites unidentified. Comprehensive mapping of all bind-
ing sites is important for fully understanding PFOA-HSA interactions, as this
knowledge would enable the rational design of biomimetics capable of targeting
and binding multiple PFOA molecules under diverse environmental conditions.
Moreover, identifying all sites could support the development of more robust env-
ironmental remediation strategies, producing biomimetics with greater versatility
in recognizing and sequestering PFOA across a range of concentrations.

Despite increasing evidence that PFOA can interact with multiple regions of
HSA, the complete landscape of binding sites, their relative affinities, and the
molecular determinants of binding remain insufficiently characterized. Existing
structural studies have been limited by the presence of competing ligands, while
computational docking alone cannot capture the conformational flexibility and
dynamic nature of ligand—protein interactions. To overcome these limitations, we
combined exhaustive molecular docking with molecular dynamics (MD) simul-
ations to evaluate the stability, energetics and residue-level interactions of PFOA
at all predicted binding positions. This integrated approach enabled the identific-
ation of energetically and kinetically favorable sites under other ligand-free con-
ditions, providing a more comprehensive understanding of the PFOA-HSA inter-
action network. By mapping these sites and characterizing their key stabilizing
interactions, our study offers new insights into the molecular basis of PFOA
binding that can inform the design of selective biomimetic capture agents and
guide the development of effective environmental remediation strategies.

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

(CC) 2026 Serbian Chemical Society.



132 PURDEVIC PELMAS e al.

EXPERIMENTAL
Molecular docking

Although numerous crystal structures of human serum albumin (HSA) are available in the
Protein Data Bank, the structure with PDB ID: IN5U?3 (1.90 A) was selected for this study due
to its high resolution, complete domain coverage, and absence of large conformational distor-
tions, making it a reliable and structurally representative model. Prior to docking, all co-crys-
tallized ligands (e.g., myristic acid) were removed. Protonation states of titratable residues were
assigned using H++ 3.0.19 AutoDockTools20 (v1.5.7) was used for assigning partial charges to
protein atoms. The geometry of anion of perfluorooctanoic acid (PFOA) was optimized at the
DFT/B3LYP/6-311G(d,p) level using Gaussian 09.2! A systematic grid-based search strategy
was employed, generating 1,248 partially overlapping boxes (24x24x24 A3) shifted by 8 A to
ensure complete screening of protein surface and volume. All atoms in the protein molecule
were kept rigid, while free rotation around single bonds in ligand were allowed. Docking sim-
ulations were performed with AutoDock Vina.?? Final binding poses and interaction sites were
visualized using PyMOL2 and Discovery Studio 2024.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the AMBER software. The
protein structure was prepared by assigning appropriate protonation states and parameterizing
it using the ff19SB force field.2*> The DFT-optimized structure of PFOA was used as input,
while ligand topologies were generated following the standard procedure recommended by the
AMBER developers. For bonds, valence angles, torsion and improper torsion angles and Len-
nard-Jones parameters standard generalized AMBER force-field version 2 (gaff2) parameters
were used.2* Partial atomic charges were determined by first calculating Mertz—Kollman
electrostatic potential at MP2/def2-TZVP level of theory and then deriving partial charges with
RESP procedure.2> Molecular dynamic simulations were performed with 12 ligands simult-
aneously. Initial ligand positions were determined by docking: 12 poses with the highest dock-
ing score were used.

The optimal point charge (OPC) model was used for water and counterions added to neut-
ralize the system. The OPC model was chosen because it provides improved accuracy in repro-
ducing key thermodynamic and dynamic properties of liquid water compared to commonly used
three-point and four-point models, while remaining computationally efficient for large-scale
MD simulations. The system was neutralized with Na* and solvated in a truncated octahedron
box of water with at least 10 A between box edges and protein residues. Additional Na™ and CI-
were added to simulate the 0.15 M salt concentration. Simulations were done under periodic
boundary conditions and particle mesh evald summation method was used for calculating long
range electrostatics. The system was initially minimized for 2,000 steps using Newton—Raphson
algorithm, and then slowly heated from 100 to 298 K for 1 ns with time-step of 1 fs, while
keeping the volume constant. The initial restraint on protein and ligand atoms was 418.40
kJ/(mol A2). Next, the system was relaxed for a total of 6 ns with 1 fs time step, in NPT
ensemble, by slowly lifting restraints (to 41.64, 4.18 and 0.42 kJ/(mol A2)). Finally, 5 ns of
equilibration in the NPT ensemble with 1 fs time step and no restraints was conducted. For a
1000-ns production run, NPT ensemble was chosen with Langevin thermostat and Berendsen
barostat and 2 fs time step. The SHAKE algorithm was employed to impose constraints on
hydrogen atoms. Simulations were performed in triplicate starting from the same docking poses
but with different randomly assigned initial velocities.

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

(CC) 2026 Serbian Chemical Society.



PFOA-HSA INTERACTIONS 1 3 3

Molecular dynamics trajectory analysis and collective variable calculations were done
with the cpptraj program.?® Gromacs sham utility?’ was used for free energy landscape calcul-
ations. PLIP (protein ligand interaction profiler) program was used for calculating protein ligand
interactions from MD trajectory. Images are created in Pymol, VMD and Discovery studio
visualizer programs.

RESULTS AND DISCUSSION

To identify all potential PFOA binding sites on HSA, we performed molecular
docking simulations using the DFT-optimized structure of PFOA and the crystal
structure of HSA (PDB ID: 1N5U). To provide structural context, Fig. S-1 of the
Supplementary material to this paper illustrates the domain organization of HSA
together with its fatty acid binding sites. To achieve exhaustive spatial coverage of
the protein surface and internal cavities, the HSA structure was divided into over
1,200 partially overlapping grid boxes. Separate docking calculations were per-
formed for each box using AutoDock Vina, an approach that enables high-resol-
ution, tiled screening and has proven effective for mapping ligand binding to large
proteins.28 This systematic search identified 12 non-overlapping binding poses,
with predicted binding scores ranging from —41.00 to —25.94 kJ/mol (Table I, Fig.
1). The top 12 docking poses were selected based on an energy cut-off of 15 kJ/mol
relative to the best-scoring pose.

TABLE I. Twelve best-docked PFOA ligands to HSA, labeled as L1-L12, along with their
predicted binding energies obtained from molecular docking and calculated binding energies
using the MM-PBSA method (kJ/mol). Bolded values indicate 4 ligand binding sites selected
after MD simulations

. .. Binding energies estimated b Binding energies calculated b
Ligand position Ifolecu%ar docking g ¢ Ml\%—PBSA g
L1 (FAS) —41.00 ~34.81+2.09
L2 -37.66 -33.58+4.31
L3 -36.82 —63.89+4.56
14 -35.98 —87.11£5.82
L5 -35.15 —42.38+5.77
L6 -33.47 -9.16+3.64
L7 -32.22 —6.32+2.38
L8 -30.54 —149.08+3.22
L9 -28.45 -24.31+2.26
L10 -27.20 435+1.76
L11 -26.78 —1.26+6.86
L12 -25.94 —14.31+1.92

The docking simulations identified the highest-affinity PFOA binding pose
(-41.00 kJ/mol) in fatty acid site 5 (FAS, Fig. S-1), stabilized by multiple non-
-covalent interactions. Halogen interactions occur between fluorine atoms on the
PFOA tail and the side chains of Lys525 and Ala528. The carboxylate head group
of PFOA forms a hydrogen bond with Ser579, while carbon—hydrogen bonds are
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established with the side chains of Met548 and Leu529. Additional stabilization is
provided by a m-lone pair interaction between Phe551 and a fluorine atom, as well
as a m-alkyl interaction between Phe551 and the terminal carbon of PFOA. An
alkyl interaction is also observed between Lys525 and the terminal carbon of
PFOA (Fig. 1, L1). Notably, Met548 has previously been implicated in PFOA
binding by Wu et al.,2% although no other interacting residues were reported.
Consequently, it remains unclear whether the site described by Wu et al. overlaps
with the FAS site identified in this study. Furthermore, crystallographic analysis
of HSA in the presence of both myristic acid and PFOA showed myristic acid!3
occupying FAS, suggesting that competitive binding could influence the detection
and characterization of this site.
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Fig. 1. Left: 3D structure of HSA with PFOA bound at the six top-scoring docking positions.
Right: 2D interaction diagrams between HSA residues and PFOA for these positions.

A binding site with a calculated binding score of —37.66 kJ/mol was identified
in domain Ia, near the N-terminus and adjacent to fatty acid binding site 2 (FA2)
(Fig. S-1). This site is characterized by a hydrogen bond between Val23 and the
carboxylic group of PFOA, supported by additional stabilizing contacts: alkyl int-
eractions with Leul4, Prol152, Ala254 and Leu284; halogen interactions with
Leu22 and Phel9; and van der Waals contacts with Argl0, Leu66, Tyrl50,
Alal51, Leu251 and Leu283 (Fig. 1, L2). Although this binding site has not been
previously described, it is occupied by myristic acid in the crystal structure rep-
orted by Maso et al.!3

The best-characterized PFOA binding site reported in multiple studies!3.30.31
and identified as a high-affinity site by Maso et al.!3 corresponds to the third-
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highest affinity pose in our docking simulations (-36.82 kJ/mol). This site is loc-
ated at Sudlow’s site 11, overlapping with fatty acid site 4 (FA4, Fig. S-1). At this
position, the carboxylic group of PFOA forms a salt bridge with Arg410 and hyd-
rogen bonds with Tyr411 and Asn391, all of which have been consistently iden-
tified as key interacting residues in previous reports. Additional stabilization is
provided by halogen interactions with Val433, 11e388, Cys437 and Arg445, as well
as alkyl interactions with Cys392, Cys438 and Ala449 (Fig. 1, L3).

The fourth-highest affinity PFOA binding site identified in our docking simul-
ations —35.98 kJ/mol) is located at fatty acid site 1 (FA1), a site previously des-
cribed by Salvalaglio et al.32 and found to be occupied by myristic acid in the
crystal structure reported by Maso et al.13 At this location, PFOA binding is pri-
marily mediated through interactions of its carboxylic head group with Arg186 and
Argl17. Additional stabilization arises from halogen contacts with Leull5 and
Vall16, n-alkyl interactions with Phe134, Tyr138, Tyr161 and Phel65, and a car-
bon—hydrogen bond with Pro118 (Fig. 1, L4).

The next binding site (L5), with a predicted binding energy of —35.15 kJ/mol,
aligns with fatty acid site 6 (FA6) and has been previously reported as a lower-
-affinity site for PFOA!3:33 (Fig. 1, L5). Key stabilizing interactions include salt
bridges with Lys351 and Arg209, along with halogen interactions involving
Lys212, Asp324 and Leu327. Additional stabilization is provided by alkyl interact-
ions with Val216 and Val235.

The final PFOA binding site previously described in the literature by Maso et
al.13 and Crisali et al.30 corresponds to the next-highest affinity pose identified in
our docking simulations, with a predicted binding energy of —33.47 kJ/mol. This
site is located near fatty acid site 7 (FA7), where the carboxylic head group of
PFOA forms salt bridges with Arg222 and Lys444. Binding is further stabilized
by halogen interactions with GIn221, Pro339, Glu450 and Asp451; hydrogen
bonds with Trp214 and Asn295; and an alkyl interaction with Val343 (Fig. 1, L6).
This site has also been observed in crystal structures and characterized as a low-
affinity PFOA binding site.!3

In addition to the previously reported binding sites, our analysis identified six
lower-affinity PFOA binding sites, each with predicted binding energies below
—33.47 kJ/mol. These sites have not been described in earlier studies. As with the
higher-affinity sites, PFOA binding at these locations is stabilized through a com-
bination of salt bridges involving Arg and Lys residues, hydrogen bonds, alkyl
interactions, and halogen contacts (Fig. S-2 of the Supplementary material).
Among the twelve highest-affinity sites identified in our docking study, only one
previously reported lower-affinity site, located at a cleft in the crystal structure,
was not observed. This absence is likely attributable to the high conformational
mobility at the interface between domains, which may preclude stable ligand bind-
ing at this position.
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To further explore the stability and temporal behavior of these interactions
under dynamic conditions, we monitored PFOA-HSA contacts throughout the MD
simulations. During the simulation, no significant conformational changes in the
protein structure were observed, with the RMSD remaining within 3 A throughout
the entire trajectory (Figs. S-3 and S-4 of the Supplementary material). For this
purpose, PLIP (protein ligand interaction profiler)3# program was used for iden-
tification of ligand—residue interactions in each MD frame. These data are further
used for generation of ligand—residue interaction maps (LRIMs) for all 12 binding
positions across all three simulation replicas (Fig. 2). These maps show the number
of frames in which each amino acid of HSA interacts with the corresponding
ligand. Peak height reflects the number of frames with interaction, while the ver-
tical spacing between the lines represents different ligand positions within a single
simulation and is scaled to 30 % of the total simulation time. Multiple simultaneous
interactions between a single ligand and the same amino acid are possible and are
captured in the diagrams.
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Different colors mark individual ligands; peaks indicate residues frequently involved in
binding.
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Strongly bound ligands were defined using two criteria: 1) the ligand remained
bound to the same site throughout all three simulations and 2) the ligand formed
interactions with at least three different HSA amino acids for more than 50 % of
the total simulation time. Applying these criteria yielded four binding sites cor-
responding to positions L3, L4, LS and L8 from the docking study (Table I).
Position L3 corresponds to the high-affinity site identified in crystallographic
studies of HSA with PFOA and myristic acid, located at Sudlow’s site II (FA4).
Positions L4 and L5 correspond to FA1 and FAG6, respectively; in the crystallo-
graphic study, FA1 was occupied by myristic acid, whereas FA6 was occupied by
PFOA. Position L8 has not been previously reported as a PFOA binding site but
corresponds to the FA3 site and it is also occupied with myristic acid in the crystal
structure. Furthermore, the FA3 site is situated near Sudlow’s site II.

To assess potential changes in ligand binding positions or orientations during
simulations, RMSD values were calculated and RMSD plots were generated for all
three simulations over the 1,000-ns interval. RMSD plots show that PFOA at
positions L3 (FA4) and L8 (FA3) remain in the same orientation within the binding
site thorough the simulation time with small RMSD values around 2 A. However,
a slight change in the orientation of the ligand at position L3 (FA4) was detected
in one of the three simulations after 350 ns, as shown in Fig. 3. As noted previously,
position L3 (FA4) is located at Sudlow’s site II and lies in close proximity to
position L8 (FA3). These two sites share a stabilizing residue, Arg485. The obs-
erved change in ligand orientation at position L3 (FA4), previously characterized
as the highest-affinity PFOA binding site, is corelated to a conformational change
of Arg485 side chain, which interacts with ligands at both positions in our simul-
ations. In contrast, the binding at positions L4 (FA1) and L5 (FA6) shows higher
RMSD values of around 5-8 A, indicating more disordered binding sites and more
conformational freedom for the ligand. Overall, the RMSD results support the
conclusion that all four binding sites identified from the interaction diagrams are
stable PFOA binding sites. RMSD profiles for all other ligand positions are pro-
vided in Fig. S-5 of the Supplementary material.

To further validate whether the four sites identified in our MD analysis rep-
resent true PFOA binding positions on HSA in the absence of competing ligands,
we calculated binding free energies for all 12 positions using the MM-PBSA
method (Table I). The calculated binding energy for position L3 (FA4), previously
reported as the highest-affinity PFOA site, was below —62.76 kJ/mol, indicating
very strong ligand binding. The binding energy for position L5 (FA6), described
in earlier studies as a low-affinity PFOA site, was approximately 20.92 kJ/mol less
favorable than position L3 (FA4), consistent with previous reports showing PFOA
binding to both sites but with higher affinity at position L3 (FA4). In contrast,
binding energies for positions L4 (FA1) and L8 (FA3) were more than 20.92 and
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83.68 kJ/mol lower (i.e., more favorable) than that of position L3 (FA4), respect-
ively. Although crystallographic data indicate that myristic acid binds more
strongly than PFOA at these sites, our results suggest that, in the absence of myr-
istic acid, PFOA binding at FA1 (position L4) and FA3 (position L8) is actually
stronger than at FA4 (position L3). MM-PBSA-calculated binding energies for
PFOA at other eight positions are substantially lower; however, there are still
indications that PFOA may bind at two additional positions: FAS5 (position L1) and
FA2 (position L2). Discrepancies between docking scores and MM-PBSA results,
such as the case of L8 (FA3), highlight the limited predictive power of docking
alone. Docking employs simplified scoring functions and rigid structures, whereas
MD simulations with MM-PBSA incorporate conformational flexibility and dyn-
amic interactions, offering a more reliable estimate of binding affinities.

L3 L4

10

RMSD (A)
RMSD (A

R LER
Time (ns) Time (ns)

r
(8}
r
oo

RMSD (A)
RMSD (A)

2R RS "Y8388SRRARSIZAIRELEAINEZIE
BRE %33 SERI8EETEY c8ERREEBIZ
Time (ns) Time (ns)

—ITAIION 1 e ST —muianen — S ——— -

Fig. 3. RMSD plots for the four ligands of interest (L3, L4, L5 and L8) during 1,000-ns
MD simulations.

Based on the combined analysis of MD trajectories, protein—ligand interaction
profiles, RMSD values, and MM-PBSA-calculated binding energies, we conclude
that, in the absence of competing ligands, PFOA preferentially binds to the four
proposed binding sites. To further characterize these interactions, free-energy land-
scapes were constructed for ligands at each of these positions. The free energy
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landscape for PFOA binding at position L8 (FA3) exhibits a well-defined single
minimum, indicating a stable binding mode. In contrast, the landscape at position
L3 (FA4) reveals two distinct minima, which arise from conformational changes
of Arg485. These observations are in agreement with both the RMSD profiles and
the calculated MM-PBSA binding energies. Conversely, the landscapes corres-
ponding to positions L4 (FA1) and L5 (FA6) display more diffuse minima, con-
sistent with their higher RMSD fluctuations and visual inspection of the MD trajec-
tories (Fig. 4).
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Fig. 4. Free-energy landscapes for best binding ligands (L3, L4, L5, L8).

To further characterize the molecular determinants of PFOA binding at the
four identified sites, we employed the PLIP program34 to track all protein—ligand
interactions over the full MD trajectories. This analysis enables the identification
of critical HSA residues involved in stabilizing PFOA at each site. Using these
data, we constructed interaction diagrams illustrating the residues engaged in bind-
ing and the corresponding interaction types throughout the 1,000-ns simulations,
including only those residues that interact with the ligand for more than 40 % of
the simulation time (Fig. 5).
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Our analysis shows that PFOA binding at the site with the most favorable
MM-PBSA-calculated binding energy (FA3, L8) is primarily stabilized by two salt
bridges formed with Arg347 and Arg485, both present in every frame of the 1,000-
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Fig. 5. Interactions formed by specific amino acid residues at the four identified PFOA
binding sites on HSA. Panels A—D correspond to the key residues involved in binding L8, L3,
L4 and L5, respectively. Left: interactions between protein residues and PFOA observed in at

least 40 % of the 1,000-ns MD simulations. Orange bars indicate salt bridges, blue bars indi-
cate halogen interactions, and green bars indicate hydrogen bonds. Right: three-dimensional
representations of PFOA bound at each site, showing the interacting HSA residues.

-ns simulations. Additional stabilization is provided by halogen interactions with
Ser342, Glu450 and Leu481 (Fig. 5SA). Binding at the FA4 (L3) site is mediated
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by a salt bridge with either Arg410 at the start of the simulation or Lys414, located
in close proximity, later in the trajectory. This site also features two hydrogen
bonds with Tyr411 and Ser489 curtail for stabilization of carboxylic group, as well
as halogen interactions with Leu387 and I1e388 (Fig. 5B). At L4 position (FA6),
the carboxyl group of PFOA is anchored by a persistent salt bridge with Lys351
and either an alternating hydrogen bond with Ser480 or a salt bridge with Arg209;
when Ser480 forms a hydrogen bond, Arg209 predominantly engages in halogen
interactions (Fig. 5C). Finally, the binding at L5 (FA1) is characterized by two salt
bridges formed with Argl17 and Argl85, along with alternating halogen and hyd-
rogen bond interactions involving Tyr138 and Leul82 (Fig. 5D).

