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Hybrids of 4-aminoquinolines and adamantane as inhibitors of AChE

KATARINA KOMATOVIC!, ANA MATOSEVIC2, MARIO ZLATOVIC!,
DUSAN SLADIC!, ANITA BOSAK? and DEJAN M. OPSENICA3:4*
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Njegoseva 12, 11000 Beograd, Serbia and *Centre of Excellence in Environmental
Chemistry and Engineering, ICTM, 11000 Belgrade, Serbia

(Received 31 January, revised 6 February, accepted 7 February 2025)

Abstract: Alzheimer’s disease (AD) is an incurable and progressive neurodegen-
erative disorder that causes cognitive capabilities and memory loss and damage
to brain functionality and structure. From diverse possibilities for drug develop-
ment, the inhibition of acetylcholinesterase (AChE) remains as dominant treat-
ment of symptoms. In our continued investigation of long-chain derivatives of
4-aminoquinoline containing an adamantyl (Ad) group, six new derivatives that
differ in the substitution at the terminal amino group or the Ad moiety were
synthesised. Their inhibition of AChE, in silico drug-likeness, the potential for
passing through the blood-brain barrier (BBB) and possible binding modes with
AChHE for the most active compounds were investigated. It was shown that
introducing OH, Br or acetamide group increases the inhibitory potency com-
pared with less polar compounds containing the benzyl group as the second sub-
stituent at the amino group. Analysis of in silico obtained parameters defined by
Lipinsky’s rule showed that neither compound is likely to cross the BBB because
of violation of at least one of the rules, in general, log P and a number of rotatable
bonds (RB). Docking of the most active compounds to AChE suggests that com-
pounds act as dual-binding site inhibitors since they have simultaneous inter-
action with catalytic and peripheral anionic sites of AChE. The substituents on
the Ad could be the ones that determine the mode of binding into the enzyme and
provide interactions that stabilise the complex between the compound and AChE.

Keywords: 4-aminoquinolines; adamantane; cholinesterase; AChE.
INTRODUCTION

Alzheimer’s disease (AD) is an uncurable neurodegenerative disorder which
progressively and irreversibly causes damage to the brain functionality and manif-
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546 KOMATOVIC ef dl.

ests with a loss of cognitive capabilities, memory and communication ability of
patients. According to the report of the World Health Organization, AD currently
affects more than 60 million people worldwide with estimation of 10 million new
cases annually. The aetiology of the disease is complex, manifested by the
enhanced depletion of the neurotransmitter acetylcholine (ACh), the deposition of
amyloid-g peptides (Af plaques), the accumulation of hyperphosphorylated z-pro-
tein (neurofibrillary tangles, NFTs), the dyshomeostasis of biometal cations, the
oxidative stress and the overstimulation of N-methyl-D-aspartate (NMDA) rec-
eptors.l:2 Although such a complex aetiology usually offers multiple druggable
targets, the current treatment of AD is based on partially restoring the patient's
cognitive functions by alleviating the symptoms of the disease, which is mainly
achieved by the drugs acting as inhibitors of acetylcholinesterase (AChE), the enz-
yme responsible for the hydrolysis of ACh.3 Currently, four drugs are approved by
the FDA for the treatment of cognitive symptoms: donepezil, rivastigmine, galant-
amine and benzgalantamine (memogain)? as galantamine prodrug, all of them inhi-
bitors of acetylcholinesterase (AChE).> Although most developed inhibitors dec-
rease the action of AChE by interacting with its catalytic active site (CAS), the
inhibition of AChE can also occur through interactions with its peripheral anion
site (PAS). Such a mode of inhibition has additional benefits for slowing the
progression of AD as AChE PAS is involved in the formation of the stable AChE-
-Ap complex that is even more toxic than Af peptide aggregates.® Also, the Af
secretion is under cholinergic control, in the way that increasing the level of ACh
causes suppression of amyloid production.” Finally, AChE contributes to the inf-
lammation because of the interference with the cholinergic-based cascade in the
response of the immune system.® For these reasons, developing compounds that
are capable of interfering both with CAS and PAS and acting as multi-target
directed ligands (MTDL) is a very promising strategy for developing new AChE
inhibitors.

Recently, our group studied two series of 4-aminoquinoline derivatives as
MTDLs whose primary mode of action is the inhibition of human AChE — 4-
-aminoquinolines (4AQ) structural hybrids with adamantyl (Ad) moiety as the
substituent on the terminal amino group” and N-benzyl (Bn) substituted 4AQ with
1,8-octanediyl side chain.!0 Both series have low cytotoxicity and exhibited excel-
lent inhibitory potency of AChE in the 75 nM to 9.4 uM range (4AQ-Ad com-
pounds) and 3.2 nM to 1.2 uM range (4AQ-Bn) of the enzyme—inhibitor disso-
ciation constant (Kj). According to the calculated drug-likeness properties, it was
estimated that compounds have good blood-brain barrier (BBB) penetration pot-
ential, via passive transport. The obtained kinetic results paired with molecular
modelling revealed that the examined compounds are capable of binding to the
CAS and the PAS of AChE and as such can also affect the formation of amyloid
clusters.
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4-AMINOQUINOLINE-ADAMANTANES AS INHIBITORS OF AChE 547

Encouraged by the promising results previously obtained for compounds 1 (Kj
=75 nM)? and 2 (K; = 9.8 nM)!0 our idea is to examine how changes close to the
terminal basic amino group or introduction of a substituent on the Ad moiety
influence the inhibition of AChE. For that purpose, in this work, a series of six new
compounds (Fig. 1) was designed and synthesised to investigate their potency to
inhibit AChE. The rationalisation of the observed activity was performed by
molecular docking. Besides that, their BBB parameters were calculated. The first
set of changes on the encirclement of the terminal group was to extend the distance
between the Ad group and the terminal amino group (3) and introduce the benzyl
group, a simple aryl fragment as an additional substituent (4 and 5). The second
set (6-8) has a hydroxyl group, bromine or an amide group, introduced with the
aim to affect the physicochemical properties and to enable additional interactions
with the protein chain corresponding to the predecessor 1.

cl H
N~~~ ﬁ HN/\/\/\/\/N\/Q
S ” o

X

1 P2
Cl N
H Cl
HN/\/\/\/\/ \/@ N U U WS A@
| N
S \IN
_ 3
Cl N 4

Fig. 1. Structures of 1, 2 and new compounds examined in this study.

EXPERIMENTAL
Chemistry
All of the chemicals and reagents for the synthesis of 4-aminoquinolines and adamantane
hybrid compounds were purchased from commercial sources and used without additional purif-
ication. Melting points were recorded on an electrothermal melting point apparatus (1428 6/4

457), England and Boetius PMHK, and were not corrected. IR spectra were recorded on a
Perkin—Elmer spectrophotometer FT-IR 1725X (Perkin—Elmer, Waltham, MA 02451, USA).
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548 KOMATOVIC ef al.

The positions of absorbance band are expressed in cm™ and intensity is labelled as w (weak), m
(medium) or s (strong). H- and 13C-NMR spectra were recorded on a Varian/Agilent spectro-
meter (Agilent Technology, Santa Clara, CA, USA, 95051) at 400 and 100 MHz, for a 'H- and
I3C-NMR spectra, respectively, and on a Bruker Ultrashield Advance III spectrometer (Bruker
Scientific Instruments, Billerica, MA, USA, 01821) at 500 and 125 MHz, for a 'H- and 13C-
-NMR spectra, respectively, employing indicated solvents, using TMS as the internal standard.
The chemical shifts are expressed in ppm (J) values and coupling constants (J) in Hz. The ESI-
-MS spectra were recorded on an Agilent Technologies 6210 time-of-flight LC-MS instrument
with positive ion mode using MeCN/H,O gradient with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in MeOH (HPLC grade purity). GC/MS analysis: Agilent
Technologies 7890A gas chromatograph 5975, MSD and FID detector and DB-5 MS column
(30 mx0.25 mmx0.25 um). LC/MS analysis: Acquity UPLC H-Class LC instrument, Acquity
UPLC BEH C18 column (50 mmx2.1 mmx1.7 um) and Waters ACQ-TQD MS instrument.
Eluent: A = H,O, B = MeCN. Gradient protocol: 0—1 min (5 % B), 1-10 min (5 = 95 % B),
10-11 min (95 % B), 11-12 min (95 — 5 % B), 12—13min (5 % B). Ionisation method: ESI.
For the chromatography purification silica gel provided by Merck—Supelco was used, SiO, 40—
—63 um for the dry-flash chromatography and SiO, GF254 or SiO, PF254 for the preparative
thin-layer chromatography.

HPLC purity

The compounds were analysed for purity using an Agilent 1260 Infinity HPLC system
equipped with Quat pump (G1311B), injector (G1329B) 1260 ALS, TCC 1260 (G1316A) and
detector 1260 DAD VL+ (G1315C) (Agilent, Santa Clara, CA, USA, 95051). The compounds
were dissolved in MeOH, and their final concentrations were ~0.5 mg mL-L. The flow rate was
0.5 mL min'!. Compounds were eluted using gradient protocol: 0—1 min 95 % solvent A, 1-6
min 95 % solvent A — 5 % solvent A, 611 min 5 % solvent A, 11-14 min 5 % solvent A —
95 % solvent A, 14—15 min 95 % solvent A. The analysis was performed at the UV max of the
compounds to maximise selectivity. Four different methods were used for HPLC analysis:

Method I — Zorbax Eclipse Plus C18 4.6 mmx150 mm, 1.8 um, S.N. USWKY01594 was
used as the stationary phase for the analysis of 3 and 5. The eluent was made of solvent A =0.2
% HCOOH in deionised water and solvent B = MeCN;

Method Il — Zorbax Eclipse Plus C18 4.6 mmx150 mm, 1.8 um, S.N. USWKY01594 was
used as the stationary phase for the analysis of 3 and 5. The eluent was made of solvent A =0.2
% HCOOH in deionised water and solvent B = MeOH;

Method Il — Zorbax Eclipse Plus C18 4.6 mmx100 mm, 1.8 pm was used as the stationary
phase for the analysis of 4 and 6-8. The eluent was made of solvent A = 0.2 % HCOOH in
deionised water and solvent B = MeCN;

Method IV — Zorbax Eclipse Plus C18 4.6 mmx100 mm, 1.8 um was used as the stationary
phase for the analysis of 4 and 6-8. The eluent was made of solvent A = 0.2 % HCOOH in
deionised water and solvent B = MeOH.

Synthetic procedures, spectral data, and copies of NMR spectra and HPLC chromatograms
are given in the Supplementary material to this paper.

Inhibition of AChE

Acetylthiocholine (ATCh) and 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) were pur-

chased from Sigma Chemical Co., St. Louis, MO, USA. ATCh was dissolved in water, DTNB

in 0.1 M sodium phosphate buffer (pH 7.4). Stock solutions of 4AQ hybrids with adamantane
were dissolved in DMSO, and all further dilutions were made in water. The source of AChE
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4-AMINOQUINOLINE-ADAMANTANES AS INHIBITORS OF AChE 549

was human hemolysed erythrocytes. Blood from healthy donors was collected at the Institute
for Medical Research and Occupational Health, Zagreb, Croatia, in accordance with the appro-
val from the Ethics Committee of the Institute for Medical Research and Occupational Health.
Erythrocytes were separated from the plasma by centrifugation, after which the sedimented
erythrocytes were made up to the volume of whole blood by phosphate buffer. The AChE was
used without further purification; all enzyme dilutions were done in phosphate buffer. Cholin-
esterase activity measurements were done following the procedures described previously.!!-12
Briefly, activities of AChE were measured spectrophotometrically at 0.10 mM ATCh in the
absence and presence of a 4AQ hybrid with adamantane (the final concentrations 10 and 1 pM).
At least two experiments for each substrate concentration were conducted.
Docking studies

The ligands for docking were prepared using Maestro from Schrédinger Suite 2021-4.13
Ligands were docked as double protonated based on predicted pK, calculations and the pH of
the biological assay (pH 7.4). The enzyme structures were prepared as described previously,'4
starting from the crystal structures of free AChE (PDB ID: 4EY4).!5 Most active ligands were
docked into the enzyme active site using the InducedFit docking protocol from Schrédinger
Suite 2021-4.1¢ The AChE binding site was defined as described in the Supplementary material.
Figures were made using DiscoveryStudio Client v18.1. (Dassault Systémes, Vélizy-Villacoub-
lay, France).
pK, Calculation

The pK, value of ionisable sites of the tested compounds was predicted in silico using the
Chemicalize 2022 platform.!”
In silico prediction of drug-likeness

The drug-likeness was estimated for all synthesised compounds, according to the physico-
chemical properties important for oral bioavailability: molecular weight (Mw), number of rot-
atable bonds (RB), number of H-bond acceptors (HBA), number of H-bond donors (HBD),
topological polar surface area (7PSA) and lipophilicity (log P). For an orally active drug in
humans, it is allowed to violate only one of the listed criteria: 180 < Mw < 500, RB < 10, HBA
<10, HBD <5, PSA <120 A% and 3 <log P < 5.13 In silico calculated data were obtained using
Chemicalize 2022 platform.!”

RESULTS AND DISCUSSION
Synthesis of compounds

In our previous studies® a low yield of the reaction that attached Ad moiety to
the terminal amino group was observed. For that reason, we thought that for the syn-
thesis of the 4 and 5, the most cost-effective route is to start from 2 and attach the
Ad group later (Scheme 1), while 3 will be synthesised directly from 9 (Scheme 2).

The starting compound 2 was prepared following the previously described
procedure!® and derivative 5 was obtained using a corresponding 1-adamantyl-
acetaldehyde and NaBH(OAc)3 in 1,2-dichloroethane (DCE) in a very good yield.
Unfortunately, 4 could not be obtained following the planned route. All attempts,
which comprise various hydride reagents (NaBH4, NaBH(OAc)3, NaBH3CN) and
solvents (MeOH and DCE), including activating reagents such as ZnCl,, were
unsuccessful, probably due to high steric demands of Ad fragment.
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550 KOMATOVIC ef al.

Cl Cl
H\/\/\/\/\ a) %NWN/\/@
% N/\© N ©)
2
5 (78%)

b)

a) AdCH,CHO, NaBH(OAC)s, DCE, rt.

Cl
H b) AACHO, various conditions
| \/\/\/\/\N@
Nao @)

4

Scheme 1. Synthesis of derivative 5.

Cl

a) Cl
‘ H\/W\‘/\NHZ — H\/-\/\/\\/\N/\@
Nx N R
9
c) 1, R=H (23%)
a J 4 R=Bn(27%) :\ b)

3, (16%)

a) AdCHO, NaBH(OAG)s, DCM, r.t.; b) PACHO, NaBH,CN, ZnCl,, MeOH, r.t.;
¢) AdCH,CHO, NaBH(OAc), DCM, r.t.;

Scheme 2. Synthesis of derivatives 3 and 4.

The derivative 4 was finally obtained by applying the reverse synthetic path-
way (Scheme 2). The derivative 1 was obtained from 9 and 1-adamantanecar-
boxaldehyde using the above-described procedure, and it was transformed into 4
using benzaldehyde and NaBH3CN/ZnCl, in MeOH, in a low yield as expected.
The derivative 3 was obtained from 9 using 1-adamantylacetaldehyde and
NaBH(OAc)3 in dichloromethane (DCM), also in a low yield.

The synthesis of the derivatives 6 and 7 (Scheme 3) begins with the hydro-
xylation of 1-adamantanecarboxylic acid 10, applying the described proce-
dure20:21 ysing the mixture of 96 % sulfuric and 65 % nitric acid. The obtained
hydroxyacid 11 was transformed into 12, using 48 % HBr.22 The carboxylic acids
11 and 12 were transformed into the corresponding mixed anhydrides using
CICOOEt and Et3N in DCM, which were reduced, without any additional purific-
ation, into corresponding alcohols 13 and 14, using NaBH4 and MeOH in DCM/
/THF (THF: tetrahydrofuran). The spectral data for the isolated alcohols 13 and 14
were in accordance with those published.23-24 The diols 13 and 14 were oxidised
into the corresponding aldehydes 15 and 16, which were, via reductive amination
using the amine 9, transformed into 6 and 7 respectively.
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4-AMINOQUINOLINE-ADAMANTANES AS INHIBITORS OF AChE 55 1

Dr = B = D= |y

15, R = OH (98%)
16, R = Br (93%)

:

R

11, R=0H (89%):‘ ) 13, R = OH (70%)
12, R = Br (84%) 14, R = Br (74%)

a) 96% H,S0, 65% HNO3, 0 °C - r.t; b) 48% HBr, 90°C;
¢) 1. CICOOEY, Et;N, DCM, 2. NaBH,, MeOH, DCM/THF;
d) PCC, DCM, r.t.; €) 1. 9, AcOH, DCM/MeOH, 2. NaBH,.

7\
N\

6, R = OH (11%)
7, R = Br, (44%)

Scheme 1. Synthesis of derivatives 6 and 7.

Synthesis of the compound 8 (Scheme 4) started from 1-bromoadamantane 17
applying the described procedure, 2’ using 1,1-dichloroethene in the presence of 96
% sulfuric acid. Obtained 1-adamantaneacetic acid 18 was transformed into 19,26
applying a modified procedure,2” through intermediary mixed anhydride, using the
solution of ammonia. The direct carboxylation of the amide 19 to the acid (21)
failed. The product 21 was obtained indirectly, after bromination using z-BuBr,28
followed by Koch—Haaf carboxylation of 20 in sulfuric acid in the presence of
formic acid.2 After the reduction of the carboxyl group in 21 to alcohol 22, the

N/
N
o] e} o
NH;
a) NEz NH
- - OH
Br
o]
18 (89%) 19 (76%) 20 (80%) 21 (99%)
|
o
o]
NH, 2
NH; NH.
g) f z
) Ny N OH
3 o
N\
8 (14%) 23 (33%) 22 (45%)

) 96% H,S0,, CH,=CCl,, 10 - 20 °C; b) 1. CICOOE, Et;N, DCM, 2. NH; (aq), DCM/THF; c) £-BuBr, 96% H,S0,, CCl,, 10 °C - r.t.; d) 96%
H,S0;4, HCOOH, Hex, 0 °C; e) 1. CICOOEY, Et;N, DCM, 2. NaBH,, MeOH, DCM/THF; f) PCC, DCM, r.t.; g) 1. 9, AcOH, DCM/MeOH, 2.
NaBH,.

Scheme 4. Synthesis of derivative 8.
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obtained product was further oxidised to aldehyde 23, and by the reductive amin-
ation with amine 9, compound 8 was obtained.

Inhibition of acetylcholinesterase

The ability of compounds to inhibit the action of human AChE is expressed
as the percent of the inhibition (%s/nh) of enzyme activity (Table I). A reversible
inhibition was determined for all of the tested derivatives, with the percent of inh-
ibition in the 63—99 % range for 10 pM and 22-92 % range for 1 pM concentration
of inhibitor.

TABLE L. Inhibition (%nh) of hAChE by 4AQ hybrids with adamantane. All measurements
were performed at least in duplicate, and %/nh with standard error values were determined from
at least two experiments

Concentration, pM?

Compound 10 1

1 - 47.0 (0.1 pM)P

2 - 85.0 (0.1 pM)®; 42.7(0.01 uM)©
3 98.2 82.4

4 84.2 43.8

5 62.7 22.1

6 98.6 87.6

7 99.4 91.9

8 99.0 88.6

Tacrine - 3243 (0.1 pM)P

3Concentration of the tested compounds 3-8; bconcentration of the tested compound was 0.1 uM; “concentration
of the tested compound was 0.01 uM

The newly synthesised compounds inhibited AChE activity by more than 80
% when the concentration of inhibitors was 10 pM, except for the derivative 5.
Reducing inhibitor concentration to 1 uM, the derivatives with the unsubstituted
adamantane moiety exhibited a decrease of inhibition potency, while the derivat-
ives with substituents on adamantane — 6—8 retained a high percentage of inhib-
ition, 99 % at 10 uM of the inhibitor vs. 88-92 % at 1 uM. Although the study was
carried out at different concentrations for 3 and 1, it could be seen that the elong-
ation of the linker between adamantane and the terminal amino group led to a
lowering of %/nh. Derivative 5 proved to be the least active, less than its structural
analogue 4, indicating that replacing the adamantylethyl group in 5 with the
adamantylmethyl group in 4 leads to a decrease in enzyme inhibition. Although
the presence of one hydrophobic group, like Ad or Bn on the terminal amino group
is shown to increase the inhibition potency compared with the corresponding pre-
cursor 9 (see Supplementary material) — K; (9) = 0.61 uM vs. Kj (1) =75 nM vs.
K; (2) = 9.8 nM,%:10 the observed results suggest that introducing an additional
nonpolar moiety decreased inhibitory potency. All three derivatives with a sub-
stituent on the Ad group showed high inhibition of AChE activity, with a minor
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mutual difference. This indicates that an additional functional group does not dis-
rupt the binding of inhibitors with the enzyme active site and/or can enable new
interactions. Although compound 1 is the most active within this set of inhibitors,
derivatives 6-8 are also promising candidates for the design of new more potent
inhibitors.

Docking results

To rationalise the experimentally determined inhibition potency of the sel-
ected compounds and suggest a binding mode, the most active ligands (6—8) were
docked into the enzyme active site using InducedFit docking procedure. Although
the examined compounds showed very similar docking scores (Table S-1, Supple-
mentary material), they have some specific differences in binding.

All docked compounds interacted with the amino acids from CAS and PAS
and bound to AChE as dual-binding site inhibitors. The compounds 6 and 8, are
bonded similarly, with the aminoquinoline ring oriented to PAS and forming
multiple hydrophobic T-shaped interactions with amino acids Tyr72 and Trp286
[Fig. 2B and C and Figs. S-2 and S-3 of the Supplementary material). The 8 inter-
acted with Asp74, Tyr 124 and Tyr341, further stabilising the AChE-8 complex.
The Ad moiety, in both compounds, was oriented toward inside of the enzyme,
forming interaction with some of the amino acids from CAS and choline-binding
sites — Ser203, His447, Trp86 and Tyr337. The 7 has a different orientation, in
which the protonated aminoquinoline ring was oriented toward CAS, while the
adamantane group was directed toward PAS (Fig. 2 and Fig. S-1). The aminoquin-
oline ring is engaged in multiple m—x stacked and T-shaped interactions (Trp86,
Tyr337 and His447), together with electrostatic ones and a conventional H-bond
with His447. Bromine atom on Ad moiety directed the orientation of the ligand by
forming multiple hydrophobic-stacked interactions with residues of Tyr72, Trp286
and His287 in the PAS. Different orientations between compounds may be
accounted to following interactions: a) multiple H-bonds between OH-group with
Gly121, Gly122, Ser203 for 6 and amide group with Tyr133 and Glu202 for 8, b)
multiple hydrophobic-stacked interactions of Br-atom with PAS and c) and a set
of interaction of unprotonated quinoline moiety of 8 with the PAS. All identified
interactions are listed in Tables S-1I-S-1V of the Supplementary material.

pK, and distribution of protonated species

The ionisation constants of the tested aminoquinolines at physiological pH 7.4
are given in Table S-1. Compounds had pK,; (quinoline nitrogen) = 7.7 and pKy»
(terminal amino group) in the 9.65—11.46 range. Considering the dynamic equilib-
rium between monoprotonated and diprotonated forms of the examined com-
pounds at pH 7.4, 67 % is in deprotonated form.
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Tyr124

B

)
Ser203 : f\ His447 ¥
\
Z IS AN

Phe338

Arg296

Tyr133

Fig. 2. Binding modes for complexes between compound 7 (A), 6 (B) and 8 (C) and AChE.
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In silico prediction of drug-likeness

The important physicochemical properties that influence the passive transport
of compounds into the central nervous system (CNS) after oral administration are:
Mw, 1-octanol/water log P, HBD, HBA, RB and TPSA. Although the key para-
meters are not experimentally determined, we applied two in silico platforms,
Chemicalize 2022 and CNS multiparameter optimised algorithm (CNS MPO), 180,30
to calculate key parameters and to estimate drug-likeness properties of the exam-
ined compounds. The corresponding in silico data are given in Table S-1. From the
calculated values of physicochemical properties, all tested compounds violate two
of the six recommended values (Fig. 3). The first is log P and the second is RB.
The largest deviation from the recommended log P values has been shown for 4
and 5, which at the same time have the lowest activity. Further, the same
compounds also have the highest values of Mw, and in combination with other
parameters, they could be excluded as potential CNS-active compounds. The
deviation in RB from the recommended value cannot be discussed without
considering the necessity for conformational flexibility of compounds to attain the
optimum occupation of CAS and interaction with PAS so that the most effective
inhibition of AChE for the hydrolysis of ACh and interference with AB peptide
aggregates could be achieved. All the tested compounds met the HBA, HBD, and
TPSA requirements.

MW / 100
Recommended value B
1 12
2 TPSA /10 2 logP

Tacrine

HBA

Fig. 3. Radar plot with calculated values of physicochemical properties of the tested
compounds. The dashed red line represents the recommended values of Mw,
log P, HBD, HBA, RB and TPSA.

Since compounds have two basic groups, which will be ionised in the blood
(pH 7.4), the contribution of the pH-dependent partition coefficient (log D) and
pK, the values of ionisable groups should not be excluded from the evaluation of
the drug-likeness properties. In order to additionally estimate the potential of the
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compounds to be CNS-active, we analysed them using central nervous system
multiparameter optimization (CNS MPO) algorithm, which is based on a set of six
interrelated fundamental physicochemical parameters (clog P, clog D, Mw, TPSA,
HBD and pK, (the most basic group in the molecule)) and a variation of Harring-
ton’s optimisation method. All physicochemical properties were weighted equally,
with a desirability score ranging from 0.0 to 1.0 for each property and a total CNS
MPO desirability score ranging from 0.0 to 6.0. A higher score denoted more
desirable overall parameters and for the majority of CNS-drugs or candidates, this
score is in the 3 < CNS MPO < 5 range. We used the parameters calculated on the
Chemicalize 2022 platform for the prediction of CNS MPO score (Table II). The
compounds have low scores which are in the 1.2-2.4 range, which are lower than
for the starting compound 2. Compounds 6 and 8 have the highest scores among
synthesised compounds, 2.4 and 2.2, respectively. Tacrine, the drug used in AD
therapy expectedly has the highest score, 5.1.

TABLE II. CNS MPO score of the evaluated compounds

Compound 1 2 3 4 5 6 7 8 Tacrine
CNS MPO 2.2 2.6 1.9 1.2 1.4 2.4 1.7 2.2 5.1
CONCLUSION

In this study, the influence of changes close to the terminal amino group or
the introduction of an additional substituent on the AD moiety on the inhibitory
potential of AChE, the drug-likeness properties and the capability of compounds
to penetrate BBB was investigated. The introduction of an additional hydrophobic
benzyl group, or methylene group in the side chain leads to a decrease in the
inhibitory activity of the compounds. On the other hand, the introduction of hyd-
roxyl, bromine or amide group enhanced the potency for the inhibition of AChE,
to more than 99 % inhibition at 10 uM or 92—-88 % range at 1 uM concentration of
the compound. /n silico obtained indices that determine the drug-likeness of com-
pounds revealed that all synthesised compounds have higher values of log P and
an acceptable number of RB. Considering a new parameter, CNS MPO, that esti-
mates the similarity of compounds with drugs or drug candidates, it was shown
that new compounds have low scores which are in the 1.2-2.4 range, compared
with tacrine with CNS MPO = 5.1. Docking of the most active compounds to AChE
revealed their capacity to act as dual-binding site inhibitors due to simultaneous
interaction with the amino acids from CAS and PAS. Further, our expectations
regarding additional substituents on the adamantane moiety were justified, since it
was observed that new compounds 6—8 have additional interactions with amino
acid residues in comparison to 1. These interactions determine the binding mode
of compounds into the enzyme and provide additional stabilisation of the complex
with AChE. Although the reported results of in silico parameters and drug-likeness
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properties of the tested compounds suggest the low potential to be CNS candidates
and to penetrate BBB, at the same time these results give the guidelines for the
improvements of the structures of the compounds. They should be improved in
terms of increasing compound polarity, which would result in increased TPSA and
lowering log P and log D. At the same time, having in mind that the criteria for
CNS drugs are more restrictive than for other orally bioavailable drugs, careful
selection of potential structural changes, such as the introduction of polar func-
tional groups (ethers, amides, esters, CF3, efc.) should be made to avoid violation
of additional parameters such as pK, or HBD.

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/13230, or from the correspond-
ing author on request.
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HU3BOI
XUBPUIIU 4-AMUHOXWHOJIMHA U ATAMAHTAHA KAO UHXUBUTOPU AChE

KATAPUHA KOMATOBHR', AHA MATOIIEBHR? MAPUO 3JIATOBUR', IYIIAH CJIAIMR', AHUTA BOCAK?
1 IEJAH M. OTICEHULIA*

"Ynueepsuiueini y Beoipagy, Xemujcku axyninenm, Ciiygenitcku wpi 12—16, 11158 Beoipag, ? Institute for
Medical Research and Occupational Health, Ksaverska cesta 2, 10001 Zagreb, Croatia, *Unctiutmy 3a
Xemujy, TexHOMOTUjy U Metllanypiujy Ynueep3uiiei y Beoipagy, Fbetowesa 12, 11000 Beoipag u *Ilenitiap
U3BPCHOCTIU Y XeMUJU U UHIMEEPCTUBY Husotune cpegune, UXTM, 11000 Beoipag

Anuxajmeposa donect (AD) je HEH3/IEeYHBU U IPOTPECUBHU HEYpOIereHepaTUBHU Iope-
mehaj xoju y3pokyje ryduTax KOTHUTHBHHX CIIOCOOHOCTH M amhema U owrehewme QyHKIMO-
HAJTHOCTH U CTPYKType mo3ra. On pa3nmuyuTUX MOTyhHOCTH 3a pa3Boj JiekoBa, MHXUOHUIIHja
anerwnxonuH-ecrepase (AChE) ocraje JOMHHaHTaH TpeTMaH CUMIITOMA. Y HaCTaBKy HallHUX
UCTpa’XHBama TyrojlaHyaHUX ieprBaTa 4-aMUHOXUHOIMHA KOjU cagp ke aflaMaHTHi (Ad) rpymy
kxao uHxuduTOp AChE, HCTPaKWIIM CMO ILECT HOBUX JIEPUBATa KOjH Ce PA3NIUKYjy IO CYNCTH-
TYLHjH TEPMHUHAJIHE aMHUHO-TpyIle WIH IO Af ocTaTKy. McTpakeHa je mUXOBa CIIOCODHOCT
unxubunyje AChE, in silico CTHYHOCT JIeKOBIMa, NOTEHLHjasl 3a mpona3ak kpo3 BBb u moryhu
HauuHH Be3duBama ca AChE kon HajakTuBHMjUX jenumema. [lokasano ce na yBohewe XHUIpoO-
KCWJIHE Tpyne, dpoMa WM aneTaMupiHe rpyne nosehasa MHXUOMTOpHY Moh y mopehewy ca
Mame I0JIapHUM jeJuBenrMa Koja cafip’ke DeH3W Ipyny Kao APYTH CYICTUTYEHT Ha aMUHO-
-rpynu. AHanusa in silico [odujeHux napamerapa AedUHUCAHUX TPaBUIOM JIMMMHCKOT MOKa-
3aja je Ja CBa jemumerma Hapylasajy log P u 6poj Besa oko kojux je moryha porauuja (RB).
JJOKVHTI HajakTUBHUjUX jenumewma Ha AChE cyrepulie fa jefumema [eIyjy kao ABOCTPYKH
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WHXUOUTOPU 3D0T UCTOBPEMEHUX HMHTEpaKlHja Ca KAaTATUTHUKUM U Tepu@epHUM MecToM
Be3uBamwa. Cyncrutyenty Ha Ad onpelyjy HauuH Be3uBamwa 3a eH3uMe U 00e3del)yjy unrepax-
uHje Koje crabunnsyjy komiuiekc usmehy jemumera u AChE.

(TIpumssenro 31. janyapa, pesunupaHo 6. dhedpyapa, mpuxsaheno 7. hebpyapa 2025)
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1. SYNTHESIS
1.1. Synthetic procedures and spectral data
Numeration method:

Cle s

_; 4a H 10 12 14 16 JTV@
NN TSN
8a [ 9o 11 13 15 N %

3

6

5
; s f 1012 14 1e 2
\/\/\/\/\N
8a (4 9 11 13 15 2

N3 17 19
2

Cl

18 20
19

N!-Benzyl-N°-(7-chloroquinolin-4-yl)octane-1,8-diamine (2).

Compound 2 was synthesized according to the published procedure.! Yield 84,1 mg
(74%), pale yellow solid, Mp = 61-65 °C. IR (ATR): 3315m, 2927s, 2852s, 1580s, 1452m,
1367m, 1241m, 1212m, 1158m, 1134m, 1081m, 1026w, 899w, 875w, 850w, 804m, 754m,
697m, 598w, 525w cm™'. 'H NMR (400 MHz, CD30D, 3): 8.32 (d, J= 5.7 Hz, 1H, H-2), 8.11
(d, J=9.0 Hz, 1H, H-5), 7.76 (d, J = 2.1 Hz, 1H, H-8), 7.44 — 7.38 (m, 6H, H-6 and H-18-20),
6.53 (d, J=5.8 Hz, 1H, H-3), 4.08 (s, 2H, H-17), 3.37 (t,J = 7.2 Hz, 2H, H-9), 2.94 —2.87 (m,
2H, H-16), 1.74 (quint, J = 7.2 Hz, 2H, H-10), 1.69 — 1.58 (m, 2H, H-15), 1.49 — 1.34 (m, 8H,
4x -CH, H-(11-14)).
N!-(2-(Adamantan-1-yl)ethyl)-N'-benzyl-Né-(7-chloroquinolin-4-yl)octane-1,8-diamine (5).

Into the solution of 2 (18.3 mg, 0.0462 mmol) and 1-adamantaneacetaldehyde (16.5 mg,
0.0926 mmol) in DCE (1,5 mL), NaBH(OAc); (29.4 mg, 0.1387 mmol) was added. The mixture
was stirred at room temperature for 2 h, in an Ar atmosphere. The reaction was quenched with
sat. aqueous solution of NaHCOs, transferred into a separatory funnel and the aqueous layer
was extracted three times with DCM. The organic layers were combined, washed with brine
and dried over anh. Na;SOa4. The solvent was evaporated and the product was isolated after
chromatographic purification (preparative thin-layer chromatography, silica gel, DCM/MeOH).
Yield 20.2 mg (78%), dark yellow oil. IR (ATR): 3263w, 3062w, 3026w, 2904s, 2847s, 1611m,
1580s, 1540m, 1492w, 1451m, 1368m, 1332m, 1281w, 1249w, 1203w, 1136w, 1101w, 1080w,
1028w, 968w, 902w, 877w, 852w, 806w, 768w, 737m, 699w, 645w, 623w, 430w cm’'. 'H
NMR (400 MHz, CDCls, 8) 8.51 (d, J = 5.4 Hz, 1H, H-2), 7.95 (s, 1H, H-8), 7.68 (d, /= 9.0
Hz, 1H, H-5), 7.38 — 7.18 (m, 6H, H-6, H-18, H-18", H-19, H-19" and H-20), 6.39 (d, /=54
Hz, 1H, H-3), 5.14 (s, 1H, -NH), 3.57 (s, 2H, H-17), 3.29 (q, /= 6.5 Hz, 2H, H-9), 2.51 — 2.37
(m, 4H, H-16 and H-21), 1.90 (s, 3H, 3x -CH(Ad)), 1.78 — 1.56 (m, 8H, 3% -CH>(Ad) and -CH>
H-10), 1.50 — 1.25 (m, 18H, 3% -CH2(Ad) and 6x -CH> H-(11-15) and H-22). '*C NMR (100
MHz, CDCls, 9) 151.91, 149.97, 148.97, 139.54, 135.00, 129.09, 128.68, 128.22, 126.90,
125.36, 121.10, 117.18, 99.12, 58.43, 53.69, 47.57, 43.39, 42.64, 40.43, 37.28, 31.99, 29.51,
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29.41, 28.95, 28.78, 27.42, 27.19, 26.92. ESI-HRMS (m/z): calc. for [C3sHasCIN3+H]"
558.3610, found 558.3611.
N'-(7-Chloroquinolin-4-yl)octane-1,8-diamine (9).

Compound 9 was synthesized according to the published procedure.? Yield 2,6513 g
(78%), pale yellow solid, Mp = 104-108 °C. IR (ATR): 3324m, 3260m, 3175m, 2928s, 2851s,
1612m, 1576s, 1536m, 1476m, 1463m, 1450m, 1428m, 1391m, 1369m, 1328m, 1281w, 1251w,
1218w, 1199w, 1166w, 1133m, 1079w, 1026w, 981w, 954w, 925w, 903w, 875w, 853m, 812m,
796w, 770w, 727w, 648w, 622w, 597w, 527w, 495w, 441w cm™'. "TH NMR (400 MHz, CD;OD,
0): 8.33 (d, J=5.6 Hz, 1H, H-2), 8.08 (d, /= 9.0 Hz, 1H, H-5), 7.76 (s, 1H, H-8), 7.40 — 7.34
(m, 1H, H-6), 6.47 (d, J=5.7 Hz, 1H, H-3), 3.35 — 3.28 (m, 2H, H-9, overlapped with CD;0D),
2.61 (t, J=17.2 Hz, 2H, H-16), 1.73 (quint, J = 7.3 Hz, 2H, H-10), 1.51 — 1.28 (m, 10H, 5x -
CH>).

N!-((Adamantan-1-yl)methyl)-N°-(7-chloroquinolin-4-yl)octane-1,8-diamine (I).

Compound 1 was synthesized according to the published procedure.? Yield 395.3 mg (26
%), yellow oil. IR (ATR): 3277m, 3064w, 2905s, 2849s, 1610m, 1581s, 1541w, 1453m, 1368w,
1332m, 1282w, 1250w, 1137w, 878w, 851w, 806w. 'H NMR (400 MHz, CDsOD, §) 8.33 (d, J
=5.6 Hz, 1H, H-2), 8.10 (d, J=9.0 Hz, 1H, H-5), 7.76 (d, J = 1.4 Hz, 1H, H-8), 7.38 (dd, J1 =
9.0 Hz, J= 1.8 Hz, 1H, H-6), 6.49 (d, J= 5.6 Hz, 1H, H-3), 3.35-3.34 (m, 2H, H-9 overlapped
with MeOH solvent), 2.68 — 2.60 (m, 2H, H-16), 2.35 (s, 2H, H-17), 2.00 — 1.93 (m, 3H, 3x -
CH(Ad)), 1.81 — 1.63 (m, 8H, 3x -CH2(Ad) and -CH> H-10), 1.61 — 1.30 (m, 16H, 3x -CH2(Ad)
and 5x -CH>).
N!-((Adamantan-1-yl)methyl)-N'-benzyl-N°-(7-chloroquinolin-4-yl)octane-1,8-diamine (4).

Into the solution of 1 (64 mg, 0.1409 mmol) and benzaldehyde (30 puL, 0.2954 mmol) in
dry MeOH (1.7 mL), the mixture of NaBH3CN (9.7 mg, 0.1544 mmol) and ZnCL (9.6 mg,
0.0704 mmol) in dry MeOH (1.7 mL) was added. After stirring the reaction mixture at room
temperature for 24 h, the solvent was evaporated under reduced pressure. Sat. aqueous solution
of NaHCO; and DCM were added, the mixture was transferred into a separatory funnel and
layers were separated. The water layer was extracted with DCM and combined organic layers
were washed with brine and dried over anh. NaxSO4. The solvent was evaporated and the
product was isolated after chromatographic purification (dry-flash chromatography, silica gel,
gradient Hex/EA, then preparative thin-layer chromatography, silica gel, EA/MeOH, then dry-
flash chromatography, silica gel, gradient DCM/MeOH). Yield 20.7 mg (27%), yellow oil. IR
(ATR): 3261w, 3062w, 3026w, 2904s, 2848s, 1611m, 1581s, 1540m, 1492w, 1452m, 1368m,
1332m, 1282w, 1247w, 1205w, 1137w, 1100w, 1081w, 1028w, 983w, 902w, 877w, 852w,
806w, 768w, 736w, 698w, 645w cm. 'H NMR (500 MHz, CDCls, ) 8.51 — 8.46 (m, 1H, H-
2),7.95(d,J=1.9 Hz, 1H, H-8), 7.68 (dd, J1 = 9.0 Hz, J> = 3.3 Hz, 1H, H-5), 7.38 (d, J="7.3
Hz, 2H, H-18 and H-18"), 7.36 — 7.32 (m, 1H, H-6), 7.29 (t, J= 7.5 Hz, 2H, H-19 and H-19"),
7.21 (t,J=17.3 Hz, 1H, H-20), 6.38 (dd, J1 = 5.4 Hz, /= 1.9 Hz, 1H, H-3), 5.33 - 5.17 (m, 1H,
Ar-NH), 3.58 (s, 2H, H-17), 3.28 (q, J = 7.1 Hz, 2H, H-9), 2.34 — 2.26 (m, 2H, H-16), 2.13 (s,
2H, H-21), 1.97 — 1.90 (m, 3H, 3% -CH(Ad)), 1.76 — 1.58 (m, 8H, H-10 and 3% -CHx(Ad)), 1.51
(d, J=2.2 Hz, 6H, 3x -CH2(Ad)), 1.45 - 1.37 (m, 4H, H-11 and H-15), 1.35 - 1.28 (m, 2H, H-
14), 1.27 — 1.18 (m, 4H, H-12 and H-13). *C NMR (125 MHz, CDCl;, ) 151.42, 150.25,
148.49, 141.14, 135.27, 128.68, 128.30, 128.14, 126.64, 125.51, 121.22, 117.09, 99.06, 68.21,
62.10, 56.45, 43.47, 41.60, 37.44, 35.17, 29.59, 29.45, 28.96, 28.74, 27.70, 27.37, 27.22. ESI-
HRMS (m/z): calc. for [C3sHasCIN3+H]" 544.3453, found 544.3456.
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N'-(2-(Adamantan-1-yl)ethyl)-N°-(7-chloroquinolin-4-yl)octane-1,8-diamine (3).

Into the solution of 9 (153 mg, 0.5003 mmol) and 1-adamantaneacetaldehyde (89.2 mg,
0.5004 mmol) in DCM (11.5 mL), NaBH(OAc); (212.1 mg, 1.0008 mmol) was added. After
stirring the mixture for 22 h, at room temperature, the reaction was quenched with aqueous
NaOH (1 M). The organic layer was separated and the aqueous layer was extracted with DCM.
The combined organic layers were washed with brine and dried over anh. Na>SOa4. The solvent
was evaporated and the product was isolated after chromatographic purification (dry-flash
chromatography, silica gel, gradient prepared from DCM and mixture [MeOH/NH;3(aq)=9/1],
then multiple preparative thin-layer chromatography, silica gel, EA/MeOH/NH3(aq)). Yield
36,4 mg (16%), pale yellow oil. IR (ATR): 3278m, 2904s, 2848s, 1611m, 1581s, 1541m,
1451m, 1428w, 1368m, 1332w, 1282w, 1203w, 1137w, 1080w, 901w, 878w, 852w, 806w,
768w, 738w, 646w cm™'. '"H NMR (400 MHz, CDCls, 8) 8.52 (d, J = 5.3 Hz, 1H, H-2), 7.95 (s,
1H, H-8), 7.67 (d, J = 8.9 Hz, 1H, H-5), 7.35 (d, /= 8.9 Hz, 1H, H-6), 6.40 (d, /= 5.4 Hz, 1H,
H-3), 5.07 (s, 1H, Ar-NH), 3.29 (q, J = 6.7 Hz, 2H, H-9), 2.67 — 2.53 (m, 4H, H-16 and H-17),
1.93 (s, 3H, 3% -CH(Ad)), 1.79 — 1.58 (m, 8H, 3x -CH2(Ad) and -CH> H-10), 1.54 — 1.40 (m,
10H, 3% -CH2(Ad) and 2x -CHz H-15 and H-11), 1.40 — 1.24 (m, 8H, H-18 and 3x -CH> H-(12-
14)). 3C NMR (100 MHz, CDCls, §) 152.17, 149.83, 149.22, 134.90, 128.90, 125.32, 121.02,
117.22, 99.17, 50.33, 44.71, 44.48, 43.37, 42.75, 37.26, 31.96, 30.15, 29.55, 29.38, 28.97,
28.78, 27.44,27.19. ESI-HRMS (m/z): calc. for [C2oH42CIN3+H]" 468.3140, found 468.3141.

3-Hydroxyadamantane-I-carboxylic acid (11).*

1-Adamantanecarboxylic acid 10 (1 g, 5.5478 mmol) was introduced portionwise into the
ice-cold mixture of 96% H2SO4 (4 mL) and 65% HNOs (0.5 mL). Then, the reaction mixture
was spontaneously warmed to room temperature and stirred overnight. Water was added in
drops at 10 °C and the formation of precipitate was completed after additional stirring and
cooling. The product was isolated after filtration, rinsed with water and dried. Yield 970.1 mg
(89%), white solid, Mp = 195-200 °C. IR (ATR): 3440s, 2949s, 2909s, 2862m, 2809m, 2640m,
1708s, 1454m, 1392w, 1341m, 1273s, 1248s, 1227m, 1193w, 1147w, 1120m, 1046w, 1018m,
978w, 941m, 915m, 883w, 724m, 670w, 564w, 524w, 439w cm. '"H NMR (500 MHz, CD;OD,
8) 2.25 - 2.19 (m, 2H, 2x -CH), 1.84 — 1.74 (m, 6H, 3x -CH>), 1.73 — 1.65 (m, 4H, 2x -CH>),
1.64 —1.59 (m, 2H, -CH>). *C NMR (125 MHz, CDsOD, §) 180.42, 68.72, 47.23, 45.05, 44.89,
39.01, 36.22, 31.71.

3-Bromoadamantane-1-carboxylic acid (12).°

The mixture of 11 (1.8264 g, 9.3068 mmol) and 48% HBr (18.42 mL, 162.8227 mmol)
was stirred in an Ace pressure tube at 90 °C for 6 h and then cooled at 4 °C. The product was
isolated after filtration, rinsed with cold water and dried. Yield 2.0389 g (84%), white solid, Mp
= 140-143 °C. IR (ATR): 2918s, 2862m, 2654w, 2327w, 1690s, 1478w, 1453w, 1416w, 1329w,
1315m, 1288m, 1171w, 1148w, 1107w, 1083w, 956w, 895w, 831w, 763w, 746w, 691w, 671w,
535w cm’l. '"H NMR (500 MHz, CDCls, §) 2.49 (s, 2H, -CHa), 2.37 — 2.27 (m, 4H, 2x -CH>),
2.25-2.20 (m, 2H, 2% -CH), 1.91 (d, J = 2.9 Hz, 4H, 2x -CH>), 1.75 — 1.67 (m, 2H, -CH>). 1*C
NMR (125 MHz, CDCls, 8) 181.88, 63.29, 49.44, 48.15, 44.80, 37.01, 34.53, 31.73.
3-(Hydroxymethyl)adamantan-1-ol (13).5

A solution of 11 (380 mg, 1.9364 mmol), Et:N (0.32 mL, 2.3085 mmol) and CICOOEt
(0.22 mL, 2.3007 mmol) in DCM (10 mL) was stirred at room temperature for 2 h. The reaction
mixture was evaporated to dryness and the residue was dissolved in 20 mL DCM/THF = 3/1,
followed by the addition of NaBH4 (293 mg, 7.7452 mmol) and MeOH (6 mL) in small portions.
After 21 h, the reaction was quenched by pouring into ice/dilute HC] mixture and layers were
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separated. The organic layer was washed with sat. NaHCOs3 and brine. The aqueous layer was
neutralized to pH 7, extracted twice with EA and the combined organic layers were washed with
brine. Finally, both organic layers were combined and dried over anh. Na>SOa. The solvent was
evaporated and the product was isolated after chromatographic purification (dry-flash
chromatography, silica gel, gradient Hex/EA). Yield 245.8 mg (70%), white crystals, Mp = 108-
112 °C. IR (ATR): 3367s, 3302s,2912s, 2850s, 2668w, 1512w, 1454m, 1430m, 1342m, 1315m,
1249w, 1209w, 1168m, 1149m, 1112m, 1056s, 1026m, 980w, 959w, 941m, 920w, 898w, 833w,
797w, 774w, 735w, 708w, 648m, 618w, 596w, 549w, 462w, 430w cm™. '"H NMR (500 MHz,
CDsOD, ) 3.17 (s, 2H, -CH20OH), 2.21 — 2.15 (m, 2H, 2 -CH), 1.72 — 1.54 (m, 6H, 3% -CH>),
1.47 — 1.39 (m, 6H, 3x -CHaz). *C NMR (125 MHz, CD;OD, &) 72.96, 69.30, 47.50, 45.61,
39.40, 39.07, 36.89, 31.87. EI-GC/MS m/z (%): 182.1 (13) [M]", 151.1 (100) [M - CH.0H]",
107.0 (16), 95.0 (36).

(3-Bromoadamantan-1-yl)methanol (14).

A solution of 12 (2.0389 g, 7.8679 mmol), EtsN (1.3 mL, 9.3784 mmol) and CICOOEt
(0.9 mL, 9.4069 mmol) in DCM (41.5 mL) was stirred at room temperature for 150 min. The
reaction mixture was evaporated to dryness and the residue was dissolved in DCM/THF = 3/1
(81.3 mL), followed by the addition of NaBH4 (1.1906 g, 31.4724 mmol) and MeOH (25 mL)
in small portions. After 24 h, the reaction was quenched by pouring into ice/dilute HC1 mixture
and layers were separated. The aqueous layer was extracted twice with DCM and the combined
organic layers were washed with sat. NaHCO3, then with brine and dried over anh. Na2SO4. The
solvent was evaporated and the product was isolated after chromatographic purification (dry-
flash chromatography, silica gel, gradient Hex/EA). Yield 1.4274 g (74%), pale yellow crystals,
Mp = 73-77 °C. IR (ATR): 3426m, 3320s, 2906s, 2854s, 1449m, 1397w, 1371w, 1347w,
1333w, 1302m, 1280w, 1233w, 1196w, 1158w, 1139m, 1105w, 1038s, 1016m, 972m, 945w,
911w, 813m, 790w, 735w, 675m, 657w, 602w, 482w cm™'. 'TH NMR (500 MHz, CDCl3, §) 3.26
(s, 2H, -CH:0OH), 2.37 — 2.25 (m, 4H, 2x -CH>), 2.22 — 2.17 (m, 2H, 2x -CH), 2.15 (s, 2H, -
CH>), 1.75 — 1.61 (m, 2H, -CH>), 1.58 — 1.49 (m, 4H, 2x -CH>). 3*C NMR (125 MHz, CDCls,
d) 72.45, 65.92, 50.78, 48.90, 40.10, 37.30, 35.23, 32.22. EI-GC/MS m/z (%): 213.0 (2) [M -
CH:>OH]", 165.1 (100) [M - Br]", 147.1 (29), 105.1 (36), 91.1 (26).
3-(((8-((7-Chloroquinolin-4-yl)amino)octyl)amino)methyl)adamantan-1-ol (6).

General procedure: A solution of 13 (200 mg, 1.0973 mmol) in dry DCM (15 mL), with
added PCC (354.8 mg, 1.6459 mmol) was stirred at room temperature for 150 min. The crude
product was purified by column chromatography (dry-flash, silica gel, gradient DCM/MeOH)
affording 193.8 mg of 15 (98%), which was used in the next step without prior characterization.

Into the solution of 15 (197.8 mg, 1.0973 mmol) and 9 (335.6 mg, 1.0973 mmol) in
DCM/MeOH = 1/2 (21 mL), AcOH (0.094 mL, 1.6436 mmol) was added in drops and the
reaction mixture stirred overnight. Afterwards, NaBHs (249 mg, 6.5821 mmol) was carefully
added and stirring continued for another 72 h. The solvent was removed under reduced pressure
and the residue partitioned between DCM and NHs(aq, 2 M). The organic layer was washed
with water, then brine, dried over anh. Na;SO4 and the solvent was evaporated. The crude
product was purified by column chromatography (dry-flash, silica gel, gradient DCM/MeOH).
Yield 57.1 mg (11%), pale yellow oil. IR (ATR): 3313m, 29225, 2850s, 1611m, 1581s, 1540m,
1453m, 1428m, 1368m, 1333m, 1312w, 1282w, 1204w, 1161w, 1137m, 1114w, 1080w,
1049w, 946w, 901w, 878w, 852w, 806w, 768w, 737w, 704w, 646w, 553w cm™'. '"H NMR (400
MHz, CDCl;, 8) 8.52 (d, J = 5.3 Hz, 1H, H-2), 7.95 (d, J = 1.7 Hz, 1H, H-8), 7.67 (d, /= 8.9
Hz, 1H, H-5), 7.34 (dd, J1 = 8.9, J2 = 1.7 Hz, 1H, H-6), 6.40 (d, J = 5.4 Hz, 1H, H-3), 5.06 (s,
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1H, Ar-NH), 3.29 (q, J = 6.8 Hz, 2H, H-9), 2.57 (t, /= 7.2 Hz, 2H, H-16), 2.32 (s, 2H, H-17),
2.20 (s, 2H, 2x -CH(Ad)), 1.80 — 1.62 (m, 6H, 2x -CH2(Ad) and -CH> H-10), 1.58 — 1.52 (m,
2H, -CH>(Ad)), 1.50 — 1.30 (m, 16H, 3x -CHx(Ad) and 5% -CH>, H-11-15). *C NMR (100 MHz,
CDCls, 8) 152.15, 149.84, 149.25, 134.90, 128.94, 125.32, 121.01, 117.24, 99.18, 69.00, 61.97,
51.15, 48.63, 45.06, 43.39, 39.73, 37.41, 35.82, 30.72, 30.07, 29.55, 29.41, 29.00, 27.33, 27.20.
ESI-HRMS (m/z): calc. for [C2sH4oCIN3O+H]" 470.2933, found 470.2939.
N!-((3-Bromoadamantan-1-yl)methyl)-N°-(7-chloroquinolin-4-yl)octane-1,8-diamine (7).

Following the above-described general procedure, 14 (150 mg, 0.6118 mmol) reacted with
PCC (197.8 mg, 0.9176 mmol) in dry DCM (8.2 mL). The crude product was purified by
column chromatography (dry-flash, silica gel, DCM) affording 139 mg of 16 (93%), which was
used in the next step. Aldehyde 16 (139 mg, 0.5717 mmol) and amine 9 (209.8 mg, 0.6860
mmol) in DCM/MeOH = 1/2 (12 mL), were transformed into 7, using AcOH (0.05 mL, 0.8743
mmol) and NaBH4 (129.8 mg, 3.4311 mmol). The crude product was purified by column
chromatography (dry-flash, silica gel, gradient prepared from DCM and mixture
[MeOH/NH3(aq)=9/1]). Yield 133.8 mg (44%), yellow oil. IR (ATR): 3267w, 3064w, 2928s,
2854m, 1611m, 1580s, 1540m, 1453m, 1368m, 1332m, 1304w, 1282w, 1250w, 1203w, 1138w,
1080w, 902w, 878w, 852w, 813w, 768w, 738w, 680w cm™. 'H NMR (400 MHz, CDCl3, §)
8.53 (d, J=5.4 Hz, 1H, H-2), 7.95 (d, /= 2.1 Hz, 1H, H-8), 7.67 (d, /= 9.0 Hz, 1H, H-5), 7.35
(dd, J1 = 8.9 Hz, J» = 2.1 Hz, 1H, H-6), 6.41 (d, J = 5.4 Hz, 1H, H-3), 5.04 (s, 1H, Ar-NH),
3.30(q, J="7.1 Hz, 2H, H-9), 2.57 (t, /= 7.2 Hz, 2H, H-16), 2.37 — 2.22 (m, 6H, H-17 and 2x
-CHx(Ad)), 2.21 —2.10 (m, 4H, 2x -CH(Ad) and -CH>(Ad)), 1.80 — 1.30 (m, 18H, 3x —CH2(Ad)
and 6x -CH>, H-10-15). 3*C NMR (100 MHz, CDCls, §) 152.10, 149.88, 149.18, 134.97, 128.91,
125.38, 120.99, 117.23, 99.20, 66.62, 61.66, 52.48, 51.11, 48.96, 43.42, 39.13, 39.08, 35.26,
32.50,30.00, 29.56, 29.43, 29.02, 27.34, 27.22. ESI-HRMS (m/z): calc. for [C2sH39BrCIN3+H]*
532.2089, found 532.2094.

1-Adamantaneacetic acid (18).%

1-Bromoadamantane 17 (5 g, 23.2407 mmol) was slowly added to 96% H2SO4 (20 mL) at
10 °C. Afterwards, 1,1-dichloroethene (17.6 mL, 221.1347 mmol) was added dropwise through
the septum, over 1 h. Stirring was continued for another 3 h at the same temperature and another
3 h at 20 °C. The reaction mixture was poured into the ice/water mixture, transferred into a
separatory funnel and extracted twice with diethyl ether. The combined organic layers were
washed with aqueous NaOH (pH 9). Then, the separated aqueous layer was acidified to pH 3,
during which a precipitate appeared, that was extracted twice with diethyl ether. Combined
organic layers were washed with water, then brine and dried over anh. Na>xSO4. The product
was isolated after the removal of the solvent under reduced pressure. Yield 4.0170 g (89%),
white solid, Mp = 123-130 °C. IR (ATR): 2905s, 2848s, 2661m, 2191w, 2167w, 2106w, 1707s,
1645m, 1448m, 1404m, 1364w, 1346w, 1313m, 1269s, 1203w, 1145m, 1097w, 990w, 907m,
650w, 630w cm™. '"H NMR (500 MHz, CDCls, §) 2.10 (s, 2H, -CH2COOH), 2.02 — 1.95 (m,
3H, 3x -CH), 1.74 — 1.61 (m, 12H, 6x -CH>). '*C NMR (125 MHz, CDCl;, 8) 178.57, 48.89,
42.43, 36.83, 32.84, 28.74.

1-Adamantaneacetamide (19).°

Into the ice-cold solution of 18 (1.5 g, 7.7212 mmol) in DCM (40 mL), in the presence of
Et:N (1.28 mL, 9.2341 mmol), CICOOEt (0.89 mL, 9.3076 mmol) was added slowly. After
stirring at room temperature for 1 h 45 min, the mixture was evaporated to dryness and the
residue was dissolved in DCM/THF = 3/1 (70.5 mL). Then, NH3 (aq, 30%) (7.25 mL) was
added dropwise and stirring of the mixture was continued for another 1 h. The solvents were
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evaporated under reduced pressure, followed by the addition of water and EA. The aqueous
layer was extracted once again with EA, and combined organic layers were washed with sat.
NaHCOs3, then with brine and dried over anh. NaxSOas. The solvent was evaporated and the
product was isolated after chromatographic purification (dry-flash, silica gel, gradient Hex
/EA). Yield 1.13 g (76%), white solid, Mp = 168-170 °C. IR (ATR): 3372s, 3190m, 2902s,
2849s, 2678w, 1665s, 1626s, 1447m, 1402m, 1363m, 1344w, 1313w, 1246w, 1207w, 1167w,
1130w, 1101w, 987w, 947w, 887w, 805w, 749w, 674w, 601w, 461w, 418w cm™'. 'TH NMR (500
MHz, CDCls, 8) 5.72 — 5.27 (m, 2H, -NH>), 2.02 — 1.95 (m, 5H, 2% -CH and -CH>CONH>),
1.75 — 1.62 (m, 12H, 6 -CH>). *C NMR (125 MHz, CDCl, §) 173.64, 51.24, 42.70, 36.86,
32.69, 28.76. EI-GC/MS m/z (%): 193.1 (30) [M]", 135.1 (100) [M - CH2.CONH:]", 93.1 (17),
79.1 (16).

3-Bromo-(1-adamantaneacetamide) (20).

A suspension of --BuOH (7.5 mL, 78.9261 mmol) and LiBr (10.28 g, 118.3650 mmol) was
cooled in an ice bath and 48% HBr (17.8 mL) was added in drops during 30 min. After stirring
the mixture at room temperature for 3 h, the top organic layer was separated, washed with water
and dried over anh. NaxSO4. The product was isolated after solvent removal under reduced
pressure to give 7.3142 g of #-BuBr (68%), which was used in the next step without prior
characterization.

Into the mixture of CCls (14.8 mL) and 96% H2SO4 (19.7 mL) at 10 °C, 19 (1.11 g, 5.7427
mmol) and -BuBr (3.93 g, 28.6819 mmol) were added. After stirring at room temperature for
2 h, the reaction mixture was poured onto ice and diluted with DCM. The separated aqueous
layer was extracted once again with DCM, combined organic layers were washed with water,
then brine and dried over anh. NaSOa. The solvent was evaporated and the product was isolated
after chromatographic purification (dry-flash, silica gel, gradient Hex /EA). Yield 1.2414 g
(80%), brownish crystals, Mp = 104-110 °C. IR (ATR): 3486m, 3369m, 3167s, 2909s, 2853m,
1675s, 1448m, 1395m, 1336m, 1298m, 1278m, 1186m, 1102m, 1010w, 976m, 933m, 894w,
813m, 711m, 674m, 604m, 524w, 482m cm™. "H NMR (500 MHz, CDCls, §) 5.58 (d, J= 153.4
Hz, 2H, -NH.), 2.36 — 2.23 (m, 6H, 3% -CH), 2.21 — 2.15 (m, 2H, 2x -CH), 2.03 (s, 2H, -
CH>CONH>), 1.72 — 1.61 (m, 6H, 3x -CH>). C NMR (125 MHz, CDCl;3, 8) 172.73, 65.38,
53.86, 49.68, 48.47, 40.55, 37.42, 34.76, 32.47. EI-GC/MS m/z (%): 192.1 (100) [M - Br]",
133.1 (23), 91.0 (23).
3-(2-amino-2-oxoethyl)adamantane-1-carboxylic acid (21).

Into the 96% H2SO4 (22.2 mL), cooled to 0 °C, 20 (1.2 g, 4.4088 mmol) was added,
followed by Hex (3.12 mL) and HCOOH (2.7 mL). The mixture was spontaneously warmed to
room temperature and stirred for 22 h. The reaction was quenched by carefully pouring onto ice
and the pH was adjusted to 3 using aqueous NaOH, during which a precipitate appeared. The
product was isolated after filtration and dried under reduced pressure. Yield 1.04 g (99%), white
solid, Mp = 224-228 °C. IR (ATR): 3423s, 3340m, 3203m, 2926s, 2851m, 2513w, 2168w,
1940w, 1682s, 1645s, 1577m, 1450m, 1410m, 1361w, 1327m, 1276s, 1164m, 1026w, 999w,
744w, 703w, 672w, 633w, 610w, 516w, 469w, 420w cm™. 'H NMR (500 MHz, CD3;OD, §)
2.14 -2.09 (m, 2H, 2% -CH), 2.04 (s, 2H, -CH>2CONH>), 1.92 — 1.79 (m, 6H, 3x -CH>), 1.74 —
1.62 (m, 6H, 3x -CHa). '*C NMR (125 MHz, CD;0D, §) 181.26, 176.51, 50.70, 44.86, 42.62,
42.47,39.40, 36.77, 33.79, 29.93. UPLC-MS m/z (%): 473.71 (100) [2M - HT, 236.41 (50) [M
-H].
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2-(3-(Hydroxymethyl)adamantan-1-yl)acetamide (22).