CONCLUSION

In this study, we combined molecular docking with extensive molecular dyn-
amics (MD) simulations to comprehensively map potential PFOA binding sites on
human serum albumin (HSA). While previous crystallographic analyses in the pre-
sence of myristic acid identified one high-affinity and three low-affinity binding
sites, our approach revealed twelve distinct binding poses, including six that have
not been previously reported. Through ligand-residue interaction mapping, RMSD
analysis, and MM-PBSA free energy calculations, we identified four binding sites
(FA3 (L8), FA4 (L3), FA1 (L4) and FA6 (L5)) as the most likely PFOA binding
positions in the absence of competing ligands.

Our simulations show that PFOA binding is stabilized by persistent salt
bridges and hydrogen bonds between the carboxylic head group and protein resi-
dues, as well as halogen contacts between the PFOA tail and protein amino acids.
Among the identified sites, FA3 (L8) exhibited the most favorable calculated
binding energy. Notably, our results suggest that FA1 (L4) and FA3 (L8) may bind
PFOA more strongly than the well-characterized FA4 (L3) site in the absence of
myristic acid. The free-energy landscapes further confirmed the stability of PFOA
at these sites, revealing well-defined minima at FA3 (L8) site, consistent with
strong binding.

By integrating MD simulations with docking predictions, this work advances
the current understanding of PFOA-HSA interactions beyond static structural
models. These findings provide a more complete picture of the binding landscape,
which can inform the rational design of biomimetic capture agents and guide
strategies for environmental remediation. Future experimental validation of these
predicted sites and binding affinities, such as site-directed mutagenesis of FA1/
/FA3 residues or by ITC and fluorescence displacement assays in the presence and
absence myristic acid, will be essential to translate these computational insights
into practical applications for PFOA detection and removal.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13509, or from the correspond-
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n3BOJ

METOIOJIOIIKH ITPUCTYII 3ACHOBAH HA MOJIEKYJICKOOUHAMHWYKHM
CUMYJIALITMJAMA 3A TIOJAIILEBE MECTA BE3SUBAILA PFOA HA HSA

AJIEKCAHIPA M. BYPBEBUR BEJIMAILL, IAHWUJIO TPAJKOBUR!, KAPJIA MUIYWR? n MAJIOII MUTTYUR!
"Ynusepsutem y Beoipagy — Xemujcku paxyniuem, Cygenmicku wpi 12—16, 11158Beoipag u *Hnciutiy
3a xemujy, WexHoI0Tujy u memanypiujy, Llenttap 3a xemujy, Ynugepsuiieini y beoipagy, Hncmiuiniyin og
HAYUOHANHOT 3Haudja 3a Peiiydnuxy Cpéujy, Ebeiowesa 12, 11000 Beoipag

IepdnyopooxkranonyHa kucenuHa (PFOA) je mocrojaHu 3araljuBau XMBOTHE CpeJUHE
KOjH Ce CHaXXHO Be3yje 3a XyMaHH cepyMckH andymuH (HSA), ytuuyhu Ha meHy AuCTpuOyLHjy
U TOKCHUKOKUHETHKY. Mako cy kpucranorpadcke CTyAUje y IPUCYCTBY MUPUCTHHCKE KHCETUHE
HupeHTH(UKOBaJIe OrpaHHYEH Opoj BE3UBHUX MecTa BUCOKOT adUHUTETA, JOJATHA MeCTa MOTy
OCTaTH HEOTKpUBEHa 300r KOMIIETETUBHOT Be3uBawa. Y OBOM pajgy CMO KOMOWHOBaIX MoJle-
KyJICKO [OKOBame€ BHCOKE De30Jylidje ca ODMMHHMM CUMyJaldjaMa MOJIEKYJICKE AUHAMHUKe
(MD) xaxo ducmo cBeodyxBaTHO okapakTepucanu uHTepakuuvje PFOA-HSA. IMpuctyn ca
NOJE/bEHUM MPEKaMa OTKPHO je ABaHAEeCT HelOKIanajyhux BesuBHUX NO3ULMja, yKbydyjyhu
IIECT NMPETXOJHO HENO3HAaTHX. AHalM3a MHTEPaKkLHja JMIaHfa M aMHHO-KHCenuHa, RMSD
aHaJM3a ¥ MpopavyHH CJI0D0JHe eHeprije Be3uBama MmeTogtoM MM/PBSA npentudukoBanu cy
yetupu Mecta, FA3, FA4, ®A1 u FA6, xao HajctabunHuja Be3uBHa mecta PFOA y oxcycTBy
KOHKYPEHTHMX nuraHajga. Mehy wmuma, FA3 je nokasano HajliOBO/bHHUjY U3pauyyHATy €HEDPIHjY
Be3uBama, Jok cy FA1 u FA3 noxkasana jaue Be3uBame of foOpo okapaxrepucaHor FA4 mecrta
y yciloBUMa 0€3 MHUDHCTHHCKE KHUCEJIHHE. JIep3UCTEHTHH COHM MOCTOBM, BOLOHHYHE BE3€ U
XaJIloreHe MHTepaKluje UIeHTU(DUKOBAHHU Cy Kao KbyuHe cTadunusyjyhe uHTepakuuje. AHa-
JM3a eHEepreTCKUX Iej3aka JONATHO je MOTBpAWIa CTaduiHocT Be3uBama PFOA Ha oBUM
mectrma. OBU pe3yniTaTH MpYXajy MOTNyHUjU YBUA y Be3uBHU nejzaxk PFOA Ha HSA u mory
NOC/TYKUTH Kao OCHOBA 3a AM3ajH OMOMHMETHYKMX XBaTaya M pa3BOoj CTpaTerdja 3a peme-
OYjalujy )KUBOTHE CPENUHE.

(TTpummmeno 20. aBrycra, peBuaupaHo 27. aBrycra, mpuxsaheso 5. centembpa 2025)
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Figure S-1. PyMOL representation of the crystal structure of HSA (PDB: 1N5U). (A) The
overall structure with subdomains highlighted: Domain Ia (light pink), Domain Ib (light blue),
Domain Ila (light yellow), Domain IIb (salmon), Domain Illa (pale cyan), and Domain I1Ib
(pale green). (B) Binding pockets relevant to ligand interactions are labeled, including eight
fatty acid binding sites (FA1-FAS), two Sudlow’s drug-binding sites (Sudlow’s site I and II),
and an additional drug-binding pocket. Binding site annotations are based on literature-
reported positions.
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Figure S-2. Representation of docking poses with binding energies below —33.4 kJ/mol.
Poses L7-L.12 are shown on the HSA molecule (left), while the right panels present the
interactions for each pose, as generated in the Discovery Studio program. The legend for the
interaction types is provided below the depiction of the HSA crystal structure (PDB: 1N5U)
with bound ligands.
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Figure S-3. RMSD of HSA during all three 1000-ns MD simulation.
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Figure S-4. Radius of gyration of HSA during all three 1000-ns MD simulation.
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Figure S-5. RMSD plots for ligand (L) poses not selected as PFOA binding sites on HSA.
The plots were generated from three independent MD simulations.
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A simple and feasible determination of the selective estrogen
receptor modulator raloxifene in pharmaceutical formulation
using pretreated boron-doped diamond electrode
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Abstract: This article reports on the development of an electroanalytical method
for the quantitative determination of the selective estrogen receptor modulator
raloxifene (RLX) using voltammetry at a pretreated boron-doped diamond
(BDD) electrode. RLX exhibited irreversible cyclic voltammetric (CV) behavior
in 0.04 mol L-! Britton-Robinson (BR) supporting electrolyte at pH 2, gener-
ating two anodic oxidation peaks at approximately 0.79 V (P,;) and 1.46 V
(PA»)- Scan rate analysis revealed that both adsorption and diffusion mechanisms
govern RLX transport to the electrode surface. Consequently, incorporating a
preconcentration (deposition) step was hypothesized to enhance analytical sen-
sitivity. Optimal deposition parameters, along with supporting electrolyte pH
and square-wave voltammetry (SWV) modulation settings, were systematically
optimized. Quantitative analysis was based on the first anodic peak (Pa1) in 0.04
mol L-! BR buffer at pH 2, exhibiting a linear dynamic range from 0.025 to 5.0
pg mL! (from 4.9x108 to 9.9x10% mol L) and a detection limit of 0.0073
pug mL! (1.4x1078 mol L'!). The method’s applicability was validated by suc-
cessfully quantifying RLX in pharmaceutical formulations.

Keywords: raloxifene; square-wave voltammetry; sensing; boron-doped diamond
electrode; pharmaceutical formulation.

INTRODUCTION

Osteoporosis and breast cancer are among the most serious health issues
affecting women.!-2 The main cause of both problems is the lack of the estrogen
hormone, which plays an important role in bone remodelling in postmenopausal
women. This condition is characterized by an increased risk of fragility fractures
due to deterioration of bone microarchitecture.3:* The conventional approach to
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146 KESKIN, KIRAN and YARDIM

treating osteoporosis involves hormone replacement therapy (HRT), which has
been proven effective through various studies.> However, reports indicate that
HRT may be associated with adverse effects, including potential risks for cardio-
vascular diseases and an increased risk of breast cancer.3 Additionally, breast
cancer is the second most common type of cancer among women, following lung
cancer, with over one million women diagnosed annually worldwide.%7 Increas-
ingly, the use of selective estrogen receptor modulators (SERMs) has gained
acceptance as an alternative to HRT in the management of these related conditions.
SERMSs provide the benefits of estrogen on bone health while potentially mini-
mizing the adverse effects of estrogen in breast and other tissues.3

Raloxifene hydrochloride (RLX) is one of the most significant second-gener-
ation SERMs frequently prescribed for the prevention of postmenopausal osteo-
porosis, where it acts as an estrogen agonist, and for breast cancer treatment, where
it acts as an estrogen antagonist.”-11 Compared to other SERM drugs, RLX is
associated with fewer side effects, making it a preferred choice among anti-cancer
drugs.12 Furthermore, the neuroprotective efficacy of RLX has also been demon-
strated in animal models of age-related neurodegenerative disorders, such as Par-
kinson’s disease.!3-15 There is an increasing need for robust, simple, rapid and
reliable quantitative analytical methods to reliably monitor adverse effects result-
ing from overdoses of this medication, particularly in patients undergoing cancer
treatment.

Several articles have been published on the quantitative analysis of RLX based
on different analytical methodologies, including spectrophotometric methods, 619
chromatographic techniques20-22 and capillary electrophoresis.23 While these
techniques offer selective and sensitive results, they also present several drawbacks
such as requiring costly reagents, expensive instrumentation and time-consuming
sample preparation. Another notable method for RLX analysis, based on resonance
Rayleigh scattering, is characterized by multiple processing steps and the use of
costly reagents.24

Electrochemical methods have become an important alternative to the above-
mentioned analytical techniques due to their simplicity, speed, and cheap instru-
mentation.25-26 Owing to the electroactive chemical structure of RLX (Scheme 1,
6-hydroxy-2-(4-hydroxyphenyl)-benzothiophene-3-yl]-[4-[2-(1-piperidyl)ethoxy]-
phenyl]-methanone, there has been a growing number of quantitative analyses in
recent years, particularly electrochemical ones. These studies have achieved vary-
ing sensitivity levels by using bare electrodes such as graphite?” and glassy carbon
electrodes (GCE)28 as well as GCEs modified with carbon nanoparticles,2? red-
uced graphene oxide—carbon nanotubes (rGOCNT),30 graphene nanocomposite3!
and carbon paste electrodes (CPE) modified with carbon nanopowder,32 nickel (II)
oxide nanoparticles,33 nanocomposites,3* N-CQD/Fe304 nanoparticles.3> More-
over, an electroanalytical study demonstrated the quantitative analysis of RLX can
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be mentioned that performed the quantitative analysis of RLX at a sensitivity level
of 3 nM on a PGE electrode modified with nanocomposite materials.3¢

o\/‘NO
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Scheme 1. Possible oxidation mechanism of RLX.

HO

Boron-doped diamond electrodes offer numerous advantages for electrochem-
ical analysis. Among these, the most prominent advantage is their wide potential
window, which enables the analysis of a broad range of species.3’” Furthermore,
these electrodes exhibit high electrochemical reactivity, enhancing analytical sen-
sitivity and maintain low background currents that contribute to improved detect-
ion limits.38 Their inert surface minimizes contamination, while their stability
ensures consistent signals over extended periods. Additionally, their robust dur-
ability prolongs their service life, and their compatibility with portable systems
further elevates their status as a preferred choice for electrochemical applications.39

Despite numerous reports on chemically modified electrodes for RLX, there
is currently no advanced electroanalytical study that uses simple electrochemically
pretreated boron-doped diamond (BDD) electrodes in combination with square-
-wave (SW) modulation for analyzing this chemotherapeutic agent. This study
involves the optimization of the experimental conditions, elucidating the electrode
reaction mechanism and determining the supporting electrolyte pH following a
simple pretreatment of the working electrode. Subsequently, the analytical per-
formance and selectivity of the proposed method are evaluated. Overall, this study
shows great potential to stimulate future investigations into rapid, reliable, sen-
sitive and cost-efficient electrochemical methods for detecting electroactive spe-
cies, typically employing pretreated BDD electrodes.

EXPERIMENTAL
Chemicals and solutions

The raloxifen standard (raloxifen hydrochloride ReagentPlus®, 99.91 %) was obtained
from ChemScene LLC (USA). No additional purification step was performed for this standard
prior to the experiments. A solution of raloxifen hydrochloride (hereinafter referred to as RLX)
at a concentration of 1.0 pg mL-! was prepared in methanol. This solution was stored in a freezer
at 4 °C when not in use, and exposure to direct light was also avoided during use. Britton—
—Robinson buffer (BR, 0.04 mol L, pH 2—11) solution used in the experiments was prepared
by dissolving 2.47 g of H3BO; and adding 2.76 mL of 85 % H3;PO,4 and 2.29 mL of glacial
acetic acid per liter of solution. The pH of the resulting mixture was adjusted to the desired
value using 3 M NaOH and/or 3 M HCL. The preparation and dilution of the solutions were
carried out using purified water obtained from a Millipore Milli-Q system (Millipore) with a
resistivity of >18.2 MQ-cm.
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Apparatus and measurements

Electrochemical measurements were conducted using an Autolab type III electrochemical
analyzer (Metrohm Autolab B.V., Utrecht, The Netherlands). The data were managed using the
general-purpose electrochemical software (GPES, version 4.9). All square wave voltammo-
grams were smoothed using a moving average filtering algorithm for baseline correction, fol-
lowed by the Savitzky—Golay algorithm (peak width: 0.01 V). The experiments were performed
in a three-electrode electrochemical cell equipped with an Ag/AgCl/ 3 mol L-! NaCl reference
electrode (BAS, model RE-1, USA), a commercially available BDD working electrode (with a
3 mm disk diameter and a claimed boron doping concentration of 1000 ppm, Windsor Scientific
Ltd., UK), and a platinum wire auxiliary electrode (BAS, MW-4130, USA). pH measurements
were recorded using an aWTWinoLab pH 720 m pH meter (Xylem, New York, USA) equipped
with a combined glass-reference electrode at 25 °C.

At the beginning of each experimental day, the BDD electrode was electrochemically pre-
treated in 0.5 mol L-! H,SOy. The pretreatment consisted of an anodic polarization step at 1.8
V for 180 s, followed by a cathodic polarization step at —1.8 V for 180 s, performed in a separate
electrochemical cell. This procedure is known to produce oxygen-terminated and hydrogen-
-terminated surface characteristics, respectively.*? After pretreatment, the electrode surface was
gently polished using a polishing pad, rinsed with deionized water, and prepared for subsequent
electrochemical measurements. During the day, only gentle polishing was applied between mea-
surements, as no significant surface passivation was observed under the experimental conditions.

The electrochemical behavior of RLX in the supporting electrolyte used for the analyses,
as well as the mechanism of driving forces such as diffusion and adsorption involved in the
electrode reaction, were investigated using cyclic voltammetry (CV). Subsequently, the effects
of supporting electrolyte pH, deposition parameters, and selected pulse technique (square-wave,
SW) parameters on RLX signals were examined. Experimental and instrumental variables were
optimized iteratively by selecting the conditions that produced the highest and best-shaped RLX
responses; each parameter was optimized sequentially while holding the others constant. The
analytical performance of the method, specifically the relationship between RLX concentration
and its oxidation peak currents, was evaluated under the optimized conditions yielding the
strongest signals. Finally, the practical applicability of the proposed method was demonstrated
by analyzing RLX in tablet formulations.

Quantitative analyses of RLX were performed by immersing the three electrodes in a volt-
ammetric cell containing RLX solution prepared in 0.04 mol L-! BR buffer at pH 2 using the
SW modulation technique. The potential was scanned from 0 to 1.3 V employing the same pulse
technique. The SWV method was utilized for the quantitative evaluation of RLX. All measure-
ments were performed in triplicate, except for the intraday repeatability assessment, which was
conducted with ten repetitions.

Sample preparation

For real sample analyses, fixed dose combination tablets containing RLX HCI (Ralien®,
Genveon Co., Tiirkiye) were obtained from a local pharmacy. The manufacturer declares that
each tablet contains 60 mg RLX HCI. Ten tablets were first ground into powder using a mortar
and pestle. An amount of the powder equivalent to 10 mg RLX hydrochloride was accurately
weighed and transferred to a 250 mL volumetric flask, which was filled to volume with meth-
anol. The contents of the flask were stirred for approximately 15 minutes to facilitate dissol-
ution. Subsequently, a 100 pL aliquot of this solution was taken and added to a voltammetric
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cell containing 0.04 mol L' BR buffer at pH 2 as supporting electrolyte. Analysis was per-
formed on the same day as sample preparation in accordance with the recommended procedures,
applying calibration curve method based on the relevant regression equation.

RESULTS AND DISCUSSION

Assessment of electrochemical behavior of RLX on pretreated BDD electrode

The cyclic voltammetry (CV) technique is used to determine the potential
values at which electroactive species are reduced/oxidized and to determine which
force dominates the transport of the electroactive compound to the electrode sur-
face. For this purpose, three consecutive cyclic voltammograms (CVs) of 100 ug
mL-! RLX were recorded in the potential range from—0.7 to 1.80 V in 0.04 mol
L1 BR buffer solution at pH 2, which was established as the most suitable medium
for analytical applications. The CV of the blank solution (without RLX) was also
recorded for comparison. Fig. 1A shows two distinct oxidation peaks observed at
approximately 0.79 V (P, well-defined) and approximately 1.46 V (Pa») in the
first cycle of RLX and then a decrease in the intensity of these peaks in the follow-
ing cycles.

30

075 025 0.25 0.75 1.25 175
E,V (vs. Ag/AgCl)
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»
so{ ° s
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Fig. 1. Triplicate CVs of 100 pg mL! RLX
obtained at a scan rate of 100 mV s'! (A) and CV
recordings of 100 pg mL-! RLX at different scan
rates (50, 100, 200, 300, 400, 500, 600 and 700
mV s1) (B).

0.75 025 0.25 0.75 1.25
E,V (vs. Ag/AgCl)

This may be due to deactivation of the working electrode after contamination
or the adsorption of RLX oxidation products on its surface. On the other hand, the
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absence of any reduction signal in the subsequent reverse scan of the CV record-
ings can be considered as clear evidence that RLX on the BDD electrode is com-
pletely irreversible.