A solution of 21 (1.025 g, 4.3194 mmol) in DCM (23.5 mL), with EtsN (0.72 mL, 5.1942
mmol) was cooled in an ice bath and CICOOEt (0.5 mL, 5.2290 mmol) was added in drops.
After stirring at room temperature for 90 min, the mixture was evaporated to dryness and the
residue was dissolved in DCM/THF = 3/1 (42.1 mL), followed by the addition of NaBH4 (653.6
mg, 17.2773 mmol) and MeOH (12.7 mL) in small portions. After 20 h, the reaction was
quenched by pouring into ice/dilute HCI mixture and layers were separated. The aqueous layer
was neutralized to pH 7, using aqueous NaHCOs, extracted three times with EA and the
combined organic layers were washed with brine. The product was isolated after the solvent
was evaporated under reduced pressure. Yield 434.1 mg (45%), white crystals, Mp = 161-163
°C. IR (ATR): 3749w, 3305s, 3181s, 2904s, 2847s, 1666s, 1626s, 1541w, 1513w, 1453m,
1404m, 1363m, 1339m, 1315w, 1199w, 1165m, 1063m, 1036m, 608m cm™. 'H NMR (400
MHz, CDs;OD, §) 3.13 (s, 2H, -CH0OH), 2.09 — 2.01 (m, 2H, 2x -CH), 1.98 (s, 2H, -
CH>CONH>), 1.70 — 1.33 (m, 12H, 6x -CHa). *C NMR (125 MHz, CD:;0D, §) 176.82, 73.60,
51.02, 45.30, 43.29, 39.53, 37.45, 36.54, 33.95, 30.18. EI-GC/MS m/z (%): 223.1 (10) [M]",
192.1 (100) [M - CH20H]*, 133.1 (27), 91.1 (28).
2-(3-(((8-((7-Chloroquinolin-4-yl)amino)octyl)amino) methyl)adamantan- 1-yl)acetamide (8).

Following the above-described general procedure, 22 (434.1 mg, 1.9438 mmol) reacted
with PCC (628.6 mg, 2.9161 mmol) in dry DCM (27.7 mL). The crude product was purified by
column chromatography (dry-flash, silica gel, gradient DCM/MeOH) affording 140.6 mg of 23
(33%), which was used in the next step. Aldehyde 23 (140.6 mg, 0.6353 mmol) and amine 9
(233 mg, 0.7624 mmol) in DCM/MeOH = 1/2 (15 mL), were transformed into 8, using AcOH
(0.073 mL, 1.2764 mmol) and NaBH4 (144.2 mg, 3.8118 mmol). The crude product was
purified by column chromatography (dry-flash chromatography, silica gel, gradient
DCM/MeOH, then multiple preparative thin-layer chromatography, silica gel, developed 2
times with MeOH). Yield 46 mg (14%), yellowish oil. IR (ATR): 3337m, 2927s, 2852m,
1667m, 1612m, 1580s, 1541w, 1452m, 1369w, 1333w, 1282w, 1138w, 1081w, 904w, 879w,
853w, 808w, 738w, 647w cm™'. 'TH NMR (500 MHz, CDCls, 8) 8.53 (d, J = 5.4 Hz, 1H, H-2),
7.95 (d, J=2.2 Hz, 1H, H-8), 7.70 (d, /= 8.9 Hz, 1H, H-5), 7.36 (dd, J1 = 8.8 Hz, J. = 2.2 Hz,
1H, H-6), 6.41 (d, J= 5.4 Hz, 1H, H-3), 5.62 (bs, 2H, -NH>), 5.15 - 5.06 (m, 1H, Ar-NH), 3.30
(q,J="7.1 Hz, 2H, H-9), 2.58 (t, J = 7.4 Hz, 2H, H-16), 2.30 (s, 2H, H-17), 2.09 — 2.03 (m, 2H,
2x -CH(Ad)), 2.00 (s, 2H, -CH2CONHa), 1.75 (quint, J = 7.3 Hz, 2H, H-10), 1.63 — 1.41 (m,
16H, 6x -CH>(Ad) and 2x -CH>, H-11 and H-15), 1.41 — 1.29 (m, 6H, 3x -CH>, H-(12-14)). 13C
NMR (125 MHz, CDCls, §) 173.48, 152.20, 149.89, 149.28, 134.93, 128.94, 125.35, 121.10,
117.27, 99.19, 62.39, 51.06, 50.82, 45.69, 43.38, 42.23, 40.20, 36.36, 34.26, 33.26, 29.52,
29.47, 29.34, 28.95, 28.85, 27.28, 27.16. ESI-HRMS (m/z): calc. for [C30H4CINsO+H]
511.3198, found 511.3197.
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2. LIST OF INTERACTIONS BETWEEN THE TESTED COMPOUNDS AND ACHE

2.1. Binding site of AChE

The first is the catalytic anionic site (CAS) of the AChE, which is at the bottom of the
gorge and composed of a catalytic triad, oxyanion hole, and a choline-binding site. A peripheral
anionic site (PAS) is located at the entrance and consists of Tyr72, Tyr124, Asp74, Tyr341, and
Trp286.!°

The binding site for docking was determined as the centre of the following residues: Tyr72,
Trp86, Tyr124, Tyrl133, Ser203, Trp236, Trp286, Phe297, Phe297, Glu334, Tyr337, Phe338,
Tyr341, His447, and Tyr449.
Abbreviations for types of interaction

ES - electrostatic; H-Bond — hydrogen bond; Hpho — hydrophobic; Attractive Ch —
attractive charge; H.O H-Bond — water hydrogen bond; Conv. H-Bond — conventional hydrogen
bond; © — m-orbitals; HD — H-Donor; HA — H-Acceptor; + — positive; — — negative

TABLE S-I. Scores for docked ligands.

Comp. 6 7 8
IFDScore (kJ mol!) -923.44 -919.54 -919.05
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Fig. S1. Map of interactions of compound 6 with AChE.

TABLE S-II. Ligand interactions of 6 with AChE.

TYPE Category Type FROM TO
6:N3 - GLU285:0E1 ES Attractive Charge 6:N3, + GLU285:0E1, —
GLY121:HN - 6:01 H-Bond Conv. H-Bond GLY121:HN, HD 6:01, HA
GLY122:HN - 6:01 H-Bond Conv. H-Bond GLY122:HN, HD 6:01, HA
6:H3 - ARG296:0 H-Bond Conv. H-Bond 6:H3, HD ARG296:0, HA
6:H35 - SER203:0G H-Bond Conv. H-Bond 6:H35, HD SER203:0G, HA
6:C26 - GLU285:0E1 H-Bond Carbon H-Bond 6:C26, HD GLU285:0E1, HA
6:N2 - PHE338 ES n-Cation 6:N2, + PHE338,
6:N3 -TYRI124 ES n-Cation 6:N3, + TYRI124, 7
6:N3 - TRP286 ES n-Cation 6:N3, + TRP286,
6:N3 - TRP286 ES n-Cation 6:N3, + TRP286,
6:H20 - TYR337 H-Bond; ES n-Cation;n-Donor H-Bond 6:H20, +;HD TYR337, m;n
6:H42 - TYR72 H-Bond; ES n-Cation;n-Donor H-Bond 6:H42, +;HD TYR72, m;n
6:C12 - PHE338 Hpho. n-Sigma 6:C12, C-H PHE338,
TRP286 - 6 Hpho. n-1t Stacked TRP286, 6,
TRP286 - 6 Hpho. n-n Stacked TRP286, 6, m
TRP286 - 6 Hpho. n-n Stacked TRP286, 6,m
TRP286 - 6 Hpho. n-1t Stacked TRP286, 6,1
TYR72-6 Hpho. n-n T-shaped TYR72,n 6,1
TRPS86 - 6 Hpho. n-Alkyl TRP86, T 6, Alkyl
TRP86 - 6 Hpho. n-Alkyl TRP86, © 6, Alkyl
TRP286 - 6:CL1 Hpho. n-Alkyl TRP286, 6:CL1, Alkyl
TRP286 - 6:CL1 Hpho. n-Alkyl TRP286, &t 6:CL1, Alkyl
PHE297 - 6 Hpho. n-Alkyl PHE297, nt 6, Alkyl
PHE338 - 6 Hpho. n-Alkyl PHE338,n 6, Alkyl
TYR341-6 Hpho. n-Alkyl TYR341,n 6, Alkyl
HIS447 - 6 Hpho. n-Alkyl HIS447, 6, Alkyl
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Fig. S2. Map of interactions of compound 7 with AChE.
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TABLE S-III. Interactions of compound 7 with AChE.

TYPE Category Type FROM TO
7:N2 - ASP74:0D2 ES Attractive Ch. 7:N2, + ASP74:0D2, —
7:N3 - GLU202:0E2 ES Attractive Ch. 7:N3, + GLU202:0E2, —
7:H3 - HOH752:0H2 H-Bond H>0O H-Bond; Conv. H-Bond 7:H3, HD HOH752:0H2, HA
7:H41 - HIS447:0 H-Bond Conv. H-Bond 7:H41, HD HIS447:0, HA
7:C13-TYR124:0H H-Bond Carbon H-Bond 7:C13, HD TYR124:0H, HA
7:N2 - TRP286 ES n-Cation 7:N2, + TRP286,
7:N2 - TRP286 ES n-Cation 7:N2, + TRP286,
7:N3 - TRP86 ES n-Cation 7:N3, + TRP86,
7:N3 - TRP86 ES n-Cation 7:N3, + TRP86,
7:N3 - TYR337 ES n-Cation 7:N3, + TYR337, n
GLU202:0E1 -7 ES n-Anion GLU202:0El1, - 7,
7:C24 - TYR72 Hpho n-Sigma 7:C24, C-H TYR72,n
TRPS86 - 7 Hpho n-1 Stacked TRP86, 7,
TRP&6 - 7 Hpho n-1 Stacked TRP86, & 7,
TRP86 - 7 Hpho n-1t Stacked TRP86, 7,
TRP86 - 7 Hpho n-1t Stacked TRP86, 7,
TYR337 -7 Hpho n-n T-shaped TYR337, = 7,
HIS447 -7 Hpho n-n T-shaped HIS447, 7, m
7:CL1 - ILE451 Hpho Alkyl 7:CL1, Alkyl ILE451, Alkyl
TYR72 - 7:BR1 Hpho n-Alkyl TYR72,n 7:BR1, Alkyl
TRP86 - 7:CL1 Hpho n-Alkyl TRP86, © 7:CL1, Alkyl
TYRI124 -7 Hpho n-Alkyl TYRI124, n 7, Alkyl
TYR133 - 7:CL1 Hpho n-Alkyl TYRI133,n 7:CL1, Alkyl
TRP286 - 7 Hpho n-Alkyl TRP286, t 7, Alkyl
TRP286 - 7 Hpho n-Alkyl TRP286, 7, Alkyl
TRP286 - 7:C23 Hpho n-Alkyl TRP286, n 7:C23, Alkyl
TRP286 - 7 Hpho n-Alkyl TRP286, 7, Alkyl
HIS287 - 7:C23 Hpho n-Alkyl HIS287, © 7:C23, Alkyl
HIS287 - 7:BR1 Hpho n-Alkyl HIS287, n 7:BR1, Alkyl
PHE338 -7 Hpho n-Alkyl PHE338, 7, Alkyl
PHE338 -7 Hpho n-Alkyl PHE338, 7, Alkyl
TYR341 -7 Hpho n-Alkyl TYR341,n 7, Alkyl
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Fig. S3. Map of interactions of compound 8 with AChE.

TABLE S-IV. Ligand interactions of 8 with AChE.

TYPE Category Type FROM TO
8:N4 - ASP74:0D1 ES Attractive Charge 8:N4, + ASP74:0D1, —
HOH752:H1 - 8:01 H-Bond H>O H-Bond;Conv. H-Bond = HOH752:H1, HD 8:01, HA
HOH772:H1 - 8:01 H-Bond H20 H-Bond;Conv. H-Bond  HOH772:H1, HD 8:01, HA
8:H20 - HOH752:0H2 H-Bond H20 H-Bond;Conv. H-Bond 8:H20, HD HOH752:0H2, HA
8:H37 - GLU202:0E1  H-Bond Conv. H-Bond 8:H37, HD GLU202:0E1, HA
8:H38 - TYR133:0H H-Bond Conv. H-Bond 8:H38, HD TYR133:0H, HA
8:C28 - TYR124:0H H-Bond Carbon H-Bond 8:C28, HD TYR124:0H, HA
8:N4 - TYR341 ES n-Cation 8:N4, + TYR341, n-Orbitals
8:H3 - TRP286 H-Bond n-Donor H-Bond 8:H3, HD TRP286, n-Orbitals
8:C20 - TYR337 Hpho. n-Sigma 8:C20, C-H TYR337, n-Orbitals
TYR341 -8 Hpho. n-1 Stacked TYR341, n-Orbitals 8, n-Orbitals
TYR341 -8 Hpho. n-1 Stacked TYR341, n-Orbitals 8, m-Orbitals
TYR72 -8 Hpho. n-n T-shaped TYR72, n-Orbitals 8, m-Orbitals
TRP286 — 8 Hpho. n-n T-shaped TRP286, n-Orbitals 8, m-Orbitals
TRP286 — 8 Hpho. n-n T-shaped TRP286, n-Orbitals 8, m-Orbitals
8:CL1 - LEU76 Hpho. Alkyl 8:CL1, Alkyl LEU76, Alkyl
TRP86 — 8 Hpho. n-Alkyl TRP86, n-Orbitals 8, Alkyl
TRP86 — 8 Hpho. n-Alkyl TRP86, n-Orbitals 8, Alkyl
TRP286 — 8 Hpho. n-Alkyl TRP286, n-Orbitals 8, Alkyl
PHE297 - 8 Hpho. n-Alkyl PHE297, n-Orbitals 8, Alkyl
PHE338 - 8 Hpho. n-Alkyl PHE338, n-Orbitals 8, Alkyl
TYR341 -8 Hpho. n-Alkyl TYR341, n-Orbitals 8, Alkyl
HIS447 - 8 Hpho. n-Alkyl HIS447, n-Orbitals 8, Alkyl
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4. IN SILICO CALCULATIONS

TABLE S-V. In silico physicochemical properties of 4-AQ hybrids with adamantane.

CNS
Comp. (;/Irr\lzl) RB HBA HBD T&i? logP pKa® pKa?® logDP ME’O
1 454.09 12 3 2 36.95 6.625 7.71 11.46 3.00 2.2
2 39598 12 3 2 3695 5923 7770  9.65 3.28 2.6
3 468.12 13 3 2 3695 6913 7.71 11.38 3.30 1.9
4 54421 14 3 1 28.16 8732 771 10.24 5.54 1.2
5 55824 15 3 1 28.16 9.021 7.70  9.65 6.36 1.4
6 470.09 12 4 3 57.18 531 771 11.15 1.74 2.4
7 532.99 12 3 2 3695 6.85 7.71 11.45 3.23 1.7
8 511.14 14 4 3 80.04 5242 771 1145 1.62 22
Tacrine 19826 0 2 1 3891 2.628 9.35 - 1.05 5.1

2 pKa1 belongs to the quinoline ring, pK.. belongs to the terminal basic amino group; ® log D value at pH = 7.4; © CNS
MPO data were generated following instruction published in reference T. T. Wager, X. Hou, P. R. Verhoest, A.
Villalobos, ACS Chem. Neurosci., 1 (2010) 435. https://doi.org/10.1021/cn100008c¢;
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4. '"H AND !3C NMR SPECTRA
"H NMR spectrum of N'-benzyl-N®-(7-chloroquinolin-4-yl)octane-1,8-diamine (2)
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'"H NMR spectrum of N'-(2-adamantan-1-yl)ethyl)-N!-benzyl-N3-(7-chloroquinolin-4-
yl)octane-1,8-diamine (5)
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BC NMR spectrum of N!-(2-(adamantan-1-yl)ethyl)-N'-benzyl-N8-(7-chloroquinolin-4-
yl)octane-1,8-diamine (5)
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'"H NMR spectrum of N'-(7-chloroquinolin-4-yl)octane-1,8-diamine (9)
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'H NMR spectrum of N'-((adamantan-1-yl)methyl)-N3-(7-chloroquinolin-4-yl)octane-1,8-
diamine (1)
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SUPPLEMENTARY MATERIAL

'"H NMR spectrum of N'-((adamantan-1-yl)methyl)-N'-benzyl-N?-(7-chloroquinolin-4-

yl)octane-1,8-diamine (4)
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KOMATOVIC et al..

3BC NMR spectrum of N'-((adamantan-1-yl)methyl)-N!-benzyl-N3-(7-chloroquinolin-4-

yl)octane-1,8-diamine (4)
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SUPPLEMENTARY MATERIAL

S161

'H NMR spectrum of N'-(2-(adamantan-1-yl)ethyl)-N®-(7-chloroquinolin-4-yl)octane-1,8-

diamine (3)
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KOMATOVIC et al..

13BC NMR spectrum of N!-(2-(adamantan-1-yl)ethyl)-N3-(7-chloroquinolin-4-yl)octane-1,8-

diamine (3)
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SUPPLEMENTARY MATERIAL S 1 63

"H NMR spectrum of 3-hydroxyadamantane-1-carboxylic acid (11)

cacaa
Q 00000
g 22288
I ZEZ== 3= - 6000
= ot =
] e R RuRuky]
3 ERER VY
OH \‘/
5500
OH f [ 5000
o 4500
4000
F-6000
5000 | L 3500
4000 B(m
3000 3000
2000
2500
1000
o
2000
T T T T T T T
185 1.8 175 170 1.65 160 155
f1 (ppm
(ppm) 1500
+ 1000
500
M_
J J\N_J Lo
I 7
S N=Q
I R L -s00

T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f1 (ppm)

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

(CC) 2025 Serbian Chemical Society.



S164
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13C NMR spectrum of 3-hydroxyadamantane-1-carboxylic acid (11)
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SUPPLEMENTARY MATERIAL S 1 65

"H NMR spectrum of 3-bromoadamantane-1-carboxylic acid (12)

r 17000

7.26 CDCI3

Br t 15000
F 14000
OH
13000
t 12000
11000
10000

9000

8000

7000

6000

5000

T T T T
2.6 25 24 23 22 21 20 1.9 1.8 17 4000
f1 (ppm)

3000

2000

1000

44 - -1000
23

T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

f1 (ppm)

,__4
N 200 e
T
(=]

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

(CC) 2025 Serbian Chemical Society.



S166 KOMATOVIC ef dl..

13C NMR spectrum of 3-bromoadamantane-1-carboxylic acid (12)
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SUPPLEMENTARY MATERIAL

"H NMR spectrum of 3-(hydroxymethyl)adamantan-1-ol (13)
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13C NMR spectrum of 3-(hydroxymethyl)adamantan-1-ol (13)
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SUPPLEMENTARY MATERIAL S 1 69

"H NMR spectrum of (3-bromoadamantan-1-yl)methanol (14)
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13C NMR spectrum of (3-bromoadamantan-1-yl)methanol (14)
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SUPPLEMENTARY MATERIAL

'"H NMR spectrum of 3-(((8-((7-chloroquinolin-4-yl)amino)octyl)amino)methyl)adamantan-1-

ol (6)
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S172 KOMATOVIC et al..

BBC NMR spectrum of 3-(((8-((7-chloroquinolin-4-yl)amino)octyl)amino)methyl)adamantan-
1-0l (6)
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SUPPLEMENTARY MATERIAL S 1 73

'H NMR spectrum of N'-((3-bromoadamantan-1-yl)methyl)-N3-(7-chloroquinolin-4-yl)octane-

1,8-diamine (7)
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S174

BC NMR spectrum of N!-((3-bromoadamantan-1-yl)methyl)-N3-(7-chloroquinolin-4-

KOMATOVIC et al..

yl)octane-1,8-diamine (7)
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SUPPLEMENTARY MATERIAL S 1 75

"H NMR spectrum of 1-adamantaneacetic acid (18)
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KOMATOVIC et al..

13C NMR spectrum of 1-adamantaneacetic acid (18)
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SUPPLEMENTARY MATERIAL S 1 77

'H NMR spectrum of 1-adamantaneacetamide (19)
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13C NMR spectrum of 1-adamantaneacetamide (19)
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SUPPLEMENTARY MATERIAL

"H NMR spectrum of 3-bromo-(1-adamantaneacetamide) (20)
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S180 KOMATOVIC et al..
13C NMR spectrum of 3-bromo-(1-adamantaneacetamide) (20)
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SUPPLEMENTARY MATERIAL

"H NMR spectrum of 3-(2-amino-2-oxoethyl)adamantane-1-carboxylic acid (21)
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KOMATOVIC et al..

13C NMR spectrum of 3-(2-amino-2-oxoethyl)adamantane-1-carboxylic acid (21)
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SUPPLEMENTARY MATERIAL
"H NMR spectrum of 2-(3-(hydroxymethyl)adamantan-1-yl)acetamide (22)
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13C NMR spectrum of 2-(3-(hydroxymethyl)adamantan-1-yl)acetamide (22)
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SUPPLEMENTARY MATERIAL

'H NMR spectrum of 2-(3-(((8-((7-chloroquinolin-4-
yl)amino)octyl)amino)methyl)adamantan-1-yl)acetamide (8)
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BC NMR spectrum of 2-(3-(((8-((7-chloroquinolin-4-
yl)amino)octyl)amino)methyl)adamantan-1-yl)acetamide (8)
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5. HPLC PURITY CHROMATOGRAMS
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HPLC chromatogram of compound 3, method I

Sample Name: KBK45 Method I Compound 3
Acq. Operator  : SYSTEM Seq. Line : 18
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260 Location : 48
Inj Volume : 2.608 pl
Method
metoda 2.ACN.M (Sequence Method)
DAD1 B, Sig=280.4 Ref=off
mAU 5
160 ﬁ
140 -
120 1|
100
80| (|
60— | |
40 |
20 5 ey %
0 : 2 S . T S
: 1 — Tt e B T —— — ==
Fraction Information
No Fractions found.
Area Percent Report
Sorted By signa
Multiplier 1.600
Dilution 1.000
Use Multiplier & Dilution Factor with ISTDs
Signal 2: DAD1 B, Sig=280,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
L R O e |-oemeee |
1 7.725 BB 0.0717 12.56595 2.73035 0.9881
2 8.407 BB 0.1113 1247.28442 174.62508 98.0745
3 9.344 BB @.1158 11.92265 1.408566 0.9375
Totals : 1271.77302 178.76108

*** End of Report ***
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Sample Name: KBK45

SUPPLEMENTARY MATERIAL

HPLC chromatogram of compound 3, method II

Method II Compound 3
Acq. Operator  : SYSTEM Seq. Line : 2
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260 Location : 48
Inj Volume : 3.608 pl
Method
metoda 1.M (Sequence Method)
Method Info : Metoda 1 MeOH
DAD1 C, Sig=320,4 Ref=off
mAU J 3
] €«
1200 - ?P
1000 - |
800 [
600 |
400 ] |
| | oo~
e S
o) , R i

S189

Fraction Information

No Fractiens found.

Area Percent Report

Sorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Use Multiplier & Dilution Factor with ISTDs
Signal 3: DAD1 C, Sig=32@,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
semefemmneie L |-meeeees [-oeemeees |=een !
1 8.792 BV 0.0698 106.77717 22.67707 0.853%
2 8.903 VB 0.0697 36.38%930 6.59882 ©.2575
3 9.118 BB 0.08939 22.18881 3.70206 ©.1880
4 9.453 BV E ©.1123 11.00179 1.48812 ©8.0932
5 9.663 VW E ©.1145 118.22020 16.72628 1.0017
6 9.894 VB R ©.1342 1.12518e4 1364.23877 95.3386
7 10.807 BB ©.1291 160.95866 16.31722 1.3638
g8 11.275 By  ©.1085  54.36814  8.98267  ©.4607
9 11.417 VB 8.1095 52.22563 7.29542 9.4425
Totals : 1.18019%e4 1447.12644
***% End of Report ***
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HPLC chromatogram of compound 4, method II1

Sample Name: KBK47

Method III Compound 4
Acq. Operator  : SYSTEM Seq. Line : 7
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260 Location : 26
Inj Volume : 3.608 pl
Method

metoda 2.ACN.M (Sequence Method)

DAD1 C, Sig=320 4 Ref=off

] (=3
ﬂ%g; i o
Do
: mo&
600 = &
3 |, &
500 = [
400 - ‘
] N O

100
0

300 |
[l g o
3 S &
200 ﬁ’ & e

Fraction Information

=

o Fractions found.

Area Percent Report

Sorted By : Signal
Multiplier : 1.0000
Dilutien : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 3: DAD1 C, Sig=328,4 Ref=off
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %

1318 5741.55273 726.23987 95.5241
0742 22.99480 5.16225 ©.3826
8927 18.87844 3.39475

.948 MM

®
w
=
'S
Jury

Totals : 60108.57937 783.64165

*#**% End of Report ##*%*
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SUPPLEMENTARY MATERIAL
HPLC chromatogram of compound 4, method IV

Sample Name: KBK47

Method IV Compound 4
Acq. Operator  : SYSTEM Seq. Line : 41
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260 Location : 26
Inj Volume : 3.608 pl
Method

metoda 1.M (Sequence Method)

Method Info : Metoda 1 MeOH

DAD1 C, Sig=320,4 Ref=off

mAU
700

600

500

400

300

200

100

S191

Fraction Information

Area Percent Report

Sorted By i Signa
Multiplier B 1.000
Dilution E 1.000

Use Multiplier & Dilution Factor with ISTDs
Signal 3: DAD1 C, 5ig=320,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %
R B [ J-ommmmeees R |--mmee \
1 8.916 MM 9.0993 61.32568 16.29342 0.9607

2 9.997 MM 9.0926 59.87572  10.78159

3 9.845 MM 9.1056 118.98644  18.78357 1.8640
4

5

®
o
w
00
@

16.834 MM 9.1347 6083.24885 752.963@7 95.2958
10.620 MM 9.1203 60.10685 8.32531 9.9416

Totals : 6383.54214 8@1.14698

**+* End of Report ***

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

(CC) 2025 Serbian Chemical Society.



S192 KOMATOVIC et al.
HPLC chromatogram of compound 5, method I

Sample Name: KBK48

Methoda I Compound 5
Acq. Operator : SYSTEM Seq. Line : 12
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 42
Inj Volume : 2.608 pl
Method

metoda 2.ACN.M (Sequence Method)

DAD1 C, Sig=320,4 Ref=off

mAU 3
4

600 - ‘I

500

400 |\

300 ‘I

200 o :

100 %88 % 8

0 P e alp BBl L e
T T T
2 4 [:] 8 10 12 14 min
Fraction Information
No Fractions found.
Area Percent Report

Sorted By : Signal
Multiplier F 1.0000
Dilution 2 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 3: DAD1 C, Sig=320,4 Ref=off
Peak RetTime Type Width Area Height Area

#  [min] [min] [mAU*s] [mAU] %

|

1 7.344 BB .0593 87.209%0 22.47513 1.4465
2 7.727 BB .0777 52.47802 10.61152 ©.8704
3 8.027 BB .0868 25.87752 4.51626  @.4292
4

5

6

@
Q
e
8.482 W E 0.1078 67.108393 1.113@
@
a

0
w
B
fo
@
~

8.709 W R .1229 5759.69629 735.13587 95.5346
9.286 VB E .1541  36.54370 .08680 0.6061

w

Totals : 6028.90936 785.16485

#%* End of Report ***
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HPLC chromatogram of compound 5, method II

Sample Name: KBK48

Methoda II Compound 5
Acq. Operator  : SYSTEM Seq. Line : 34
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 42
Inj Volume : 3.608 pl
Method

metoda 1.M (Sequence Method)

Method Info : Metoda 1 MeOH

DAD1 A, Sig=254 4 Ref=off
mAU §
1400 &
1200 ‘
1000 |
800 | |
600 |
400 |
w
200 5 R
<

0 - %'—r !
8

9.645
9.957
11.914

[13115

Fraction Information

No Fractions found.

Area Percent Report

Sorted By : Signal
Multiplier 2 1.0000
Dilution 3 1.6000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mau] %

SRl EEEEEES [-=-=]-=m---- |=--mmmme- [==mmmmmme EEEEREES |
1 8.311 BV 9.0524 5.83001 1.77242 9.0388
2 8.295 VB 9.0748 25.67034 5.08937 9.1706
3 8.767 BB @.0746 14.6818@ 2.92145 0.0976
4  9.242 BY 9.0710 86.24202 18.30317 @.5733
5 9.397 VB 9.8727 42.73519 9.18699 0.2841
6 9.645 BB 9.0963 66.82705 9.95200 0.4442
7 9.957 BY E 0.0935 13.95853 2.41147 9.0928
8 10.558 VW R 0.1402 1.47068e4 1615.26794 97.7614
9 11.914 VB E ©.1537 60.21075 5.25358 9.4002
16 13.115 BB 9.1438 20.61539 2.00828 9.1370

Totals : 1.50436e4 1672.08669

*** End of Report ***
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HPLC chromatogram of compound 6, method II1

Sample Name: KBK64 Method IIT Compound 6
Acq. Operator  : SYSTEM Seq. Line : 14
Sample Operator : SYSTEM
Acq. Instrument : HPLC126@ Location : 33
Inj Volume : 3.608 pl

Method
metoda 2.ACN.M (Sequence Method)
DAD1 C, Sig=320,4 Ref=off

mAU g
1200 147
1000 ‘
800 |
600
400 “
200 %2 é ﬁ%

0 —— . #\gH

2 4 6 T 10 12 14

No Fractions found.

Area Percent Report

Sorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 3: DAD1 C, S

Peak RetTime Type
# [min]

1 6.486 BV E
2 6.615 VW R
3 6.964 VB E
4 7.254 W R
5 7.353 VB

Totals :

ig=320,4 Ref=off

Width Area Height Area
[min] [mAU*s ] [mAU] %
------ O B R B
0.8613 59.88951 15.4@364 0.6924
0.08962 8491.18359 1372.88968 98.3058
0.0625 9.22906 2.31716 0.1068
0.1028 39.71161 5.59855 0.4598
0.0866 37.58918 6.38948 0.4352
8637.52296 1401.79843

*** End of Report #**
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Sample Name: KBK64
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HPLC chromatogram of compound 6, method IV

Method IV Compound &
Acq. Operator  : SYSTEM Seq. Line : 48
Sample Operator : SYSTEM
Acq. Instrument : HPLC126@ Location : 33
Inj Volume : 3.608 pl
Method

metoda 1.M (Sequence Method)

Method Info : Metoda 1 MeOH

DAD1 A, Sig=254,4 Ref=off
mAU o
& &
1750 4
s
1500 &
1250
1000 | |
750
500
=
250 [
~

0

Fraction Information

No Fractions found.

Area Percent Report

Sorted By 5 Signal
Multiplier : 1.0000
Dilution 3 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAuU] %

1 7.794 BB 08.68972 6.76749 1.84925 0.6429
2 8.886 BB 0.0936 89.83051 15.64876 0.5695
3 9.231 MM 0.1336 1.53806e4 1918.158381 97.5060
4 10.024 MM 0.1386 77.56643 9.89686  ©.4917
5 10.498 MM 0.1917 219.24388 19.06480 1.3899

Totals : 1.57741e4 1963.81848

*** End of Report ***
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HPLC chromatogram of compound 7, method III

Sample Name: KBK63b Method III Compound 7
Acq. Operator  : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 24

Inj Volume : 3.608 pl
Acq. Method : C:\ChemStation\1\Methods\HPLC cistoca metoda 2.ACN.M

Analysis Method : C:\ChemStation\l\Methods\DEF_LC.M

DAD1 A, Sig=254,4 Ref=off

mAU ®
1000 %
800 |\
600 “
400 |
s ]
200 3 || g g. g
0 S - SEL Al B "
5 8.288 BB  £.8963 21.90447  3.85879 ©.2680 & 10 12
Fraction Information
Area Percent Report
Sorted By : Signal
Multiplier : 1.0000
Dilution 5 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A, Sig=254,4 Ref=off
Peak RetTime Type Width Area Height Area

#  [min] [min] [mAU*s] [mau] %
I

1 6.417 BY 9.0911 120.12967 20.90011 1.4696
2 6.9901 VW R ©.1049 8007.90674 1197.37476 97.9653
3 7.329 VB E ©.1134  16.89939 2.15666 @.2067
4  7.847 BV 0.0733 7.38698 1.55718 0.09%84
5 8.288 BB 0.0963 21.90447 3.85179 0.2680

< End of Report **¥
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HPLC chromatogram of compound 7, method IV

Sample Name: KBK63b Method IV Compound 7
Acq. Operator  : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 24

Inj Volume : 3.608 pl
Acq. Method : C:\ChemStation\1\Methods\HPLC cistoca metoda 1.M

(modified after loading)
Analysis Method : C:\ChemStation\1\Methods\DEF_LC.M

DAD1 C, Sig=320,4 Ref=off

—8496

600 <
5004 |
400 = |
300 ‘ |
200

100

i7.621
9.602
9.891

S197

Fraction Information

No Fractions found.