Effect of scan rate

In CV, the variation in peak currents of electroactive species at different scan
rates is examined. These data enable predictions regarding the reaction kinetics of
the examined species at the working electrode. In this context, the effect of the
scan rate on the peak current of RLX was investigated using the BDD electrode in
0.04 mol L~! BR buffer solution at pH 2 with scan rates ranging from 50 to 700
mV s~! (n=8 scans, Fig. 1B). As the first oxidation peak (P 1) is more pronounced
than the second (Pp»), the effect was investigated based on Po; of RLX. As a
result, a linear relationship was observed between the scan rate (v) and the peak
current (ip) of Pp1, as described by Equation 1:

ipa1 (WA) =0.010 £ 0.0003v (mV s71)+1.423£0.0498, r=0.998 (1)

A similar linear relationship was observed between the i, of the RLX and the
1/2.
vl/z:

ipa1 (BA)=0.331%0.0106v12 (mV s71) ~0.925£0.0324, r=098 (2)

These results indicate that both adsorption and diffusion phenomena contri-
bute to RLX oxidation on the BDD electrode. Additionally, the relationship
between the logarithm of the peak current and the logarithm of the scan rate was
investigated, and a linear fit was obtained:

log (ip (LA)( = 0.563 % 0.0181log v (mV s™1) — 0.721 £ 0.0252, r=0.988 (3)

The slope of this line (~0.56), lying between the expected values of 1 and 0.5
for adsorption- and diffusion-controlled processes, respectively, confirms the dual
mechanism of RLX oxidation. Similar results were reported in our research team’s
previously published work.#0 Scan rate studies indicate that RLX adsorbs onto the
BDD electrode surface and suggest that improved sensitivity can be achieved by
applying deposition processes in the quantitative analysis of RLX. Therefore, such
an approach is expected both to mitigate electrode surface fouling and enhance
sensitivity in investigating RLX oxidation processes in aqueous solutions. In the
later stages of the study, adsorption-based modulation (square wave-adsorptive
stripping voltammetry, SW-AdSV) was preferred due to its excellent sensitivity
and lower consumption of electroactive molecules.

The electrochemically active surface area of the BDD electrode was evaluated
by CVina 0.1 M KCI electrolyte containing 1.0 mM K3[Fe(CN)g]. CV measure-
ments were collected at scan rates between 25 and 400 mV s1. The electroactive
surface area was obtained from the linear relationship between the peak current
(1,) and the v!/2, in accordance with the Randles—Sevéik equation:
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I, = (2.69%10%)n324DV2Cy1/2 4)

where [, denotes the anodic peak current (A), 7 is the number of electrons involved
in the redox process (n = 1), 4 represents the electroactive surface area (cm?2), D is
the diffusion coefficient (7.6x10-6 cm2 s~1), C corresponds to the concentration of
the redox probe (M) and v is the scan rate (V s—1). Based on these parameters, the
electrochemically active surface area of the BDD electrode was calculated to be
0.039 cm?. This value is consistent with a previously published study.*!

Effect of supporting electrolyte pH and the nature of reaction mechanism

It is well known that changing the pH of the supporting electrolyte also
changes the response of the oxidation/reduction products of the electroactive spe-
cies. This effect manifests both in the potential position of the peaks within the
working potential window and in their current intensity. To investigate this influ-
ence more thoroughly, the effect of the BR supporting electrolyte on the RLX
oxidation current at the BDD electrode was examined in the pH range of 2—11
(Fig. 2). The study was carried out using SW—AdSV in the potential range of 0 to
1.30 V for an RLX concentration of 2.5 ug mL-!. As clearly seen in Fig. 3, the
oxidation potentials of RLX shift toward more negative values with increasing pH.
This observation provides evidence that RLX oxidation on the BDD electrode is
pH-dependent. Conversely, a general decreasing trend in the peak currents of RLX
oxidation signals is also observed as the pH increases. Moreover, the variation in
the peak potential positions (Ep) of RLX oxidation as a function of the working
solution’s pH exhibited a linear correlation (inset of Fig. 2):

Ep (V) =—0.055pH + 0.862, r=0.993 (5)

3.0{a

25

iZ.U

Fig. 2. SW-AdS voltammograms for 2.5 pg
mL-! RLX in BR buffer (pH 2—11) at the BDD
electrode. At open circuit, the accumulation
0Z0 N3 50 time is 30 s; the SWV parameters were as fol-
E,V (vs. AgiAgCl) lows: f=50 Hz; AE;=8 mV; AEg, =30 mV.

0 0.25

The slope of this linear correlation is 55 mV, which is close to the theoretical
Nernstian value of 59 mV per pH unit. This can be interpreted as evidence that the
number of protons and electrons involved in the RLX oxidation are equal.#2:43
Given the extant data and previously proposed mechanistic pathways, we posit that
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RLX undergoes oxidation to the products depicted in Scheme 1 at the pretreated
BDD electrode.27-29

Effect of accumulation variables

In processes where the adsorption significantly influences electrode kinetics,
investigating the effects of accumulation parameters on the response of the ele-
ctroactive species is an important step. Therefore, the effect of the accumulation
time and accumulation potential on the electrochemical response of RLX were
examined (data not shown). During these experiments, one parameter was kept
constant while the other variable was varied. First, the accumulation potential was
optimized under open circuit condition during the accumulation time ranging from
0 to 180 s for 2.5 ug mL-! RLX in BR supporting electrolyte at pH 2 using the
BDD electrode. The results indicated that the maximum peak current for RLX was
achieved after 30 s of accumulation, with no significant increase observed at longer
times. This suggests that the 30 s accumulation time was sufficient to adsorb the
maximum amount of RLX onto the electrode surface. When longer deposition
times were tested, RLX adsorption onto the electrode surface ceased, and the res-
ulting current responses remained nearly unchanged.

The accumulation potential, the second accumulation parameter, was inves-
tigated over the range from 0.1 to 0.6 V as well as under open circuit conditions
using the previously optimized accumulation time of 30 s. The results demon-
strated that varying the accumulation potential, whether under open circuit con-
ditions or applied potentials, did not significantly influence the oxidation peak cur-
rents of RLX. Therefore, subsequent experiments were conducted under open cir-
cuit conditions.

Optimization of SWV instrumental parameters

Optimizing the conditions that yield the highest peak current, considering
chemical and accumulation variables, as well as SW modulation parameters such
as frequency (f), AEs and AFEgy, is critical for enhancing the anodic peak current.
In SW modulation optimization, two of the three variables are held constant while
the third is varied to obtain the highest and best-shaped peak current. The study
proceeded by sequentially fixing the optimized value of one parameter and opti-
mizing the others to achieve the best instrumental response. All instrumental opti-
mizations were conducted under open circuit with a 30 s accumulation time in BR
at pH 2. First, the frequency was varied from 50 to 125 Hz while the step potential
and pulse amplitude were held constant at 8 and 30 mV, respectively. As the fre-
quency value increased, the anodic peak current of RLX also increased, but peak
broadening was observed beyond 100 Hz. Since the highest and most well-defined
peak was obtained at 100 Hz, this frequency was selected for subsequent experi-
ments. Next, with the frequency fixed at 100 Hz and the step potential at 8 mV, the
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pulse amplitude was varied between 30 and 70 mV. The anodic peak current inc-
reased linearly with pulse amplitude; however, a significant broadening of the peak
shape was noted beyond 60 mV. Therefore, 60 mV was chosen as the optimal pulse
amplitude. Finally, with the frequency and pulse amplitude fixed at their optimized
values, the step potential was varied between 8 and 14 mV. The anodic peak cur-
rent increased up to 12 mV and then decreased thereafter. Hence, 12 mV was sel-
ected as the optimal step potential for further analytical studies. In conclusion,
since the optimal instrumental parameters — 100 Hz frequency, 60 mV pulse amp-
litude and 12 mV step potential — yielded the best and highest peak currents, these
values were adopted for subsequent stages of the study.

Analytical performance of the method

The functional applicability of the optimized experimental and instrumental
parameters using the SW—AdS voltammetry method was evaluated by monitoring
the change in peak current with increasing RLX concentration in 0.04 mol L-! BR
supporting electrolyte at pH 2. This was achieved by sequentially adding standard
RLX solutions of varying concentrations to the voltammetric cell and recording
the corresponding signals. Fig. 3 shows the changes in SW-AdS voltammograms
of the RLX oxidation peak currents at 0.74 V with increasing standard RLX
concentration. The RLX concentration was varied from 0.025 (4.9x10-8 mol L-1)
to 5 pg mL~! (9.9x10° mol L-1), with voltammograms recorded after each addit-
ion. The inset of Fig. 4 presents the calibration curve demonstrating a linear rel-
ationship between the anodic peaks and RLX concentration. A linear correlation,
is obtained between the anodic peak signals and RLX concentration:

ip (LA) = 2.576 + 0.0745¢ (ug mL~1) + 0.273 + 0.0085 (= 0.999, n = 8) (6)

In the linear equation, c indicates the RLX concentration, iy indicates the ano-
dic peak current, n represents the number of measurements, and » denotes the
correlation coefficient.

15.0

125 ] "E
d31[)— .
N )
s Y Fig. 3. SW-AdS voltammograms with
2 JE RLX concentrations of 0.025, 0.05, 0.10,
5.0 D—Lv—v—v—v—v—\ 0.25, 050, 10, 2.5and 5.0 ng mL_l (1_8)

in BR buffer solution at pH 2 on the BDD
electrode. The calibration graph for RLX
measurement is shown inset. At open cir-
cuit, the accumulation time is 30 s, and

050 075 100 155 the SWV parameters are as follows: f =
E,V (vs. AgiAgCl) =100 Hz; AEg =12 mV; AEgw =60 mV.
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Using this analytical curve, the detection limit (LOD) and quantification limit
(LOQ) were calculated as 0.0073 (1.4x10-8 mol L-!) and 0.025 pug mL-! (4.9 x10~
8 mol L-1), respectively. The 3s/m relation was used to calculate the detection limit,
where s is the standard deviation of 10 measurements of the lowest concentration
on the calibration line, and m is the slope of the corresponding calibration curve.44
The analytical performance of the proposed method is compared with those of
other previously published electrochemical analyses in Table I, which is arranged
from the most sensitive to the least sensitive according to LOD values (except for
our study, given in the last column). In electrochemical analyses, working elec-
trodes are often functionalized with modifying agents to achieve better sensi-
tivity;28,32,34,35 however, some studies exhibit lower sensitivity compared to our
results.27-30,31.33 Achieving comparable sensitivity levels to a modified electrode
in RLX analyses with a sample pre-treatment step-without any electrode modi-
fication-represents the most original and prominent aspect of the method.

TABLE I. Comparison of published electroanalytical methods for RLX detection; electrodes:
graphene—CuO—polypyrrole/pencil graphite electrode, CPE/NiO/SWCNTs/1B4MPTFB; car-
bon paste electrode-nickel (II) oxide/single-walled carbon nanotubes/1-butyl-4-methylpyri-
dinium tetrafluoroborate, N-CQD/Fe304/N-B-3-MITFB/CPE: N-CQD/Fe;0,4 nanoparticles/
/N-butyl-3-methylimidazolium tetrafluoroborate, CNP/Mela/GCE; carbon nanoparticle/mela-
mine/glassy carbon electrode, Nd,O5 NPs@GO; neodymium sesquioxide nanoparticles decor-
ated graphene oxide nanocomposite, 1-M-3-OITFB/ZnO/CNTs/CPE; 1-methyl-3-octylimidaz-
olium tetrafluoroborate/ZnO/CNTs nanocomposite, GCE, glassy carbon electrode, BDD, boron-
-doped diamond. Techniques: SWV, square wave voltammetry, DPV, differential pulse voltam-
metry; DPAASV, differential pulse adsorptive stripping voltammetry; AALSSV, adsorptive
linear sweep stripping voltammetry; SW-AdSV, square wave adsorptive stripping voltammetry

Working electrode iilepcrt)roorlt;tleg Technique Llneigvr[ange LH%ID égﬂgf:sd Ref.
GO—-CuO—-PP/PGE PBS SWv 40-320 3  Tablets, 3
pH 2.5 serum

CPE/NiO/SWCNTs/1BAMPTFB PBS SWV  0.03-520 7 Tablets, 33
pH7 serum

N-CQD/Fe;04/N-B-3-MITFB/CPE ~ PBS DPV 0.04-320 10 Tablets, 33
pHS Urine

CNP/Mela/GCE BR DPAdSV  0.04-2 10 Tablets 2
pH3

Nd,05 NPs@GO PBS  Ampero- 0.03-472.5 18.4 Blood, 3!
pH7 metry 3 urine

Carbon nanopowder/CPE PBS AdLSSV  0.001-40 19.5 Tablets, 32
pHS8 serum

1-M-3-OITFB/ZnO/CNTs/CPE pH 8 DPV 0.08-400 40 Tablets, 3*

Urine

GCE PBS DPV 0.2-50 75 Tablets, 28
pH3 plasma

BDD BR  SW-AdSV 0.049-9.9 14 Tablets This
pH2 work
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The precision of the method under the same conditions was investigated through
intraday and inter-day repeatability experiments. The intraday repeatability of the
anodic peak shapes was assessed by performing ten repetitions using 0.025 ug mL-!
of the RLX solution. An RSD value of 5.22 % shows that the method is repeatable.
Additionally, the RSD value of 6.85 % for inter-day repeatability, measured at the
same concentration and under the same conditions over five consecutive days, also
serves as a clear indicator of the method’s repeatability for analytical purposes.

Effect of interference

Before testing the applicability of the method on real samples, the effect of
potential interfering species in drug formulations was investigated using SW-
-AdSV under the same test conditions and for 0.1 pug mL~! RLX. The concen-
trations of interfering species causing =5 % error in RLX peak currents were
adopted as tolerable limit values. It was observed that inorganic ionic species such
as calcium, magnesium, zinc, iron, titanium, potassium, sodium, chlorides, nitrates
and sulphates did not have a noticeable effect on RLX signals even in the presence
of a 50-fold excess concentrations of RLX. Similarly, the presence of sugars com-
monly used in drug formulations, such as mannitol, glucose, sucrose and fructose,
at a 50-fold excess concentration did not have a significant effect on RLX signals.
Finally, drug additives such as microcrystalline cellulose, corn starch and mag-
nesium stearate, even at excessive concentrations (50-fold), did not alter RLX sig-
nals. These findings show that the proposed method has a high degree of selectivity
and can be successfully applied to commercially available pharmaceutical formul-
ations.

Applicability of the method on real samples

In the final stage, the practical applicability of the developed method was
tested for the detection of RLX in commercially available drug formulations (Fig.
4). The detailed procedure for drug sample preparation and subsequent evaluation
is described in the Experimental section. After spiking the drug samples with stan-
dard RLX solutions, it was found that each tablet contained 56.9 mg RLX (3.3 %
RSD), which is very close to the 60 mg value declared by the manufacturer.

To verify the proposed method, a recovery study was conducted. This study
involved spiking RLX standard solutions into the drug sample solution in the vol-
tammetric cell at final concentrations of 0.1, 0.25 and 0.5 pg mL~!. The RSD values
obtained from three replicate measurements are presented in Table II. The satis-
factory recovery results demonstrate that the proposed method can be effectively
applied to the analysis of RLX in tablet formulations without a significant matrix
effect.

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

(CC) 2026 Serbian Chemical Society.



1 56 KESKIN, KIRAN and YARDIM

3.0

2.5
2.0
~N1.5

Fig. 4. SW-AdS voltammograms of a dil-
uted pharmaceutical formulation (dashed
lines) as well as standard additions to
create the final concentration values of 0.1,
0.25, and 0.50 ug mL~! (1-3) RLX in BR
1.00 135 buffer solution at pH 2. The other working
conditions are depicted in Fig. 4.

0 0.25 0.50 0.75
E, V (vs. Ag/AgCl)

TABLE II. Recovery values of pharmaceutical formulations samples spiked with RLX standard
solutions using the proposed voltammetric method

Added,? pg mL! Expected,® pg mL™! Found,*P ug mL! Recovery + RSD, %
0 - 0.237 £33
0.1 0.337 0.361 107.1+£3.1
0.25 0.487 0.493 101.24+2.8
0.50 0.737 0.689 93.5+2.5

b,

4Concentration in the measured solution; "average of three replicate measurements

CONCLUSION

This study describes a procedure for applying a mechanical cleaning process
to the BDD electrode following anodic and cathodic pretreatment steps, respect-
ively, before employing it for the quantitative analysis of RLX. The electro-
chemical behavior of RLX was elucidated using CV, while quantitative analysis
was conducted based on SW modulation. Considering that adsorption, in addition
to diffusion, influences the transport of RLX to the electrode surface, the effect of
deposition parameters on the quantitative analysis was examined, and optimum
conditions were identified. After a simple pretreatment of the BDD electrode, a
linear working range of 0.025 to 5 ug mL~! and a detection limit value of 0.0073
nug mL-! (1.4x10-8 mol L1) were achieved under optimized experimental con-
ditions, including the deposition step and the best SW modulation parameters. The
method proposed herein offers a simpler and more rapid electrode preparation
compared to electrochemical analysis techniques based on modified electrodes for
RLX detection. It also presents advantages in terms of ease of use and cost-effect-
iveness, avoiding the laborious electrode preparation processes commonly required.
Compared to other analytical approaches, this method provides a cost-efficient and
straightforward alternative for RLX analysis with simpler instrumentation and
procedure. Furthermore, the electrochemical protocol in this study demonstrates
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good sensitivity for analyzing other electroactive species, such as active pharma-
ceutical ingredients and environmental contaminants, making it a promising can-
didate as an alternative method for rapid and economical future solutions.

Acknowledgement. The authors gratefully acknowledge financial support from the Adiya-
man University Scientific Research Project Unit (Project number: ECZFMAP/2018-0001).

U3BOJ

JETHOCTABHO M U3BOJIJbUBO OOPEBUBAILE CEJIEKTUBHOI' MOIYJIATOPA
ECTPOTEHCKUX PELIEIITOPA PAJIOKCUPEHA Y DAPMALIEYTCKOJ ®OPMYJIALTUIN
KOPUINREKEM IMPETXOOHO TPETUPAHE TUJAMAHTCKE EJIEKTPOJE JOIIOBAHE

BFOPOM

ERTUGRUL KESKIN?, MUSA KIRAN? u YAVUZ YARDIM?

'Adiyaman University, Faculty of Pharmacy, Department of Analytical Chemistry, 02040 Adiyaman, Tiirkiye,
u ?Yiiziincii Y1l University, Faculty of Pharmacy, Department of Analytical Chemistry, 65080 Van, Tiirkiye

Y oBOM pajy ce npuKasyje pasBoj eleKTpoaHaIMTUYKE METOZEe 38 KBAHTUTaTHBHO Ojpe-
huBame ceseKTHBHOT MOZYJIAaTOpa eCTPOreHCKUX peuentopa panokcudena (RLX) xopuurhe-
BEeM BOJITaMeTpHje Ha NMPEeTXONHO TPETUPAHOj OUjaMaHTCKO] eNeKTPOIU [OTOBaHO] HOpoM
(BDD). HuxnuyHa BonTameTrpuja RLX je mokasana WpeBep3uUOWIHO MOHallawme y Britton—
—Robinson (BR) ocHOBHOM eiekTposuTy KoHueHTpauuje 0,04 mol L' u Bpegsoctu pH 2, nmpu
yeMy Cy nodujeHa ABa aHOJHA OKCHAALMOHA NMHKa Ha NpUOmkHO 0,79 (Pai1) m 1,46 V (Paz).
3aBHCHOCT BolITaMorpama oj Op3uHe CKeHUpamwa je rnokasasa ja je TpaHcnopT RLX o mosp-
rHe enexTpone ogpehen u ancopnuujom u gudysrjom. CXoIHO TOME, TPETIOCTAB/bEHO je Aa
d1 ce aHanuTHYKa OCET/bLUBOCT noseharna yxkby4yuBameM CTyIHba NPETXOAHE KOHLeHTpaluje
(Tanmoxema). ONTUMAIHU apaMeTpy TajloXkewa, 3ajesHo ca pH BpenHowhy eneKkTpoiuTa U
MOfy/allujoM IlapameTapa BoJATaMeTpHje ca MpaBoyraoHUM cUrHanom (SWV) cy cucreMarcku
ONTHMM30BaHU. KBaHTUTAaTHBHA aHaaW3a je 3aCHOBaHA Ha aHOAHOM MUKy Pai y BR mydepy
koHueHtpauuje 0,04 mol L! npu pH 2, 1 nokasaa je iMHeapHu ZHHAMUYKH oricer of 0,025 o
5,0 pg mL! (4,9x10® mo 9,9%10° mo L") u rpanuuy nerexuuje ox 0,0073 pg mL (1,4-10° L.
[TpuMeHBUBOCT MeTOJie je MOTBpheHa ycnelHoM kBaHTHGHKauujoM RLX y dpapmaneyTckum
¢opmynaurjama.

(ITpumrseno 18. jyna, pepuaupano 1. HosemOpa, npuxsaheno 23. nenembpa 2025)
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Abstract: Ketoprofen (Ket) is a commonly used non-steroidal anti-inflammatory
drug (NSAID) with analgesic and anti-inflammatory properties. However, its
poor aqueous solubility and short biological half-life limit its therapeutic efficacy
and patient compliance. Controlled-release microparticles offer a strategy to pro-
long drug release and improve bioavailability. In this study, we prepared keto-
profen-loaded microparticles using two microencapsulation techniques: emul-
sion/congealing with beeswax and solvent evaporation with cellulose acetate
butyrate (CAB). We then tailored co-matrices containing hydrophobic compo-
nents (PMMA and PCL) and hydrophilic components (HPMC and S-cyclodex-
trin) to modulate drug release. Microparticles based on beeswax, particularly
when combined with PMMA, exhibited slower release due to reduced matrix
permeability. Including hydrophilic excipients in beeswax-based microparticles
accelerated the release of ketoprofen by promoting water penetration and drug
solubilization. By contrast, the incorporation of hydrophilic excipients into
CAB-based microspheres slightly decreased drug release, probably because a
denser matrix structure formed during solvent evaporation. These results demon-
strate that the encapsulation method and matrix composition both critically inf-
luence ketoprofen release kinetics, providing guidance for the rational design of
controlled-release drug delivery systems.

Keywords: ketoprofen; encapsulation techniques; beeswax micropellets; cellulose
acetate butyrate microspheres; controlled release.
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INTRODUCTION

Ketoprofen (Ket), a non-steroidal anti-inflammatory drug (NSAID), is widely
used in clinical practice for its analgesic, antipyretic and anti-inflammatory pro-
perties.! In particular, it is prescribed to relieve symptoms associated with chronic
conditions such as osteoarthritis, rheumatoid arthritis, ankylosing spondylitis and
dysmenorrhea.? Despite its clinical efficacy, ketoprofen has several pharmaceut-
ical limitations, most notably its poor water solubility and short biological half-life
(approximately 2-3 h).3 These pharmacokinetic properties result in a rapid decline
in plasma concentration following administration, necessitating frequent dosing to
maintain therapeutic levels.# Such a regimen may result in decreased patient com-
pliance and increased risk of adverse effects, including gastrointestinal irritation-a
common concern with NSAIDs.5:6

To overcome these limitations, oral controlled release (CR) formulations have
been extensively studied as a solution to prolong therapeutic effect, reduce dosing
frequency and improve patient adherence.’~2 Controlled release systems offer the
added benefit of minimizing peak-trough fluctuations in plasma drug concen-
trations, thereby improving therapeutic outcomes and reducing side effects.”
Among the various approaches being explored, multiparticulate drug delivery sys-
tems such as microspheres, microcapsules, micropellets, tablets and granules have
received significant attention due to their potential to offer customizable release
profiles, ease of administration, and better gastrointestinal tolerability compared to
monolithic dosage forms.6-8,10-16

The success of these systems is highly dependent on the selection of appro-
priate polymer matrices, which dictate the release kinetics and stability of the
encapsulated drug.17 Both hydrophilic and hydrophobic polymers have been used
to formulate matrix-based or membrane-coated delivery systems. Hydrophilic
polymers, particularly cellulose derivatives such as hydroxypropyl methylcellul-
ose (HPMC), hydroxypropyl cellulose (HPC), cellulose acetate (CA), carboxy-
methyl ethyl cellulose (CMEC), ethyl cellulose (EC) and methyl cellulose (MC),
have attracted considerable interest due to their swelling and gel-forming capab-
ilities in aqueous media.!8:19 These properties allow them to control water penet-
ration and drug diffusion, which are essential mechanisms for sustained drug rel-
ease.20-25

On the other hand, hydrophobic polymers such as poly(lactic-co-glycolic
acid) (PLGA),26 poly(e-caprolactone) (PCL)21-22 and polymethyl methacrylate
(PMMA)?2! are widely used for their biodegradability, biocompatibility, and ability
to retard water penetration, thereby prolonging drug release. These materials are
particularly valuable for the formulation of microspheres intended for long-term
therapeutic use.
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In addition to polymers, cyclodextrins (CDs) — a class of cyclic oligosacchar-
ides composed of a-(1,4)-linked glucopyranose units — have been extensively stu-
died for their ability to form inclusion complexes with poorly water-soluble drugs,
thereby enhancing their aqueous solubility, dissolution rate and absorption pro-
file.3:21.22.27 CDs possess a hydrophobic inner cavity and an ideal hydrophilic
outer surface, making them candidates for complexation-based drug delivery.27-28
The incorporation of drug-CD complexes into solid oral dosage forms, such as
tablets or capsules, can further enhance bioavailability and enable the development
of controlled delivery systems, especially when used in conjunction with appro-
priate matrix-forming agents.

Among the various encapsulation techniques, the emulsion-solvent evapor-
ation method has been widely used in pharmaceutical development to produce
polymer-based microspheres. This technique typically involves dissolving both the
drug and the polymer in a volatile organic solvent, followed by emulsification into
an aqueous phase and subsequent evaporation of the solvent.®-8 The resulting mic-
rospheres are able to encapsulate the drug in a stable matrix, providing controlled
and sustained release over an extended period of time. This method is particularly
suitable for poorly water-soluble drugs, where oil-in-water (O/W) emulsions and
water-insoluble polymers are commonly used. The process is relatively simple,
inexpensive and does not require sophisticated equipment, making it an attractive
option for pharmaceutical manufacturing.

However, the use of organic solvents raises potential safety and environmental
concerns. To overcome these limitations, alternative encapsulation techniques,
such as the emulsion/ congealing, have been explored. This technique is based on
the melting of lipophilic materials (e.g. natural waxes or fats) in which the active
pharmaceutical ingredient (API) is either dissolved or dispersed. The melted mix-
ture is emulsified in an aqueous phase and then cooled to form solid micropar-
ticles.12-15 This solvent-free process is environmentally friendly, cost effective,
suitable for thermolabile compounds and offers a simple and scalable process with
good reproducibility.

Solid lipid microparticles (SLMPs), based on natural or synthetic waxes, rep-
resent another class of lipid-based drug delivery systems that have shown promise
for sustained release and protection of sensitive drugs from chemical degradation.
These systems are increasingly being used as excipients due to their biocom-
patibility, low toxicity and ability to provide controlled drug release profiles. Bees-
wax, a natural lipid with a long history of pharmaceutical and cosmetic use, is
particularly attractive due to its generally recognized as safe (GRAS) status, low
cost and availability from renewable sources.2?

Despite the considerable potential of multiparticulate drug delivery systems,
particularly those utilizing lipid or polymer-based encapsulation techniques,
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limited comparative studies have been conducted to evaluate their respective effi-
cacy in modulating the release of poorly water-soluble drugs such as ketoprofen. 10

In this study, we investigated and compared two different microencapsulation
techniques for the formulation of ketoprofen-containing controlled-release micro-
particles:

1. The emulsion-congealing technique using beeswax from the Tessala reg-
ion of Sidi Bel Abbes (Algeria) as the primary lipid matrix.

2. The emulsion-solvent evaporation technique using cellulose acetate butyr-
ate (CAB) as the main encapsulating polymer.

To modulate the drug release profiles and improve the physicochemical pro-
perties of the microparticles, various hydrophobic and hydrophilic excipients, inc-
luding, PCL, PMMA, HPMC and f-cyclodextrin (-CD), were incorporated in the
matrix formulations at different ratios. The study aims to evaluate the effect of
encapsulation technique and matrix composition on the morphology, particle size,
drug entrapment efficiency and in vitro drug release kinetics of the prepared mic-
rospheres. This work contributes to the growing field of advanced oral drug del-
ivery systems by providing insight into the comparative performance of polymeric
and lipid-based microspheres for the sustained release of poorly water-soluble drugs.

EXPERIMENTAL
Chemicals

Ketoprofen (MW: 254.29) was obtained from APM Company (Sult, Jordan). Cellulose
acetate butyrate, with a viscosity of 0.1 Pa-s in a 5 mass % solution prepared in a toluene/ethanol
mixture (4:1 volume ratio), was supplied by Merck (India). Beeswax was kindly provided as a
gift sample by Tessala, SBA (Algeria). Tween 80, hydroxypropylmethylcellulose (HPMC),
[S-cyclodextrin (f-CD), and polycaprolactone (PCL, Mw: 70,000-90,000) were all purchased
from Sigma—Aldrich. Dichloromethane (DCM, >98 % purity) was used as the organic internal
phase. A simulated gastric fluid (pH 1.2) was prepared by dissolving 2 g of NaCl and 60 mL of
hydrochloric acid solution (1 M) in 1 L of deionized water. The phosphate buffer solution at pH
7.4 was prepared by mixing 250 mL of potassium dihydrogen phosphate solution (KH,POy, 0.2
M) with 195.5 mL of sodium hydroxide solution (NaOH, 0.1 M), and adjusting the final volume
to 1 L with deionized water.

Materials and equipment

Infrared (IR) spectra were recorded using a Bruker Alpha FT-IR spectrometer equipped
with a platinum ATR single-reflection diamond module. X-ray diffraction (XRD) patterns of
the pure drug, polymeric carriers and microsphere formulations were obtained using a Rigaku
MiniFlex 600 diffractometer (MiniFlex acquisition system, A = 1.541 A) over a 26 range of 5
to 70° and analyzed for comparative purposes. The carbon-13 nuclear magnetic resonance (13C-
-NMR) spectra of the polymers were recorded on a Bruker spectrometer operating at 300 MHz.

Viscometric measurements were conducted using a Cannon-Fenske KPG-type capillary
viscometer, with the temperature maintained at 25+0.1 °C using a thermostatic water bath. The
average molar mass (My) of the PMMA fractions was determined via intrinsic viscosity
measurements using the Mark—Houwink equation.
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The mean particle diameter and size distribution of the microspheres were calculated based
on optical microscopy observations (Optika 4083.B1) by counting over 500 individual micro-
particles at the appropriate magnification. The number average diameter (d;(), the average
surface diameter (d3,), the weight average diameter (d43) and the particle size distribution (J)
were calculated from the expressions given below:

Znidi
dio = (1
10 Zn,-
d3
dyy = % ©))
i
dyz = %Zidf 3)
d
5=-2 )
dio

The morphology of the ketoprofen-loaded microspheres was examined further, using scan-
ning electron microscopy (SEM) with a Hitachi TM 1000 microscope.

Ketoprofen release kinetics were monitored using a double-beam UV-Vis spectrophoto-
meter (Shimadzu UV-2401) equipped with thermostated cells in a simulated gastric medium
(pH 1.2), which was maintained at 37+0.1 °C.

Synthesis and characterization of polymethylmethacrylate (PMMA)

Polymethylmethacrylate (PMMA) was obtained by a radical polymerization, under nitro-
gen atmosphere, in anhydrous tetrahydrofuran (THF) as solvent, at 90 °C, and in the presence
of initiator: 0.5 % of benzoyl peroxide during 4 h.

In two glass polymerization tubes, five grammes of monomer (MMA), 0.5 mass % of ben-
zoyl peroxide and 3 ml of THF are introduced into each tube. After degassing with nitrogen,
the polymerization tube is immersed in a bath of oil set at 90 °C.

Polymers are generally mixtures of homologs that differ in molecular weights. Fraction-
ation is a means of separating the different molecular weights of the polymer. The poly-mole-
cularity index is a quantity that provides information on the heterogeneity of the macromolecule.

In our case, the fractionation process involves adding the polymer solution to a non-solvent
(precipitating agent) to precipitate the polymer.3® This method is based on the principle that
longer polymer chains precipitate first, followed by progressively shorter chains. A total of eight
fractions (F1-F8) were obtained.

Experimental fractionation protocol

The polymer was solubilized in 20 ml of chloroform and then poured into a beaker. A
volume of heptane was poured into a burette and added progressively (drop by drop) to the
solution under continuous stirring until the appearance of a turbidity. After a few hours of ripen-
ing, the haze is dissolved by varying the temperature. The solution is left to stand for several
hours.

The concentrated phase is separated by decantation; then dissolved in a small amount of
solvent and finally isolated by pouring the solution into pure precipitant (the volume of pre-
cipitant is 3 times that of the solution). The solid obtained after vacuum filtration is oven-dried
at 40 °C until the weight is constant. The volume of supernatant (reduced by evaporation) is
treated again with an additional amount of precipitant to obtain a new fraction. This process is
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repeated until a large quantity of precipitant has no effect. The final solution was then concen-
trated under reduced pressure, the precipitant poured off and the last fraction isolated. Note that
the first fraction was further fractionated to give 2 further fractions PMMA (F1, 1) and PMMA
(F1, 2). After drying all the fractions. A yield of 92 % was obtained. The aim of our study is to
investigate the effect of molecular weight on the release of ketoprofen by focusing on fractions
F1.1, F3 and F4.

The eight fractions of white aspects were characterized: IR, ¥ (cm!): 1735.73: C=0
(ester); 1041.72: C—O (ester); 2953: —C—H, stretch; 1452,.75: —CHj(bending). 'H-NMR
(300MHz): OCH3, 3.58 ppm; —~CH,, 2.143 ppm; ~CHj;: 1.224 ppm. 3C-NMR (300MHz,
CDCly), 6 (ppm): 178 (C=0); O—CHj; (52); 46 (C: tertiary carbon); 31 (-CH,-); 17 (C—CHj).
MV(FI) =52177 g/mol, MV(FI,I): 59319 g/mol, MV(FI,Z) =43677 g/mol), MV(FZ) = 42788 g/mol,
MV(F3) =36323 g/mol, MV(F4) =15434 g/mol, MV(FS) =10894 g/mol, MV(F6) =8721 g/mol, MV(F7)
=715 g/mol,

Preparation of microparticles

Encapsulation using the emulsion/congealing technique is carried out according to the fol-
lowing procedure.

First, dissolve 0.75 g of Tween® 80 in 150 mL of distilled water, stirring vigorously and
heating to 90 °C. This temperature is kept constant.

In a second step, depending on the formulation, an appropriate amount of beeswax or a
mixture of beeswax (C.A.) with PMMA at different fractions (F1, F2 and F3), f-CD and HPMC
were used. These polymers were added as additives to control the release of ketoprofen.

The mixture is melted in a water bath. The appropriate amount of Ket is added to the
molten mixture. The composition of various formulations is given in Table 1.

TABLE I. Experimental conditions for microspheres formulations prepared by emulsion-con-
gealing technique; stirring speed: 800 rpm; number of blades: 4

Lot Composition (drug:matrix), %
uP1 Ket:CA (33:67)

uP2 Ket:CA:PMMA (F1) (33:60:07)
uP3 Ket:CA:PMMA (F3) (33:60:07)
P4 Ket:CA:PMMA (F4) (33:60:07)
uP5 Ket:CA:S-CD:HPMC (25:25:25:25)
uP6 Ket:CA:5-CD (25:50:25)

uP7 Ket:CA:HPMC (25:50:25)

Finally, the molten mixture was poured into the hot aqueous solution containing Tween®
80 under precisely regulated mechanical stirring at 800 rpm. Agitation was maintained until the
emulsion had cooled to room temperature for 20 min. The solid-state micropellets obtained were
vacuum-filtered and washed three times with distilled water, then dried at room temperature.

Microspheres produced by the emulsion/solvent evaporation process are prepared accord-
ing to the following procedure:

One or more polymers (depending on the formulation) and an appropriate amount of Ket
were dissolved in 30 mL of DCM. The resulting organic solution was then poured into 150 g of
deionized water containing 0.75 g of Tween® 80, which served as the external aqueous phase.

The resulting O/W emulsion was stirred under mechanical agitation 800 rpm for 3 h at
room temperature until the solvent evaporated. The resulting microspheres were collected by

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

(CC) 2026 Serbian Chemical Society.



MODULATING KETOPROFEN RELEASE V/4 MICROENCAPSULATION 167

filtration, washed several times with deionized water and dried under vacuum in a desiccator
for at least 48 h.

The initial composition of the various microspheres prepared by the two encapsulation
processes is summarized in Tables I and II.

TABLE II. Experimental conditions for microspheres formulations prepared by emulsion
/solvent evaporation process; stirring speed: 800 rpm; number of blades: 4

Lot Composition (matrix:drug), %
pS1 Ket:CAB (33:67)

uS2 Ket:CAB:PMMA (F1) (33:60:07)
uS3 Ket:CAB:PMMA (F3) (33:60:07)
uS4 Ket:CAB:PMMA (F4) (33:60:07)
uS5s Ket:CAB:#-CD:HPMC (25:25:25:25)
uS6 Ket:CAB:4CD (25:50:25)

usS7 Ket:CAB:HPMC (25:50:25)

Determination of drug loading, encapsulation efficiency and microparticles yield

Two protocols were followed to determine the ketoprofen content in the microparticles
prepared by the two methods studied:

Ketoprofen was extracted by weighing 15 mg of micropellets that were prepared using the
emulsion/congealing technique with different polymers. This amount was dispersed in 10 ml of
phosphate buffer solution (pH 7.4) and stirred for 10 min at 70 °C. After filtration, the solution
was analysed using a UV—Vis spectrophotometer at 262 nm (16107 L mol! cm™!) to determine
the Ket content. Each determination was performed in triplicate.

On the other hand, Ket content of the microspheres prepared by the emulsion/solvent eva-
poration process is determined by the extraction of 10 mg of microspheres dissolved in 10 ml
of absolute ethanol under magnetic stirring for 24 h. The solution is examined at 250 nm (2711
L mol-! cm™!) to determine the Ket content. Each determination is carried out in triplicate.

The different equations below make it possible to determine the drug loading (DL) and the
yield (Y in %) of microencapsulation:

Ket mass in microparticles

Ket =100 5
loaded Mass of microparticles ©)
K 1 1
Ketgp =100 et act?a drug load ©6)
Theoretical drug load
¥ =100 Microparticle recovered (practical mass) 7

Mass of carrier and drug used in the formulation (theoretical mass)

In vitro Ket release measurements

A suitable glass dissolution reactor immersed in a bath regulated at 37+0.5 °C equipped
with a filter tube to allow removal of the solution without microparticles was adopted for the in
vitro dissolution tests of Ket from the formulations obtained by the two microencapsulation
processes.

Appropriate amounts of formulations containing 25 mg of ketoprofen were placed in the
1000 ml dissolution reactors, filled with 900 ml of simulated gastric fluid at pH 1.2 at 37 °C
and a stirring speed of 500 rpm. Aliquots of the medium of 3 mL were taken periodically at
predetermined time intervals, and analyzed by UV spectroscopy at the appropriate wavelength
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of the gastric medium: Amax =264 nm (15130 L mol-! cm!). The removed volume was replaced
with an equal volume of fresh pre-warmed medium (37+0.5 °C). Drug release kinetics for each
batch were performed in duplicate and the average readings were used for calculation.
The corresponding drug release profiles were represented by plots of cumulative percent
drug release (calculated from the total amount of Ket contained in each formulation) versus time.
Two mathematical models recording the Higuchi’s and the Korsmeyer—Peppar’s equations
were developed, to elucidate drug transport processes and predict the resulting drug release kinetics.

RESULTS AND DISCUSSION
Microspheres characterizations

Excipients are essential components of nearly all pharmaceutical dosage
forms. The formulation of a stable and effective solid dosage form depends on the
selection of appropriate excipients, which are added to facilitate drug adminis-
tration and protect it from degradation.