Area Percent Report

Sorted By H Signal
Multiplier : 1.0000
Dilution : 1.0600

Use Multiplier & Dilution Factor with ISTDs

Signal 3: DAD1 C, Sig=320,4 Ref=off

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s ] [mAU] %
------- B Er T Tns) PR
1 7.621 BB 9.1206 76.21922 10.51346 1.4169
2 8.496 BB 9.1123 5272.46436 729.43896 98.0116
3 9.602 BB 9.0836 5.84354 1.18304 2.1086
4 9.891 BB 9.0962 24.96395 4.02220 8.4629

Totals : 5379.43106 745.15767

*** End of Report ***
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Sample Name: KBK68
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HPLC chromatogram of compound 8, method IIT

Acq. Operator

Method III Compound 8
: SYSTEM Seq. Line : 18
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 37
Inj Volume : 3.608 pl

Method

metoda 2.ACN.M (Sequence Method)

DAD1 A, Sig=254,4 Ref=off

mAU
1400
1200
1000 -
800
600 -
400
200
0

Fraction Information

No Fractions found.

Area Percent Report

Sorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
ceeefmonee oo | O | oo oo |
1 6.479 MM 09.0823 167.78525 33.99279 1.7677
2 6.671 MM 0.0984 9285.25488 1558.82935 96.9822
3 6.988 MM 0.8578 20.60745 6.02871 09.2171
4 7.348 MM 0.1513 98.84446 10.80194 1.0338

Totals : 9491.69204 16€9.65278

**% End of Report ***
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HPLC chromatogram of compound 8, method IV

Sample Name: KBK68 Method IV Compound 8

Acq. Operator : SYSTEM Seq. Line : 52
Sample Operator : SYSTEM
Acq. Instrument : HPLC1260@ Location : 37

Inj Volume : 3.608 pl
Method
metoda 1.M (Sequence Method)

Method Info : Metoda 1 MeOH

DAD1 A, Sig=254,4 Ref=off
mAU &
1400 ﬁ
1200
1000 |
800 |
600
400 | 1
200~ 508
S

Fraction Information

Area Percent Report

Sorted By 5 Signal
Multiplier * 1.0000
Dilution : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min]  [mAU*s] [mAU] %

1 8.875 MM ©9.8941 154.25528 27.31853 1.2453
2 9.957 VB 0.1015  40.69626 6.29104  @.3285
3 9.297 MM ©9.1302 1.18230e4 1513.76807 95.4433
4 10.0914 MM ©.1856 268.39194 24.18622 2.1666
5 18.478 MM 8.1172 181.11962 14.38363 0.8163

Totals : 1.23874e4 1585.85949

*#%* End of Report ***
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Abstract: In this work, the red pigment of Streptomyces sp. A23 strain isolated
from Algerian bee pollen was used for the green synthesis of silver nanopar-
ticles (AgNPs) as well as for evaluating their antimicrobial, anticancer and
neuroprotective activities. AgNPs were synthesized as a result of the reduction
of 1 and 5 mM silver nitrate solutions at various pH values (5, 7 and 9) and
were subsequently characterized. AgNPs (5 mM, pH 9) exhibited a maximum
UV-Vis absorbance at 433 nm. Dynamic light scattering revealed that the
average diameter was 112 nm. A zeta potential peak was found at —33 mV
corresponding to the increased stability. XRD analysis confirmed the crystal-
lization nature of the material. Furthermore, FT-IR analysis revealed the spe-
cific functional groups at 3471 to 478 cm!. In addition, FE-SEM showed that
the mean size of the spherical AgNPs was 54.5 nm in diameter. The presence
of Ag was revealed by EDX analysis. Additionally, good antimicrobial activity
was observed against Enterococcus faecalis ATCC 19433, Candida albicans
ATCC 10231, Staphylococcus aureus ATCC 6538P, Pseudomonas aeruginosa
ATCC 27853, Bacillus subtilis ATCC 6633, Klebsiella pneumoniae ATCC
13883 and Escherichia coli ATCC 7839, with inhibition zones of 32, 30, 30,
27, 25, 20 and 19 mm, respectively. The lowest minimum inhibitory concen-
tration and minimum bactericidal concentration were recorded against B. sub-
tilis ATCC 6633, with a value of 62.5 pg mL-1. Intriguingly, all the synthesized
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AgNPs at concentrations of 2, 4 and 8 pg mL! had cytotoxic effects on SH-
SY5Y neuroblastoma cell lines. In addition, AgNPs (1 mM, pH 7) exhibited
the significant neuroprotective activity at the lowest tested concentration.
Finally, the AgNPs synthesized using the red pigment of Streptomyces sp. strain
A23 can be considered as promising therapeutic agents.

Keywords: actinomycetes; microbial pigment; green synthesis; antimicrobial
activity; cancer; neuroprotective activity.

INTRODUCTION

Recently, the use of nanomaterials in the medical field has attracted inc-
reased attention, especially as novel and alternative therapeutic agents with
multifaceted applications.! One of these nanomaterials are silver nanoparticles
(AgNPs), which are emerging as possible hopeful alternatives due to their bene-
ficial features.?2 Two conventional methods were applied in order to synthesize
AgNPs and they are chemical and physical methods. Due to their undesirable
disadvantages, some suitable and green alternative methods must be found.
Among these methods, the biological methods which use bacteria, fungi, algae,
plants, and others have gained the substantial prominence due to their high
safety.3 Many researchers have used Actinomycetes, including Streptomyces bac-
teria to synthesize AgNPs.*5 The genus Streptomyces is known as a source of
valuable and variety of secondary metabolites, which are excellent tools for the
green synthesis of nanoparticles.%7 One such secondary metabolite is pigments
which not only serve as an identifier product for Streptomyces, but also demon-
strate a prominent potential for synthesizing AgNPs.8 This process of synthesis
provides a fast, safe and eco-friendly approach, and imparts significant biological
properties like antioxidant, antimicrobial, and antiproliferative activities, to the
resulting nanoparticles, which hold promise as multifaceted therapeutic agents
capable of treating both communicable and noncommunicable diseases.®-10 Reg-
arding communicable diseases, the growth of antibiotic-resistant microorganisms
is one of the most important public health problems, which have emerged as a
global crisis, underscoring the urgent need to discover novel and alternative
antimicrobial agents to the conventional antibiotics.!l AgNPs synthesized using
secondary metabolites produced by Streptomyces exhibit good antimicrobial
effects against a wide range of pathogenic microorganisms, including bacteria
and fungi.!2 Moreover, when AgNPs are combined with conventional antibiotics,
they can have synergistic effects that may overcome antibiotic resistance.!3 For
noncommunicable diseases, cancer and neurodegenerative disorders remain
major health concerns, necessitating the discovery of new effective therapeutic
agents.1415 AgNPs synthesized using the microbial pigments have shown pro-
mising anticancer and neuroprotective effects.!2:16 These nanoparticles are pro-
mising agents in cancer therapy because they can target the cancer cells, while
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avoiding the cells that are normal.!7 Furthermore, the distinctive physicochem-
ical properties of these nanoparticles allow them to exhibit antioxidant activities,
reducing the oxidative stress that might lead to neurodegenerative disorders.
Additionally, these nanoparticles can modulate inflammatory responses, further
contributing to their neuroprotective effect.!8

Therefore, this study aims to synthesize AgNPs using a red pigment pro-
duced by the Streptomyces sp. A23 strain isolated from Algerian bee pollen as a
new biological reducing agent to evaluate their antimicrobial, anticancer and
neuroprotective activities.

EXPERIMENTAL
Materials

Silver nitrate (AgNO3), hydrogen peroxide (H,0,) and dimethyl sulfoxide (DMSO) were
purchased from Sigma. Muller-Hinton broth was obtained from Conda and calcium carbonate
(CaCO3) was obtained from Merck. The GF-1 nucleic acid extraction kit, universal primers
(27F and 1492R) and clean-up kit were from Vivantis Technologies. Gentamicin discs were
provided from Oxoid™. Staphylococcus aureus ATCC 6538P, Bacillus subtilis ATCC 6633,
Enterococcus faecalis ATCC 19433, Escherichia coli ATCC 7839, Pseudomonas aeruginosa
ATCC 27853, Klebsiella pneumoniae ATCC 13883 and Candida albicans ATCC 10231 were
obtained from the applied microbiology laboratory, Ferhat Abbas University, Algeria. SHSY-
-5Y human neuroblastoma cells (ATCC®, CRL-2266) were obtained from Erfarma Center,
Erciyes University, Turkey.

Bee pollen sampling

The bee pollen samples were provided by the International Api-Phyto Therapy Center,
Setif, Algeria, from different Algerian clean lands during the spring of 2019, in sterile plastic
containers. The samples were subsequently transported to the laboratory and stored at 4 °C
until use.

Isolation, purification and conservation of the A23 strain

All the samples were crushed, air dried at room temperature and heated at 50 °C for 30
min in a water bath (Memmert, Germany). One gram from all bee pollen samples was mixed
with 0.1 g of calcium carbonate and incubated at 28 °C for one week.!? Then, 1 g of each pre-
-treated sample was suspended in 9 mL of sterile saline water and diluted to 102, after which
100 pL of the diluted sample was plated on different media for Actinomycetes isolation and
incubated at 28 °C for approximately 10 days. During the period of incubation, the selected
strain was purified using yeast extract-malt extract agar (ISP 2 medium), labelled by the A23
strain and conserved at 4 °C.20

Phenotypic identification of the A23 strain

The primary phenotypic characteristics of the A23 strain were determined via Gram
staining, catalase and oxidase tests.2!22 In addition, the culture characteristics were described
based on the growth intensity, aerial and substrate mycelia and the pigment production on the
ISP 2 agar medium.23 Also, the carbohydrate assimilation was assessed on minimal growth
medium supplemented with the carbon source at a final concentration of 1 %, as described by
Shirling and Gottlieb (1966).2* The production of extracellular hydrolytic enzymes (starch
hydrolysis, protease and lipolysis) was studied on the minimum agar medium added to the
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substrates at a concentration of 1 %.2° The assignments of the A23 strain at least to the genus
level were performed by comparing the results of the phenotypic characterization to those
reported in Bergey’s Manual of Systematic Bacteriology.2¢

Genotypic identification of the A23 strain

DNA extraction, 16S rRNA amplification and electrophoresis. The DNA extraction of
the selected strain was carried out by using the GF-1 Nucleic Acid Extraction Kit (Vivantis
Technologies, Malaysia). The 16S rRNA amplification was performed by PCR using
thermocycler (iCycler Bio-Rad, USA) with the help of two universal primers, 27F and 1492R.
This process was repeated for 30 cycles,?’ after which the products of PCR were subjected to
electrophoresis and subsequently purified by a Clean-Up Kit (Vivantis Technologies,
Malaysia).?

DNA sequencing and bioinformatics analysis. The PCR products were purified and sub-
sequently sequenced using 3130 Genetic Analyzer (Applied Biosystems®, Waltham, MA,
USA).22 BLAST was used to compare the obtained sequence of the studied strain with 16S
rRNA gene sequences of other Actinomycetes in GenBank. MEGA 11 software was used to
construct the phylogenetic tree.28

Green synthesis, purification and characterization of silver nanoparticles (AgNPs)

Production and purification of red pigment. Red pigment was produced from the A23
strain by the submerged fermentation on ISP 2 broth using an orbital shaker at 180 rpm and 28
°C. A week later, the culture broth was centrifuged at 4000 rpm and 4 °C for 10 min to rem-
ove the mycelia. The supernatant that contained the produced pigment was collected and
stored at 4 °C.?°

Synthesis and purification of AgNPs. Two mL of the obtained pigment were filtered
through a 0.45 pm syringe filter and mixed with 18 mL of 1 or 5 mM silver nitrate solutions at
pH 5, 7 and 9 using a magnetic hotplate stirrer at 1500 rpm and room temperature for 24 h in
dark conditions.®3% The first part of the nanoparticles suspension was obtained directly and kept
at 4 °C for UV-Vis spectrophotometry, zeta potential and DLS analyses and further experi-
ments. The second part was centrifuged and washed two times with distilled water at 15000 rpm
for 10 min, after which the precipitates were dried at 70 °C for 2 days and subjected to the
characterization using XRD, FT-IR, FE-SEM and EDX analyses.3!

Characterization of synthesized AgNPs. Several techniques have been used to charac-
terize the synthesized AgNPs. The formation of AgNPs was confirmed by the visual obser-
vation and UV-Vis (Perkin Elmer).” The hydrodynamic diameter was determined via
dynamic light scattering (DLS, Malvern Panalytical, Malvern, UK). The surface charge was
examined by zeta potential analyser. The presence of functional groups, playing a role in the
synthesis, was determined by FT-IR (Perkin Elmer Spectrum 400) analysis. The crystal-
lization was determined by XRD (Bruker AXS D8, Ettlingen, Germany) analysis. The mor-
phology and the elemental presence was determined by the field emission scanning electron
microscopy (FE-SEM) and energy-dispersive (EDX) analyses (Zeiss Gemini SEM 500,
Aalen, Germany).32

Biological activities of synthesized AgNPs

Antimicrobial activity. The first test of antimicrobial activity of the synthesized AgNPs
was evaluated using the agar well diffusion method, as described by Balouiri et al. (2016)33
against S. aureus ATCC 6538P, B. subtilis ATCC 6633, E. faecalis ATCC 19433, E. coli
ATCC 7839, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883 and C. albicans
ATCC 10231. The fresh microbial suspensions (107 cfu mL") were prepared and swabbed
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using sterile cotton swabs on Muller—Hinton agar plates. After that, the wells were made using
sterilized micropipette tips and 100 pL of synthesized AgNPs were poured into each well.
Finally, all plates were kept at room temperature for 30 min to diffusion and subsequently
incubated at 37 °C for 24 h. After incubation, the inhibition zone diameter observed around
each well was measured and is expressed in mm. The gentamicin discs (Oxo0id™) and silver
nitrate solutions were used as positive controls; pigment alone and distilled water were used as
negative controls. After that the minimum inhibitory concentrations (MICs) and the minimum
bactericidal concentrations (MBCs) of AgNPs (5 mM, pH 9) were determined by the micro-
broth dilution method using tetrazolium salts (TTC) in 96 well microplates in triplicate and on
Mueller—Hinton agar plates, respectively.’

Anticancer and neuroprotective activities. The final concentrations of 2, 4, 8, 12 and 16
pug mL-!' of the synthesized AgNPs were prepared to be used in the evaluation of the cyto-
toxicity and the neuroprotective effects on the SHSY-5Y neuroblastoma cells by using the
MTT test.

Cytotoxicity assay. After the preparation of SHSY-5Y cells, they were exposed to all
prepared concentrations of AgNPs for 24 h in 96 well plates contains approximately 10* cells
per well. Then, 100 pL of the prepared MTT solution was added to each well and incubated at
37 °C for 4 h. Afterwards, the supernatant portion was subsequently removed from the wells,
followed by the addition of 100 uL of DMSO to each well in order to dissolve the MTT salts.
Finally, the microplate reader (BioTek, Synergy HT, Winooski, Vt, USA) was used to
measure the absorbances at a wavelength of 560 nm.3!

Neuroprotective activity. To evaluate the potential neuroprotective effects of the syn-
thesized nanoparticles on neuroblastoma cells, the prepared concentrations of AgNPs com-
pounds were added 1 h after the treatment of cells by H,O, (300 uM) in 96 well plates. Cell
viability was measured by the MTT test after 24 h of incubation. The same volume of medium
without AgNPs or H,0, was used as a control.3!

Statistical analysis. Data analysis was performed using the GraphPad Prism 8.0 software
by using ANOVA one-way and Dunnett’s post-hoc tests. All differences were considered sig-
nificant when P < 0.05. The n value was four for the cell culture studies

RESULTS AND DISCUSSION
Phenotypic and genotypic identification of the isolated strain (A23)

As shown in Fig. 1, the isolated strain in our study was characterized by
earthy odour and powdery colonies with a grey white colour, and it was a
filamentous, branching and gram-positive bacterium. The morphological and the
cultural properties have shown abundant growth with the variations in the colour
of aerial and substrate mycelia. Additionally, it has the potential to produce a
diffusible red pigment. Actinomycetes can produce visible powdery colonies
with different colours from the 3rd to 7th day, with an earthy odour as a result of
these bacteria’s ability to produce various secondary metabolites, including pig-
ments.34 Furthermore, the strain can use different carbon sources for growth, and
it is also positive for catalase and negative for the oxidase reactions. Protease,
lipase, and amylase are produced by the described strain (Table I). With the help
of Bergey’s manual of systematic bacteriology, these phenotypic properties are
consistent with the typical characteristics described for the genus Streptomyces.2°

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

(CC) 2025 Serbian Chemical Society.



566 MOKHNACHE et al.

Fig. 1. Streptomyces sp. A23 strain a)
Colony morphology b) Gram staining.

TABLE I. The phenotypic characteristics of the isolated strain (Streptomyces sp. A23); +)
positive reaction; —) negative reaction; +++) elevated production

Growth intensity on ISP2 agar +++
Arial mycelium colour on ISP2 agar Grey white
Substrate mycelium colour on ISP2 agar Dark red
Diffusible pigment +++
Gram staining Positive
Carbon sources assimilation
Glucose +
Fructose +
Lactose +
Maltose +
Galactose +
Mannitol +
Enzymes production
Catalase +
Oxidase -
Starch hydrolysis +
Casein hydrolysis +
Lipolysis +

According to the obtained 16S rRNA sequence (1096 bp) and the phylo-
genetic tree analyses (Fig. 2), the A23 strain belongs to the genus Streptomyces.
It was labelled Streptomyces sp. A23 strain and registered in GenBank under the
accession number OR236137.1.

Green synthesis and characterization of AgGNPs

AgNPs were successfully synthesized via a rapid, easy, and eco-friendly
procedure, using the red pigment of the Streptomyces sp. A23 strain that isolated
from bee pollen as a bio-reducing agent source. Silver nitrate (AgNO3) is a
colourless solution, and the pigment is red colour. When the pigment was mixed
with silver nitrate solution, the mixture slowly turned to the brown colour after
24 hours in the dark (Fig. 3). The colour change was due to silver nitrate interac-
ting with the pigment compounds and being bio-reduced from silver nitrate
(AgNO3) to elemental silver. These elementals aggregate to form stable AgNPs.35
A previous study indicated the formation of AgNPs using a pink pigment
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produced from Streptomyces sp. NS-05 isolated from a rhizospheric soil by
observing the change in colour to brown.8

42 '. OF236137.]1 Stweptomyces sp. strain A 23
26 OMNEI0A6,1 Sreptomyces leenwenhoskn stram G20
LC435667.1 Streptomyces sp. SC002
LC435674.1 Streptomyces sp. SC145
LCO11588.1 Swreptomyces sp. 503-26
MT353651.1 Sreptomyces sp. stvam LT3-17
EF218268.1 Streptomyces sp. BDUSMP R25
KY072953.1 Streptomyces tendae strain AJIR
MN901087.] Streptomyces parvilas strain 2411
ABGIG65E, 1 Nocardia neva
R 148611.2 Streptosporanghon algeriense strain 169
ORE55671.1 Micremonospora maris strasn semedle] 3
FI972538.1 Pseudomonas acruginesa 57

—
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Fig. 2. Phylogenetic tree of the Streptomyces sp. A23 strain.
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Fig. 3. Visual observation of synthesized
T AgNPs: a) pigment, b) AgNOj; solution and
= c) AgNPs suspension.

In this study, the light absorption points, the hydrodynamic diameter, the
surface charge, the crystallization, the phytochemical composition, the morpho-
logy and the elemental presence of synthesized AgNPs (5 mM, pH 9) were
determined by UV—Vis, DLS, zeta potential, XRD, FT-IR, FE-SEM and EDX
analyses, respectively. The optical and electrical properties of nanoparticles are
interrelated, and unlike those of their bulk forms, they have a UV—Vis absorption
band called surface plasmon resonance (SPR).

UV-Vis spectroscopy was used for characterizing the nanoparticles synthe-
sized by various methods. The diffractions observed by analysis can be con-
trolled by many factors, such as reducing agents and solvents.3¢ According to the
obtained results, the characteristic light absorption bands detected at 278 and 433
nm by UV—Vis analysis were associated with the presence of biomolecules in the
pigment and AgNPs, respectively (Fig. 4). The characteristic light absorption
bands of AgNPs synthesized by the secondary metabolites of Streptomyces rochei
and marine Streptomyces sp. were measured at 413 and 434 nm, respectively.37-38
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The structural properties of nanoparticles which depend on the synthesis con-
ditions, also affected the UV—Vis characterization bands.3°

Pigment

AgNPs

Absorbance (A)
N

200 400 600 800 1000 Flg 4. UV-Vis spectrum of AgNPS (5 mM,
Wavelength A (nm) pH 9)

The surface charge of nanoparticles determines the distribution properties of
particles, the adsorption properties of ions, and molecules, and it is an important
parameter for the characterization of nanomaterials.#0 The surface charge of the
AgNPs synthesized in our study was determined to be —33 mV (Fig. 5). A
relatively low zeta potential increases the electrostatic repulsion force between
nanoparticles, which prevents their aggregation and ensures their stabilization.4!
The surface charge (negative, positive or neutral) of nanoparticles is related to
the functional groups on the surface structure.*2
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Fig. 5. Zeta potential analysis of AgNPs (5 mM, pH 9).

The dynamic light scattering (DLS) is a spectroscopic analysis technique
used to determine the size of particles suspended in a liquid from 1 to 1000 nm.43
The average hydrodynamic size of our synthesized AgNPs was 112 nm (Fig. 6).
The DLS measurements are expected to yield more intense results than micro-
scopic analyses, which can be explained by the presence of ions or molecules
bound, and the increase in the thickness of the hydration shell around nanopar-
ticles in solution.44.43
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Fig. 6. DLS analysis of AgNPs (5 mM, pH 9).

According to the FE-SEM image, our synthesized spherical AgNPs tend to
form agglomerations and appear to be monodispersed with a mean particle size
of 54.5 nm (Fig. 7). The average size of the spherical AgNPs synthesized, using
the pink pigment of Streptomyces sp. NS-05 was 42.5 nm.8 The size, shape, and
structural properties of NPs synthesized by biological methods can vary dep-
ending on the biological agent used and the synthesis conditions, such as the con-
centration and type of metal salt used and the bio-reducing agent, temperature
and reaction time.46
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Fig. 7. FE-SEM image of AgNPs (5 mM, pH 9).

EDX and XRD were performed to determine the elemental composition and
crystal structure of the AgNPs. The presence of Ag was revealed by EDX
analysis (Fig. 8).
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Fig. 8. EDX analysis of AgNPs (5 mM, pH 9).

According to the XRD analysis of the AgNPs, the 27.7, 32.3, 38.4, 44.1,
46.2, 54.5, 57.6, 64.3 and 77.2° peaks observed at 2 theta corresponded to the
(1,0,0), (1,2,2), (1,1,1), (2,0,0), (2,0,0), (2,2,0), (2,2,0), (2,2,0) and (3,1,1) planes,
respectively (Fig. 9). The obtained peaks at 27.7, 32.3 and 54.5° indicate AgNPs
(JCPDS (01-076-1489)). The peaks at 32.3, 38.4, 46.2, 54.5, 57.6, 64.3 and 77.2°
reflect the face-centered cubic Ag phase (JCPDS (00-001-1167).47-49
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Fig. 9. XRD pattern of AgNPs (5 mM, pH 9).

FT-IR can provides the information about the bioactive molecules that may
be responsible for reducing silver ions into AgNPs.12 The functional groups that
play a role in the green synthesis of our AgNPs were revealed by the peaks obs-
erved in the FT-IR spectrum with diffractions at 3471, 2918, 1620, 1409, 1321
and 478 cm™1, which indicate the presence of alcohol (O-H), alkane (C-H),
amine (N-H), fluoro compound (C-F), aromatic amine (C—N) and metal (Ag),

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

(CC) 2025 Serbian Chemical Society.



BIOLOGICAL ACTIVITIES OF SILVER NANOPARTICLES 57 1

respectively (Fig. 10). Similar to our findings, previous studies reported that
alcohol, alkane, and amine groups were responsible for the reduction and capping
of Ag ions for the synthesis of NPs.11,38.41
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Fig. 10. FT-IR spectrum of AgNPs (5 mM, pH 9).

Antimicrobial activity

Firstly, the antimicrobial activity of synthesized nanoparticles (AgNPs) by
using the red pigment produced from Streptomyces sp. A23 strain was evaluated
using an agar well diffusion assay as illustrated in Fig. 11.

Fig. 11. Antimicrobial activity of AgNPs (1 mM, pH 7) against: a) E. faecalis, b) S. aureus
and ¢) P. aeruginosa; 1) H,0, 2) pigment, 3) AgNOs, 4) AgNPs and 5) gentamicin.

AgNPs (5 mM, pH 9) are more effective because of their spherical shape and
smaller size (54.5 nm), and their contact with microbial surfaces is good and easy
due to their high negative surface charge (—33 mV). According to several reports,
physical properties such as size, shape, and surface charge can influence the
antimicrobial activity.50-32 In addition, many previous studies have shown that
one of the critical characteristics of nanoparticles is size, and a smaller size has a
higher effect on the ability of nanoparticles to penetrate into microbial cells.52
Additionally, the shape of AgNPs plays an important role in the antimicrobial
activity, and it was decided that a spherical shape would result in excellent
activity.33 Furthermore, the surface charge plays a crucial role in the initial ads-
orption of nanoparticles to cell membranes.>!
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For the MICs and MBCs of AgNPs (5 mM, pH 9), we recorded the lowest
MIC against S. aureus ATCC 6538P and B. subtilis ATCC 6633 with a value
amounted by 62.5 ug mL-!, while the highest MIC was against P. aeruginosa
ATCC 27853 (250 pg mL-1). The lowest MBC (62.5 pug mL~1) was recorded
against B. subtilis ATCC 6633, while the highest MBC (> 1000 ug mL-!) was
against P.aeruginosa ATCC 27853 (Table 1I). MIC value is the lowest concen-
tration of the tested substance as an antibiotic that inhibits the growth of the test
microorganims after an overnight of incubation, while MBC value is the lowest
concentration required to kill 99.9 % of the test microorganisms.”>?

TABLE II. MICs and MBCs results of AgNPs (5 mM, pH 9)

Pathogenic microorganism MIC/ ug mL-! MBC / pg mL!
S. aureus ATCC 6538P 62.5 125

B. subtilis ATCC 6633 62.5 62.5

E. coli ATCC 7839 125 125

P. aeruginosa ATCC 27853 250 > 1000

K. pneumoniae ATCC 13883 125 125

There is no clear or exact mechanism for the antimicrobial effect of AgNPs,
but many existing studies have reported that the most common and prominent
mechanisms are as follows. a) AgNPs can adhere to the cell wall and membrane
of microbial cells, causing cell rupture and leading to cell lysis. b) AgNPs can
penetrate the inside of microbial cells and damage biomolecules (DNA and
enzymes) and intracellular structures (mitochondria, vacuoles and ribosomes). ¢)
AgNPs have the potential to increase ROS production, which can cause oxidative
stress and damage to microbial cells.5%455

Anticancer and neuroprotective activities

In the MTT test, SH-SYS5Y cells were treated with various concentrations of
AgNPs to determine their cytotoxic effects (Fig. 12). The compound-1 (AgNPs, 1
mM, pH 5) did not alter cell viability at concentrations of 2 or 4 ug mL-!, but at
concentrations of 8, 12 and 16 ug mL-! (p < 0.001), it significantly the reduced
cell viability compared to that of the control group. For the compound-2 (AgNPs,
1 mM, pH 7), the concentration of 2 pg mL~! tended to increase the cell viability,
but this increase was not statistically significant. Additionally, there was no
change in the cell viability at 4 pg mL-L. Also, at the concentrations of 8, 12 and
16 pg mL~1 (p < 0.001), the cell viability was markedly lower than that in the
control group. Compound-3 (AgNPs, 5 mM, pH 9) significantly decreased (p <
0.001) cell viability at concentrations of 2, 4, 8, 12 and 16 pg mL~! compared to
that of the control.
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Fig. 12. Effects of synthesized AgNPs on the viability of SH-SYSY cells;
***: p < 0.001 compared to the control.

For the neuroprotective activity, MTT assay was performed to determine the
neurotoxic dose of HyO; as shown in Fig. 13. The treatment with 100, 150, 200,
300, 400 and 600 uM of HyO» reduced (p < 0.001) the cell viability compared to
that of the control group. To evaluate the neuroprotective effect of synthesized
nanoparticles, 300 uM H»O; was added one hour before the AgNPs were added,
and the cell viability was investigated via the MTT test at the 24th hour of
AgNPs treatment. When the neuroprotective effects of the AgNPs were exam-
ined, the compound-1 (AgNPs, 1 mM, pH 5) at concentrations of 2, 4, 8, 12 and
16 pg mL~! (p < 0.001) significantly reduced the viability of the SH-SYS5Y cells,
when compared to that of the HyO» group. The compound-2 (AgNPs, 1 mM, pH
7) at a concentration of 2 ng mL-! (p < 0.001) significantly increased the cell
viability with the presence of HyO,. In addition, at the concentrations of §, 12
and 16 pg mL! (p < 0.001), the cell viability was markedly lower than that in
the HyO; group. The treatment with the compound-3 (AgNPs, 5 mM, pH 9) at
the concentrations of 2, 4, 8, 12 and 16 ug mL-! (p < 0.001) significantly
reduced the viability of the SH-SY5Y cells compared to that of the HyO» group.

In this study, the cell culture experiments were conducted to address two
primary objectives concerning SH-SYSY neuroblastoma cells. First, the anti-
cancer activity of the synthesized AgNPs was investigated by assessing their
cytotoxic effects on neuroblastoma cells. The determination of the optimal cyto-
toxic dose was crucial for the evaluation of the anticancer potency of the syn-
thesized materials. Notably, Compound-1, Compound-2, and Compound-3 ex-
hibited cytotoxic effects at concentrations of 2, 4 and 8 ng mL~!, respectively.
Comparative analysis revealed the superior anticancer activity of compound-3
against neuroblastoma cells. This observation aligns with the recent studies, con-
firming the anticancer efficacy of silver nanoparticles synthesized using the bio-
active molecules produced by some Streptomyces strains on different cancer cell
lines.”-39 Additionally, our study was the first to show that AgNPs synthesized
using a red pigment of Streptomyces sp. had anticancer activities on human
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neuroblastoma cells, although there are several studies showing anticancer and
cytotoxic effects of different source-based AgNPs.56.57
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Fig. 13. Neuroprotective activity of synthesized AgNPs; **: p <0.01; ***: p <0.001
compared to the control group.