In this context, fourteen microparticles were analyzed for their shape, surface
morphology, drug entrapment and size (mean diameter). Fourteen formulations
loaded with Ket and various polymers were developed using two microencap-
sulation processes: emulsion-congealing and solvent evaporation. Different pro-
portions of polymer were used under the same experimental conditions, resulting
in varying sizes (average diameter) and surface morphologies, as well as different
levels of drug entrapment. Table III provides information on the drug loading
results (Ket loaded, %), entrapment efficiency, percentage practical yield (%) and
size distribution.

TABLE III. Microencapsulation results for the prepared microparticles; DL — drug loading, EE
— entrapment efficiency, Y — practical yield

Lot DL/%  EE/% Y/ % dig/pm  dyp/pm  dyz/pm 0

pP1 19.49 58.40 33.58 324.26 423.85 453.86 1.4
uP2 47.02 96 72.68 327.52 509.68 544.86 1.66
uP3 30.21 84 68.24 402.58 699.11 795.74 1.97
uP4 25.33 81.11 56.76 325.30 436.91 469 1.44
uPs 15.67 47 30 162.11 197.64 213.58 1.36
uP6 27 80 41 227.56 289.74 308.87 1.36
uP7 21.48 64.44 52 141.03 186.92 205.93 1.46
usl 13.63 27.27 35.02 135.01 164.96 178.82 1.32
uS2 36.22 72.43 48.21 155.94 186.80 200.23 1.28
us3 19.82 39.65 39.03 138.36 158.1 168.23 1.22
us4 18.04 36.07 30.42 162.80 180.08 187.51 1.16
uSs 16.43 32.86 31 95.36 102.73 106.62 1.12
us6 20.00 40.00 43.06 117.20 130.24 137.24 1.12
uS7 17.00 34.00 28.48 99.12 107.13 110.91 1.12

The drug content in all formulations ranged from 15.67 to 47.02 % for mic-
ropellets (uWP1—pP7) and from 13.63 to 36.22 % for microspheres (uS1-uS7), the

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

(CC) 2026 Serbian Chemical Society.



MODULATING KETOPROFEN RELEASE V/4 MICROENCAPSULATION 169

encapsulation efficiency (EE) varied from 47 to 96 % for micropellets and from
27.27 to 72.43 % for microspheres, while the practical yield ranged from 30 to
72.68 % for micropellets and 28.48 to 48.21 % for microspheres. The loading
efficiency and yield were found to be dependent on the technique of encapsulation
and the nature of polymer used in the formulation.

The results clearly show that PMMA matrices combined with 5-CD achieve a
higher encapsulation rate, yield and efficiency than beeswax using the emulsion-
-congealing technique and then CAB employing the solvent-evaporation method.
This improved performance is due to the hydrophobic nature of PMMA, which
restricts water from penetrating the molten phase containing the beeswax and act-
ive ingredient.2! This reduces the loss of the drug during microencapsulation.
Overall, these findings demonstrate that PMMA is more effective than beeswax or
CAB at retaining ketoprofen.

Comparing microparticles pP2, uS2, uP3, uS3, pP4 and pS4, which contain
PMMA with different viscometric masses, reveals an increase in loading efficiency
(Ket loading percentage), yield and encapsulation efficiency as the viscometric
mass of the different fractions increases (F1: 59,319 g/mol; F2: 36,323 g/mol; F3:
15,434 g/mol). This confirms the hypothesis that the hydrophobic nature of PMMA
limits the transfer of Ket into the aqueous phase. The high molar mass of the
entangled structure of PMMA fraction F1 further reduces the solubility of Ket in
water, which explains the higher encapsulation rates observed in pP2 (47.02 %)
and pS2 (36.22 %).

On the other hand, it was found that the micropartricles containing CDs with
CA or CAB depending on the case uP6 and puS6, presented a high drug content
compared with the microparticles containing CA or CAB alone (uP1 and pS1).
B-CDs are fairly soluble in water; they can form water-soluble complexes with
lipophilic guests hiding in the CD cavity improving drug entrapment.22.31,32

The low yield observed in the formulation (uP5, uS7, uS5) may be attributed
to the water solubility of HPMC and S-CD which could result in their transfer to
the external phase.22-33 Furthermore, the reduced yield observed in formulations
uS5 and uS7, which contain the CAB polymer and the HPMC—4-CD/HPMC co-
-matrix, may be attributed to the migration of fine microparticles during the filt-
ration process.

Effect of the encapsulation process is notable on the drug loading, encap-
sulation efficiency and yield. Microencapsulation by the emulsion/ congealing
technique gives promising results and presents a drug loading which reaches a
value of 47.02 % p.a. for uP2 compared to the solvent evaporation method of
microencapsulation.25

Solid lipids nano- or microparticles SLNs are considered promising drug car-
rier systems, particularly with the aim of giving a sustained release profile to active
substances.34
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In fact, common ingredients include solid lipids, surfactants and water. The
term lipid is used in a broad sense and includes triglycerides, partial glycerides,
fatty acids, steroids and waxes (e.g., beeswax as in our case). They have a better
biocompatibility because they’re made up of lipids similar to physiological lipids,
which reduces toxicity. In addition, SLNs are physicochemically stable and can be
easily produced on a large industrial scale, and the raw materials and production
costs are relatively low.35

Emulsions can be used as precursors for the preparation of solid lipid particles
since lipids, which are solid at room temperature, can be heated 5 to 10 °C above
its melting point to obtain a liquid lipid. In the first step, the lipophilic drug is
dissolved in molten lipids. The lipids are then emulsified with a hot surfactant
solution using a high shear homogenization. The resulting hot O/W emulsion is
cooled to room temperature, and the droplets solidify in the form of solid lipid
particles. The microparticles efficiently entrapped Ket due to the appropriate mat-
rix structures of the lipophilic materials, which allowed for the encapsulation of
lipophilic drugs.

Optical microscopic analysis was carried out on various microparticle
samples. Observations revealed that microgranules were predominantly irregular
in shape, whereas microspheres exhibited a generally spherical morphology with
varying sizes. The mean particle diameter was measured, and the number-based,
surface-based and volume-based mean diameters were calculated from a data set
of 500 individual microparticles. Depending on the formulation, the Sauter mean
diameter (d3;) ranged from 196.92 to 699.11 um for micropellets and from 102.73
to 186.80 um for microspheres. The average polydispersity index (PDI) was 1.52
for micropellets and 1.19 for microspheres, indicating a narrower size distribution
and greater uniformity for the latter. Under identical processing conditions — inc-
luding a stirring speed of 800 rpm and the use of Tween as surfactant — the solvent
evaporation method produced smaller, more spherical, more homogeneous and
less dispersed microspheres. In contrast, the thermal gelation method produced
larger micropellets with more irregular shapes and greater batch-to-batch variability.

The surface and morphology of the microparticles were further examined by
SEM, representative images of which are shown in Fig. 1. Microspheres prepared
by thermal gelation (uP1, uP4) showed irregular shapes with a pronounced
tendency to agglomerate (aggregate formation). In contrast, microspheres obtained
by solvent evaporation were mostly spherical with rough and highly porous
surfaces, indicating that drug release is likely to occur through these channels. In
addition, microspheres formulated with CAB/BCD (uS6) were also spherical but
had smooth surfaces with a slightly collapsed appearance.

The infrared spectra of the micropellets (WP1-pP7) and microspheres (uS1—
—uS7) were compared with those of the polymeric matrices and the active
ingredient, ketoprofen. As an illustration, Fig. 2 presents the spectra of samples
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puP6 and pS6 along with those of their respective matrices. Comparative analysis
showed that the microparticles exhibited certain characteristic bands of ketoprofen,
albeit with relatively low intensities, which can be attributed to the low drug load-
ing. Moreover, none of the spectra of the formulations showed the appearance of
new bands, suggesting the absence of chemical interactions between Ket and the
polymeric excipients (CA, CAB and #CD). The comparison between the IR spec-
tra of the starting materials and that of the uP6 and puS6 microparticles (Fig. 2)
confirms the presence of the active ingredient in the formulation, as evidenced by
the O—H stretching vibration band observed around 2916 cm™! and the C=0 stretch-
ing vibration of the carboxylic acid group of ketoprofen around 1735.42 cm~!. The
simultaneous presence of characteristic bands from both Ket and the polymers,
without any additional bands, indicates good compatibility between the compo-
nents and chemical stability of the active ingredient in the formulations studied.

i
=

Fig. 1. SEM micrographs of the surface and the morphology of ketoprofen loaded
microparticles prepared.

Fig. 3 shows the X-ray diffraction (XRD) patterns of microspheres pP1 and
uS2, together with those of the active ingredient ketoprofen and the polymeric
matrices CA, CAB and PMMA. It should be noted that ketoprofen and beeswax
are semi-crystalline compounds, whereas CAB and PMMA have amorphous struc-
tures. Accordingly, the Bragg reflections observed in the pP1 profile can be attri-
buted to the crystalline phases of Ket and CA. In particular, the crystalline peaks
of CA are well resolved in pP1, indicating the presence of a highly crystalline
material. In contrast, the diffraction pattern of uS2 shows no detectable peaks
associated with Ket, suggesting that the drug is present in an amorphous state
within the uS2 microspheres.
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"

Fig. 3. DRX of Ket, microparticles (1S6, pP1) and matrices (CA, CAB, PMMA).

The nature of surfactant used has been shown to have a significant effect on
the transfer of the drug to the external phase, thereby affecting its entrapment
efficiency.3¢ Surfactants, known for their ability to reduce surface and interfacial
tension, are often added to pharmaceutical formulations to improve drug solubil-
ity.37 Surfactants with a hydrophilic-lipophilic balance (HLB) above 15 have been
identified as particularly effective solubilising agents.38 Accordingly, the pp for-
mulations were developed using Tween 80, a hydrophilic surfactant with an HLB
of 15, which is ideal for forming stable emulsions with lipid components such as
beeswax.3? In addition, Tween 80 contributed to a significant reduction in micro-
particle size, as HLB values have a significant effect on droplet size.40 Similar
results were reported by Brahmi et al. who also observed the formation of small
droplets when using Tween 80.25 This discussion focuses specifically on the role
of Tween 80 in our system, emphasizing its direct impact on emulsion stability and
microparticle size, rather than on general surfactant theory.
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In vitro dissolution of Ket from microspheres formulations

A dissolution study of the active pharmaceutical ingredient was conducted in
simulated gastric fluid (pH 1.2). Simultaneously, an in vitro drug release evaluat-
ion was carried out on various formulations produced by both manufacturing
methods, employing beeswax as the primary matrix for micropellets and CAB for
microspheres. Hydrophobic and hydrophilic excipients, including, PCL, PMMA
(with varying molecular weights), HPMC and -CD), were incorporated in differ-
ent proportions, depending on the specific formulation. Drug release profiles from
the microparticles, assessed after 360 min in the simulated gastric medium, are
presented in Fig. 4.
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Fig. 4. Drug release profiles from the microparticles, assessed after 360 min in the simulated
gastric medium.

The in vitro release of ketoprofen from microparticles (uP1-7 and uS1-7) is
influenced by several factors, in particular the encapsulation method, matrix type
and formulation composition. Table IV shows the evaluation of the Ket release
rates from the microparticles after 30, 120 and 360 min. Initially, a comparative
study was conducted on four micropellet batches (uP1-uP4) and four microsphere
batches (uS1—-uS4). The primary matrix used for the micropellets was beeswax
(CA), and the primary matrix used for the microspheres was CAB. All formul-
ations included PMMA as a co-matrix with different molecular weights.

The results showed that drug release from beeswax-based micropellets (uP1)
was lower, reaching only 8.23 % after 2 h, while CAB-based microspheres showed
higher release, with the control batch (uS1) releasing 36 % over the same period.
In contrast, PMMA-containing microsphere batches (uWP2—uP4, corresponding to
F1, F2 and F3) released 5.26, 4.13 and 8.48 %, respectively. Similarly, micro-
spheres containing PMMA showed reduced release: 21.5, 34 and 28.3 % at 2 h.

After 360 min, the cumulative release from microspheres reached 21.04 % for
the control (uP1) and 8.59, 8.62 and 13.11 % for pP2 (F1), 3 (F2) and 4 (F3),
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respectively. For microspheres, the corresponding values were 71.73 %: uSlI,
43.2%: puS2 (F1), 60.6%: uS3 (F2) and 61.8%: nuS4 (F3).

TABLE IV. Percentage of Ket released after 30, 120 and 360 min at pH 1.2
Time min Ket upPl pP2 puP3 pP4 pP5 pP6 uP7 pS1 pS2 uS3 uS4 uS5 uS6 uS7

30 13.05 3.13 421 19 41 63 9.6 142 23 123 18 182 11 11.2 132
12 1791 8.23 5.264.13 848 9.8 21.5 33 36 21.5 34 28318.517.6 233
360 47.16 21.04 8.59 8.62 13.11 14 45.16 53.8 71.73 43.2 60.6 61.8 27.3 37.9 24.24

These results confirm that the presence of PMMA, due to its hydrophobic
nature, limits the penetration of the aqueous medium and slows the diffusion of
ketoprofen from both micropellets and microspheres. Furthermore, the drug rel-
ease rate was inversely correlated with the molecular weight of PMMA, as dem-
onstrated by the similar profiles of F1 (Mvy = 59319 g/mol) and F2 (My = 36323
g/mol) and the comparatively higher release of F3 (My = 15434 g/mol).

In addition, the encapsulation method significantly influenced the drug rel-
ease. Micropellets prepared by thermal gelation showed a more pronounced
delayed release behavior, which was attributed to the hydrophobicity of beeswax,
which further reduces water permeability and drug diffusion.

The incorporation of hydrophilic excipients such as HPMC and -CD led to a
progressive increase in ketoprofen release from micropellets (uWP5—uP8), likely
due to improved wettability and water penetration in the hydrophobic beeswax
matrix. In contrast, microspheres pS5—uS8, also containing HPMC and f-CD,
showed slightly slower release rates compared to pS1-uS4. This difference may
be related to the structural characteristics of the microspheres formed by the sol-
vent evaporation method, where the addition of co-matrices could result in a denser
internal structure or reduced porosity, thus slowing the diffusion of the drug.

These observations align with previous results on comparable polymeric mat-
rices and microencapsulation processes, including studies from our laboratory and
other research groups that have worked with beeswax-, PMMA- and CAB-based
systems containing various active ingredients.21-25.27 This comparison further
highlights the relevance and consistency of our findings.

Release mechanisms and mathematical analysis

Two mathematical models, Higuchi and Korsmeyer—Peppas, were used to
describe the release of the drug from polymeric matrices. Each batch was analyzed
using the appropriate equations to determine the most appropriate model.
Higuchi:

0 =Kyt )

Korsmeyer—Peppas:
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The results, presented in Table V, show that both models fit the experimental
data well, with correlation coefficients greater than 0.95. This suggests that the
drug release is primarily controlled by a diffusion-controlled mechanism.

TABLE V. Coefficients of correlation and dissolution rate constants of HCTZ from micro-
spheres in simulated gastric fluid (pH 1.2)

Higuchi Korsmeyer—Peppas

Lotno. 2 Kn 2 In Ky n

Lot1 0.954 1.285 0.965 —4.081 0.705
Lot2 0.943 0.374 0.956 —2.413 0.324
Lot3 0.975 0.435 0.964 -3.119 0.461
Lot4 0.972 0.759 0.972 -2.671 0.461
Lot5 0.966 0.530 0.979 -3.628 0.266
Lot6 0.98 2317 0.967 —4.006 0.517
Lot7 0.985 3.103 0.971 —-3.665 0.519
Lot 8 0.993 3.694 0.989 -3.306 0.497
Lot9 0.99 2.131 0.985 -3.706 0.467
Lot 10 0.996 3.371 0.991 -3.798 0.568
Lot 11 0.978 2.934 0.982 -3.230 0.438
Lot 12 0.982 1.372 0.986 -3.817 0.437
Lot 13 0.964 1.698 0.979 -3.843 0.455
Lot 14 0.993 1.638 0.995 -3.355 0.385

The values of the diffusion exponent n, close to 0.5 for formulations con-
taining PMMA, HPMC and f-CD, indicate Fickian diffusion. For pP5 and pS7
batches, lower values of n correspond to quasi-Fickian diffusion, while the value
of n=10.705 for uP1 suggests an anomalous transport mechanism combining dif-
fusion and matrix erosion.

Moreover, the nature of the matrix significantly affects the release behavior:
the incorporation of PMMA significantly slows down the drug dissolution. These
results confirm that in vifro drug release is influenced by the matrix composition,
its molecular weight and the encapsulation method used.

CONCLUSION

The in vitro release of ketoprofen from microparticles is determined by a
combination of formulation factors and manufacturing methods. Micropellets pre-
pared by thermal gelation using beeswax as the primary matrix exhibited slower
release profiles, especially when combined with hydrophobic excipients such as
PMMA. The release rate further decreased with increasing molecular weight of
PMMA, suggesting reduced matrix permeability. In contrast, the addition of hyd-
rophilic excipients such as HPMC and f-cyclodextrin enhanced drug release from
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micropellets by facilitating water penetration and drug solubilization. However, in
microspheres prepared by solvent evaporation using CAB, the same hydrophilic
co-matrices resulted in a slight decrease in release rates compared to formulations
without co-matrices. This may be due to denser or less porous structures formed
during the solvent removal process. Overall, the results highlight that both the type
of co-matrix and the encapsulation method have a significant impact on drug rel-
ease behavior, with the solvent evaporation process generally producing more
porous and faster releasing microspheres compared to the thermal gelation method.
Based on these observations, the most promising system for achieving prolonged
and controlled ketoprofen release is beeswax-based micropellets combined with
high-molecular-weight PMMA.
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KOMITAPATHUBHA CTYIUJA MUKPOYECTHLIA HCITYEbEHUX KETOIIPOSEHOM
[MPUITPEMJBEHUX TEXHHUKAMA 3I'YIILABAbA U UCITAPABAILA PACTBAPAYA
EMVYJI3UJE

HADJER SEBAIHI!, WASSILA BENSALAH?, KARIMA BADIS' u MERINE HAOUARIA!

"Laboratory of Macromolecular Physical and Organic Chemistry, Faculty of Exact Sciences, University of
Djillali Liabes, Sidi Bel-Abbes, Algeria u “Laboratory for the Application of Organic Electrolytes and
Polyelectrolytes (LAEPO), University of Tlemcen, B.P. 119, 13000 Tlemcen, Algeria

Kerompodes (Kert) je uecto kopuurheHu HecTepouIHN aHTUMHIaMaTopHH Jiek (NSAID)
Ca aHAJITeTCKUM M aHTUMH(IaMaTOPHUM CBOjCcTBUMA. MehyTuMm, mwerosa ciada pacTBOP/bUBOCT
Yy BOAM W KpaTak OMOJIOLIKH IIOJY)KMBOT OTPaHHU4YaBajy HEroBy TEpanujcKy epHUKacHOCT U
MoryhHOCT TpUMeHe 0J] CTpaHe nanujeHTa. MUKpodecTHLe ca KOHTPOJIHCaHUM ocnobahamem
omoryhaBajy CTpaTerdjy 3a mpomyxeme ociodahama JjiekoBa W Modosblliake dUOpacmono-
KMBOCTH. Y 0BOj CTYyIMjU IPUIIPEMIbEHE CY MUKDOUYECTHUIIE UCITYIEHE KETOMPO(EHOM KOPHUC-
TehH IBEé TEXHUKE MUKpOKAICyIalHtje: eMys3Hjy-3TyllbaBambe MYETUBUM BOCKOM U Ucnapa-
Bale pacTBapaya ca Leaylo3HUM aueraT-oytupatom (CAB). 3atum cy mpunaroheHe ko-mar-
puue koje canpxe xunpododue xommonente (PMMA u PCL) u xunpodunHe KOMIIOHEHTe
(HPMC u S-uMKII0neKCTpHUH) 3a MOLynauujy ocnodahama mexa. Mukpovectuie Ha Da3y muenu-
Ber Bocka, mocedno y xkomduHanuju ca PMMA, nokasasne cy crnopuje ocnodahame 39or cma-
HEHE NPOIYCT/bUBOCTH MaTpUlle. YK/by4YHBambe XUAPOMUIHUX TOMOhHUX MaTepHja y MUKpO-
yecTulle Ha Da3y MYenumer Bocka yopsano je ocinodbahame KeT 1 nopcraxio npogupama Boae U
conydunusanuje nsexosa. HacynpoT TomMe, YK/by4HBambe XUOPOMUIHUX TOMOhHUX MaTepyja y
muxpocdepe Ha Hasu CAB He3HaTHO je cMawwiIo ocinobabhame jexa, BEpOBAaTHO 3aTo IUTO je
ryurha cTpykTypa marpuie ¢hopMHpaHa TOKOM HcllapaBama pacTsapaya. OBY pe3yaTaTH MoKa-
3yjy Da MeToa eHKalCylaluje U cacTaB MaTpulle KpUTUYHO YTUYY Ha KUHETUKY ociodahama
Kert, npy»xajyhy cMepHulle 3a palMOHa/IHYU AH3ajH CHCTEMa 3@ UCIIOPYKY JIEKOBa Ca KOHTPOJIH-
caHuM ocnodahameM.

(ITpumibero 7. centembpa, pesuaupano 10. HoemOpa, mpuxsaheno 18. nenembpa 2025)
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Abstract. Denim is known for its strength and longevity whereas chambray is
softer, more comfortable and often used for trendy garments. This research work
compares the physical and mechanical properties of bio-polymer based organic
cotton (100 %) denim and organic cotton (100 %) chambray fabric. While the
both fabrics had identical warp and weft counts, denim had a higher ends per
inch (EPI) and picks per inch (PPI) despite having a comparable construction.
Denim has a higher (5.65 %) grams per square meter (GSM) than chambray
which in turn allows for greater dye absorption. While chambray had a lower
tensile and bursting strength than bio-polymer based 100 % cotton denim in the
warp direction, the weft direction showed the reverse. Additionally, denim per-
formed much better in the tear strength test (6.29 %). Chambray fabric, on the
other hand exhibited less pilling behaviour. The abrasion resistance test yielded
excellent results for chambray fabric. The results show that denim is stronger,
more compact and more durable, making it better suited for tough conditions. In
contrast, chambray offers a softer feel, better breathability and greater comfort
in summer, along with a distinct look for coloration.

Keywords: tensile strength; fabric construction; abrasion resistance; comfort per-
formance; organic cotton; pilling behaviour.

* Corresponding author E-mail: arnobdhar75@gmail.com
https://doi.org/10.2298/JSC250618076 A

181

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

(CC) 2026 Serbian Chemical Society.



182 AKTER et al.

INTRODUCTION

Modern consumers’ demand for absolute bio-polymer based comfortable
apparel in today’s cutting-edge is growing simultaneously. Contemporary con-
sumers seek not only trendy design but also opt for comfort apparel for everyday
use.l:2 The cozy embrace of fabric is like slipping into a cocoon. Its softness and
cooling effect provide relief in regular daily life use.3 Bio-polymer based materials
like cotton have been the prime choice for users from the beginning of modern
civilization.4 Hence, there is a wide range of cotton fabrics available in the market.
However, these fabrics vary from one to another according to manufacturing tech-
niques, construction and designs. Additionally, manufacturers along with buyers
are in a race to introduce new fabrics designs and construction to provide additional
functions to consumers so that they can solve the real life challenges as per con-
sumers demand for bio-polymer based materials.>

Since chambray evolved from cambric, its origins can be traced back to the
mid-1500s. Cambric, originally fashioned from linen which is an airy plain weave
fabric. Cambrai, a northern French region that was formerly part of Flanders where
the cloth was first manufactured.® Shirting, handkerchiefs, and elaborate needle-
work and lace were common uses for cambric, a high-quality fabric. On the other
hand, Denim is a fabric that is comfortable, fashionable, affordable and durable
which make it ideal for many garments and accessories. A lighter cotton twill fab-
ric, denim is recognizable by its diagonal weave or texture and traditionally dyed
indigo blue.” Chambray, a 100 % cotton plain-weave soft fabric with diagonal
ridges has a white weft and a light blue warp. Chambray, with its blue warp and
white weft, is often mistaken for denim. Though similar to denim, chambray is
lighter and woven differently. The fabric is thinner and softer than denim.8

Numerous knitted fabrics have been the subject of substantial investigation in
bio-polymer based textile research, with a focus on qualities, uses and performance
indicators.”~11 The investigation of chambray fabric is severely understudied.
Research on knitted fabrics has been extensive but chambray has been largely
disregarded in favor of denim, cellulosic fibers and polyester. More research into
the unique properties, performance features, and possible uses of chambray fabric
deserves consideration due to this void in the existing literature.

The research work explores the physical traits of bio-polymer based chambray
fabric compared to denim fabric with different areas maintaining the same
construction parameters such as ends per inch (EPI), picks per inch (PPI), tear
strength, bursting strength, abrasion resistance, pilling nature and fastness pro-
perties. The research attempts to offer a thorough comprehension of bio-polymeric
chambray fabric and its possible uses in various domains such as design, textiles,
and fashion. The purpose of this research work is to fill a knowledge vacuum in
textile science and add to the existing body of knowledge. The findings should
then inform fabric design, industry applications, and future research.
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EXPERIMENTAL
Materials

100 % cotton yarns are used as bio-polymer to prepare chambray fabric of 1/1 plain struc-
ture and denim fabric of 3/1 twill structure for the present study. Both chambray and denim
fabric’s warp yarns were Indigo dyed and the weft yarns were kept undyed. both warp and weft
yarns were sourced from Simtex Industries PLC. EPI and PP/ of grey denim fabric are 98 and
50, respectively. The warp count and weft count of grey denim fabric are 32/2 Ne and 21/2 Ne
individually. The same specifications are maintained for chambray fabric.

Experimental apparatus

Air jet loom (Picanol Omni plus 800, China) and rapier loom (Picanol OptiMax-I, China)
were used for weaving chambray and denim fabric respectively. Mechanical properties were
assessed through a tear tester (Thwing-Albert, West Berlin, NJ, USA), tensile strength tester
(James H. Heal, Halifax, UK), bursting strength tester (James H. Heal) and abrasion and pilling
tester (M235, UK).

Determination of EPI and PPI

Counting glasses were used to inspect samples. A square-shaped part of the counting glass
helped count yarns per inch. This measurement was essential for analyzing woven fabric density
and quality. The warp direction of the fabric's lengthwise threads was used to determine EPI.
The weft direction of the threads flowing widthwise across the fabric was used to calculate PPI.
These measures illuminated the woven material's structure and properties.

Determination of grams per square meter (GSM)

The test technique began with 48-h fabric conditioning to guarantee adequate relaxation,
following test method BS 2471:1978.12 Five 100-square-centimeter test specimens were care-
fully cut from each sample using a GSM cutter. Each specimen was weighed carefully on an
electric scale and multiplied by 100 to calculate GSM.

Determination of tensile strength

Test standard ISO-139342 was adopted to determine the tensile strength.!3 The bio-poly-
mer based manufactured fabric was conditioned for 48 h before testing to ensure relaxation.
Next, a 200 by 100-mm cloth sample was properly created. Two fabric ends were secured and
fastened into jaws. Using a 100-mm gauge, the upper and lower front jaws were 25 mm by 25
mm and the upper and lower back jaws 25 mm by 50 mm. Using a load cell, the force range
was calibrated for the breaking point. The specimen was carefully positioned between the upper
and lower jaws and pre-tensioned to straighten the lower end. The fabric ruptured after stretch-
ing. This was done five times for warp and weft to ensure thorough testing and analysis.

Determination of tear strength

According to ISO 13937-1, the fabric was conditioned for 48 h to guarantee optimal relax-
ation before testing. Fabric samples were then cut from the warp and weft directions using a
steel plate to precise specifications. Samples measuring 60 mm by 100 mm were taken from the
weft and warp directions, respectively. A systematic strategy was used to gather five warp and
weft samples for testing. To achieve accurate and consistent results, all parameters were pro-
perly set before testing. The fabric was loaded with 3200 g (326.9 N) during the tear test. Two
jaws that fit a 20-mm slit secured the fabric. The tear test used a C-type pendulum to break the
fabric apart.
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Determination of abrasion

Bio polymer based manufactured fabric durability testing was meticulously done accord-
ing to 1SO 12947-3:1999.14 At first, the fabric was conditioned for 48 h to relax. After that, a
sample cutter neatly cut 38-mm samples. To test these samples were placed in golden rings.
Pushing down on each specimen's polyurethane foam provided pressure. To ensure accuracy,
specimen holders were properly set up in the testing machine and all counters were calibrated
to zero before testing. Sample weights were taken at 250, 500, 750, 1000, 1250, 1500 and 2000
cycles during testing. These measurements were crucial for computing each sample’s mass loss
in %, which provided ISO 12947-3:1999-compliant fabric abrasion resistance and durability
statistics.
Assessment of pilling

The bio polymer based manufactured fabric was conditioned for 48 h before testing to
ensure relaxation. After cutting the test specimen using a pilling cutter, 140-mm samples were
taken. Two samples were prepared for the pilling table and specimen holder. The gadget was
wrapped in a rubber specimen holding ring and a 140-mm specimen disk was placed on top,
allowing excess material to dangle over the edge. A 90-mm felt was also used. After rolling the
rubber ring up the loading block, the specimen holder was removed. Before starting the mach-
ine, all counters were checked for zero. The fabric’s pilling resistance was assessed using a
S-point scale at 125, 500 and 2000 cycles.
Determination of bursting strength

Test standard ISO 13938-1:1999 approach assessed the fabric’s bursting strength.!> The
bio polymer based manufactured fabric was conditioned for 48 h to relax. After that, a one-yard
swatch was carefully split into 125-mm test specimens. After that, the specimens were carefully
placed between the testing device’s top and bottom clamps to avoid wrinkles. Turning the hand
wheels clockwise ensured homogeneous specimen compression in the clamps. The fabric was
held tightly and pressured until it ruptured at a specific pressure. All pressure and time data
from the testing machine were carefully collected.

RESULTS AND DISCUSSION

Impacts of bio-polymer based chambray and denim fabric on EPI and PPI

Denim has a higher average EPI of 114 than chambray, which is obvious from
the appearance which is seen in Fig. 1. Additionally, chambray has a lower average
PPI of 61 than denim. According to a study, denim fabric features a weft count of
20 Ne and has PPI of 50.16 In the present study, the weft count is 21 Ne, resulting
in a higher yarn density per inch due to its finer nature and aligning closely with
traditionally utilized denim fabrics. The entire width and total number of warp
threads determine the £PI. Once the fabric enters the relaxation condition, it begins
to compress. The compactness and tear strength of fabrics with a higher £EPI are
superior to those with a lower EPI. Fabrics with a lower EPI rating also tend to be
more comfortable. The lower porosity between the yarns in denim's 3/1 twill weave
structure means that there is less space for the yarns to compress after relaxation
that leads to a higher EPI. Chambray fabric has a lower EPI than other fabrics, but
it can compress more yarns per inch because of its greater interlacement point and
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higher porosity between yarns. Because of its finer weave and increased breath-
ability, chambray fabrics are ideal.
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Fig. 1. Impacts of chambray and denim fabric on EPI and PPI.

Impacts of bio-polymer based chambray and denim fabric on GSM

Compared to 100 % bio-polymeric cotton chambray, 100 % bio-polymeric
cotton denim has a higher GSM as shown in Fig. 2. GSM is a straightforward metric
way to measure a fabric’s weight. The higher GSM of denim fabric is due to the
fact that, despite having similar yarn counts to chambray fabric, denim fabric
contains two more warp yarns and one more weft yarn per inch. Denim with a
higher GSM of 163.50 is less breathable than chambray which is 153.75. Studies
show that an off-white 3/1 “Z” twill cotton-spandex fabric (97.8 % cotton, 2.2 %
spandex) has GSM of 345.17 As a result, chambray can be preferred for light
dresses and denim for rough denim.
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Fig. 2. Analysis of GSM of chambray and denim fabrics.
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Impacts of bio-polymer based chambray and denim fabric on tensile strength

Denim has a greater tensile strength in the warp direction than bio-polymer
based chambray, as shown in Fig. 3a and b. Results were better with twill-struc-
tured denim fabric with a mean maximum force of 421.75 N than with chambray
fabric with 364.5 N because of the higher ends per inch. Less porosity, a high
interlacement point, and a high cross over point are the three factors that contribute
to a higher tensile strength. These mentioned factors are higher for plain structured
fabric than for denim due to the higher EP/ in denim. Therefore, denim with a 3/1
twill structure is stronger with an elongation of 18.14 % in the warp direction than
chambray about 16.61 %, which has lower tensile strength. Previous study shows
that the polyester denim sample exhibited the highest tensile strength (378.06 N in
the warp direction, 371.28 N in the weft direction) due to its higher crystallinity,
while the cotton denim sample had the lowest (321.03 N in the warp direction,
201.9 N in the weft direction). The CVC denim and PC denim samples showed
similar strengths (304.25 N and 317.47 N).16
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Fig. 3. Warp wise tensile strength: a) maximum force and b) elongation force and weft wise
tensile strength; ¢) maximum force and d) mean elongation force of chambray and denim fabric.

Bio-polymeric denim has a lower weft-direction tensile strength than bio-
-polymer based chambray, as shown in Fig. 3¢ and d. In PP/, the weft threads are
not subjected to a sizing process or other specialized chemical treatment to boost
strength. Instead, those are used in smaller quantities. Chambray and denim both
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have the same warp and weft counts and a comparable quantity of weft yarn.
Chambray outshines denim in weft direction tensile strength with a mean max-
imum force of almost 280 N due to its lower porosity, higher interlacement point,
and higher cross over point. The weft-direction tensile strength of chambray-
-woven fabrics is higher which is 18.29 % than denim-woven fabrics which is
15.73 % with the same percentage of cellulosic fibers.

Impacts of bio-polymer based chambray and denim fabric on tear strength

Fig. 4 shows that compared to denim, chambray has a greater tear strength in
both the warp about 18.42 N and weft directions about 21.27 N whereas denim
fabric warp and weft tear strength is 12.68 and 11.93 N, respectively. A study
showed that denim is composed of 100 % cotton and features a 3/1 twill weave
structure. It has undergone a normal wash process. The warp yarn strength is
measured at 16.00 N, while the weft yarn strength is 9.86 N. For performance under
heavy loads, a higher tear strength is necessary. It is making sure that holes in the
fabric don’t get bigger too quickly. On the other hand, chambray is denser and
thicker than 3/1 plain weave denim due to its 1/1 twill structure. The lower tear
strength of chambray compared to denim is a result of its less compactness and
interlacement. The fabric’s tear strength allows it to withstand continuous friction.
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Fig. 4. Analysis of tear strength of chambray and denim fabrics.
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Impacts of bio-polymer based chambray and denim fabric on pilling resistance

Table I shows that compared to denim made entirely of cotton, 100 % bio-
-polymeric cotton chambray resists pilling better. On the front side of the material,
pilling occurred. Variations in denim and chambray are graded using a pilling
assessment replica after they undergo rotational rubbing action on their faces.
Denim exhibits a moderate to severe degree of pilling after 200 cycles, while cham-
bray displays an extremely fine degree of pilling, according to the pilling replica.
The study shows that the raw denim exhibited a fabric weight of 163.7 g/m? and
demonstrated a pilling value of 5.18 With 500 cycles, denim fabric grades start to
show signs of slight pilling, while chambray grades show signs of slight to very
slight pilling. After the 2000 cycle, the quality of denim drops to a 3 or 4 (moderate
to slight pilling), while the quality of chambray fabric stays the same. As a result,
denim's quality declines sharply after 250, 500 or 2000 cycles, while chambray’s
quality changes slightly. Therefore, chambray outperforms denim in terms of pil-
ling resistance.

TABLE I. Pilling resistance of chambray and denim fabrics

Sample Identity Cycle Grade Comment
100 % Cotton denim fabric 250 4-5 Slight pilling to very slight pilling
500 4 Slight pilling
2000 34 Moderate pilling to slight pilling
100 % Cotton chambray fabric 250 5 Very slight pilling
500 4-5 Slight pilling to very slight pilling
2000 4-5 Slight pilling to very slight pilling

Impacts of bio-polymer based chambray and denim fabrics on abrasion resistance

The mass loss percentage is higher for 100 % cotton denim than for 100%
cotton chambray, as illustrated in Fig. 5. The fabric’s face surface is the one that
gets abrasive. Increased GSM and fabric friction led to mass loss. Despite having
comparable thread counts, denim boasts two more warp threads and one more weft
thread per inch than chambray. This increases the friction, contact surface area,
and GSM of denim. Compared to chambray, which has a lower EPI and PPI as
well as a smaller surface contact area the reason for its low friction and lower mass
loss percentage results in more mass loss per cycle for denim. One of the factors
that affects mass loss (%) is the weave structure. Comparing denim and chambray,
it is found that denim’s 3/1 twill structure makes it more compact and has a higher
GSM with an average mass loss percentage of 2.471, while chambray’s 1/1 plain
or poplin structure makes it less compact and has a lower mass loss percentage.
According to a study, the abrasion resistance of 100 % cotton denim fabric with a
3/1 Z twill weave decreased by approximately 9.3 % after successive abrasion
cycles. This reduction highlights the impact of prolonged mechanical stress on the
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fabric’s durability.!® Chambray is more comfortable than denim despite having
less abrasion resistance.

3
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Denim fabric Chambray fabric

Fabric type

Fig. 5. Analysis of abrasion resistance of chambray and denim fabrics.

Impacts of bio-polymer based chambray and denim fabrics on bursting strength

Fig. 6 clearly shows that denim fabric outperforms chambray fabric in terms
of bursting strength with 825 kPa. The fabric’s bursting strength indicates the
environmental factors that could lead to a rupture. Due to its higher EPI and PPI,
denim can cover the porosity between its yarns, making the fabric better. Due to
the reduced number of EPI and PPI, the bursting strength of chambray fabric is
lower which is 695 kPa. However, the plain weave fabric with a warp density of
17 and weft density of 12 demonstrates a bursting strength of 113.06 kPa.20
Increased bursting strength is another benefit of the weave structure, which sup-
ports the fiber. The bursting strength is directly proportional to the structure thick-
ness as a result thinner structure has a lower bursting strength. Hence, compared
to chambray fabric with a 1/1 plain weave, denim with a 3/1 twill structure is stronger.

Fastness properties of bio-polymer based denim and chambray fabric

Samples of 100 % cotton denim were subjected to color fastness testing in dry
conditions. The results are displayed in Table II. Colorfastness is likely indicated
by the intensity or level in the “Dry” column, which ranges from 4 to 5. These
ratings are accompanied by qualitative descriptions in the “Comment” column. A
rating of 4 was given to most of the samples, which means good color fastness.
One sample’s color fastness was rated as good to excellent, with a range of 4 to 5.
According to these results, the denim samples show good color fastness when it is
dry, and some of them may even be very resistant to color bleeding and fading.
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Fig. 6. Analysis of bursting strength of chambray and denim fabrics.

Results from wet-condition color fastness tests on denim samples made of
100% cotton are shown in Table II. A rating of 1 was given to most of the samples,
meaning these samples could not hold color well when exposed to water. A
colorfastness rating of 1-2 for one sample indicates a very poor to poor quality.
All samples showed inadequate performance in resisting color bleeding and fading
when exposed to moisture, highlighting a major challenge with color retention in
wet conditions.