The second objective focused on elucidating the potential neuroprotective
effects of AgNPs against hydrogen peroxide-induced cytotoxicity, a common
mechanism underlying neurodegenerative diseases. Hydrogen peroxide (H,O») at
a concentration of 100 uM demonstrated cytotoxic effects, and a concentration of
300 uM was selected for its moderate cytotoxic effects, as suggested by prior
study.5® Intriguingly, compound-2 exhibited some neuroprotective effects at the
lowest concentration tested, distinguishing it from the other compounds. The
observed neuroprotective effects of compound-2 were hypothesized to be asso-
ciated with its potential antioxidant properties, drawing parallels with findings of
Alkhalaf et al. in 2020,5% who demonstrated that the antioxidant and anti-inflam-
matory effects of AgNPs synthesized using Nigella sativa extract in rodents.
Controversially, Zhai et al. (2022) showed the cytotoxic effects of AgNPs via
oxidative stress mechanism in SH-SYS5Y cells. It has been seen that AgNPs
causes oxidative stress at very high doses (40 and 60 pg mL-!), whereas we
noticed the neuroprotective effect of low doses of AgNPs (2 and 4 ug mL1),
against a well-known oxidative stressor, HyO», in our study. These differences
suggest a dose-dependent antioxidant or oxidant effect of AgNPs synthesized,
using the red pigment produced by the Streptomyces sp. A23 strain.>7 These
findings suggested a nuanced interplay between the antioxidant effects at lower
concentrations and antiproliferative effects at higher concentrations for the com-
pound-2.
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CONCLUSION

In conclusion, the green synthesis of silver nanoparticles (AgNPs) using the
red pigment produced by the Streptomyces sp. A23 strain isolated from Algerian
bee pollen represents a new approach with the remarkable neuroprotective,
anticancer and antimicrobial activities. This synthesis method not only harnesses
the inherent capabilities of the Streptomyces sp. A23 strain, but also produces the
silver nanoparticles with unique biological properties, paving the way for their
application in diverse therapeutic avenues. The future studies should address the
molecular mechanisms underlying the therapeutic properties of these nanoparticles,
including the molecular interactions between the AgNPs and biological targets,
which will also provide deeper insight into their mode of action. Additionally, the
exploration of synergistic effects with other therapeutic agents could open new
possibilities for the enhanced treatment strategies, especially in the multidrug-
resistant infections and the complex diseases like cancer and neurodegeneration.
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H3BOJ
OIPEBHUBAILE AHTUMUKPOBHE, AHTUKAHIEPOTEHE U HEYPOITPOTEKTHBHE
AKTUBHOCTH HAHOYECTHIIA CPEBPA (AgNP), CHHTETUCAHUX IIPUMEHOM 3EJIEHE
XEMHUIJE, KOPUIITREKLEM IPBEHOT ITMTMEHTA COJA Streptomyces sp. A23
H30JIOBAHOT U3 AJDXHMPCKOT ITYEJTUILET TIOJIEHA

MOKHNACHE MOHAMED!, BELHADJ HANI', FATIH DOGAN KOCA?, GOKHAN UNAL? NASRAT ABDUL RAHMAN*,
AYSEGUL BASMA?, NUH MEHMET BOZKURT?, AHMED ALIEN MOHAMED BACHIR' u HARZALLAH DAOUD'

Applied Microbiology Laboratory, Natural Sciences and Life Faculty, Ferhat Abbas Setif 1 University, Setif,
19137, Algeria, ?Aquatic Animals and Diseases Laboratory, Veterinary Medicine Faculty, Erciyes University,
Talas, 38280, Kayseri, Turkey, >Pharmacology Department, Pharmacy Faculty, Erciyes University, Talas,
38280, Kayseri, Turkey u *Institute of Natural and Applied Science, Erciyes University, Talas, 38280,
Kayseri, Turkey

LipBeHM NUIMEHT U3 coja Streptomyces sp. A23 U30710BaH U3 aJKUPCKOT MMUESIHBET MOJIEHa
je xopuirheH 3a cuHTe3y HaHo4ecTHua cpebpa (AgNP) npumeHoM 3erleHe Xemuje, a 3aTUM je
onpehuBaHa BHUX0Ba aHTUMUKPOOHA, aHTUKaHIIepCKa U HEypOIIPOTEKTHBHA aKTUBHOCT. AgNP cy
CUHTeTHCaHe pepykuujoM 1 mM u 5 mM pactBopa cpedpo HuTpara Ha pasnuuntum pH (5, 7 1
9), a 3atum oxapakreprcane. AgNP (5 mM, pH 9) cy ucnomune makcumym UV-Vis
ancopbanuyje Ha 433 nm. Meronom DLS je yrBpheHo fa je mpoceyHy mpeyHHK yectuna 112
nm. MakcumyMm 3eTa noTeHnujana je yrephen Ha —33 mV, notephyjyhu nosehany crabumHocr.
XRD aHanmM30M je KOHCTaTOBaHA KPHUCTalHa Mmpupona Mmatepujana. FT-IR ananmuzom cy yTBp-
hene crenuduuHe GYHKIMOHATHE TPYIIE HA monoxajy on 3471 mo 478 cm™. FE-SEM Metomom
je Toka3aHo Ja je cpenma BpemHOCT cepHux mpeuHuka AgNP 54,5 nm. IIpucyctso Ag je
notepherno EDX ananu3om. HaHouecTHiie Cy MCIO/bUIE 3HAYAjHY aHTUMHUKPOOHY aKTHBHOCT
cripam Enterococcus faecalis ATCC 19433, Candida albicans ATCC 10231, Staphylococcus aureus
ATCC 6538P, Pseudomonas aeruginosa ATCC 27853, Bacillus subtilis ATCC 6633, Klebsiella
pneumoniae ATCC 13883 u Escherichia coli ATCC 7839, y3 30Hy unxudunumje ox 32, 30, 30, 27,
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25, 20, ogrocuo 19 mm. Hajumxke Bpennoctu MIC u MBC cy usmepeHe cripam B. subtilis ATCC
6633 — 62,5 pg mL'. 3aHuMIBKBO je 1a cy cBe cunTetHcane AgNP, y koHUeHTpanujama 2, 4 u 8
ug mL™", ucnospuie uuToToKCHUHM edekar nmpema SH-SY5Y henujckoj mvHMju HeypobiacToMa.
HomatHo, AgNP (1 mM, pH 7) cy ucnossuie sHayajHy HEYPONPOTEKTHBHY aKTHBHOCT IIPH Haj-
HIDKUM TECTHPaHUM KOHILIeHTpalujama. M3 ceera HaBefieHOr Ipousunasu ga ce AgNP cuHTeTu-
CaHe IPUMEHOM LIPBEHOT MHUrMeHTa Streptomyces sp. coj A23 mory cMmarparu 3a odehasajyhe
TepaIneyTcke areHce.

(Tpumssero 15. centemBpa, peBuaMpaHo 8. oktodpa 2024, npuxsahero 15. janyapa 2025)
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Optimizing alginate immobilization of food-derived C-phycocyanin:
Structural and functional characterization
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Abstract. C-phycocyanin (C-PC) represents a significant component of the
cyanobacteria Arthrospira platensis (Spirulina) biomass. Beyond its nutritional
value, this protein exhibits numerous beneficial biological activities. A cov-
alently attached chromophore, phycocyanobilin, gives C-PC a blue colour,
enabling its use as a natural food colorant. Additionally, phycocyanobilin exhi-
bits various bioactive properties, including metal-binding activities. A key draw-
back to the broader industrial application of C-PC is its poor stability. Alternative
food formulations using natural polymers as carriers and active components have
recently gained considerable scientific attention. This paper describes the opti-
mized conditions for C-PC immobilization using alginate. The structural stabil-
ization of immobilized C-PC was analysed under high temperature (60 °C) and
high pressure (450 MPa). The storage stability of immobilized C-PC in dried
alginate beads was tested by keeping the samples at 4 °C for one month. The
potential application of immobilized C-PC for the removal of mercury ions was
also investigated. Alginate immobilization proved effective in stabilizing C-PC,
significantly preserving its structure during prolonged storage, thermal treatment
and high-pressure exposure. Under the tested conditions, 97 % of Hg?" were
removed by immobilized C-PC. Overall, this study optimized the procedure for
enhancing C-PC stability through alginate immobilization and broadened its
potential applications in food and bioremediation industries.
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INTRODUCTION

Cyanobacteria Arthrospira platensis, commonly known as Spirulina, is a
popular alternative food source considered a “superfood”. The annual production
of Spirulina reaches about 50,000 tons, with the majority produced in China.!
Spirulina biomass is rich in proteins (over 50 %), lipids, vitamins and minerals.2
The major protein of Spirulina is the intensively blue-coloured C-phycocyanin
(C-PC).3 This protein is part of multi-protein complexes known as phycobilisomes,
which play a role in light-harvesting during photosynthesis.*

In its native state, C-PC is a hexamer with a og % structure. The building block
of this hexamer is the ¢ff monomer, consisting of two subunits with molecular
masses of 17.6 kDa for the « subunit and 18.1 kDa for the £ subunit.”> During
assembly, three monomers form a trimer, which then combines with another trimer
to form a hexamer in a face-to-face orientation.® The isolation of this protein yields
a mixture of monomers, trimers and hexamers, depending on the applied condit-
ions and C-PC concentration.” The blue colour of C-PC originates from the cov-
alently attached tetrapyrrole chromophore phycocyanobilin (PCB). Each monomer
of C-PC contains three PCB molecules — one in the ¢ subunit and two in the S
subunit — attached via thioether bond to cysteine (Cys) residues.8 Besides its direct
role in light harvesting,” numerous beneficial biological activities of C-PC are
associated with PCB, including antioxidant, anticancer and anti-inflammatory
properties.10 Additionally, due to the presence of PCB, C-PC is capable of binding
heavy metals, exhibiting dissociation constants in the nM range for Hg2*.11

The potential for industrial use of C-PC is significant. In addition to its nut-
ritional value, its blue colour makes it an attractive natural food colorant, especially
as consumers increasingly seek natural ingredients in their diets.!2 Blue colorants
are rare in nature and synthetic alternatives are primarily used.!3 Both the Food
and Drug Administration (FDA) and the European Union accept the usage of
C-PC as a food colorant. A limiting factor for the broader use of C-PC lies in its
poor stability.!14 C-PC from Spirulina is most stable in a pH range of 5.5-6.0. Its
half-life rapidly decreases at temperatures between 47 and 64 °C.15 Numerous
approaches for C-PC stabilization have been reported so far in the literature and
are covered in several review papers, which describe the addition of stabilizers in
the form of small molecules like sugars, the presence of proteins and encapsulation
methods.!® Encapsulation methods not only stabilize C-PC, but they are also
potential approaches for creating novel, attractive types of food consisting of
hydrogels packed with higher concentrations of nutritive proteins. Due to its vivid
colour, C-PC is particularly interesting in this regard.!” The controlled release of
proteins from encapsulating material is also an important benefit.
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The alginate immobilization of C-PC has been reported to be cheap, efficient
and easy to fabricate and manipulate and it also enables the controlled pH release.
While several papers on C-PC immobilization using alginate exist, they either
involve combinations with other components besides alginate!8-20 or lack details
about immobilization optimization regarding pH, protein structure after immobil-
ization and physical and chemical treatments, as well as the potential for prolonged
storage without prior lyophilization of the alginate beads.2%-24 This paper aims to
fill these gaps by fabricating the alginate beads containing a higher concentration
of C-PC and structurally characterized by absorption spectrometry after thermal
and high-pressure treatments and prolonged storage at 4 °C. Their potential applic-
ation in bioremediation is also explored by testing their ability to bind mercury
ions.

EXPERIMENTAL
Materials

All reagents were of analytical quality and were purchased from Sigma (Darmstadt,
Germany). Commercial Spirulina powder was obtained from Nutrex (Hawaii, USA). C-PC was
partially purified using the same procedure described in our previous paper.2> Absorbance
spectra of partially purified C-PC were recorded using LLG-uniSPEC 4 spectrophotometer
(LLG labware, Meckenheim, Germany). Based on the absorbance spectra, the concentration of
C-PC was determined to be 8.36 mg mL-! using a published equation.2° Its purity was measured
to be 1.04 by the absorbance ratio at 620 and 280 nm,?’ indicating the food-grade purity. Food-
-grade sodium alginate was purchased from Health Leads (Llandysul, United Kingdom).
Alginate immobilization of C-PC

The alginate immobilization of C-PC followed similar published procedures, 2022 with
slight modifications. The final concentration of C-PC used for immobilization was 4.18 mg
mL!. The alginate concentrations tested were 0.5, 1and 2 %, while the concentration of CaCl,
solution was 2.5 %. The CaCl, solution was prepared in distilled water. Equal volumes of
alginate and protein solutions were mixed and then added dropwise to the CaCl, solution using
a syringe with an 18G needle. The resulting beads were kept in CaCl, solution for 5 h, then
washed with the same CaClz solution on a filter paper until no further blue colour leached from
the beads. The beads were stored at 4 °C overnight in CaCl, solutions of different pH values:
1.35 (45 mM HCI), 2.75 (1.78 mM HCI), 4 and 5.5 (50 mM acetate buffer) and 7 (50 mM
HEPES buffer). Beads were photographed the next day and those with minimal C-PC leakage
and no observable colour change were selected for further analysis. For subsequent experi-
ments, unless otherwise stated, the beads were prepared with 1% alginate, 4.18 mg mL™! of
C-PC and 2.5 % of CaCl, in 50 mM acetate buffer, pH 4, except for Hg?" binding experiments,
where 0.5 % alginate was used. The fabricated beads were stored in solution at 4 °C for no
longer than 7 days until all experiments were conducted.

Temperature stability

For the temperature stability test, the alginate beads were placed in four separate micro-
centrifuge tubes with 1 ml of 50 mM acetate buffer, pH 4. Tubes were placed in a thermoshaker
and incubated at 60 °C under 200 rpm for 30 min. Every 10 min, one microcentrifuge tube was
removed. The control tube was incubated for 30 min at room temperature. After the incubation,
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beads were placed in 1 ml 50 mM phosphate buffer, pH 7, and incubated at room temperature
for 3 h, enabling swelling of alginate beads and C-PC leakage into the solution, with concomit-
ant recording of absorbance spectra of obtained solutions from 300 to 750 nm.

High-pressure stability

Alginate beads were placed in a plastic tube filled with 50 mM acetate buffer, pH 4, and
sealed with parafilm to separate the sample from the water used as the pressure-transmitting
liquid. The sample was placed in a custom-built stainless steel high-pressure cell at the Labor-
atoire Léon-Brillouin (Saclay, France) and connected to a pressure generator. The pressure was
increased to 4,500 bar at 200 bar/min. After reaching the desired pressure, the sample was
incubated for 30 min and then returned to atmospheric pressure. The beads were transferred to
10 mL of 50 mM phosphate buffer, pH 7, and incubated at room temperature for 3 h. The
absorbance spectra were obtained as described in the temperature stability section.

Storage stability

The alginate beads containing C-PC were removed from the 50 mM acetate buffer and
placed in a glass beaker without any solution. The beaker was covered with stretch film and
stored in a fridge at 4 °C for one month. The beads were then swollen by adding 20 mL of 50
mM phosphate buffer, pH 7, and after 3 h, absorbance spectra were recorded as in the temper-
ature stability section. A control sample was made by placing a portion of alginate beads con-
taining immobilized C-PC immediately into the same phosphate buffer for 3 h and recording
the absorbance spectra of leaked C-PC as described in the temperature stability section.
Removal of Hg’" by alginate beads containing C-PC

The ability of C-PC in solution to bind HgZ" at pH 4 was first tested by determining the
affinity constant using a FluoroMax spectrofluorimeter (Horiba Scientific, Japan). The inc-
reasing concentrations of HgCl,, from 50 to 700 nM, were added to 2.45 nM C-PC and the
emission spectra of C-PC were recorded from 600 to 750 nm, with the excitation at 590 nm
(PCB chromophore excitation). The buffer (50 mM acetate) spectrum was subtracted from the
sample spectra. In this setup, no inner filter effect was observed and the affinity constant was
calculated using the following equation:

F-F

log =nlog[L]+nlogK, (D
where F, is the fluorescence of C-PC without Hg?", F is the fluorescence of C-PC in the pre-
sence of C-PC, [L] is the concentration of Hg?" in mol dm3, n is the Hill coefficient and K, is
the affinity constant in M-1,

The potential of mercury removal by C-PC immobilized into alginate beads was tested by
adding 40 alginate beads to 15 mL of 1.75 ppm HgCl, solution in ultrapure water at pH 4. The
control experiments were performed with the same number of alginate beads without C-PC and
an additional control solution of HgCl, was incubated without beads. The incubation lasted 48 h
at room temperature under constant shaking at 200 rpm. HgZ" concentration in the samples was
determined using an ICP-OES iCap 6500 Duo (Thermo Scientific, Waltham, MA, USA).

Statistical analysis

All experimental results represent the averages of triplicates, with standard deviations not
exceeding 5 %. The statistical significance for Hg?" binding was confirmed using one-way
ANOVA with Tukey’s multiple comparison test, with p-value < 0.05 being considered statis-
tically significant. The test was performed using OriginLab software (Northampton, MA, USA),
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version 8.5.1. The absorbance spectra were first normalized to their maximum absorption values
and then to the baseline.

RESULTS AND DISCUSSION

Optimization of C-PC immobilization into alginate beads

Using a straightforward procedure, the alginate beads containing C-PC were
successfully created. The beads exhibited an intense blue colour due to the
presence of native C-PC and maintained a spherical shape (Fig. 1).

Fig. 1. Alginate beads with encapsulated C-PC.

By washing off the unbound C-PC and calculating the concentration of both
the unbound C-PC and that released in the CaCl, solution, it was estimated that
more than 50 % of the initial C-PC was successfully immobilized into the alginate
beads. This level of efficiency aligns with previously published results, indicating
that the alginate entrapment is an effective method for immobilizing substantial
amounts of C-PC.21,23.24 Interestingly, to the best of our knowledge, no published
work has provided a detailed analysis of the pH conditions necessary for fabric-
ating stable alginate/C-PC beads in solution.

When the alginate/C-PC beads were incubated overnight at five different pH
values, significant C-PC leakage was observed at pH 5.5 and 7 (Fig. 2D-E),
regardless of the alginate concentration. In contrast, no leakage occurred at acidic
pH values of 1.35 and 2.75. However, the beads appeared green (Fig. 2A-B),
suggesting that the immobilized C-PC underwent structural alterations and proton-
ation of the pyrrole ring in the PCB chromophore. At pH 4, the beads retained their
intense blue colour, with no detectable C-PC leakage under any of the tested
alginate concentrations (Fig. 2C).

D E

Fig. 2. Alginate beads containing encapsulated C-PC incubated for 24 h at 4 °C in 2.5 %
CaCl, solutions at pH: 1.35 (A), 2.75 (B), 4 (C), 5.5 (D) and 7 (E).

It can be concluded that at pH 4, no significant structural alteration of the
immobilized C-PC within the alginate beads, if any, occurred at all. Additionally,
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when these beads were transferred to a 50 mM phosphate buffer, pH 7, C-PC began
to leak, turning the solution an intense blue, with no precipitation observed. The
native state of C-PC was further confirmed through absorbance spectra (see Fig.
4, for example). Interestingly, when the alginate/C-PC beads incubated in solutions
of pH 1.35 and 2.75 were placed in a neutral buffer, the blue colour appeared in a
solution containing beads made in pH 2.75, suggesting that the structural alter-
ations of immobilized C-PC under these conditions are partially reversible (Fig. 3).

Fig. 3. Alginate beads with encapsulated C-PC incubated at pH 1.35 (A)
and 2.75 (B) and subsequently placed in 50 mM phosphate buffer at pH 7.

These results demonstrate that alginate immobilization can provide partial
structural stabilization to C-PC under acidic conditions. This is noteworthy
because soluble C-PC is unstable at pH levels below 5 and tends to aggregate.28

Interestingly, another study investigating C-PC encapsulation into alginate
beads reported stability at pH 7, which we could not replicate due to significant
leakage of C-PC.22 The reason for this discrepancy remains unclear, especially
since the preparation of alginate beads in both studies was almost identical.
Possible factors could include differences in the starting materials (C-PC and algin-
ate) or variations in the initial pH encapsulation and buffer compositions, which
were not fully detailed in the other study.

The pH conditions for fabricating alginate beads play a critical role, as alginate
is a pH-sensitive polymer. At higher pH values, alginate swells due to the numer-
ous negatively charged carboxyl groups within its structure. Conversely, at lower
pH values, these groups become protonated, causing the alginate gels to shrink.
Since C-PC is physically entrapped within alginate gel formed by Ca2" cross-
-linking, the porosity of the alginate gel significantly impacts the system’s stability.
Additionally, C-PC’s structural characteristics are influenced by pH. At higher pH,
C-PC tends to dissociate from hexamers into trimers, while at lower pH, it adopts
higher oligomeric states and tends to aggregate.2? The higher oligomeric state of
C-PC and the partial shrinkage of alginate likely prevented the C-PC leakage from
beads formed at pH 4 and lower.

Structural stabilization of C-PC by alginate immobilization

The stabilization of C-PC entrapped in alginate beads was tested under three
different experiments: increased temperature, high pressure and prolonged storage.
Tested beads were incubated in 50 mM acetate buffer, pH 4.
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The appearance of alginate beads with encapsulated C-PC remained unchanged
after thermal treatment (Fig. 4A). Moreover, spectral analysis of C-PC released
after incubating alginate beads at 60 °C for 30 min showed a significant increase
in C-PC’s thermal stability under these conditions (Fig. 4B).

— Control
~—— 10 min
—— 20 min
—— 30 min

20 min’ 30 min

il [ q? 0.2
g g 300 350 400 450 500 550 600 650 700 750
i i Wavelength, nm

Fig. 4. Alginate beads with encapsulated C-PC during thermal treatment at 60 °C, photo-
graphed at 10, 20 and 30 min and after 30 min without thermal treatment, control sample (A)
and absorbance spectra of control C-PC sample and C-PC samples after thermal treatment (B).

Absorbance, a.u.

The Agro/A>g0 ratio remained nearly the same and the spectral shape showed
minimal alteration compared to the non-heated control sample. The slight increase
in absorbance around 350 nm suggests that the chromophore’s conformation rem-
ained virtually unchanged during the incubation. The melting temperature () of
C-PC is reported to range from 50 to 60 °C,30:31 and it depends on several factors,
some of which are the purity and pH of the solution. The increased purity of C-PC
reduces its thermal stability,3! while its stability is greater at pH 5 compared to
neutral and alkaline conditions.32 At higher temperatures, C-PC undergoes struc-
tural degradation, destabilizing the chromophore and altering its colour properties.33

Our findings suggest that the simple physical entrapment of C-PC within
alginate beads provides both pH and thermal stability, thus expanding the potential
industrial applications of C-PC. Two previous studies have also investigated the
stability of encapsulated C-PC in alginate beads. One study dried the beads at 4 °C
and incubated them for three days at 35, 45 and 55 °C. C-PC’s stability was
evaluated using the DPPH antioxidant test, concluding that alginate immobiliz-
ation enhanced thermal stability.24 However, this study did not directly assess
C-PC’s structural characteristics, so its conclusions are limited. In another study,
the authors incubated alginate beads with encapsulated C-PC at different temper-
atures, demonstrating similar stabilization at 60 °C after 30 min by recording the
absorbance spectra in the visible range.22 However, the pH conditions of their exp-
eriment were unclear.

In our study, we analysed the structural characteristics of encapsulated C-PC
by recording absorbance spectra from 300 to 750 nm, offering more detailed
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insights into C-PC and the attached PCB behaviour under specific treatments.
During the C-PC denaturation, PCB undergoes a conformational shift from linear
to cyclic, evidenced by an increase in absorbance at 360 nm and a corresponding
decrease at 620 nm.34

The high-pressure (HP) food treatment is an environmentally friendly alter-
native to thermal treatment, offering superior preservation of nutritive components
in treated foods.33 In this study, alginate beads containing C-PC were subjected to
high-pressure treatment at 4,500 bar for 30 min, resulting in a visible colour change
from blue to turquoise. This suggests that the encapsulated C-PC underwent struc-
tural alterations (Fig. 5A), a conclusion supported by the recorded absorbance
spectra (Fig. 5B).

A_ B 1.1
1.0 —— Before HP
% 71 —— After HP
Before L 0.91
HP = 0.8
=<
g 0.7
g 0.6
£ 0.5
2 0.4
£
< 0.3
After 0.2
HP 0.14
I 00— T
‘} 300 350 400 450 500 550 600 650 700 750

Wavelength, nm

Fig. 5. Alginate beads with encapsulated C-PC photographed before and after HP treatment
(A) and C-PC absorbance spectra recorded before and after HP treatment (B).

The absorbance at 620 nm slightly decreased, while there was a parallel inc-
rease in absorbance around 350 nm. Additionally, the baseline of the post-
treatment C-PC spectra showed a continual increase from higher to lower wave-
lengths. These spectral changes indicate the partial denaturation of C-PC, with the
PCB chromophore transitioning from a linear to a more cyclic conformation.
Similar findings were reported when HP treatment was used to extract C-PC from
Spirulina biomass, where C-PC absorbance at 620 nm significantly decreased
under 4,000 and 6,000 bar after only 3.5 min.3¢ Other studies indicate that, at pH
7, C-PC’s colour is better preserved during HP treatment than during thermal
treatment, even when C-PC is in solution.37-38

It is important to note that, in our study, HP treatment was conducted at pH 4,
as this pH prevents leakage of encapsulated C-PC. Given C-PC’s lower stability at
this pH and the prolonged duration of HP treatment, our results imply that alginate
encapsulation provides substantial stabilization for C-PC during HP processing.

Interestingly, after thermal treatment, the alginate beads appeared more com-
pact (less swollen) than after pressure treatment. This could be due to the increased
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storage modulus of calcium alginate gels at higher temperatures, which suggests
greater gel stiffness.3? In contrast, the electrostatic interactions that dominate
alginate gels made by Ca2" may be disrupted under HP conditions. The pressure
release could induce gel network restructuring, leading to a higher degree of swel-
ling compared to the beads before pressure treatment.

Storage stability of C-PC encapsulated in alginate beads

To test storage stability, alginate beads with encapsulated C-PC were placed
in a glass beaker without buffer and left to dry at 4 °C for one month. After a
month, the beads appeared flattened and adhered to the bottom of the beaker, with
a dark blue appearance. Upon adding the phosphate buffer (pH 7), the beads
quickly swelled, releasing the encapsulated C-PC. This rapid release may be due
to structural damage and surface cracks in the alginate caused by drying at low
temperatures.24

The absorbance spectrum of the released C-PC was nearly identical to that of
the control sample (Fig. 6), with only a minor increase in absorbance around 350 nm,
indicating that the structure of the encapsulated C-PC remained largely intact
during prolonged storage. These results suggest that in addition to freeze-drying,20
alginate encapsulation is effective for stabilizing C-PC when dried at 4 °C for at
least a month.

1.2

1.1

1.0

0.91

0.8

0.7
0.6

— Control
— After storage at 4 °C

Absorbance, a.u.

] Fig. 6. Absorbance spectra of encapsulated C-
o PC obtained before (control sample) and after

300 350 400 450 500 550 600 650 700 750  jncubation of dried alginate beads at 4 °C for one
Wavelength, nm month.

Mercury removal by alginate beads containing C-PC

C-PC has been shown to bind mercury ions with high affinity in the pH range
from 5 to 10.1! Considering that, in our study, alginate encapsulation of C-PC was
most efficient at pH 4, we tested the potential for mercury removal by the
immobilized C-PC at this pH. The fluorescence intensity of free C-PC in solution
decreased as increasing concentrations of Hg2" were added, indicating an
interaction between C-PC and Hg2" (Fig. 7A). The affinity constant was calculated
from the obtained fluorescence spectra, yielding a value of 4x10° M~! (Fig. 7B),
confirming that free C-PC binds HgZ" with high affinity. When encapsulated
C-PC was incubated with Hg2" solution for two days at room temperature with
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constant shaking, more than 97 % of the mercury was removed from the solution
(Fig. 7C). The control samples consisting of empty alginate beads had almost no
effect on mercury binding, demonstrating that the presence of C-PC is crucial for
mercury removal.

2.45 nM C-PC B C
3 8x10% ———+ 50 uM TgCl, 015 20
] ——+ 100 oM HgClL . 1.8
2 3.0x10°4 - 0.10
A ———++ 200 nM HgCl, L6
£ 25004 ——+300nMTgel, & 005 T, M
=
2 20010 ——+400 nM HgCl, & 000 E 1.2
= _ . ' L0
g 15x10 +500 oM HgCl, 5': -0.05. ~. 08
H ——+ 600 oM HgCl, = B
% Loxio Z 010 < 06
E X + 700 nM Hgl:lz - . 0.4
2 505107 015 o
= .
0.0 = 020 T A 0.0
600 650 700 750 800 74 72 70 68 6.6 64 -62 -6.0 Control Alginate  Alginate with
Wavelength, nm 10g (€4, / Mol am) C-PC

Fig. 7. A) Fluorescence spectra of C-PC in the presence of increasing concentrations of Hg2".
B) Plot used to calculate the affinity constant (K,) from Eq. (1). C) Concentration of Hg2" in
solution without alginate beads (control), after incubation with empty alginate beads and with
alginate beads containing encapsulated C-PC. Statistically significant differences between
groups, p < 0.05, are marked with the “*” symbol.

In a previous study, C-PC immobilized onto the surface of chitosan was also
effective for mercury removal, with binding occurring within 1 h.25 Since alginate
encapsulation entraps C-PC inside the alginate matrix, without direct exposure to
metal ions, Hg2* must diffuse into the alginate beads for binding to occur, which
prolonged the process. This is why we chose a 2 day-incubation period in this
study. Additionally, we tested the beads made with 0.5 % alginate, which created
a more porous structure and sped up the diffusion process.

Adsorption as a method for heavy metals removal is widely studied due to its
operational simplicity, reusability potential and efficiency.40 Choosing an effici-
ent, low-cost system is critical. Thus, only partial purification of C-PC was per-
formed in this study. Further purification of C-PC could enhance the system’s
mercury removal efficiency, though it would also significantly increase the cost of
the encapsulated material. While using encapsulated C-PC in alginate for heavy
metal removal shows promise, further research is needed to optimize this approach.

CONCLUSION

In this study, the immobilization of C-PC through alginate entrapment was
optimized. The primary factor controlling C-PC leakage from alginate beads was
pH, with pH of 4 being the most favourable, showing almost no C-PC leakage.
Under these conditions, the beads retained an intense blue colour, indicating that
the structure of C-PC is preserved, as confirmed by absorption spectroscopy. The
alginate immobilization provided significant stabilization for C-PC during both
high-temperature and high-pressure treatments. Additionally, the stabilization at
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low pH was observed, as beads prepared in acidic conditions released blue C-PC
when placed in a neutral buffer, suggesting the preservation of C-PC structure to
some extent. The shelf life of the immobilized C-PC was also enhanced and the
alginate/C-PC beads demonstrated efficient mercury ion removal at pH 4, achiev-
ing the 97 % removal rate under tested conditions. The results suggest that alginate
is an effective medium for immobilizing C-PC at pH 4, enhancing its stability and
expanding its potential applications in the food industry and bioremediation efforts.
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H3BOX
OINITUMHU3ALTNJA AITUHATHE UMOBWIN3AIHJE C-OUKOIUNJAHHHA JOBMJEHOTI U3
XPAHE: CTPYKTYPHA H ®YHKIMOHATHA KAPAKTEPHU3ALIMJA

HUKOJIA [JIUTOPUJEBUR', HUKOJIA CBP3UR?, BUJbAHA IOJYUHOBUR', IAJTUBOP CTAHKOBUR?,
SOPHIE COMBET*, CHMEOH MUHUR® 1 MWIAH HUKOJIUR®
"Lentwmap 3a xemujy, Ynusepsutew y Beotpagy — MHCTIUTGY W 3a XeMUujy, TEXHONOTUY U METATYPIUy,
Hayuonannu uncimiuinyim Peiiyonuxe Cpouje, Fbeiowesa 12, Beoipag, ’Kaiiegpa 3a duoxemujy, Yrnueepsuiuei
y Beotpagy — Xemujcxu paxynimen, Ciygeniticku wpt 12—16, Beoipag, *Katmegpa 3a aHATUTIUUKY XEMUY,
Ynusepsutiew y Beoipagy — Xemujcku paxynwmem, Ciygenmicku wipt 12—16, Beotpag, ‘Laboratoire Léon-
Brillouin (LLB), UMR12 CEA, CNRS, Université Paris-Saclay, CEA-Saclay, F-91191 Gif-
-sur-Yvette CEDEX, Gif-sur-Yvette, France u °Llenitiap u3y3efinux 6pegrociiit 3d MOJIEKYJIAPHE HAYKE O
xpanu u Katiegpa 3a duoxemujy, Yrnusepsutiei y beoipagy — Xemujcku paxynieid,
Cinygenuicku wipi 12—16, Beoipag

C-duxouujanun (C-PC) mpencrasba 3HauajHy KOMIIOHEHTY OHOoMace LMjaHODaKTepuje
Arthrospira platensis (Spirulina). Ocum CBOje HyTPUTHBHE BPENHOCTH, OBAj MPOTEHH HCIIOJbaBa
Opojue xopucHe duonouike akTUBHOCTH. KoBaseHTHO Be3aHa xpomodopa, hHUKOLHjaHOOWUINH,
naje C-PC mnaBy 6ojy, mro omoryhasa weroBy ynotpedy kao mpupoznHe doje 3a xpaHy. [lopen
Tora, (QUKOLMjaHOOWIMH UCIIO/baBa Pa3/WuMTa OMOAKTHBHA CBOjCTBA, YK/BYUyjyhu akTHBHOCTH
Be3WBama MeTana. KUbyuyHM HepmocTaTak IiWpe HMHAOycTpHjcke nmpumeHe C-PC je merosa yomia
cradunHoct. HepaBHO cy anTepHaTHBHE (pOopMyIialdje XpaHe Koje KOpUCTe NPUPOAHE MOIUMepe
Kao HOCaue M aKTUBHE KOMIIOHEHTE NPUBYKIE 3HauajHy HayuyHy naxmy. OBaj pan omucyje
OnTHMH30BaHe yciose 3a umodunusanujy C-PC xopuirhewem anruHarta. CTpyKTypHa CTabHiIH-
3audja umodunusosaHor C-PC je ucnutaHa moj BUCOKOM TemriepaTypom (60 °C) u BHCOKUM
nputuckoM (450 MPa). CtadumHocT cknaguniTersa iModunnsoBaHor C-PC y ocylieHuM KyTiin-
LlamMa a/ITMHaTa je TecTHpaHa JpxamweM y3opaka Ha 4 °C TokoM jemHor mecena. Takohe je ucnu-
TaHa MOTEeHLWjaqHa NpuMeHa nModmnusosaHor C-PC 3a ykiawamwe joHa xuBe. UModunusanyja
aJITMHAaTa ce IoKasasa eukacHoM y crabunusauuju C-PC, 3HauajHO uyBajyhy BeroBy CTpPyKTypy
TOKOM Jy’KeT CKJIafUIITERA, TEPMUUKE 00pajie U M3jlaramkba BUCOKOM IPUTHCKY. Y TECTUPaHUM
ycnosuma, 97 % Hg2*t je yxiomeno umodumusosanum C-PC. CBeoByxBaTHO, 0Ba CTyaHja je
ONITHMH30BaJIa IpoleAypy 3a nobospiame cradbuinHocty C-PC anruHaTHOM MMOOMIU3ALMjOM U
MPOIIMPUTIA BErOBYy MOTEHLIHjaIHy IPUMEHY Y UHAYCTPUjU XpaHe U duopeMenujayje.

(TTpumibeHo 25. oxTodpa 2024, peBupupaHo 7. Janyapa, npuxsaheHo 27. janyapa 2025)
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Abstract. In this study, the Cu(II)—diclofenac/decanoic acid (Cu(II)-DF/DA)
(copper(IT) 2-[2-(2,6-dichloroanilino)phenyl]acetamide-decanoate) complex was
synthesised using the electrochemical method by oxidising a Cu anode to rel-
ease Cu?", with graphite and KNO; serving as the cathode and supporting elec-
trolyte, respectively. The synthesised Cu(Il)-DF/DA complex underwent char-
acterisation using ATR-FTIR, NMR, XRD and UV-Vis, confirming the suc-
cess of the electrochemical synthesis. Surface morphology and particle size
analyses using FESEM and TEM revealed that the synthesised Cu(Il)-DF/DA
complex possesses a thread-like structure with an average particle size of
4.77£1.77 nm. Subsequently, the synthesised complex was used to assess the
anticancer inhibitory effects on human breast cancer (MCF 7) and normal
human breast epithelial (MCF 10A) cells. The treatment of MCF 7 cancer cells
with Cu(II)-DF/DA at concentrations of 25 and 100 umol L-! resulted in a
significant reduction in cell viability, with only 18 and 7 % of cells remaining
viable after 72 h, respectively. In contrast, nearly 90 % of MCF 10A cells rem-
ained viable at comparable concentrations. This suggests that the synthesised
Cu(II)-DF/DA shows potential as an effective and selective anticancer agent,
being toxic to cancer cells while displaying lower toxicity to normal cells.

Keywords: copper(Il) complex; diclofenac; electrochemical synthesis; fatty
acid; nanoparticle; anticancer.
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INTRODUCTION

In recent years, the focus of chemotherapeutic research has increasingly
shifted towards the investigation of non-platinum-based compounds as potential
alternatives. This shift stems from the need to develop new metal-based anti-
cancer drugs with lower toxicity. Cu has attracted considerable interest as a viable
candidate due to its expected lower toxicity relative to platinum compounds.
Moreover, copper complexes are compelling because of their ability to induce
DNA damage, a property linked to their biologically accessible redox potential
and strong affinity for nucleobases. Since the 1970s, a variety of therapeutic
ligands — including thiosemicarbazones (TSCs), imidazoles and phosphines — have
been incorporated into copper complexes to assess their anticancer potential.l
According to Renfrew, the effectiveness of metal-based anticancer agents hinges
on both the central metal atom and the bioactive ligand within the complex.2 This
is because the chemical and biological properties of the complex are significantly
influenced by the donor atoms of the bioactive ligands and their characteristics.>

Diclofenac (DF, Fig. 1), also known by its [IUPAC name, 2-[2-(2,6-dichloro-
anilino)phenyl] acetic acid, a widely used nonsteroidal anti-inflammatory drug
(NSAID), is primarily known for its efficacy in treating pain and inflammation.
Chemically, DF is a phenylacetic acid derivative, characterised by a benzene ring
substituted with two chlorine atoms and an acetic acid moiety. Beyond its con-
ventional use as an anti-inflammatory agent, recent research has highlighted DF’s
potential anticancer properties.#—¢ The ability of DF to induce apoptosis and inhi-
bit cell proliferation in various cancer cell lines has garnered significant attention.
The anticancer effects of DF are believed to stem from its interference with the
COX-2 enzyme, which is often over expressed in tumour cells and is associated
with cancer progression and metastasis. According to a study conducted by Poku
et al. (2020),7 the complex of DF with docosahexaenoic acid (DHA), a type of
polyunsaturated fatty acid, has greater anticancer activity than their parent com-
pound alone and the complex can be further explored for the complementary
treatment of lung cancer.

~C
@NH
er 2 OH
cry
CF o

/\/\/\/\)J\OH

DA Fig. 1. Structure of DF and DA.

Fatty acids are naturally occurring monocarboxylic acids characterised by
long hydrocarbon chains, which can be either saturated or unsaturated. Research
has so far shown that fatty acids themselves possess antibacterial, antifungal and
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anticancer properties.8-10 These effects are likely due to the physical interaction
of fatty acids with cell membranes, where they may alter membrane permeability
by interacting with the phospholipid bilayer.!! The already published studies
have also demonstrated that modifying fatty acids with existing anticancer drugs
can enhance tissue selectivity, potentially increasing the effectiveness of chemo-
therapy while reducing toxicity to normal cells.12:13 In this study, decanoic acid
(DA, Fig. 1) will be used as the fatty acid component for chemical modification
with an anticancer drug. The extensive literature exists on the in vitro cytotox-
icity of DA. Narayanan ef al. reported that DA inhibits the proliferation of human
colorectal carcinoma (HTC-116), human skin epidermoid carcinoma (A-431) and
human mammary gland adenocarcinoma (MDA-MB-231).14 Additionally, Nor-
din et al. found that incorporating DA as a ligand in Cu(Il) complexes produced
moderate cytotoxic activity against A549 and HeLa cell lines, with /Csq values of
15.85 and 20.89 uM, respectively.!3

Despite the promising cytotoxic activity of DF and fatty acids, there are
relatively few studies on the chemical modification of DF with fatty acids avail-
able in the literature. This gap in research gave the idea for the present study,
where DF was selected as the non-steroidal anti-inflammatory drug component
for conjugation with decanoic acid (DA). The synthesised DF/DA was used as a
ligand in the direct electrochemical synthesis of a Cu(II)-DF/DA complex. The
synthesised complexes were characterised using various techniques, including
ATR-FTIR, UV-Vis, NMR, XRD, FESEM-EDX and TEM. The synthesised
complexes were then evaluated for their anticancer inhibitory effects on MCF 7
and MCF 10A cell lines.

EXPERIMENTAL
Chemicals and cell culture

All chemicals used were analytical grade and used without further purification. Diclofenac
(DF) with 98 % purity, methanol and decanoic acid (DA) with 99 % purity were purchased
from Alfa Aesar Company. Cu foil (99 % purity), ethanol (95 % purity), benzotriazole-1-yl-
oxy tris (dimethylamino) (BOP reagent) with 97 % purity, dimethyl-dq-sulfoxide, potassium
nitrate (KNO3), methanol and sulphuric acid were supplied from Sigma Aldrich. Acetone was
purchased from EMSURE(R) ACS. Triethylamine (Et;N) and anhydrous magnesium sulphate
(MgS0O,) were supplied from Acros Organics. Dichloromethane (CH,Cl,), dichloromethane
(extra dry), diethyl ether (99 % purity), silica chromatography and sodium hydroxide were
purchased from Fisher Chemical. Human breast epithelial cell lines (MCF 10A) and human
breast cancer cell lines (MCF 7) were obtained from the American Type Culture Collection
(ATCC). The MCF 10A and MCF 7 cell lines were prepared in Dulbecco’s modified eagle
medium: nutrient mixture F-12 (D-MEM/F-12). The D-MEM/F-12 medium solution was sup-
plemented with 1 % antibiotic (100 units mL"! penicillin and 100 pg mL! streptomycin) and 5
% of fetal bovine serum (FBS). All cell culture reagents were purchased from Thermo Fisher
Scientific.

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

(CC) 2025 Serbian Chemical Society.



596 ABDUL RAHIM et al.

Synthesis of DF/DA compond

The stock solution of DF and DA was prepared separately by dissolving DF (0.0740 g)
and DA (0.0431 g) in 24 °C ethanol to prepare 0.01 mol L-! of concentration each. Then, a 25
mL of each stock solution was added to a 100 mL beaker. After that, 25 mL of dried CH,Cl,,
0.27 g of BOP reagent and 15 mL of Et;N were added into the mixed solution. At 22 °C, the
resulting solution was mixed for 2 h. After obtaining the reaction mixture, 15 mL of 0.67 %
HCl,q solution was added into 100 mL beaker. Then, it was extracted using CH,Cl, (2x25
mL). To dry the combined organic layers, a half spatula of anhydrous MgSO, was added after
the combined organic layers had been rinsed with 1 % HCl,q solution (4x25 mL) and ultra-
pure water (2x25 mL). The product was then extracted using column chromatography on sil-
ica gel with a mixture of 95 % CH,Cl, and 5 % methanol as the eluent. The final product was
rinsed with 2 mL of diethyl ether.

Electrochemical synthesis of Cu(Il)-DF/DA

An electrochemical synthesis technique was used to produce the Cu(II)-DF/DA com-
plex. As indicated in Fig. 2, the electrolysis used a Cu foil (3%2 cm, 0.1 cm thickness) as the
anode and a graphite rod as the cathode with a supporting electrolyte solution of 0.01 mol L-!
KNOj;. The synthesis was carried out for 6 h using an applied voltage of 1 V. Prior to the
synthesis, both the anode and the cathode were rinsed with a small amount of acetone and
ultrapure water. The electrochemical synthesis was conducted using a Twintex (TP-2305TK)
direct current (DC) power source. The stock solutions of previously prepared DF/DA com-
pound were prepared by dissolving a certain amount of the compound in methanol while
KNO3 solution was prepared by dissolving the salt in ultrapure water. Then, both solutions
were mixed with the volume ratio of 1:1 into the simple and undivided electrolysis cell in the
100 mL of beaker. The reaction was carried out at a temperature of 22-23 °C, with a speed of
500 rpm and initial pH 4.5. The synthesis of Cu(II)-DF/DA required 6 h to be completed. As a
result, the Cu(Il)-DF/DA complex will formed as a blue precipitates and will be filtered using
filter paper and washed with ultrapure water and acetone several times to remove the
unreacted compound, electrolyte and impurities. The precipitate was then dried in oven at 80
°C for 1 h. Melting point of DF/DA ranges 145-150 °C and Cu(II)-DF/DA 220-225 °C.

> Graphite rod (cathode)
Cu foil (anode) <
— — DF/DA +KNO,

)

Fig. 2. Schematic diagram of the experimental set-up.

Characterisation of Cu(ll)-DF/DA and DF/DA compounds

The electrochemically synthesised Cu(I)-DF/DA complex was then characterised using
attenuated total reflectance — Fourier transform infrared spectroscopy (ATR-FTIR, Perkin
Elmer 1310) in the range of 4000 to 600 cm™! and UV—Vis spectrophotometer (Perkin Elmer
Lambda 35) in the wavelength range of 200 to 800 nm in a 10 mm quartz cuvette in ultrapure
water as a reference solvent at room temperature. In addition, proton and carbon-13 nuclear
magnetic resonance ('H- and '3C-NMR) were carried out using the Bruker-Avance 1II 500
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with a 500 MHz adjustment while the elemental composition of the synthesised complex was
determined with an energy dispersive X-ray (EDX, Hitachi-Regulus 8220, Tokyo, Japan)
with. Transmission electron microscopy (TEM, Zeiss-Libra 120, Oberkochen, Germany) with
a 100 kV accelerating voltage was used to observe the nanoparticles’ size and shape. Apply-
ing a drop to the grid and letting the solvent (ethanol) evaporate in the environment, the
samples were prepared on carbon-coated copper grids covered with a polyvinyl formal poly-
mer. Furthermore, an X-ray difractometer (XRD, D8 Advance, Bruker, Billerica, MA, USA)
was used to confrm the crystalline structures of the pure DF, DA and synthesised Cu(II)-DF/
/DA complex.

Inhibition studies

To prepare a stock solution of tested drugs (Cu(Il)-DF/DA complex, DF/DA and DF
(control)), the tested compounds were dissolved separately in a certain volume of dimethyl
sulfoxide (DMSO). Then, mixed the 10 % of drugs and 90 % of media into the each well
plate. The cells were seeded at a density of 1x10° cells per mL in a 96-well flat-bottomed
microplate. After that, the cells were incubated at 37 °C in a 5 % CO, environment at different
hours (24, 48 and 72 h). The cell viability assay 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
-2H-tetrazolium bromide (MTT) was used to examine the inhibition effect on MCF 10A and
MCEF 7 cells upon treatment with three different compounds (DF/DA, Cu(Il)-DF/DA and DF
(control)) at two different concentrations (25 and 100 umol L-1). The medium in each well
was removed when the cells were 70 to 80 % confluent and it was replaced with a medium
containing the drugs above with two different concentrations, which are 25 and 100 umol L-1.
When the treatment period was over, the medium that contained the drugs was discarded and a
fresh medium that included 10 pL of MTT reagent was added to each well. The described
method was performed three more times. After that, the optical density (OD) of the cells was
determined using the FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Ger-
many) at wavelengths from 570 to 620 nm.

RESULTS AND DISCUSSION

Synthesis of DF/DA and Cu(ll)-DF/DA

Fig. 3 shows the proposed chemical reactions used in the synthesis of DF/DA
compound. According to Chrzanowska et al., the interaction of DF drug and DA
can only occur on the NH moiety of drug molecules by forming an amide bond
with the carbonyl group of DA.13

Egs. (1)—(4) describe the mechanism responsible for the electrochemical
technique of Cu(II)-DF/DA:

Anode: Cu — Cu?* + 2e- (1)

Cathode: 2H,O + 2e~ — Hy + 20H~ 2)
20H~ + 2RCOOH — 2H50 + 2RCOO~ 3)
Overall: Cu + 2RCOOH — Cu[RCOO], + Ha )

(R =DF (C23H28NOCl))
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Fig. 3. Proposed chemical reaction of DF/DA synthesis.

According to the mechanism in Eq. (1), the release of Cu?* from electroc-
hemical oxidation of the Cu anode is required for the formation of Cu(Il)-DF/DA
complex. The electrolysis conditions should be optimised in order to get the
optimal conditions for the synthesis of Cu(Il)-DF/DA complex. The electrolysis
conditions investigated included the type of the applied voltage, the supporting
electrolyte concentration and the pH solutions. Therefore, it is expected that this
optimisation research will produce the most Cu(Il)-DF/DA and the least amount
of Cu anode waste.

The positively charged Cu anode was electrochemically oxidised in the
aqueous phase to generate Cu?t (Eq. (1)). At the negatively charged graphite
cathode, OH™ was formed by water reduction (Eq. (2)) and immediately inter-
acted with DF and DA to produce Cp3H>sNOCI,COO~ (Eq. (3)) in aqueous
phase. The interaction of Cu2" with DF/DA ions led to the formation of a blue
precipitate of Cu(II)-DF/DA complex in the organic phase (Eq. (4), Fig. 4).

\CIO

‘ !
\/\/\/\/\[/ N@
O o Fig. 4. Proposed structure of Cu(II)-DF/DA.

Characterisation of DF/DA and Cu(ll)-DF/DA

ATR-FTIR spectroscopy. The ATR-FTIR spectrum of DF (Fig. 5) revealed
an absorption peak at 3400 cm™!, corresponding to the secondary amino group.!©
Additionally, strong peaks observed at 1610 and 1570 cm~! were attributed to the
C=0 stretching and the C=C stretching in the aromatic ring, respectively, within
the DF structure.!” In the ATR-FTIR spectrum of DA, a prominent peak at 1698
cm~! was identified, representing the stretching vibration of the carboxyl group
in the fatty acid.!> Moreover, several peaks in the 2800-3000 cm™! range indi-
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cated the asymmetrical (v,g) and symmetrical (vg) stretching vibrations of the
methyl and methylene groups in the DA carbon chain, respectively.!® Similar
peaks present in both the DF and DA spectra were also observed in the DF/DA
spectrum (Fig. 5), confirming the formation of the DF/DA conjugate. The disap-
pearance of the secondary amino group peak at 3400 cm~! in the DF spectrum
suggested the successful formation of an amide bond between the secondary
amine in DF and the carbonyl group in DA, indicating that the DF/DA conjugate
was successfully synthesised. After the formation of the Cu(II)-DF/DA complex,
the ATR-FTIR spectra still exhibited several characteristic peaks of the DF/DA
compound.

CulTl)-DE/DA
IS()S ::::: 1 \
DEDA T~ 1440 cm!
PPN Il AN
LOYX cm"\ N
DA ~V 1620 em
2020 em1 = 2850 ¢! —— 1098 cm’!
DF
T TN An APWYTTIWA L
! MW W
-1
3100 em 1610 cm

1570 em-!

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (em™' )

Fig. 5. ATR-FTIR spectra of: a) DF, b) DA, ¢) DF/DA and d) Cu(Il)-DF/DA.

NMR spectroscopy. The TH-NMR spectrum of DF/DA (Fig. 6) revealed that
all of the proton peaks could be observed in both the DF (Fig. S-1 of the Sup-
plementary material to this paper) and the DA (Fig. S-2 of the Supplementary
material) spectrum. Furthermore, this study observed the same proton peaks as
those found in earlier studies by Yoko et al.!° (\H-NMR spectrum of DA) and
Suhara et al.20 (lH-NMR spectrum of DF) when compared. The proton that con-
nects to the nitrogen atom in the DF structure, established as “a” in Fig. S-1 at oy
of 12 ppm, was not identified in the DF/DA compound’s NMR spectrum. This is
due to the fact that a proton has been substituted by the carboxyl group of DA.
The OH group from the carboxyl group of DA generated water molecules with
the proton that linked to the nitrogen atom in DF. As a result, at the end of the
reaction, the carboxyl group of DA is attached to the nitrogen atom, forming a
tertiary amide in the DF/DA compound and this reaction agrees with the pro-
posed structural formula of the DF/DA compound that is shown in Fig. 6.

The presence of carbon in the carbonyl group of the fatty acid group was
revealed by the results from the 13C-NMR spectrum of DF (Fig. S-3 of the Sup-
plementary material) and DA (Fig. S-4 of the Supplementary material), which
were presented at ¢, of 172 and 176 ppm, respectively. These two peaks show
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simultaneously in the spectrum of the DF/DA compound (Fig. 7), indicating that
the complex contains two carbonyl groups. The carbon signals appear before &,
of 40 ppm in the DF/DA spectrum, indicating the presence of different methyl
groups, as shown in the DA spectrum, whereas carbon signals appear after ¢, of
110 ppm in the DF spectrum, indicating the presence of carbon in aromatic rings.
Therefore, based on the 'H- and 13C-NMR spectra, it can be concluded that the
DF/DA molecule has been successfully synthesised.
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Fig. 7. 13C NMR spectrum of DF/DA compound.
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UV=Vis spectroscopy. The UV—Vis spectrum of the Cu(Il)-DF/DA complex
shows the presence of two different absorption peaks (Fig. 8). A prominent signal
in the UV region at 300 nm indicates the n—n* transition of the carbonyl group in
the DF structure.2! Additionally, an intense peak that can be seen in the visible
region at 674 nm (Cu(Il)-DF/DA) indicates the d—d transition of CuZ", as a result
of a transition from the filled d level (z2, xy, xz/yz) to the half-full d level (x2—
—2).18 Without the complexation with the Cu metal centre, the UV—Vis spec-
trum of the DF/DA ligand displays a single absorption peak at a wavelength of
277 nm, corresponding to the n—n* transition of the carbonyl group in the DF
structure. The shift of the UV—Vis absorption peaks of a ligand to longer wave-
lengths after the complexation with a transition metal centre is due to the electro-
nic interactions between the ligand and the metal ion.!8 The desired Cu(II)-DF/
/DA complexes have been successfully formed by the electrochemical technique
that relies on the obtained spectra.

0.20
01591 277 nm
3 o0.104 300 nm
5
g 674 nm
2
< 0% Cu(ll)-DF/DA
0.00 4 DF/DA
-0.05 . . . . . i Vi —
0 o =0 oo o wo Fig. 8. UV-Vis spectra of Cu(Il)-DF/DA
Wavelength (nm) and DF/DA compounds.

XRD. Fig. 9 shows the powder XRD patterns of DF, DA and electrochem-
ically synthesized Cu(I[)-DF/DA. All samples in Fig. 9 showed well-defined
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20 (%) Cu(Il)-DF/DA.
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diffraction peaks thus proving the samples crystallized into layered structures.
The main peaks indicated by the DA (at 7 and 11° at a lower angle)?2 and DF (at
6, 8 and 15° at a higher angle)?3 diffractograms in this study are consistent with
those reported in previous studies. Interestingly, the main peaks that exhibited the
characteristic features of DF and DA are present in the Cu(I)-DF/DA diffracto-
gram, indicating the presence of both compounds in the synthesised complex.
Meanwhile, the presence of Cu in the synthesized complex is confirmed by the
weak peaks observed at 44 and 50° at higher angle, corresponding to the (111)
and (200) planes, respectively.

FESEM-EDX analysis. FESEM analysis was employed to investigate the
surface morphology of synthesised Cu(Il)-DF/DA complex. The micrograph
obtained in Fig. 10a reveals that the synthesised complex exhibits a thin, thread-
-like structure with varying thicknesses. Meanwhile, EDX analysis was used to
determine the elemental composition of the synthesised Cu(I)-DF/DA complex.
The EDX spectrum in Fig. 10b demonstrated that Cu(Il)-DF/DA complexes
contain C, N, O, CI and Cu. This corroborates the findings from the spectro-
scopy-based characterization described earlier, confirming the successful syn-
thesis of the Cu(Il)-DF/DA complex.

100 nm

-
Element Weight (%) | Atomic (%)

C 57.77 79.75
N 3.52 4.17
O 5.02 5.20
Cl 10.21 4.77

23.48 6.11

Fig. 10. a) FESEM micrograph, b) elemental
composition using EDX and c¢) TEM
micrograph of the synthesised Cu(II)-DF/DA.

Particle size. Fig. 10c illustrates the size of Cu particles in Cu(Il)-DF/DA
complex. When applying a low voltage (1 V) and supporting electrolyte con-
centration (0.01 mol L~1 KNO3) during the electrochemical synthesis of Cu(Il)—
—DF/DA, it yields smaller CuNPs with an average size of 4.77+1.77 nm. This
phenomenon can be attributed to the slow release of Cu?* from the electrochem-
ical oxidation of Cu anode into the bulk solution containing DF/DA ligand when
using a low applied voltage and supporting electrolyte concentration thereby
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resulting in smaller Cu particle sizes. This study has shown that the particle size
of the synthesised product can be controlled by controlling the applied voltage
and supporting electrolyte concentration during the synthesis process as reported
by previous researchers.24-27

Anticancer inhibitory effect of Cu(ll)-DF/DA on MCF 7 and MCF 104 cells

The purpose of this study is to assess the inhibitory effect of Cu(ll)-DF/DA
on MCF 7 cells (tumour cells) and MCF 10A cells (normal cells) using the MTT
assay. It was conducted to evaluate the efficacy of suppressing the tumour cell
proliferation while simultaneously minimizing toxicity on normal cells following
treatment with Cu(Il)-DF/DA. Nevertheless, it should be highlighted here that
this study focuses on the inhibitory effects of the synthesised Cu(Il)-DF/DA
complexes on selected cell lines at concentrations of 25 and 100 pmol L-! to
assess how these concentrations affect cellular growth rather than their cytotoxic
effects. The inhibitory effects of the Cu(Il)-DF/DA on both cell types were
depicted in Fig. 11. As a control, the inhibitory effects of the commercial DF
sample and DF/DA ligand were also examined to compare the inhibitory effi-
ciency of synthesised Cu(Ill)-DF/DA with that of the commercial DF and the
DF/DA ligand only. Based on Fig. 10a, there was a greater inhibitory effects of
Cu(II)-DF/DA on MCF 7 cells when the incubation period was extended from 24
to 72 h. The following treatment with Cu(I[)-DF/DA at a concentration of 25
umol L1, the percentage of viable cells are reduced. After 72 h of treatment,
Cu(II)-DF/DA showed the strongest inhibitory effect among the samples, with
significantly lower percentage of viable cells (18 %) than DF and DF/DA mole-
cules. This suggests that the formation of complexes between Cu and the DF/DA
ligand increased the toxicity of the synthesised complexes against selected cancer
cells. Interestingly, after 72 h of incubation, approximately 90 % of the MCF
10A normal cells remained alive upon treament with the tested samples, indi-
cating low inhibitory effects and less toxicity towards normal MCF 10A cells
(Fig. 11a).

The results presented in Fig. 10b demonstrate that the inhibitory effects on
the selected cancer cells are enhanced when the tested sample concentration inc-
reases from 25 to 100 umol L-!. In addition, low percentage of viable cells was
detected when compared to the treatment utilising a 25 umol L~! of Cu(II)-DF/DA
sample. When treated with 100 pmol L1 of Cu(II)-DF/DA, the percentage of
viable cells reduced from 18 (Fig. 10a) to 7 % (Fig. 11b), indicating that syn-
thesised complex had the most inhibitory impact among the samples on MCF 7
cells. Notably, following a 72 h treatment with 100 umol L-! of all evaluated
drugs, the vitality of normal MCF 10A cells continued to be above 90 %. Thus,
there was no toxicity observed towards MCF 10A cells when the sample concen-
tration was increased to 100 pmol L-1. Importantly, the Cu(II)-DF/DA complex
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demonstrated selective anticancer properties, significantly reducing cell viability
in MCF7 cancer cells while showing minimal toxicity to normal MCF10A cells,
suggesting its potential as an effective and targeted anticancer agent. These find-
ings open the door for further research into copper-based complexes as selective
cancer therapies with reduced side effects on healthy cells.

(a) 25 pmol L1 of sample

Cu(ll)-DF/DA ‘ DF DF/DA

100 EINCF 7
[ MCF 10A

80

9% 97 9

92 92

Viable cell (%)

48 24 48 72
Time (h) Time (h)

(b) 100 pmol L' of sample

Cu(ll)-DF/DA DF DF/DA

Viable cell (%)
Viable cell (%)

48 72 48
Time () Time (h) Time (h)

24

72

24 48 72 24

Fig. 11. Percentage of viable cells at different incubation times upon treatment with
Cu(I)-DF/DA, DF and DF/DA at different concentrations.

CONCLUSION

The Cu(I)-DF/DA complex was successfully synthesised using an electroc-
hemical approach, with the DF/DA combination serving as the ligand and Cu?* as
the metal centre. To confirm the formation of the desired complex, both the
DF/DA compound and the Cu(Il)-DF/DA complex were characterised using
ATR-FTIR, NMR, XRD and UV-Vis spectroscopy. The ATR-FTIR spectra of
both the DF/DA compound and the Cu(Il)-DF/DA complex exhibited the pre-
sence of all functional group peaks from the raw materials. NMR analysis further
confirmed that the chemical shifts of hydrogen and carbon peaks in both the
compound and the complex were consistent with those of DF and DA, respect-
ively. Additionally, EDX analysis verified the presence of Cu in the complex,
indicating that Cu served as the metal centre, forming a chemical bond with the
ligand. Surface morphology and particle size analyses using FESEM and TEM
revealed that the synthesised Cu(Ill)-DF/DA complex possesses the thread-like
structure with an average particle size of 4.77+1.77 nm. Regarding the anticancer
activity, treatment of MCF 7 cancer cells with Cu(Il)-DF/DA at concentrations
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of 25 and 100 pumol L-! resulted in a significant reduction in cell viability, with
only 18 and 7 % of cells remaining viable after 72 h, respectively. Contrary to the
given facts, nearly 90 % of normal MCF 10A cells remained viable at compar-
able concentrations. These findings suggest that the synthesised Cu(II)-DF/DA
complex, with its small particle size of 4.77+1.77 nm, is less toxic to certain
normal cells, while effectively inhibiting the proliferation of selected cancer
cells. Future studies could explore a wider range of Cu(Ill)-DF/DA concentra-
tions to calculate the /Cs¢ values and selectivity index for a more comprehensive
understanding of the Cu(Il)-DF/DA complexes’ potency and selectivity, which
would provide a more detailed assessment of their potential for targeted cancer
therapy.

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/13059, or from the correspond-
ing author on request.
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H3BOJ
EJIEKTPOXEMUJICKA CUHTE3A U AHTUKAHUEPOTEHHU MHXUBUTOPHU EQEKAT
KOMIUIEKCA BAKAP(II)-IUKIIO®EHAK/TEKAHCKA KUCEJTMHA HA REJTUJE
KAPIMHOMA JJOJKE MCE-7

HANISAH ABDUL RAHIM', NORAZZIZI NORDIN', BADRUL HISHAM YAHAYA?, YI WEN LYE'
u AZIZUL HAKIM LAHURI?