Table II also presents the findings of color fastness testing conducted on
chambray fabric samples in dry conditions. Two samples were rated 4-5, indicating
that their color fastness ranged from good to excellent. In addition, one sample
attained a rating of 4, indicating satisfactory color fastness, while another sample
obtained a rating of 5, indicating exceptional color fastness. The dataset indicates
that most of the chambray samples show satisfactory to excellent color retention
when exposed to dry conditions. Additionally, certain samples display
exceptionally high resistance to color fading or bleeding. TABLE II presents the
outcomes of color fastness testing carried out on chambray samples in wet
conditions. Two samples were rated 1-2, indicating that color fastness ranged from
very poor to poor. In addition, two additional samples were given a rating of 1,
indicating extremely low color fastness when exposed to wet conditions.

TABLE II. Rubbing fastness of denim and chambray fabrics in dry and wet conditions

Fabric type No. of obs. Grade Evaluation
Dry rubbing
Denim fabric 1 4 Good
2 4 Good
3 4-5 Good to excellent
4 4 Good
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TABLE II. Continued

Fabric type No. of obs. Grade Evaluation
Wet rubbing
Denim fabric 1 1 Very poor
2 1-2 Very poor to poor
3 1 Very poor
4 1 Very poor
Dry rubbing
Chambray fabric 1 4-5 Good to excellent
2 4 Good
3 5 Excellent
4 4-5 Good to excellent
Wet rubbing
Chambray fabric 1 1-2 Very poor to poor
2 1-2 Very poor to poor
3 1 Very poor
4 1 Very poor
CONCLUSION

The research work is an approach towards demonstrating the comparison of
mechanical and physical properties of bio-polymer based materials such as 3/1
twill denim and 1/1 plain chambray fabric. Though the yarn count and fabric
appearances are similar for both fabrics, the mechanical properties like tensile
strength, tearing strength, mass loss percentage, abrasion and pilling behavior
show different results. According to the results obtained from various tests in this
research work, it has been found that the tensile strength of denim fabric in the
warp direction is higher than chambray fabric. Which results in less porosity and
high interlacement points in bio-polymer based chambray fabric. On the other
hand, bio-polymer based denim has higher EPI than chambray, it has a higher
porosity and a higher crossover point than the 1/1 plain chambray fabric. So, 3/1
twill denim fabric shows higher strength in the warp direction. But on the other
hand, chambray fabric has a higher tensile strength in the weft direction than
denim. As a result, chambray aids in the design process. Denim has higher tear
strength in both warp and weft direction than chambray, bio-polymer based cham-
bray fabric shows better pilling quality than denim fabric. Also, abrasion resistance
and bursting strength were higher in denim fabric. The results obtained were
classified according to the finished constructions of both types of fabrics and the
properties of the yarn. According to the findings from different test results, it will
be helpful to decide the suitability of bio-polymer based materials such as denim
and chambray fabric for specific end-use.
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H3BOJ

HCTPAXXUBAILE HCTAKHYTUX ®U3NUKO-MEXAHUYKHUX KAPAKTEPUCTHKA
BUO-TTOJIMMEPA HA BA3W YAMBPE TKAHUHE
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1208, Bangladesh, Department of Bioproducts and Biosystems, School of Chemical Engineering, Aalto
University, Vuorimiehentie 1, 02150 Espoo, Finland, >°ZR Research Institute for Advanced Materials”,
Sherpur-2100, Bangladesh, *Department of Textile Engineering, Mawlana Bhashani Science and Technology
University, Santosh, Tangail, 1902, Bangladesh u *Department of Technological Education, Fergana State
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Texcac je mo3HAT IO CBOjOj CHA3W M HYyTOBEYHOCTH, [IOK je 4aMOpe MEKIIH, YNOOHUU U
YecTo ce KOpUCTH 3a onehe y Tpenny. OBaj ucTpaxuBayky pan ynopehyje ¢usnuxe u mexa-
HUUYKe ocoduHe Ouo-nonumepa Ha Oasu opraHckor mamyka (100 %) Texkcaca U OpraHcKor
namyka (100 %) yambpe TkaHuHe. [lok cy obe TKaHWHEe MMajle UIEeHTHYHE OCHOBE U IOTKe,
Tekcac je umao Behu EPI u PPI yripkoc TomMe IITO UMa YIOPeAUBy KOHCTPYKUHjy. Texcac uma
Buie (5,65 %) rpama mo kBagpaTtHoM MmeTpy (GSM) Hero yambpe wmro 3ay3BpaT omoryhasa
Behy ancopnuujy doje. Jok je yamOpe ©Mao HIXKy 3aTe3Hy UBpcTohy M UBpcTOohy Ha MyLame of
100 % namyyHOr Tekcaca Ha §asu Huo-mosMMepa y ImpaBlLy OCHOBE, y CMepy HOTKe je duio
odpuyto. ITopen Tora, Tekcac je 1o mHoro domu y TecTy uBpcrohe Ha kugame (6,29 %).
Yamdpe TkaHMHA, C [pyTe CTpaHe, oKasaia je Mame IUIMHT oHallawka. TecT OTIIOPHOCTH Ha
adpasujy mao je omnmuuHe pe3ynrate 3a Yambpe TkaHUHe. Pe3ynTatyu nokasyjy Ia je Tekcac jauy,
KOMIIaKTHUjU U U3APHBUBUjH, LITO I'a YMHU IOTOJHUjUM 3a TellKe ycioBe. HacynmpoT Tome,
yamOpe Hygu mekumu ocehaj, 6oy mpo3payHocT U Behy ynoOHOCT TOKOM JIETa, 3ajedHO Ca
MOCEOHHUM H3IJIeJOM 3a 000jEHOCT.

(ITpumibeHo 18. jyHa, peBunupaHo 7. jyna, mpuxsaheno 3. oxkrodpa 2025)
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Abstract: In this study, a composite material, Gr—Fe/Cu@BC (CPS), was syn-
thesized using biochar derived from coffee husks and Fe/Cu bimetallic zero-val-
ent nanoparticles for the treatment of water contaminated with As(V). The Fe/Cu
bimetallic zero-valent nanoparticles were synthesized via a green chemical
method employing concentrated Camellia sinensis extract as a reducing agent
for metal salts. A Box—Behnken experimental design identified optimal con-
ditions for As(V) removal, including a pH range of 5—7, metal/C ratio of approx.-
imately 12—13 %, CPS/As mass ratio from 1000 to 1250 and reaction time of
around 180 min. The maximum As(V) removal efficiency reached 91.64 % with
a maximum adsorption capacity (gmax) of 2.86 mg g'l. The adsorption kinetics
of As(V) on CPS followed a pseudo-second-order model, with a rate constant
(K3) 0f 5.96 g mg-! h!. Furthermore, the structural and surface properties of CPS
were characterized using advanced analytical techniques such as SEM, TEM,
BET, XRD and EDS, confirming the successful integration of Fe/Cu nanopar-
ticles onto the biochar matrix via complexation bonds. These findings highlight
the potential of CPS as an environmentally friendly, cost-effective material for
the treatment of As(V)-contaminated water and other heavy metal pollutants.

Keywords bimetallic; nanoparticles; water contaminated.

INTRODUCTION
Water contamination by toxic heavy metals, particularly arsenic, has become
a significant concern for both environmental safety and human health.!-3 Arsenic
is a toxic element that, upon prolonged exposure, can cause adverse effects on the
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nervous system, cardiovascular health, dermatological conditions, and liver func-
tion.*5 Arsenic pollution is now recognized as a global issue, with 21 countries
currently facing alarming levels of contamination.®” In particular, regions with
naturally elevated geogenic arsenic levels or influenced by anthropogenic act-
ivities, such as the Chaco-Pampean plain (Argentina), West Bengal (India), Bang-
ladesh, various parts of Southeast Asia and Limousin (France), have reported
serious arsenic contamination in both soil and groundwater sources.89 Inorganic
forms of arsenic commonly found in water include As(III) and As(V),!10 with
As(V) being highly soluble and mobile in aquatic environments!! posing sub-
stantial challenges to the development of effective remediation technologies. Sev-
eral conventional methods for arsenic removal have been employed, including ion
exchange, coagulation, membrane technologies and adsorption.!:12-14 Among
these, adsorption-based technologies for treating As(V)-contaminated water are
widely utilized due to their advantages, such as high removal efficiency, low cost
and operational simplicity.!3

Natural materials have attracted increasing interest as fillers in composite
materials due to their widespread availability, cost-effectiveness, straightforward
production processes and environmentally friendly nature.16:17 Coffee husks, a
major agricultural by-product of coffee production, represent approximately 30—
—50 % of the total weight of processed coffee.!8 Vietnam produces approximately
1.47 million tons of coffee annually (2023-2024), generating an estimated 600,000
to 735,000 tons of coffee husks. However, these husks are often underutilized, and
their disposal poses environmental challenges.!® Recent research highlights that
composites produced from waste coffee husks exhibit strong potential as adsorb-
ents for removing pollutants from wastewater.20

Bimetallic zero-valent nanoparticle systems have emerged as a focal point in
environmental remediation research due to their remarkable efficacy in addressing
heavy metal contamination.21-23 Among these, Fe-based bimetallic nanoparticles
are particularly noteworthy, offering distinct advantages such as cost-effective-
ness, facile synthesis and high catalytic activity. A growing body of evidence
underscores that bimetallic zero-valent nanoparticles exhibit superior catalytic
performance and enhanced pollutant removal efficiency compared to their mono-
metallic counterparts.2425 In recent years, the integration of bimetallic nanopar-
ticles into bio-based matrices has gained prominence as an innovative strategy for
nanocomposite synthesis. This approach not only mitigates nanoparticle aggregat-
ion but also capitalizes on renewable biomass resources. Shen et al.26 synthesized
Fe/Cu bimetallic catalysts supported on biochar derived from paper mill waste,
achieving efficient removal of thodamine B dye. Similarly, Ahmed et al.27 fab-
ricated green Fe/Cu composites using alginate and limestone as substrates for dye
degradation in aqueous systems. Additionally, Hoa et al?3 developed Fe/
/Cu@MCM-41 nanomaterials and demonstrated their efficacy in treating reactive
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red 195 dye. Collectively, these studies underscore the potential of bimetallic
nanocomposites as advanced materials for water treatment applications while
highlighting their broader applicability in modern environmental remediation
technologies.

This study aims to establish a synthesis protocol for composite materials based
on biochar (BC) derived from coffee husks and bimetallic zero-valent nanopar-
ticles Gr—Fe/Cu@BC (CPS). In this process, metal salts react with a concentrated
green tea extract (Camellia sinensis) as a reducing agent to generate nanoparticles
anchored onto the BC matrix. The removal of As(V) from water using CPS was
systematically investigated by evaluating key influencing factors, including pH,
component ratios and reaction time. Optimal conditions were determined using a
response surface methodology approach. The findings of this study provide a
foundation for harnessing the potential of CPS in wastewater treatment, particul-
arly for the remediation of heavy metal contaminants.

EXPERIMENTAL
Materials

The chemicals utilized in this study include iron(III) chloride hexahydrate (=99 %, Xilong,
China), copper chloride dihydrate (> 99 %, Xilong, China) and concentrated green tea extract
(~90 % polyphenols), which was synthesized in our previous study;?° sodium hydrogen
arsenate, Na,HAsO4-7H,0 (=99 %, Xilong, China); coffee husks collected from the Pak Lak
region of the Central Highlands, Vietnam (coordinates 13°06'15.1"N, 108°18'14.9"E), were
employed. Other analytical-grade chemicals were used for pH adjustment and desorption pro-
cesses as needed.

Synthesis of BC

BC was synthesized using a pyrolysis method. Coffee husks (or coffee shells) were
thoroughly washed and dried. Approximately 100 g of the coffee husks were placed in a per-
forated metal container with holes in the lid. The material was then pyrolyzed at 450 °C for
60 min, with the temperature precisely controlled in an SX2-5-12 muffle furnace (China) and
allowed to cool naturally. The resulting product was manually ground and sieved through a
mesh with a pore size of 0.14 mm to obtain fine powder-form BC (Fig. 1).

Coffee shell

Cool, grind, and sieve

= Calcine for 60 mins, 450°C

C—
E—s
= 1 |

@/ \ (e
L%
Fig. 1. Synthesis of carbon-based BC material from coffee husk.
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Synthesis of CPS

A specified amount of BC was weighed into a 250 mL glass beaker, to which 70 mL of
ultrapure water was added. The mixture was stirred at 300 rpm for 15 min at room temperature.
A solution of FeCl;-6H,0O and CuCl,-2H,0O was then gradually added to the beaker. Sub-
sequently, a green tea extract solution (green tea powder in water) was slowly introduced into
the stirring mixture. The optimal ratio of metal salts and green tea solution was previously
reported in our study.?’ The stirring speed was increased to approximately 600 rpm and
maintained for 2 h. Afterward, the stirring was stopped and the solution was allowed to stabilize
for 5-6 h. The solid product was then filtered, washed three times with 99 % ethanol and
transferred to a desiccator for vacuum drying. The final product was left to dry naturally for 8—
—12 h. The resulting material exhibited a black color and high porosity. The process is schem-
atically represented in Fig. 2.

Dropwise addition
sy P
E 3

FeCly.6H,0

- o A

CuCl,2H,0

Stir in 2h b Keep in 8-12h
—_— _— I

CPS

Vacuum suction

Fig. 2. Synthesis process of CPS composite.

As(V) removal experiment

A measured quantity of 0.5 g of CPS adsorbent material was placed into a 250 mL Erlen-
meyer flask. Subsequently, 100 mL of an As(V) solution with an initial concentration of 5 mg
L-! was added to the flask. The mixture was stirred using a magnetic stirrer at 300 rpm under
controlled conditions for the designated reaction time. Upon completion of the reaction, the
solution was filtered to separate the solid adsorbent and the residual As(V) concentration in the
filtrate was analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7900, USA). To evaluate the comparative As(V) removal performance, identical experiments
were conducted using BC and mono-metallic Gr—12 %Fe/C (containing 12 wt.% Fe) under the
same experimental conditions. The removal efficiency of As(V) was calculated using the fol-
lowing formula:

R=1009"% (1)
€
where ¢ (mg L) is the initial concentration of As(V), ¢, (mg L!) is the residual concentration
of As(V) after treatment.

The post-reaction mixture was filtered to recover the solid material, which was then
subjected to desorption by drying at 70 °C for 8 h. This process was repeated over five con-
secutive cycles to evaluate the reusability of the CPS material.

The setting parameters for the ICP-MS analysis are presented in Table I.

The response surface methodology (RSM) was employed to evaluate the influence of
various parameters and optimize the removal efficiency of As(V) from water. A Box—Behnken
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experimental design was utilized, involving four independent variables and a fourth-order
regression model. The design comprised 30 randomized experimental runs, including five
replicates at the center point to ensure statistical reliability. Preliminary exploratory experiments
helped define the independent variables and their ranges for the optimization study: pH (X}, 3—
—11), reaction time (X,, 20—180 min), CPS/As mass ratio (X3, 500-1500), metal/C ratio (X, 11—
—15 %). These variables were coded according to:

4 4 4 4
Y=Bo+ X BXi+ 2 BiX? +zi—le—i+lﬂiinXJ @)

where Y is the predicted response, X; and X; are the coded levels of the independent variables,
Bo is a constant, B, B; and f;; are the model coefficients representing linear, quadratic and
interaction effects of variables.

TABLE I. Parameters of ICP-MS setting

Parameter Value
Forward power 1550 W
Plasma gas 15 L min™!
Kinetic energy discrimination (KED) 3V
Helium collision gas No gas
Integration time/point 0.2s
Replicates 3

Based on Design Expert 13 software, an experimental plan was developed based on the
parameters listed in Table II.

TABLE II. Scope of experimental planning of 4 factors

. . Level
Factor Unit Signal ) | 0 1 3
A: pH - X, 3 5 7 9 11
B: Reaction time min X, 20 60 100 140 180
C: CPS/As - X3 500 750 1000 1250 1500
D: Metal/C % Xy 11 12 13 14 15

Characterization of CPS

The CPS material with the highest As(V) removal efficiency was subjected to compre-
hensive characterization to assess its structural and compositional properties. The surface
morphology of the CPS was analyzed using a scanning electron microscope (SEM, Hitachi
S-4800, Japan) and high-resolution transmission electron microscopy (HR-TEM, JEM-2100,
Japan). The specific surface area and pore size distribution were determined through Brunauer—
—Emmett—Teller (BET) analysis (TriStar IT 3020, UK). Elemental composition was measured
using energy-dispersive X-ray spectroscopy (EDX, Shimadzu EDX-8000, Japan). Additionally,
X-ray diffraction (XRD, Panalytical, the Netherlands) was employed to examine the crystalline
structure and confirm the formation of crystal phases in the CPS material.
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RESULTS AND DISCUSSION

Optimization of As(V) removal conditions using CPS

The efficiency of As(V) removal from aqueous solutions was optimized using
a Box—Behnken experimental design. The removal efficiencies obtained under
various experimental conditions are presented in Table S-I of the Supplementary
material to this paper, ranging from 20.12 to 91.64 %. The highest removal effi-
ciency of 91.64 % was achieved under the conditions of pH 5, reaction time of 140
min, CPS/As mass ratio of 1250 and Fe/Cu ratio of 12 %. By applying multiple
regression analysis to the experimental data, the relationship between the response
variable (removal efficiency) and the independent variables was modeled using the
following second-order polynomial:

Y =-229.91782 — 6.45998 X, +1.56629.X, +0.182551.X; +23.76856 X4 —
~0.000952.X,.X —0.000510.X, X5 +2.38515X, X, —0.000193.X,.X; —

3
~0.054175X, X4 +0.006548 X3 X4 —2.12070.X% —0.001970.X7 — ©)

~0.000099.X7 —1.65733.X7

Table III presents the results of the analysis of variance (ANOVA) for the
quadratic model. The model exhibited an overall F-value = 17.23 and p-value
<0.0001, indicating its statistical significance at a high confidence level. However,
the lack of fit test yielded F-value = 12.93 and p-value = 0.0056, suggesting some
discrepancies between the model predictions and the observed data. The analysis
of individual factors revealed that pH, reaction time and the CPS/As ratio were the
most influential variables on the As(V) removal efficiency, with p-values < 0.0001.

TABLE III. Analysis of variance (ANOVA) for the regression equation

Source Sum of squares df  Mean square F-value p-value
Model 15112.48 14 1079.46 17.23 <0.0001
X;-pH 4124.36 1 4124.36 65.84 <0.0001
X>-Time 2762.84 1 2762.84 44.11 <0.0001
X3-VL/As 3889.84 1 3889.84 62.10 <0.0001
X4-%Fe/Cu 53.67 1 53.67 0.8569 0.3693

XX 0.0928 1 0.0928 0.0015 0.9698

XX 1.04 1 1.04 0.0166 0.8992

XXy 364.09 1 364.09 5.81 0.0292

XX 59.65 1 59.65 0.9523 0.3446

XXy 75.14 1 75.14 1.20 0.2907

X3 Xy 42.88 1 42.88 0.6845 0.4210

Residual 939.60 15 62.64

Lack of fit 904.62 10 90.46 12.93 0.0056

Pure Eerror 34.98 5 7.00

Cor total 16052.08 29
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Among these, pH was identified as the most significant factor, exhibiting the
highest F-value = 65.84. Conversely, the Metal/C ratio demonstrated a compar-
atively lower influence, with p-value = 0.3693. The interaction between X7 and Xy
was found to be statistically significant (F = 5.81, p =0.0292), indicating that their
combined effect contributed to the efficiency. However, this interaction was less
impactful compared to the primary effects of pH and reaction time. Other inter-
actions, including X1.X>, X1X3, XoX3, XoX4, and X3X4 were not statistically sig-
nificant (p > 0.05), suggesting that these factors largely influenced the response
independently rather than through synergistic interactions.