School of Chemical Sciences, Universiti Sains Malaysia 11800 Gelugor, Pulau Pinang, Malaysia, >Regen-
erative Medicine Cluster, Advanced Medical & Dental Institute, Universiti Sains Malaysia, Bertam, 13200
Kepala Batas, Pulau Pinang, Malaysia u *Department of Science and Technology, Universiti Putra
Malaysia Bintulu Campus, P.O Box 396, Nyabau Road, 97008, Sarawak, Bintulu, Malaysia

Y oBoj crynuju, kommiekc daxap(Il)-muinodenak/mexancka kucenuna (Cu(II)-DF/DA)
(daxap(11) 2-[2-(2,6-nuxm0poaHUINHO)peHu|alleTaMUI-IekaHoaT) CUHTETHCaHa je eJleKTpoXe-
MMjCKOM METOJIOM OKCHIAIHMjOM OakapHe aHofie pafd ociobahama Cu®*, mok cy rpadur u
KNO3; kopumheHn kao kaTofa, OGHOCHO noMohHM enektponuT. Cuntetucanu Cu(I1)-DF/DA
KoMIuiexc je okapaxkrepucan TexHukoM ATR-FTIR, NMR, XRD u UV-Vis, uume je notsphen
yCIex eneKTpoXeMHjcke cuHTe3e. AHamusa MoOpQOJOTHje MOBPLUIMHE M BEJIWYMHE YecTHLa
nomohy FESEM u TEM noka3ana je na cuatetucand Cu(I1)-DF/DA xomrmiekc uMa CTPYKTYpy
HaJIMK HUTHMa, Ca IPOCeYHOM BEIMYMHOM YecTuua off 4,77+1,77 nm. HakoH Tora, UCIIUTaH je
aHTHUKaHLIEPOTeHU HHXUOUTODHU edexaT CHHTETHCAHOT KoMIUIeKca Ha henuje kapuuHoMa fojKe
MCF-7 v Hopmanse enutense henuje nojke MCF-10A. Tpetman MCF-7 henuja ca Cu(I1)-DF/
/DA y xoHueHTpanujama of 25 u 100 pmol L1 moseo je mo 3HauajHOr cmamema hemujcke
BUTAJIHOCTH, ITPU 4eMy je HakoH 72 h mpexuseno camo 18, ogHocHO 7 % henuja. Hacympot
tome, roToBo 90 % MCF-10A henuja ocrano je BUTJIHO NMPU MCTUM KOHLeHTpauujama. OBu
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pe3synrtartH yKkasyjy na cuateticanu Cu(ll)-DF/DA koMIuiekc ©Ma MoTeHUHjan kao euKkacaH u
CeNIeKTUBAH aHTHKAHIIEPOTeHH areHc, KOju T0Ka3yje TOKCUYHOCT TmpemMa hendjama KapIHHOMa,
Y3 3HauajHO Maby IpeMa HopManHuM henujama.

(ITpumrbeHo 24. centemdpa, pepuaupano 5. Hoemdpa 2024, mpuxsahero 15. janyapa 2025)
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Enhancing hydrogen evolution reaction using transition metal atoms
on 6,6,12-graphyne: A DFT study
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Abstract: The escalating global population and the urgent need for sustainable
energy solutions with minimal environmental impact have underscored the
significance of developing renewable energy sources. Hydrogen, as an energy
carrier and fuel, presents substantial advantages over other energy forms,
alongside diverse applications in medical treatments and the production of crit-
ical chemicals like methane and methanol. Thus, hydrogen emerges as a poten-
tial alternative to fossil fuel, offering a stable and clean energy solution. In this
study, we present a theoretical design of transition metal (TM) anchored 6,6,12-
graphyne (GY) based catalysts for the hydrogen evolution reaction (HER) using
density functional theory (DFT). Our findings reveal that among all evaluated
systems, cobalt single-atom catalyst (SAC) anchored on 6,6,12-
-graphyne exhibit the highest thermodynamic stability and superior HER catal-
ytic performance, with a remarkably low AGy+ value of 0.042 eV. We have
investigated the density of states, HOMOs, LUMOs, electron density and band
structures of our designed SACs. This work provides a practical strategy for
experimental groups to effectively tune the electronic structures of catalysts and
enhance their catalytic activity.

Keywords: single-atom catalysts; density functional theory; HER.
INTRODUCTION

The global population has surpassed seven billion and is projected to exceed
nine billion by the mid-215t century.! Correspondingly, energy consumption is
anticipated to rise from 16 TW in 2010 to 23 TW by 2030 and potentially 30 TW
by 2050.2 The critical challenges posed by environmental issues and the extensive
consumption of fossil fuels necessitate the development of high-efficiency, green,
and sustainable energy technologies.3 Consequently, the demand for renewable
energy sources has surged, as conventional non-renewable energy sources are
finite. Renewable energy sources such as solar, wind, and thermal energy offer

* Corresponding author. E-mail: mohammadimanesh@yazd.ac.ir
https://doi.org/10.2298/ISC24081001 1M
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alternatives to traditional fossil fuels.# However, the uneven distribution of these
energy sources limits their large-scale applications.

Hydrogen is a clean and versatile energy carrier with significant potential as a
sustainable alternative to fossil fuels in future energy systems.” Hydrogen is
particularly attractive due to its high gravimetric energy density (the amount of
energy released per kilogram of fuel) and its environmentally friendly combustion,
which produces only water. This makes hydrogen an ideal candidate for low-
carbon energy applications.®

Currently, most Hj is produced via steam reforming of fossil fuels. However,
it can also be generated from renewable sources such as water and biomass, as well
as non-renewable sources like hydrogen sulfide. Water, one of the most abundant
resources on Earth, is a primary candidate for hydrogen production through water-
splitting methods.!-7

Hydrogen can be stored in various materials, including metal organic frame-
works, owing to their high surface area, customizable structures, and versatile
applications.8

The fundamental reactions in water splitting include the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). The production and
storage of hydrogen via electrochemical water splitting have garnered significant
attention from scientific communities, industries, and governments worldwide.
Under suitable conditions, water molecules can be decomposed into hydrogen and
oxygen through various methods and energy inputs, including electrolysis powered
by renewable energy sources.

One major challenge in this field is the design of electrocatalysts for HER that
offer appropriate efficiency at a reasonable cost. Precious metals and their oxides
have traditionally been used as water-splitting catalysts, but their high costs and
scarcity hinder widespread commercialization.” To overcome the high energy
barrier of HER, an efficient catalyst is required.!? Single-atom catalysts (SACs)
are gaining increasing attention due to their unique properties, including maximum
atom utilization efficiency, low cost, high activity and high selectivity.!!-15

A novel class of 2D graphyne nanosheets, featuring suitable porous carbon
structures with sp-hybridized carbon atoms, has been synthesized and proven
effective for supporting single atoms.!6-18 Graphdiyne, an allotrope of graphyne,
has demonstrated promise as a nanomaterial for electrolysis!2:19:20 and was
synthesized by Lee’s group.2! One type of graphyne, GY, exhibits remarkable
properties that have led to various applications and considerable research interest.
Numerous studies have sought cost-effective electrocatalysts based on non-pre-
cious transition metals, including Mo, Co, Ni, Fe and their complexes.22:23

Tianwei et al. decorated graphdiyne with first-row transition metals (from Sc
to Zn) and Pt, investigating their efficacy as electrocatalysts for water splitting.
Their results showed that graphdiyne decorated with scandium, titanium, vana-
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dium, iron and platinum exhibited high catalytic activity towards HER. Addition-
ally, calculations indicated that graphdiyne decorated with platinum and nickel are
promising bifunctional electrocatalysts for water splitting.!? Faizan et al. used
density functional theory to design and investigate first-row transition metal
monoatomic catalysts supported on graphyne, concluding that Ni SAC supported
on graphyne showed the highest thermodynamic stability and best HER catalytic
performance with a AGy* value of 0.08 V.24 Uwamungu et al. studied the stability
and electronic properties of iron-doped graphyne-like BN-yne nanosheets, finding
that HER is significantly influenced by charge redistribution caused by iron on the
surface, increasing the number of active sites. Thus, iron-doped graphyne-like BN-
yne can be considered a promising electrocatalyst for HER .23

Among the different types of graphyne structures, 6,6,12-graphyne (GY)
stands out due to its significant thermal conductivity and directional anisotropy,
attributed to its non-sixfold symmetric structure. Despite the promising character-
istics of graphynes as electrocatalysts for water splitting reactions, GY has not yet
been explored as an electrocatalyst for the HER. This research aims to fill this gap
by employing density functional theory (DFT) computations to investigate the
potential of GY, with single transition metal atoms (Fe, Co, Ni, Cu) anchored on
its structure, to enhance HER catalytic activities. This study highlights the novelty
of utilizing GY for HER, showcasing its unique properties and significant potential
as a high-performance electrocatalyst.

COMPUTATIONAL METHOD

In this research, all calculations were performed using density functional theory (DFT) via
the Dmol3 code (version 17.1.0.48).25 The generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) functional was employed to describe exchange-correlation
interactions.2® The numerical double-numerical plus polarization (DNP) basis set, comparable
in quality to 6-31G sets, was used for all atoms. The long-range van der Waals interactions were
described using the empirical correction in Grimme’s scheme.?’ A convergence threshold of
106 Hartree* for electronic self-consistent field (SCF) calculations and 10-> Hartree for total
energy, 0.002 Hartree/A for maximum force, and 0.005 A for maximum displacement for
geometry optimization were adopted. A 7x7x1 Monkhorst—Pack k-mesh was used for sampling
the Brillouin zone during the structural optimization of the supercell (2x2 unit cell) and for
electronic structure calculations. To simulate the H,O solvent environment with a dielectric
constant of 78.54, a conductor-like screening model (COSMO) was employed in all
calculations.?8

The intermediate states in HER (H*) were investigated by exploring multiple initial con-
figurations for hydrogen adsorption on both GY and TM@GY electrocatalysts. The subsequent
analysis focused on the most energetically favorable adsorption structures, determined based on
their minimum adsorption energies (AFass). These AE,4 values were calculated using the
following equation:??

AEacls = Lgubstrate+adsorbent ~ Fsubstrate ~ adsorbent (1)

*1 Hartree = 2625.5 kJ/mol
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where Ejgsorbents Esubstrate 3Nd Egubstrate + adsorbent ar€ the total energies of the adsorbent, the sub-
strate, and the substrate-adsorbent composites, respectively. More negative AE, 4 values indi-
cate stronger binding between the catalyst and the intermediate, as well as better thermodynamic
stability.

Hydrogen production from water splitting involves two steps: a) atomic H adsorption on
the catalysts, and b) formation and release of H, molecules.3® When one H atom is adsorbed on
the catalyst, the calculated intermediate state energy determines the HER reaction barrier
(overpotential for the electron). Consequently, HER performance can be assessed through
AGy=. The following equation describes the production of H,:*!

H* +e+*—20H0 = 2)
where * and H* represent the active site and the adsorbed intermediate, respectively. Under
standard conditions (pH 0, U = 0 and 298.15 K), the chemical potential of H + e~ (- + o)) is
equivalent to that of 1/2H, (1/2py,). In other words, s+ + ¢y = 1/2p4y1,, based on the calculation
hydrogen electrode model.3! The ideal AGy+ value for HER is zero. Both weak and strong
binding energy of the intermediate state can lead to poor HER efficiency. Therefore, AGy» is
obtained by the following equation:2°

AGH* = AEH* - AEZPE - TASH* (3)

where AEy» is the energy of hydrogen adsorption, obtained from Eq. (1). ASy~ is the entropy
difference between the gas phase and the adsorbed state, and T is the temperature at 298 K.
AEzpg is the zero-point energy difference between the H, gas phase and the absorbed H, given
by:32

AEgor = EW* — g _Lpm 4)

ZPE =™ Zpg ZPE 5 7PE

Where AE,pg is the zero-point energy of the pristine substrate, E1* is the zero-point energy
of adsorbed hydrogen on the substrate, and E'2 s the zero-point e%lpésrgy of gas-phase H,. Due
to the small calculated vibrational entropy of the adsorbed state H*, the adsorption entropy of
1/2H, is ASu=—-0.5S% , where SO is the entropy of gas-phase H,, approximately 130 J mol-
I K1) under standard Conditions.3?' According to Nerskov’s hypothesis,?8 the overpotential of
the hydrogen evolution reaction (#1ER) is obtained using the following equation:

HER _ |AGH*|
g e

®)

To explain the HER kinetics under standard conditions, |AGn.| is used to derive the volcano
curve for the theoretical exchange current (io):3*

1
eko
1+exp(|AGys| / kT

fp=— Q)
where ky, ky and T are the Boltzmann constant, the reaction rate constant at zero overpotential,
and the temperature, respectively. For illustrative purposes, k is set to 1. Additionally, mole-
cular dynamics (MD) simulations with an NVT ensemble were used to evaluate the thermos-
dynamic stability of the catalysts. The MD simulation lasted for 2000 steps with a time step of
2.0 fs, and the temperature was controlled at 300 K using the Nosé-Hoover chains method.3?
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RESULTS AND DISCUSSION
HER performance of pure GY

In this section, we present our findings on the performance of GY-based TM
as a HER catalyst. We began our investigation by examining the GY monolayer
(Fig. 1). To ensure accurate results, we used a supercell large enough to prevent
interactions between adsorbates in two periodic units. Fig. 2 illustrates the density
of states (DOS) and the band structure of the supercell. Our calculations revealed
that the band gap of 6,6,12-graphyne is 0.061 eV. Following this initial charac-
terization, we proceeded to evaluate the HER performance of various TM atoms
anchored on the GY structure. Our aim was to identify promising electrocatalysts
for the HER based on their performance at different active sites.

(a) (b)
Fig. 1. a) The GY unit cell; b) the (2x2) GY supercell, showing the possible binding sites (S;,
S,, S3, S4 and Ss) for single TM atoms and the hydrogen intermediate.
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Fig. 2. a) The band structures of the 2 % 2 supercell GY; b) DOS of the 2x2 supercell GY,
with the Fermi level indicated by the red dashed line.

We further decorated GY with various TMs (TM = Fe, Co, Ni, Cu) at the five
introduced sites. The binding energies were negative for all structures. According
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to the results, when the metal atom is anchored at S, the binding energies are much
larger than at other sites, indicating that S is the most energetically stable site. The
binding energies for Fe@GY, Co@GY, Ni@GY and Cu@GY were —5.76, —5.72,
—5.92 and -3.76 eV, respectively. Additionally, the most negative absorption
energy is related to nickel. These large binding energies indicate strong chemi-
sorption between the GY monolayer and TM atoms, which is favorable for catal-
ytic processes.

To evaluate pure GY as an electrocatalyst for hydrogen production, the
adsorption of intermediate H at five different sites with varying distances on the
GY substrate was investigated. The results are listed in Table I. According to Table
I, the energy of hydrogen adsorption at the S5 site (sp-hybridized C) is thermo-
dynamically favorable, with a Gibbs energy change and overpotential of 0.15 eV
and 0.15 V, respectively.

TABLE 1. Final distance of H intermediate from the substrate, total energy (E.,) and
absorption energy (E,q) at different sites

Site Distance / A Eioa/ €V E.q/eV
S; 1.10 -74582.70 0.15
S, 2.02 -74580.63 222
S3 2.23 -74579.90 2.95
S4 1.10 -74582.51 0.35
Ss 1.10 -74582.83 0.02

The formation energies of TM@GY were further calculated using the exp-
ression Er= Eigia] T 1ic — (Egy + ETM), Where Eqtq) is the total energy of TM@GY,
Egy is the energy of pristine GY, Equm is the energy per atom of the transition metal
and uc is the chemical potential of a single C atom in GY. The formation energies
for Co@GY, Ni@GY, Fe@GY and Cu@GY were —5.72, -5.93, -5.76 and —3.76
eV, respectively. These low formation energies suggest that TM@GY catalysts
can be easily synthesized experimentally.3¢ The thermodynamic stability of the
Co@GY catalyst was tested under standard conditions. The results indicated that
the energies oscillate near the equilibrium state, with no significant structural
reconstruction at the end of the MD simulation (Fig. 3), demonstrating the good
thermodynamic stability of Co@GY in the HER catalytic process.

Stability, and electronic properties of structures

The band structures of Fe@GY, Co@GY, Ni@GY and Cu@GY were com-
puted to assess their electrical conductivities. As shown in Fig. 4, there is no effect
of spin polarization for Co@GY, Ni@GY and Cu@GY, with no difference
between the states related to alpha and beta spins, indicating no magnetic moment
creation. For Fe@QGY, the alpha and beta spins do not align, creating a local
magnetic moment. The energy gap for Ni@GY is 0.024 eV, while it is zero for the
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other structures. HOMOs and LUMOs are shown in Fig. S-1of the Supplementary
material to this paper.
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Fig. 3. Fluctuations of energy and temperature during MD simulations of Co@GY catalyst.
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Fig. 4. Band structures (at GGA-PBE level) of: a) Fe@GY, b) Co@GY, ¢) Ni@GY and
d) Cu@GY, with the zero line indicating the Fermi level.

The density of states (DOS) in Fig. 2 shows the semimetallic property of the
pristine GY monolayer. Importantly, all TM@GY nanosheets present decreased
band gaps and most exhibit metallic properties after decorating with TM atoms.
The PDOS for TM@GY is presented in Fig. 5. The predominant peaks of TM-d
states crossing the Fermi level imply high carrier density, enhancing electronic
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conductivity of TM@GY monolayers and favoring electrocatalytic processes. The
difference electron density of TM@GY are also calculated (Fig. 6), showing
Co@GY and Ni@QGY catalysts display more charge density, especially over the
acetylenic ring.
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Fig. 5. Partial density of states (PDOS) of TM@GY. The Fermi level is set to zero.
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Fig. 6. Difference electron density images of: a) Fe@GY, b) Co@GY, c¢) Ni@GY and
d) Cu@GY:; blue and red colors represent charge depletion and accumulation, respectively.
HER performance of TM@GY

The origin of the electrocatalytic activity of TM@GY catalysts for HER is
explored. Table II presents the AGy+ values for H* adsorption on pristine GY and
on 6,6,12-graphyne decorated with various TMs. For the Ss site of pristine GY,
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the AGyp+ value is 0.15 eV, indicating a weak binding strength between C and H
atoms. However, after decorating the GY monolayer with TM atoms, the acetyl-
enic C and sp and sp? hybridized carbon atoms of TM@GY samples can become
active sites (Fig. 7). This modification significantly alters the hydrogen adsorption
properties of the material, potentially enhancing its catalytic activity for HER.

\Vavi
AVA

™

Fig. 7. Possible active sites on TM@GY for the hydrogen
evolution reaction.

The TM@GY catalyst shows an increased number of active sites and
enhanced catalytic performance, particularly at the Co, Fe (Cgp) and Co (Csgp) sites,
with AGg=* values of 0.042, 0.044, and 0.060 eV, respectively. These values are
comparable to the state-of-the-art Pt catalysts (—0.09 eV)37 and close to the ideal
value (AGy= = 0 eV), indicating that decorating TM atoms at the acetylenic ring
is an effective strategy for increasing active sites and boosting catalytic activity for
HER. The electron transfer from TM atoms to acetylenic carbon atoms improves
the interaction between H and acetylenic C atoms (Table S-I of the Supplementary
material), moving AGy+ closer to zero. These changes are attributed to charge
redistribution introduced by TM atom decoration.33 According to Table II,
Ni@GY and Cu@GY are unsuitable catalysts for hydrogen production, as all
values are positive. The most stable adsorption configurations are shown in Fig. S-2
of the Supplementary material.

TABLE II. Calculated Gibbs energy changes (e¢V) of the H atom binding on GY and TM
(AGy(TM)) and carbon atoms (AGy(Cy,) and (AGy(Cypy)) for different TMs supported on GY

TM@GY AGH(TM) AGH(Cyy) AGH(Cyp)
Fe@GY 0.453 0.601 0.044
Co@GY 0.042 0.624 0.060
Ni@GY 0.954 0.189 0.590
Cu@GY 1.810 0.178 0.501
GY — — 0.15
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The volcano diagram in Fig. 8 reveals that the data points for the cobalt and
sp carbon sites in Co@GY, as well as the sp carbon in Fe@GY, are positioned
very close to the volcano peak. This proximity indicates that the Gibbs free energy
(AGy+) for the adsorption of intermediate hydrogen species at these sites is nearly
zero, representing an optimal balance between hydrogen adsorption and desorption
processes. Such favorable energetic conditions lead to a decreased overpotential,
minimizing the energy barrier for hydrogen adsorption and desorption steps, while
also enhancing the efficiency of the hydrogen evolution reaction (HER).
Consequently, these sites exhibit improved catalytic activity compared to other
positions on the catalyst surface, suggesting that Co@GY and Fe@GY, par-
ticularly at their sp carbon sites, could be promising candidates for highly efficient
HER electrocatalysts.

O-I('-‘Le((mn *H
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S Cu@GY(C,) §
g 1 P 0.15] CO@GY(C,)
= N(C) Fe@GY(C,,)
< 15 o % »
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«+172H,
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Fig. 8. Hydrogen evolution reaction volcano curve of exchange current (iy) plotted as a
function of the Gibbs free energy of H* (AGy») adsorption on possible active sites of GY and
TM@GY catalysts and calculated free energy diagram for TM@GY catalysts under standard

conditions (pH 0, U = 0 relative to the standard hydrogen electrode, and 298.15 K).

CONCLUSION

In this study, we computationally screened four single TM atoms decorated
on GY as potential catalysts for HER. The calculated results demonstrate that
single TM atoms can strongly bind at the acetylenic-ring center of the GY mono-
layer, exhibiting metallic properties or reduced band gaps. The strong binding
strength of these single TM atoms indicates that the GY monolayer is an excellent
substrate for designing SACs. Among the catalysts studied, Co@GY exhibited the
best HER performance with a minimum AGg=* of 0.042 eV, closely followed by
Fe@GY with a AGg* of 0.044 eV at the sp-hybridized carbon atom site. These
findings provide valuable insights for designing new, high-performance electro-
catalysts for HER. Our results underscore the potential of GY decorated with single
non-precious metals as promising alternative HER catalysts, offering a path
towards more efficient and cost-effective hydrogen production technologies.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13006, or from the corres-
ponding author on request.

U3BOJI
[TOBOJBIIAKLE PEAKITUIE U3OBAJAHLA BOOOHHUKA KOPUITHEILEM ATOMA METAJIA
HA 6,6,12-TPA®HHY: DFT CTYOHUJA

FATEMEH MOTAGHI 1 HOSSEIN MOHAMMADI-MANESH
Department of Chemistry, Faculty of Science, Yazd University, Yazd, Iran

Harnu pacT rodajHor CTaHOBHMILITBA U XUTHA NOTpeda 3a OfPKUBUM DELIeHUMA 33 €HEp-
THjy Ca MUHUMAaJTHUM YTHIIajeM Ha KUBOTHY OKOJIMHY, UCTAKITH Cy 3Ha4aj pa3BHjarma 0OHOB/BUBUX
u3Bopa eHepruje. BomoHMK, Kao HOCWIAL eHepruje ¥ ropyuBo, MpeACTaB/ba OUTHY NMPENHOCT Haj
OpyruM 00IMLMMa eHEpryje, opes 0CTalor UMa IPUMEHY Y MEAULIMHCKUM TOCTYTLIMMa U 1Tpo-
W3BOIU KDUTUYHHMX XEMHUKaIMja, MONYT MeTaHa W MeTaHola. Tako ce BOJOHMK jaBba Kao
NOTeHIMjaHa aJITepHaTHBa (OCUIHUM rOpUBUMA, HyAehH CTadMIHO U YHCTO PeLIerne 3a eHep-
THjy. Y 0BOj CTy[OWjH NMPENCTaB/baMO TEOPH]CKY AH3ajH KaTalu3aTopa 3aCHOBAHOT Ha NPEIa3HOM
metany (TM) 3akaueHoMm Ha 6,6,12-rpadun (GY) 3a peaxkuujy usnsajamwa Bogonuka (HER) xopuc-
tehu Teopujy dyHkuroHana rycruHe (DFT). Haurm Hamasu OTKPHBAjy Aa O CBUX HUCIIPODAHUX
cucTemMa, KodanToB jemHoaTOMCKM Kartanusatop (SAC) 3akaueH 3a 6,6,12-rpaduH ucnomasa
HajBUILY TEPMOJUAHMHUUKY CTaOMIHOCT, UCIIO/baBajyhy HajBUILIy TEDMOSHHAMHUUKY CTaOMIHOCT
u HagMmohHo HER kaTanuTHYKO AEjCTBO, Ca yOWBMBO HUCKOM BpemHouthy AGy+ of 0,042 eV.
HcnuruBanu ¢cMo ryctrHy ctamwa, HOMO, LUMO, enekTpoHCKy TyCTHHY M CTPYKTYpy Tpaka
Hawux gusajurpanux SAC. OBaj pan obesdehyje mpakTHuHy cTpaTeryjy 3a eKCIepUMeHTaTOpCKe
rpyme ga edHKacHO IoJece eleKTPOHCKe CTPYKType KaTajausaTopa W MoBehajy HBHUXOBY KaTa-
JIMTHYKY aKTUBHOCT.

(TTpumiseno 10. aBrycra, pesunupaso 17. HoBembpa 2024; npuxsaheHo 27. janyapa 2025)
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between the TM atom and its nearest acetylenic C atoms. Q refers to charges transferred from
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TM@GY drvic (A) 0@
Fe@GY 1.99 0.24
Co@GY 1.94 0.04
Ni@GY 1.95 0.03
Cu@GY 2.04 0.38
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Fig. S-2. Most stable adsorption configurations and corresponding adsorption free energies of
H* on different sites of Fe@GY, Co@GY, Ni@GY, and Cu@GY. Grey, blue, green, yellow,
orange, and white balls represent C, Co, Fe, Ni, Cu, and H, respectively
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AGy=0.178 eV AGp+=0.501 eV

AGu=1.810 eV
Fig. S-2. Cont. Most stable adsorption configurations and corresponding adsorption free
energies of *H on different sites of Fe@GY, Co@GY, Ni@GY, and Cu@GY. Grey, blue,
green, yellow, orange, and white balls represent C, Co, Fe, Ni, Cu, and H, respectively

TABLE S-II. Zero-point energy (ZPE) and entropic corrections (TS) in determining the free
energy of reactants, intermediates, and products adsorbed on catalysts at 298 K. For the
adsorbate, the ZPE value is not sensitive to the metal and coordination since they have close
values.

Species ZPE(eV) TS(eV)
H, 0.27 0.41
H* 0.16 0
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Abstract: In this research, the novel mixed metal oxide nanoparticles (NPs)
Fe,CuAl,O; were synthesized by applying sol-gel auto-combustion method.
The Fe,CuAl,O; NPs were identified by XRD, FT-IR, Mapping and EDS. The
XRD pattern showed that Fe,CuAl,0; NPs contain a crystalline structure and
have just one phase, and types of crystals are FCC. The size distribution of
Fe,CuAl,O;7 NPs was determined by FESEM to be about 41.44 nm. Using the
BET equation, the surface area of Fe,CuAl,0; NPs was calculated as 26.174
m? g'l. Fe,CuAl,O; NPs were used as a catalyst for the Biginelli reaction. 3,4-
-Dihydropyrimidine-2(1H)-one/thione derivatives were prepared in the pre-
sence of Fe,CuAl,0; nanocatalyst with short time and 75-97 % efficiency in
water. In addition, the recovery and the reuse of the Fe,CuAl,0; nanocatalyst

was done up to five times without significant change in catalytic ability.

Keywords: sol-gel auto-combustion; mixed metal oxides; BET; nanocatalyst;

one-pot synthesis.

INTRODUCTION

Mixed metal nano-oxides have attracted special attention of researchers in
the nano field due to their unique attributes in terms of properties, structure, and
applications.! Properties such as electrical,? dielectric,> magnetic,* optical,’
redox® and Lewis acid base behaviour” that are of interest. The most widely used
fields of these materials are targeted drug delivery,® productions of antibac-
terial,”>10 superhydrophobic textiles,!! insecticides,!? gas storage,!3 batteries,!4
sensors!3 and nanocatalysts.16-20 Aligning the synthesis of nanocatalysts and
green chemistry is a big challenge that chemical scientists have managed well
and achieved good success in recent years. Mixed metal nano oxides are one of
the types of nanocatalysts that are used as support phase?! or active phase?? in

* Corresponding authors. E-mail: a.nikoo@urmia.ac.ir, **b_massoumi@pnu.ac.ir
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624 KESHTIBAN, NIKOO and MASSOUMI

various organic reactions. Mixed metal nano oxides can be used for the oxid-
ation?3 and reduction?* of organic compounds, the combustion of hydrocar-
bons,25:26 the synthesis of widely used chemicals in the industry,2’ biodiesel
production?8 and Claisen—Schmidt condensation.2® The attributed the catalytic
properties of oxide surfaces to Lewis acid and base in such a way that Lewis
bases are the same oxygens that gather electrons around them, and Lewis acids
are metal cations. Also, the defects created on the surface of oxides have a
decisive task in their catalytic performance. In general, mixed metal oxides have
a crystal structure that depends on the calcination temperature and the synthesis
method used for their preparation.3031

The basic structure of many molecules that have medicinal activity such as
anticancer, antibacterial, antiviral, antipyretic, and anti-inflammatory as well as
fungicidal are heterocyclic compounds.32 Among numerous heterocyclic com-
pounds, dihydropyrimidines are the most demanding fields of research due to
their extraordinary therapeutic and medicinal properties such as cardiovascular
drugs,33 anti-cancers,34 blood pressure drugs35 and anti-inflammatory agents.36
The first compound was synthesized by Biginelli from the three-component one-
-pot reaction of urea, aldehyde and ketoester in the presence of acid but with low
efficiency. During the last decades, various types of catalysts have been reported
for this reaction. Among the catalysts can be mentioned such as polymer-immo-
bilized reagents,37 caffeine,38 silicotungstic acid supported on Ambelyst-15,39
mesoporous NH4H,PO4/MCM-4,40 Fe;04@Si0,4! NiO nanocatalyst*2 and
nano-ZrO, sulfuric acid.43 In addition to the advantages, these catalysts suffer
from a series of negative features such as low efficiency, use of expensive and
toxic solvents, complex conditions for separation, harsh reaction conditions, or
sometimes long reaction times. Therefore, it is very important to use a catalyst
that performs this profitable reaction with greater efficiency, shorter time, less
cost, and less damage to the environment.

In this research, 3,4-dihydropyrimidine-2(1H)-one/thione derivatives were
synthesized from the one-pot reaction of ethyl acetoacetate, urea or thiourea, and
aromatic aldehyde in the presence of the FeoCuAl,O7 heterogeneous nanocat-
alysts under green and easy conditions.

Integrating atoms or molecules, which is considered a kind of bottom-up
approach and is also known as molecular technology, is possible by sol-gel auto-
combustion method.#4 To synthesis of pure FeoCuAl,O7 with high level of
homogeneity and appropriate size, sol-gel auto-combustion method is a tech-
nique that has the advantages of sol-gel and combustion together. This process
starts by preparing a solution of metal nitrates in water and sol particles are
formed by adding a fuel source such as citric acid. After a heating step, the sol
turns into a gel which is a foam-shaped and bulky powder. Fe;CuAl;O7 NPs are
synthesized by the combustion process with homogenous particles, high purity
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percentage and larger surface area. This procedure is an environmentally friendly
method, due to the release of CO,, HoO and Nj gases.#> An uncomplicated
preparation procedure, cheap, and commercially available raw materials for the
synthesis of FeoCuAl,O7 nanocatalysts are the advantages of this method. The
FerCuAl,O7 nanocatalysts can be recycled up to five stages without reducing its
efficiency. The reaction yield and the purity of the products were excellent
without the need for complicated separation methods. Researches in various liter-
ature showed that the synthesis of the Fe,CuAl,O7 nanocatalysts and its applic-
ation in the preparation of dihydropyrimidines are reported for the first time. The
synthesized catalyst has a high stability for a long time, and it has a good dur-
ability in the conditions of humidity, heat, and in the open air.

EXPERIMENTAL
Materials

Benzaldehyde derivatives, ethyl acetoacetate, urea, thiourea, citric acid, AI(NO;3);-9H,0,
Cu(NO3),-3H,0, Fe(NO3)3-9H,0 and the solvents were purchased from reputable companies,
and were used without the need for purification.

Synthesis of Fe;CuAl,O; NPs

At first, in 1000 ml of distilled water 20.20 g (50 mmol) of Fe(NO3);-9H,0, 18.75 g (50
mmol) of AI(NO3);-9H,0 and 6.05 g (25 mmol) of Cu(NOs3),-3H,0 were dissolved. Then, in
250 ml of distilled water 47.13 g (245 mmol) of Citric acid was dissolved and added to the
previous mixture. After 3 h stirring the reaction mixture, a sol was formed. A gel formation
occurred by water evaporation. The obtained gel was heated overnight at 120 °C by an oven
and completely dried. The formed xerogel was calcined in air at 700 °C for 1 h.