Fig. 3a—d presents the 3D response surface plots illustrating the interactive
effects of input factors on the removal efficiency of As(V). In Fig. 3a, the inter-
action between the metal/C ratio and pH indicates that the removal efficiency is
highest at a near-neutral pH (5-7). This aligns with the optimal condition to pre-
vent excessive agglomeration of Fe/Cu nanoparticles or reduced material activity
in strongly acidic or alkaline environments. Fig. 3b depicts the relationship
between CPS/As and pH, showing that increasing CPS concentration under neutral
pH conditions significantly enhances removal efficiency due to stronger adsorp-
tion capacity. Fig. 3¢ highlights the combined effect of metal/C and CPS/As, where
the removal efficiency peaks at an optimal metal/C ratio of approximately 12—13
%. This is consistent with the uniform surface structure and the enhanced catalytic
activity of CPS. The influence of pH and reaction time, as shown in Fig. 3d,
indicates that an optimal reaction time of approximately 180 min provides ideal
conditions for efficient adsorption and reduction reactions. Fig. 3e shows the
correlation between experimental and predicted values of As(V) removal effi-
ciency. The data points are closely aligned along the diagonal, demonstrating the
high accuracy of the regression model in predicting outcomes. Finally, the resi-
duals plot (Fig. 3f) reveals that residuals are randomly distributed around zero,
with no systematic deviation or trend. This ensures the validity of the statistical
model and confirms that the selected input variables are appropriately controlled.
In conclusion, the optimization results indicate that CPS performs most effectively
under neutral pH (5-7), a metal/C ratio of approximately 12—13 %, CPS/As from
1000 to 1250 and a reaction time of around 180 min. These findings demonstrate
the material’s potential as a promising solution for As(V) remediation in water.

Adsorption kinetics

The adsorption kinetics model was employed to describe the process of As(V)
adsorption onto the surface of CPS. Experimental data were utilized to evaluate
the applicability of different kinetic models, including the pseudo-first-order and
pseudo-second-order models. These models are mathematically expressed by the
following equations:

Pseudo-first-order: In(q, —g,) =Ing, — Kt 4
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1 1
Pseudo-second-order: L F+—t ®)]

q; que de

where ¢, and ¢, represent the amount of As(V) adsorbed at equilibrium and at time
t, respectively (mg g 1). K| and K, are the equilibrium rate constants for the
pseudo-first-order and pseudo-second-order kinetic models, respectively.

The results depicted in Fig. 4 indicate that the pseudo-second-order kinetic
model provides a better fit to the experimental data. This suggests that the adsorp-
tion efficiency is influenced by both the concentration of As(V) and the availability
of adsorption sites on the material's surface. The kinetic constants and half-ads-
orption times determined for the studied system are summarized in Table IV.

0.0

y=-0,14221 -0,69063x y =0,18009 + 1,03586x
021 R2=0,9324 301 R?=0,98916

0.4

Log(q.-q9)

0‘0 0‘5 1‘0 1'5 2'0 0:0 0‘.5 l.‘O lIS '_7'.0 ZTS 3f0
Time (h) Time (h)
(a) (b)

Fig. 4. a) Pseudo-first-order; b) pseudo-second-order kinetics.

The suitability of the pseudo-second-order model also indicates strong inter-
actions between As(V) ions and the surface of the adsorbent, consistent with a
chemisorption mechanism. This suggests that chemical adsorption is the dominant
process, overcoming the electrostatic repulsion barrier arising from the electro-
static forces between the composite and As(V) ions.30 The chemisorption mech-
anism has been attributed to the formation of surface complexes, where most
As(V) ions replace two singly coordinated surface OH groups to form binuclear
bridging complexes, specifically Fe~O—-AsO(OH)-O—Fe.31.32

TABLE IV. Kinetic parameters of As(V) adsorption reaction on CPS

Kinetic model K, tin R?
Pseudo-first-order 0.6906 ~lh 0.9324
Pseudo-second-order 5.96 gmg ' h! 10.44 min 0.9892

The adsorption isotherms serve to describe the interactions between CPS and
the adsorbed species, As(V), at equilibrium. In this study, equilibrium adsorption
data for As(V) onto CPS were analyzed using two widely employed two-parameter

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

(CC) 2026 Serbian Chemical Society.



204 VU et al.

isotherm models, Langmuir and Freundlich. These models are mathematically
expressed as follows:

Langmuir isotherm: Lz ! + ! (6)

9e  dmaxK1Ce  Gmax

Freundlich isotherm: Ing, = 1 Inc, +In Ky @)
n

where gmax represents the maximum adsorption capacity (mg g!), K is the
Langmuir adsorption constant (L mg~1), K¢ denotes the Freundlich adsorption
constant, and n is the empirical parameter indicative of the adsorption intensity.
The results presented in Fig. 5 demonstrate that the adsorption of As(V) onto
CPS follows the Langmuir isotherm model, with a correlation coefficient R? =
=(.978, indicating that the predominant adsorption mechanism is monolayer ads-
orption. The maximum adsorption capacity gmax = 2.86 mg g~!, while the Lang-
muir adsorption constant K = 0.82 L mg~!, reflecting the affinity of CPS for
As(V). These findings suggest that the adsorption of As(V) occurs on a homogen-
eous surface of CPS, and the interaction between adsorbed molecules is negligible.

124

3 1.2 *

y =0.4274x + 0.3495
R?=0.978

y = 0.3844x + 0.1727
R?=0.9354

1/qe
Inq,
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¢ |
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Fig 5. Langmuir and Freundlich isotherm models.

Characterizations of CPS-12%

The BC and composite sample with metal/C = 12 % (CPS-12%) were syn-
thesized and characterized to determine their surface properties. The results, shown
in Fig. 6, illustrate the surface morphology of the materials. The BC, after cal-
cination, exists in the form of flakes and relatively fine particles with an average
size of approximately 200 nm. The surface of CPS-12% reveals the dispersion of
nanoparticles with sizes < 50 nm, adhering to the BC substrate. The nanoparticle
distribution on the BC substrate is non-uniform, with some areas showing agglo-
meration, likely due to the reaction between Fe2", Cu2* and polyphenolic com-
pounds in the concentrated green tea solution. Additionally, some regions exhibit
large gaps between the particles. Analysis of the HR-TEM images of the CPS-12%
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sample (Fig. 6¢c and d) reveals a well-defined crystalline structure with distinct
lattice fringes, confirming the successful formation of Fe/Cu nanoparticles. The
presence of slightly disordered stacking layers (Fig. 6d) indicates a partially amor-
phous graphitic carbon support, which is commonly observed in high-surface-area
carbon-based materials. The absence of detectable impurity phases suggests that
the synthesis method effectively yielded a clean Fe/Cu bimetallic phase uniformly
dispersed on the carbon matrix, highlighting its potential for applications in energy
storage and catalytic processes. The agglomeration phenomenon in CPS-12% is
significantly reduced compared to nanoparticles synthesized via green methods in
previous studies by Fang et al. 33, and Peili et al.34

IMS-NKL 5.0kV 5.4mm x100k SE(M) i 500nm 5Smm x100k SE(M)

© - @

Fig. 6. SEM images of: a) BC from coffee grounds, b) CPS-12%; c,d) HR-TEM images of
CPS-12%.

The EDS spectrum results presented in Fig. 7a indicate that the main com-
ponent of the BC sample is carbon, with a content of 69.88 %, which reflects the
carbon-rich nature of the BC. Oxygen constitutes 20.48 %, suggesting the presence
of oxidized functional groups on the surface. Elements such as potassium account
for 5.08 %, while silicon, phosphorus and sulfur appear at trace levels (< 0.2 %),
which may originate from the biomass material or the thermal treatment process.
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These characteristics confirm that BC is a stable carbon-based substrate, with sur-
face chemical properties suitable for anchoring metal nanoparticles. The EDS
spectrum of the CPS-12 % sample, shown in Fig. 7b, reveals a significant change
in composition. The presence of Fe (4.36 %) and Cu (0.37 %) confirms the suc-
cessful attachment of Fe/Cu nanoparticles onto the BC. Additionally, elements
such as P and chlorine (Cl) are detected at low levels, which may be related to
impurities or side reactions during the synthesis process.

Element | Weight% | Atomic%
C 69.88 79.15
0] 20.48 17.41
Al 0.15 0.07
Si 0.18 0.09
P 0.28 0.12
S 0.15 0.06
Cl 0.22 0.08
K 8.08 2.81
Ca 0.58 0.20

Totals 100.00

Element | Weight% | Atomic%
C 67.05 75.75
0] 26.37 22.37
P 0.87 0.38
Cl 0.53 0.20
K 0.45 0.15
Fe 4.36 1.06
_ o @ Cu 0.37 0.08
S 7508 o Cursr 13235 hev 2t 5 | Totals | 100.00

Fig. 7. EDS spectra of: a) BC; b) CPS-12%.

The BET data presented in Fig. 8a—c demonstrate that both BC and CPS-12%
exhibit Type IV isotherms, characteristic of mesoporous materials. However, when
comparing the two samples, the incorporation of Fe/Cu onto the carbon substrate
leads to a slight decrease in specific surface area (from 118.32 to 115.26 m2 g 1),
while the pore volume increases (from 0.1026 to 0.1177 cm3 g-1). This can be
attributed to the deposition of Fe/Cu nanoparticles within the pores, which reduces
the average pore size from 50.94 to 44.80 A, while enhancing pore formation and
maintaining the porous structure. Despite these changes, the variation in specific
surface area between the two samples is minimal, indicating that the Fe/Cu nano-
particles deposited on the BC surface do not cause significant structural changes.
These alterations contribute to an increased surface interaction and enhanced cat-
alytic efficiency of CPS-12%.
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Fig. 8. BET isotherms of: a) BC and b) CPS-12%; c¢) BET characteristic parameters of BC and
CPS-12%; d) XRD of BC and CPS-12%.

As shown in Fig. 8d, the XRD pattern of the initial BC exhibits a broad peak,
indicating the amorphous nature of the carbon phase, with characteristic peaks pri-
marily representing the presence of lignocellulose structures.35:36 The XRD pat-
tern of CPS-12% reveals sharp diffraction peaks. The peak at 20 36.1° corresponds
to Cu(l) crystals, while the presence of Cu(0) is indicated by peaks at 26 43.1 and
50.4°.37:38 A faint and broad peak at approximately 26 44-45° suggests the pre-
sence of Fe(0). Additionally, the peak at 26 61.2° likely represents the Fe3C crys-
tals (JCPDS 35-0772),3° formed due to the interaction between Fe and carbon in
the BC substrate.

Comparison of As(V) removal efficiency and reusability of CPS

The results presented in Fig. 9a reflect the As(V) removal efficiency of three
samples: BC, Gr-12%Fe@BC and CPS-12%. The As(V) concentration remained
almost unchanged when using the pristine BC due to its limited properties, such as
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small pore size and low surface functionality. Pristine BC encountered perform-
ance limitations when not surface-modified.*0 Surface modification of BC with
single-metal Fe nanoparticles, as seen in Gr—12%Fe@BC, led to approximately 60
% As(V) removal at equilibrium. A notable increase in As(V) removal efficiency
was observed upon the incorporation of the transition metal Cu to form the Fe/Cu
bimetallic system. This enhancement can be attributed to the synergistic effect
between Fe and Cu. Pamela et al.#! assume the existence of Cu facilitated electron
transfer among Fe, Cu and As, which increased the adsorption rate, capacity and
intensity. O’Carrol et al.4? stated that the second metal, in this case Cu, acts as an
electronic mediator that catalyzes and increases the removal rates by bimetallic
nanoparticles by decreasing the activation energy of the reaction.

6 100
80
—=— Carbon —_
—4—Gr-12%F 8
1-12% Fe@BC [
—e—CPS-12% s 604
>
2
£
[
2
S 401
7]
<
20
— — — ——
0 20 40 60 80 100 120 140 160 180 0l
Time (Min) 1 2 3 4 5 Cycle
a) b)

Fig. 9. a) Comparison of As(V) removal efficiency by BC, Gr-12%Fe@BC and CPS-12%j;
b) As(V) removal efficiency of CPS-12% over 5 reuse cycles.

The decline in As(V) removal efficiency from 91.64 to 45.52 % after five
reuse cycles of CPS-12% is depicted in Fig. 9b. Catalytic activity declines prim-
arily due to oxide and hydroxide layers forming on the CPS surface after each
treatment cycle, which block Fe—O—As complex formation. Furthermore, partial
dissolution of Cu in the CPS under pH conditions of 5-7 (Cu + 2H" — Cu2* +
+ Hj). The depletion of Cu content reduces the electron transfer rate between Fe
and Cu, thereby diminishing the efficiency of the reductive reactions responsible
for As(V) removal .43

Comparison of As(V) removal efficiency with some other materials

The results in Table V demonstrate a range of removal efficiencies for arsenic
and other heavy metals using different materials under varying pH conditions.
Most materials achieved moderate efficiencies between 70 and 90 %, often requir-
ing acidic or slightly alkaline environments to perform optimally. In contrast, the
CPS material developed in this study exhibited a notably higher As(V) removal

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

(CC) 2026 Serbian Chemical Society.



COMPOSITE MATERIALS BASED ON BIOCHAR 209

efficiency of 91.64 % at neutral pH, suggesting its superior potential for practical
water treatment applications without the need for extensive pH adjustment. This
highlights CPS as a promising and efficient alternative among existing materials.

TABLE V. Comparison of heavy metal removal efficiency by materials

No. Material Pollutants Removal efficiency Ref.

1 Fe;04/AC As 70 % at pH 8 Joshi et al.*

2 Bimetallic Fe 9Cug As(V) 75.223 % Septlveda et al.*!

3 Nano carbon with zirconium As 70-75 % atpH2-3  Mabhanta et al.®

4 Carbon/Fe;(Mn?")0, As(V) 70-90 % at pH 3 Gallios et al.

5 Nano bimetallic Cu-Ni Cd (11 70 % at pH 7 Harikumar et al.47

6 CPS As (V) 91.64 % atpH 7 This study
CONCLUSION

This study successfully demonstrated the green chemical synthesis of a com-
posite material, CPS, utilizing biochar derived from coffee husks and bimetallic
Fe/Cu nanoparticles. The adsorption kinetics were well-fitted to a pseudo-second-
-order kinetic model, indicating stable and rapid As(V) removal capabilities. Struc-
tural analysis confirmed the formation of Fe/Cu nanoparticles with sizes smaller
than 50 nm dispersed on the BC matrix. The optimization outcomes further rev-
ealed that CPS performs most effectively under near-neutral pH conditions (5-7),
with a metal/carbon mass ratio of 0.12-0.13, a CPS/arsenic mass ratio between
1000 and 1250, and a reaction time of approximately 180 min. These findings
highlight CPS as a low-cost, environmentally friendly adsorbent with significant
potential for applications in the treatment of As(V)-contaminated wastewater.
With its sustainability, high efficiency, and reusability over multiple cycles, this
research provides valuable insights into the development of advanced adsorbent
materials based on renewable resources and green technologies for environmental
remediation.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13238, or from the correspond-
ing author on request.
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H3BOJ

KOMITO3UTHU MATEPUJAJIN HA BA3U BUOYTJbA IOBUJEHOT Ol JbYCKE KA®E U
HAHO Fe/Cu YECTHULA HYJITOT BAJIEHTHOT CTAKBA: [IOTEHLIMJAJT 3A TPETMAH
BOIA KOHTAMUHUPAHHUX APCEHOM(V)

NGOC TOAN VU!, ANH PHU NGUYEN?, HONG SON NGUYEN!, VIET ANH PHAM!, DINH THAO VU?
1 QUANG MINH LE?

Institute of New Technology, 17, Hoang Sam, Nghia Do, Cau Giay, Hanoi, Vietnam, *Military Technical
Academy, 236, Hoang Quoc Viet, Bac Tu Liem, Hanoi, Vietnam u *Hanoi-Amsterdam High School for the
Gifted, 1, Hoang Minh Giam, Trung Hoa, Cau Giay, Hanoi, Vietnam

Y 0BOM HCTpakUBamby CUHTETH30BaH je KOMNO3UTHU MaTepujan Gr-Fe/Cu@BC (CPS)
ynotpedom Ouoyrba fodujeHor of JbyCKH Kade U SMMETaTHUX HYJATOBaJIEHTHUX HAHOUECTUIIA
Fe/Cu 3a TpermaH Boje KOHTaMHHHpaHe apceHoM(V). bumeTanHe Hy/nTOBaJeHTHE HaHOYeC-
tuue Fe/Cu cuHTeTH30BaHE Cy IPUMEHOM MeTofe “3eneHe” XxeMHje, KOpucrehu KOHLIEHTpO-
BaHU eKCTpakT Camellia sinensis kao pemyKIIMOHO CPEICTBO 3a MeTalHe COiu. [JU3ajH eKkcre-
pumeHTa 1o Box—Behnken monerny uneHTHGHKOBAO je ONTHMAaHE YCIIoBe 3a Ykiamame As(V),
yxpyuyjyhu pH y oncery on 5 o 7, MaceHH OfHOC MeTas/yribeHuk of npudnmwxuo 0,12-0,13,
macenu ogHoc CPS/As y pacnony og 1000 go 1250 u Bpeme peaxuuje oko 180 min. Makcu-
ManHa edukacHocT yknawama As(V) nocrurna je 91,64 %, y3 MakCHMallHH aICOPILIMOHU
KamanuTeT (gmax) 0O 2,86 mg g'. Kuneruka ancoprnuuje As(V) Ha CPS mparwia je monen
TICeyNo-IPYyTor pena, ca KoHCTaHToM Op3uHe (Kz) on 5,96 g mg! h!. CTpykTypHe 1 OBPLIHHCKE
KapakTepuctuke CPS marepujana okapakTepUCaHE Cy HAllpEJHUM aHAIUTUYKUM TEXHUKaMa
kao wro cy SEM, TEM, BET, XRD u EDS, unme je notBpheHa ycrneurHa uHTerpanyja HaHo-
yectua Fe/Cu y Matpuily duoyrka myTeM KOOpAUHALMOHUX Be3a. OBU pe3ynTaTH yKasyjy Ha
noreHuyjan CPS marepujana ka0 €KOJOUKH MPUXBAT/BUBOT U €EKOHOMUYHOT PEllerna 3a TPET-
MaH Bozie KoHTaMuHHUpaHe As(V), kao U Opyrux 3arahyiBaya TEIIKUM MeTaarma.

(ITpumibeHo 5. dhedpyapa, peBunvpaHo 6. Mapta, npuxsaheHo 27. anpuna 2025)
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SUPPLEMENTARY MATERIAL TO
Composite materials based on biochar from coffee husk origin
and nano zero-valent type Fe/Cu: Potential for treatment of
water sources contaminated with As(V)

NGOC TOAN VU!*, ANH PHU NGUYENZ, HONG SON NGUYEN!, VIET ANH PHAM!,
DINH THAO VU? and QUANG MINH LE?

!Institute of New Technology, 17, Hoang Sam, Nghia Do, Cau Giay, Hanoi, Vietnam,
2Military Technical Academy, 236, Hoang Quoc Viet, Bac Tu Liem, Hanoi, Vietnam and
3Hanoi—-Amsterdam High School for the Gifted, 1, Hoang Minh Giam, Trung Hoa, Cau Giay,
Hanoi, Vietnam

J. Serb. Chem. Soc. 91 (2) (2026) 195-212

TABLE S-I. Results of experimental design using Box-Behnken

Factor As(V)

Run X,: pH X,: Time Xy CPS/As Xy %Metal/C erf%fl"ezily
- min - % H (%)
1 3 100 1000 13 64.93
2 5 140 1250 14 89.04
3 5 60 1250 12 83.29
4 5 140 1250 12 91.64
5 5 140 750 12 88.64
6 5 140 750 14 58.94
7 5 60 750 14 49.55
8 5 60 1250 14 69.46
9 5 60 750 12 48.54
10 7 100 1000 13 81.34
11 7 100 1000 13 81.23
12 7 100 1000 15 64.33
13 7 100 1000 13 76.51
14 7 20 1000 13 37.87
15 7 100 1000 11 75.32
16 7 180 1000 13 89.82
17 7 100 1000 13 76.36
18 7 100 1000 13 76.76
19 7 100 1000 13 81.51
20 7 100 500 13 23.21

* Corresponding author. E-mail: vntoanchem@email.com
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