Preparation of 3,4-dihydropyrimidine-2(1H)-ones/thiones

A mixture of ethyl acetoacetate (2.5 mmol, 325 mg), benzaldehyde derivatives (2.5
mmol), urea or thiourea (3.75 mmol), and Fe,CuAl,0, nanocatalyst (0.5 mmol, 170.6 mg) in
distilled water (20 mL) was heated under 100 °C. After the accomplishment of the reaction
time, as observed by TLC (ether/n-hexane: 1/4), the reaction temperature was down to 25 °C,
and to the reaction mixture 25 mL of distilled water was added. The catalyst was detached for
use in the subsequent reaction by ordinary centrifugation. The 3,4-dihydropyrimidine-2(1H)-
-ones/thiones were extracted with ethyl acetate (3x30 mL), and the organic phase was dried
with anhydrous Na,SO,4 (5 g). Ethyl acetate was separated from the product under reduced
pressure, and 3,4-dihydropyrimidine-2(1H)-ones/thiones with 75-97 % yields were afforded
by recrystallization of residue from ethanol.

Characterization

D500 diffractometer (Siemens) was employed for the pattern X-ray diffraction (XRD) of
particles. The XRD pattern of Fe,CuAl,O; NPs at 25 °C was obtained using CuKa radiation
(A =0.154 nm) and with a scanning speed of 2°/min. Data were recorded in the range of 10 to
80° with a scan step of 0.5°/s. The dimensions of Fe,CuAl,O; NPs were determined to be
45.045 nm based on the Debye—Scherrer equation (Table I):

D=0.9/fcos 0 ey
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626 KESHTIBAN, NIKOO and MASSOUMI

In the Debye-Scherrer equation, @ is the Bragg angle in °, £ is the full width at half
maximum peak intensity in rad and A = 1.54060 A (in the case of CuKa).

TABLE 1. Crystallographic data of Fe,CuAl,0, NPs; crystal system: cubic; space group:
Fd-3m; space group number: 227

Peak No. Peak position, 20/°  FWHM Crystallite size, D / nm Avg. D/nm

1 30.8955 0.2460 33.49 45.045

2 36.2296 0.1476 56.60 —

The information about the size of the particles and morphology was obtained with the
device FESEM, Tescan Mira III (field emission scanning electron microscopy) with an accel-
erating voltage of 20 kV. X-ray electron dispersive spectroscopy (EDS) using a SAMX det-
ector was used to analyse and determine the relative abundance of elements. Spectroscopy
Fourier transforms infrared (FT-IR) in the range of 400-4000 cm™! with a KBr disk was used
on a Thermo Avatar spectrometer. The adsorption—desorption isotherms, the surface area, the
total pore volume and the mean pore diameter were obtained with a Bel Sorp Mini II device
on a Bel Prep Vac II analyser by the multipoint Bronauer—-Emmett-Teller (BET) method. The
completion of the reaction was observed by thin-layer chromatography (TLC) on precoated
Merck silica gel 60 F254 and RP-18 F254 plates. The melting points were measured by open
capillary with an Electro thermal 9200 device. The reaction yields were calculated after pro-
duct isolation.

RESULTS AND DISCUSSION

XRD analysis

Fig. 1 shows the XRD pattern for Feo,CuAl,O7 NPs as a function of angle.
Table II lists the 26 (°) and relative intensity of each peak.

2500

1500

@20 (440)
1000

Intensity (a.u.)

(111)

20 (°)
Fig. 1. XRD pattern of Fe,CuAl,07 NPs.
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TABLE II. Peak list of Fe,CuAl,0; NPs
Pos. (20/°)  Height,cts FWHM Left (20/°) D-Spacing, A Rel.int., % Tip width

19.1406 161.58 0.2952 4.63700 11.61 0.3542
30.8955 565.78 0.2460 2.89435 40.67 0.2952
36.2296 1391.21 0.1476 2.47952 100.00 0.1771
44.0461 283.22 0.4920 2.05595 20.36 0.5904
51.0711 56.77 0.2952 1.78842 4.08 0.3542
54.4426 105.93 0.9840 1.68537 7.61 1.1808
57.9885 304.09 0.4920 1.59047 21.86 0.5904
63.4387 335.83 0.3936 1.46633 24.14 0.4723
75.2882 74.89 0.5904 1.26227 5.38 0.7085

The phase determination was done by comparison of the location and int-
ensity of the XRD pattern of FeoCuAl,O7 NPs with references peaks (Fig. 2).
The location of the peaks and the relative intensities of the XRD pattern of
FerCuAl,O7 NPs match with the references (Table I1I).

Peak List

00-036-1205

T 1 1 T T T T T T T I
20 30 40 50 60 70 80 90 100 110 120 130

26 ()
Fig. 2. Plot of identified phases of Fe,CuAl,0; NPs.

TABLE III. Identified patterns list of Fe,CuAl,O; NPs

Ref. code Score Compound name Scale factor Chemical formula
00-036-1205 65  Cadmium gallium manganese oxide 0.521 CdMnGaOy,
00-016-0668 55 Lithium cobalt vanadium oxide 0.420 LiCoVOy,
00-028-1234 38 Cobalt chromium iron oxide 0.759 FeCoCrOy

According to the crystal structure of the references mentioned in Table III,
the crystal structure of Fe;CuAl,O7 NPs is FCC type.

FESEM analysis

FESEM analysis is a microscopic method with high magnification, which
was used to investigate the morphology, shape, the surface structure, and the size
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distribution of FeoCuAl,O7 NPs in nanometer dimensions (Fig. 3). FESEM
image shows that Fe;CuAl,O7 NPs are crystalline and homogeneous. According
to the FESEM image, the average size of Fe;,CuAl,O7 NPs is about 41.443 nm.

SEMHV: 15.00KV  WD: 5.037 mm T MIRAW TESCAN
SEM MAG: 14000 kx Det: InBeam 200 nm i
View field: 1.548 pm  Dale(m/dAy: 11/02/23 n

SEMHV: 15.00KV  WD: 5. Loveliiel] MIRAW TESCAN
SEM MAG: 75.00 kx Det: In| i

6500 nm
View field: 2.869 pm  Dale(m/dAy: 11/02/23 n

Fig. 3. FESEM images of Fe,CuAl,O; NPs.

EDS analysis

EDS was used to specify the stoichiometry (chemical composition of nano-
particles) and to determine the chemical purity of them (Figs. 4 and 5). The res-
ults showed that the only main elements were Fe, Cu, Al and O, respectively,
with wt. % of 35.37, 17.39, 18 and 29.24 as well as by the ratio of the number of
atoms 18.62, 8.05, 19.61 and 53.72. According to the obtained percentages, the
molecular formula of FepCuAl,O7 was confirmed.

cps/eV

El AN Series [wt.%] [at.%]

Fe 26 K-series 35.37 18.62

(0] 8 K-series 29.24 53.72

Al 13 K-series 18.00 19.61

Cu 29 K-series 17.39 8.05

Total 100.00 100.00

Cu
A

L e LA s e e s s L e s e
2 4 6 8 10 12 14 16 18 20 22 24

kev

Fig. 4. EDS spectrum of Fe,CuAl,0; NPs.
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Fig. 5. Mapping data of Fe,CuAl,07 NPs.

Mapping analysis

In concentrated mapping analysis, a particular region of Fe;CuAl,O7 NPs
was investigated. In mapping analysis was taken from many points in a particular
region, and the results of this analysis were represented as a series of coloured
points, where each colour represents an element (Fig. 5). Considering that there
was a strong bond between the elements, which stayed together and clearly
showed the homogeneous distribution of Fe, Cu, Al and O elements according to
the molar ratios throughout the structure.

FT-IR analysis

The FT-IR spectrum of Fe,CuAl,O7 NPs is shown in Fig. 6. In this spec-
trum, the broad peak that appeared in the bounds of 3447 cm™! is related to the
absorbed water in the stretching state of it. The stretching vibration of the M—O
band is at 1637 cm™!, whenever the bending vibration is at 580 cm 1.

Textural analysis

N, adsorption—desorption isotherms were used to measure the size distri-
bution, surface area and pore volume of Fe;CuAl,O7 NPs at 77 K (Fig. 7). The
shape of N, adsorption—desorption isotherms according to IUPAC classification
is type IV, that specifies the mesopore structure of Fe,CuAl,O7 NPs. Based on
the hysteresis loop (H3), Fe,CuAl,O7 NPs have wedge-shaped pores.

Fep,CuAl,O7 NPs capacity was determined by the volumetric gas absorption
method with Bel Sorp Mini II absorption device. The total volume of pores was cal-
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Fig. 6. FT-IR spectrum of Fe,CuAl,O4 NPs.
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i Fig. 7. N, adsorption—desorption isotherms of

Fe,CuAl,O; NPs.

culated using the amount of nitrogen adsorbed at the highest operating pressure
of the experiment. The total surface area was calculated using the BET equation
in the initial part of the isotherm (Table IV).

t-Plot (Fig. 8) was used to measure the surface area and volume of pores
according to the thickness of gas absorbed on the sample. t-Plot diagram indi-
cating that Feo,CuAl,O7 NPs are no microspores because it has no intercept ele-
vation. The mesoporous distribution of the adsorption branch data was performed
according to the BJH method. The pore size distribution diagram shows that the
pore size is in the range of 2 to 50 nm and the structure of the Fe;,CuAl,O7 NPs
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Fe2CuAl,O7 REUSABLE CATALYST FOR BIGINELLI REACTION 63 1

is completely mesoporous. The pores size distribution curve obtained from the
adsorption branch by the BJH method shows that pores with a size of 3.09 nm
have the maximum abundance.

TABLE IV. The calculated data of BET, t and BJH plots

Parameter Value Unit
BET-plot
Vi 6.0135 cm? gl
A3 BET 26.174 m2 g'l
C 167.72
Total pore volume (p/py =
0.990)p lpo 0.3241 em’d gl
Mean pore diameter 49.527 nm
t-Plot, adsorption branch
a 27.834 m? gl
Vi 0 cm’ g!
BJH-Plot, adsorption branch
V, 0.3316 cm? gl
p.peak 3.09 nm
a, 49.485 m? g1
BET-Plot t-Plot BIH-Plot
0.0 90 0.03

60 +

// J“\,\

o/Velpo:p)
V,fem¥(STP)g !

0.03 -+

| 0 100
° 0
o 0.25 0.5 o 1 2 (p/nm

Fig. 8. a) BET plot, b) t-plot and ¢) BJH plot of Fe,CuAl,O NPs.

FeyCuAlyO7 nanocatalyst activity

In the present study, Fe;CuAl,O7 NPs were used as a catalyst to produce the
3,4-dihydropyrimidine-2(1H)-ones/thiones in excellent yield (Scheme 1). Due to
the hydrophobicity of the catalyst and organic reactants, water as a solvent was
used in the reactions at a temperature of 100 °C.

0 R

0 o0 X 1
lk Il “HC I Fe;CuAlOr Ifmj\“ “UNH

Hoo ™" or - RCHOV gy NSyp, ——————— = J
H,0. 100 °C 07 "N X

X=Oors i

Scheme 1. Synthesis of the 3,4-dihydropyrimidin-2(1H)-ones/thiones.
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At first, the progress of the reaction was investigated without the
Fe,CuAl;O7 nanocatalyst. Then, in the presence of different amounts of
Fer,CuAl,O7 nanocatalyst the reaction efficiency was calculated at the same
temperature and time (Table V). The best yield was obtained in the case of using
20 mol % of FepCuAl,O7 nanocatalyst.

TABLE V. Optimization of Fe,CuAl,0; nanocatalyst; 2.5 mmol benzaldehyde, 2.5 mmol
ethyl acetoacetate, 3.75 mmol urea under 100 °C for 90 min

Entry Catalyst content, mol % Yield, %
1 - 34
2 10 52
3 15 79
4 20 91
5 25 90
6 30 88

The reaction of other benzaldehydes with electron-withdrawing and elec-
tron-donating functional groups were investigated with urea or thiourea and ethyl
acetoacetate in order to prepare of the 3,4-dihydropyrimidine-2(1H)-ones/
/thiones. All reactions were performed in the presence of FepCuAl,O7 nano-
catalyst using a catalytic amount (20 mol %) in water at 100 °C. The preparation
of the 3,4-dihydropyrimidine-2(1H)-ones/thiones were obtained in 75-97 % yield
(Table VI). According to the information in Table VI, the electron-withdrawing
functional groups are effective in the activity of benzaldehyde, however spatial
hindrance can reduce the speed and efficiency of the reaction.

A proposed mechanism is presented based on the reactivity of benzaldehyde
derivatives for the preparation of the 3,4-dihydropyrimidine-2(1H)-ones/thiones
(Scheme 2). In the first step, FeoCuAl,O7 nanocatalyst leads to the activation of
aldehyde and then ethyl acetoacetate and aldehyde produce intermediate chal-
cone during aldol condensation in the presence of Fe;CuAl,O7 nanocatalyst. Fin-
ally, the 3,4-dihydropyrimidine-2(1H)-ones/thiones are produced by Michael
addition and removal of water by urea or thiourea.

Reusability of the Fe;CuAdl,O7 nanocatalyst

It was possible to separate and purify the Fe,CuAl,O7 nanocatalyst, which is
done by filtration or centrifugation. FeoCuAl,O7 nanocatalyst was reused after
washing with water, ethanol and ethyl acetate and then drying at 80 °C for 2 h.
This process was carried out in five cycles and the reduction of yield was obs-
erved from 91 to 84 (7 % reduction of yield during 5 cycles of reaction, Fig. 9).
Fe,CuAl,O7 nanocatalyst showed excellent stability and activity during 5 con-
secutive reaction periods. The reaction efficiency shows that the Fe,CuAl,O7
nanocatalyst maintains its activity and durability during recycling.
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TABLE VI. Synthesis of the 3,4-dihydropyrimidine-2(1H)-ones/thiones; 2.5 mmol aldehyde,
2.5 mmol ethyl acetoacetate, 3.75 mmol urea or thiourea and 170.6 mg of Fe,CuAl,O5 nano-
catalyst in water at 100 °C for 90 min

. MP/°C

Entry R X Yield, % Found Reported*6-31
1 Ph O 91 202-204 204-206
2 4-Me-Ph O 81 215-217 214-216
3 4-MeO-Ph (6] 85 203-205 201-203
4 2-HO-Ph O 84 209-211 210-212
5 3-HO-Ph O 82 170-172 167-170
6 4-HO-Ph O 75 227-229 230-232
7 2-OoN-Ph O 90 220-222 221-222
8 3-OpN-Ph O 92 226-228 229-231
9 4-O7N-Ph O 94 213-215 211-213
10 4-Cl-Ph O 92 214-216 215-216
11 Ph S 92 207-209 205-207
12 4-Me-Ph S 77 192-194 191-193
13 4-MeO-Ph S 80 150-152 153-155
14 2-HO-Ph S 84 203-205 206-208
15 3-HO-Ph S 93 181-183 183-185
16 4-HO-Ph S 79 193-195 193-194
17 2-O,N-Ph S 95 213-215 215.4-216.4
18 3-O,N-Ph S 90 217-219 214-216
19 4-O,N-Ph S 97 191-193 190-192
20 4-Cl-Ph S 91 188-190 192-195

(cur) ( )
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~0H 0O 6 ) O ‘\) 0
J
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Scheme 2. The suggested mechanism for synthesis of the
3,4-dihydropyrimidin-2(1H)-ones/thiones.
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Fig. 9. Reusability of Fe,CuAl,O; nanocatalyst.
CONCLUSION

In this paper, FeoCuAl,O7 NPs were synthesized by sol-gel auto-combustion
method. The XRD analysis showed that the crystalline structure of FeoCuAl,O7
NPs is the FCC type. According to the FESEM imaging, the particle size was
determined to be about 41.443 nm. Fe, Cu, Al and O elements with ratio 2:1:2:7
were identified in the EDS analysis. The BET analysis showed the surface area of
Fe,CuAl,O7 nanocatalyst to be 26.174 m2 g-!. The Biginelli's multicomponent
reaction was carried out in the presence of 20 mol % Fe,CuAl,O7 nanocatalyst at
100 °C in water as a solvent. The Fe,CuAl,O7 nanocatalyst can be recovered and
used for at least five periods without a significant decrease in activity. The use of
water as the solvent, the short reaction time, the high efficiency and the easy
separation of the Fe,CuAlyO7 nanocatalyst are the advantages of this method.

Acknowledgment. The authors are grateful to Payam Noor University of Tabriz and
Urmia University, Iran, for supporting this research work.

H3BOJ
CHUHTE3A U KAPAKTEPU3AIINJA HAHO Fe;CuAl:0; KATAJIU3ATOPA 3A BUIIECTPYKY
YIIOTPEBY 3A BUTMHEIUJEBY PEAKLIUTY

MARZIEH M. KESHTIBAN?, ABBAS NIKOO? 1 BAKHSHALI MASSOUMI"

'Department of Chemistry, Payame Noor University, Tehran, Iran u *Department of Organic Chemistry,
Faculty of Chemistry, Urmia University, Urmia, Iran

Y oBOM pafly, HOBe HAaHOUECTHIle MeIlaHuX MeTanHux okcunga (NP) Fe:CuAl.O7 cy cun-
TeTHCaHe IIPUMEHOM METoJe coyi—Tesl ayTo-caropeBama. Fe:CuAl:O7 NP cy unentudukosane
npumeHoMm cienehux texuuka: XRD, FTIR cnexrpockonuje, Mmanupawa u EDS. Tudpax-
TorpamMu cy nokasanu na Fe:CuAl:0; NP umajy KpucranHy CTpyKTypy M camo jenHy gasy, a
KpPHUCTa/IM MOBPIIMHCKU LIEHTpUpaHy KyOHy peuerky. Pacnogpena BenuuuHa Fe:CuAl:07; NP,
onpehena FESEM texuukoM, je oko 41,44 nm. [Tpumenom BET jemnauune, ompehena je
cnenuduyna nospmrHa Fe;CuAl:0; NP: 26,174 m? ¢'. Cunretucane Fe;CuAl:0O; NP cy ko-
puirhere 3a burunenujeBy peaxkuujy. lepuBatu 3,4-IuxXunponupumMunui-2(1H)-oH/THOHaA cy
nobujenu y mpucyctsy Fe2CuAl.0O; HaHOKaTanu3aTopa 3a KpaTko Bpeme U 75-97 % edwukac-
HocTH y Bozu. TomaTtHo, Fe:CuAl,O; HaHOKaTanM3aTop je ycreuHo KopuirheH y et uKkiIyca
0e3 3HavajHUje MPOMEHE KaTaJIMTUUKUX KapaKTepUCTHKA.
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Abstract: This study investigated the variations in antioxidant profiles between
nine edible Cucurbita species (pericarp and seed), using pattern recognition
tools; classification was achieved based on the results of global antioxidant
activity assays (DPPH, ABTS, FRAP, CUPRAC, total reducing of power,
levels of total phenolics and flavonoids compounds). The pericarp samples
showed significantly lower total phenol values than the seed samples. The
spaghetti squash shows the highest ability to neutralize DPPH radicals among
seed and pericarp extracts. This extract also shows the highest FRAP and
CUPRAC values. The tested samples were grouped into pericarp extract groups
and seed extract groups based on the principal component analysis of anti-
oxidative profiles. Hierarchical cluster analysis confirmed the PCA analysis.
The presented results can guide breeders in selecting Cucurbita varieties with
enhanced antioxidant traits, contributing to the development of nutritionally
superior crops.

Keywords: Cucurbita genus; total phenolic content; total flavonoid content;
antioxidant activity; chemometric approach.

INTRODUCTION

Cucurbitaceae is a large family of plants, also known as cucurbits, with 130
genera and 800 species, mainly tropical or subtropical, with a few species exten-
ding into temperate climate.! The name of the Cucurbitaceae family came from
Latin, where the word corbis means bottle or basket. Cucurbitaceae is the most
diverse plant family and is cultivated worldwide in various environmental
conditions. Humans utilize over 300 plant species, with 150 being extensively
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cultivated and 30 of these are essential for global food production. The edible
plants from this family that are frequently consumed for nutrition are mainly
found in the genera Cucurbita (squash, pumpkin, zucchini), genus Citrullus
(watermelon) and genus Cucumis (cucumber, various melons).2 In the Cucur-
bitaceae family, pumpkin seeds are the only ones not discarded as waste, while
melon and watermelon seeds are mostly thrown away despite being abundant and
edible. The Cucurbita genus comprises 14 species with six subspecies and two
wild varieties.3 The cultivated cucurbits are quite similar in their requirements for
growth and development but their fruit morphology (sizes, shapes, colours, pulp
structure) is highly variable. The original Cucurbita genus has been subject to
intensive breeding that yielded the varieties and their hundreds of hybrids, we
know today.

The most popular vegetables from this family are cucumber and pumpkin,
but squash and zucchini are increasingly used in the kitchen. Pumpkin is one of
the first domesticated plants and has been grown worldwide for several hundred
years, thus giving farmers enough time to obtain and introduce cultivars with
unique characteristics. Courgette, classified as a summer squash, belongs to Cuc-
urbita pepo.*> Today, courgette is called summer squash, marrow, or zucchini,
depending on the place of its cultivation. Summer squash (Cucurbita pepo
subsp. pepo) is frequently consumed worldwide. Its shape resembles a ridged
cucumber, but zucchini is available in yellow and green colors. Cucurbita fruits
can often be used when they are not yet fully ripe. Botanically, this vegetable is
considered as fruit, but in gastronomic terms, this is a vegetable. Zucchini has a
firm texture with ripened fruit and a characteristic flower. It contains several
beneficial micronutrients such as minerals (potassium, magnesium, phosphorus
and calcium), carotenoids, vitamin C, phenolic compounds, efc.”-10 This fruit
contains approximately 93.5-95 % of water, fiber (1.1 g/100 g f.w.), proteins (1—
~2.5 g/100 g f.w.), carbohydrates (2.3-4.2 g/100 g f.w.).!1:12 Fruits of the Cuc-
urbita genus are also sources of functional compounds with nutraceutical and
preventive potential against cardiovascular diseases and diseases derived from
eating disorders. A characteristic feature of the Cucurbita genus is its low-fat
content and low glycemic index, attributed to its high dietary fiber content, par-
ticularly pectin!3 Cucurbitaceae plants are grown for their seeds, flowers, roots,
leaves and fruits, all of which are edible.!4

Certain seeds from the Cucurbitaceae family have been traditionally utilized
in folkloric medicine.!5-16 Due to bioactive nutrients, species from the Cucurbita
genus are assumed to be used as a remedy for lowering blood cholesterol or dep-
ression.!7-18 The folk medicinal properties attributed to zucchini are diverse and
include its use in the treatment of benign prostatic hyperplasia and irritable
bladder conditions.19:20
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Due to its antioxidant, anti-inflammatory, antimicrobial, anti-carcinogenic,
antiviral and analgesic activities2!~24 summer squash has been used in traditional
folk medicine to treat colds and to alleviate aches. The natural plant components
found in pumpkin could recover the liver against alcohol-induced liver toxicity
and oxidative stress in rats.2> The presence of bioactive nutrients suggests it
could be used to lower blood cholesterol or treat depression. Pumpkin flesh exhi-
bits hypoglycemic, in vitro antioxidant, cholinesterase and tyrosinase inhibitory
effects, along with hypolipidemic activity.26-30 The cell growth inhibition of
prostate, breast and colon cancer cells by ethanolic seed extract authenticates the
ethnomedical use of pumpkin seeds for the treating of benign prostate hyper-
plasia urinary dysfunction.!5 Pumpkin also exhibits various pharmacological act-
ions, such as anticancer, antihypertension, antioxidant, anti-inflammation, anti-
hyperlipidemic, antimicrobial, hypoglycemic and immunomodulation.31-36

Natural antioxidants have been demonstrated to be more effective and
devoid of the adverse health effects associated with synthetic antioxidants.37-38
Considerable attention has been given to the potential applications of natural
antioxidants found in vegetables, fruits and grains, such as carotenoids, toco-
pherols, flavonoids, phenolic acids, vitamin C and minerals, in the prevention of
numerous diseases.

The purpose of this study was to examine extracts from pericarp and seed of
nine varieties of Cucurbita genus: (Curcubita pepo Ghost rider, Curcubita max-
ima Roter zentner, Spaghetti squash, Marrow Long Green Bush, Sweet gourmet
zucchini, Summer Green Tiger Zucchini, Round Zucchini green, Green zuc-
chini), concerning their content of total phenolics, flavonoids and antioxidant
activity. As a result of the large amount of data that analytical techniques gener-
ate, the use of advanced multivariate chemometric tools is mandatory for extract-
ing as much valuable information as possible.39-4! Obtained data were processed
using principal component analysis (PCA) and hierarchical cluster analysis
(HCA). The findings of this study may allow the identification of Cucurbita
species with desired phenolic and flavonoid levels, aiding in the selection of anti-
oxidant-rich varieties.

EXPERIMENTAL
Sample collection

Nine varieties of Cucurbita genus were acquired from local supermarkets in the Ni§
region, Southern Serbia. Examined species were cultivated at multiple locations within the Ni$
region. The fruits of nine varieties of Cucurbita genus underwent a rapid cold-water wash, the
pericarps (Curcubita pepo Ghost rider (P1), Curcubita maxima Roter zentner (P2), Spaghetti
squash (P3), Marrow Long Green Bush (P4), Sweet gourmet zucchini (P5), Summer Green
Tiger Zucchini (P6), Round Zucchini green (P7), Round Zucchini yellow (P8), Zuchinni green
(P9)) and seeds (Curcubita pepo Ghost rider (S1), Curcubita maxima Roter zentner (S2),
Spaghetti squash (S3), Marrow Long Green Bush (S4), Sweet gourmet zucchini (S5), Summer
Green Tiger Zucchini (S6), Round Zucchini green (S7), Round Zucchini yellow (S8),
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Zuchinni green (S9)) of each sample were separated. Fresh samples were pulverized with an
electric blender and immediately analysed.

Preparation of extracts

The protocol used for extracting polyphenolic compounds from pericarp and seed of
different edible Cucurbita varieties was based on a previously employed procedure.*?> The
pericarp and seed extracts, obtained from grinding 4 g of fresh samples, were extracted four
times by stirring with 40 mL of 80 vol. % methanol in an ultrasonic bath (power supply: 220
V /50 Hz, 10 A) at 25°C for 15 min. Samples were left in the solvent for 15 min, filtered and
diluted to a final concentration of 100 mg mL-!.

Chemicals and instruments

Except 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azinobis(3-ethylbenzothiazoline-6-
-sulphonic acid) (ABTS), FeCl;-6H,0, AlCl;-6H,0, CuCl,, Na,CO3, Folin—Ciocalteu reagent,
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and methanol were pur-
chased from Sigma; all chemicals were purchased from Merck. Spectrophotometric assays
were performed on a double-beam UV—Vis spectrophotometer Perkin Elmer lambda 15 (Mas-
sachusetts, USA).

Total phenolic content (TPC)

The Folin—Ciocalteu redox method is commonly used to analyse total phenolic content,
as phenolics are a major group of bioactive plant compounds that function as primary
antioxidants or free radical scavengers. This assay is particularly important for evaluating total
antioxidant capacity, as a high phenolic content is strongly associated with enhanced antiox-
idant activity. This assay is significant in measuring total antioxidant capacity since high
phenolic content has been linked to high antioxidant capacity. Total phenolic content was det-
ermined using the Folin-Ciocalteu reagent as described by Mitic et al.*? The reaction mixture
consisted of 0.05 mL of extract, 2 mL of sodium carbonate solution, 5.0 mL of distilled water
and 0.5 mL of the Folin—Ciocalteu reagent. The reaction was carried out in the dark for 30
min and then the absorbance was measured at 750 nm. Results were expressed as mg gallic
acid equivalents per 100 g of fresh weight (mg GAE 100 g'! f.w.) since gallic acid was used to
calculate the standard curve (y = 0.0163x + 0.0121, RZ = 0.9751).

Total flavonoid content (TFC)

The total flavonoid content was determined using the aluminium chloride method, a
widely used assay for quantifying flavonoids in plant extracts. In this method, aluminium
chloride reacts with the carbonyl group at position C4 and the hydroxyl groups at positions C3
and CS5 in flavonols and flavones, forming a stable complex. Additionally, it can form labile
acid complexes with ortho-dihydroxyl groups (catechol groups) present in the flavonoid struc-
ture. Total flavonoid content of analysed samples was determined by a method described by
Dimitrijevi¢ et al.** Extract aliquot (50 pL) was mixed with 0.15 mL of a NaNO, solution.
After 5 min, 0.75 mL of AICI; solution was added and the solution was kept 5 min at room
temperature. Then, 1 mL of NaOH solution was added to the mixture and water was added to
a final volume of 5 mL. The absorbance was measured at 510 nm. Rutin solution was used for
calibration curve construction (y = 0.0356x + 0.0214, RZ = 0.9907) and results were expressed
as mg rutin equivalents (RE) per 100 g of fresh weight (mg RE 100 g'! f.w.).

DPPH free radical scavenging assay

Diphenyl-1-picrylhydrazyl (DPPH) is a popular, quick, easy and affordable approach for
the measurement of antioxidant properties. This test measures the scavenging capacity of anti-
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oxidants against the free radical DPPH. The advantage of this method lies in its ability to
allow DPPH to interact with the entire sample, providing sufficient time for the reaction to
occur, even with weak antioxidants that react more slowly. Quantitative tests of methanol
extracts for DPPH radicals were performed according to the method of Mitic et al.*> The
reagent was prepared 2 h before use to ensure all the DPPH had dissolved. The flask contain-
ing DPPH solution was covered with aluminium foil to protect it from light. 1.5 mL of meth-
anol solution of DPPH radical at the concentration of 100 mmol L-!, 0.1 mL of extract con-
centration of 100 mg mL"! and methanol to a total volume of 4 mL were added to a test tube.
The mixture was shaken vigorously and left in the dark at room temperature for 60 min. The
reduction in the colour of the solution caused by free radicals (DPPH) was measured at 515
nm. Trolox dissolved in methanol in appropriate dilution was used as a standard. A linear
calibration curve was obtained in the range of 0.5-4 pg mL"! Trolox, with regression equation
y=0.0405x — 0.0495 and linear regression coefficient R? = 0.9963. The antioxidant capacities
of the samples were expressed as mg Trolox equivalents per 100 g of fresh weight g (mg TE
100 g'! fw)).

ABTS cation radical decolorization assay

ABTS cation radical “scavenging” activity assay is based on the ability of antioxidant
molecules to quench ABTS radical, a blue-green chromophore with characteristic absorption
at 734 nm, compared with that of Trolox, a water-soluble vitamin E analogue. The ABTS**
cation radical was prepared by the reaction between 7 mM ABTS in water and 2.45 mM pot-
assium persulfate (1:1). The flask containing this solution was covered with aluminium foil to
protect it from light and it was stored at room temperature for 12—16 h before use as described
by Mitic et al.*?> The prepared solution was then diluted with methanol to obtain an absorb-
ance of 0.7+0.02 units at 734 nm. An aliquot of each extract, concentration 100 mg mL"! was
mixed with 1.8 mL of diluted ABTS solution and diluted with methanol to a total volume of 4
mL, absorbance was measured 6 min after initial mixing. An appropriate solvent blank was
used in each assay. The same procedure was repeated for all standard Trolox solutions (0.1—
—2.5 ug mL'!) and a standard curve (y = 0.0322x — 0.0141, R? = 0.9997) was constructed. Res-
ults were expressed as mg Trolox equivalents per 100 g of fresh weight (mg TE 100 g™ f.w.).

Ferric reducing antioxidant power (FRAP) assay

The FRAP analysis (ferric reducing antioxidant power) indicates the reducing ability of
the extract based on the reduction of colourless Fe3*~TPTZ to blue Fe>*~TPTZ complex. This
assay was performed according to the protocol described.*?> The FRAP reagent was prepared
by mixing a freshly prepared acetate buffer (pH 3.6), the 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ)
solution and ferric chloride (20 mM), (10 mM in 40 mM HCI) in a 10:1:1 ratio. An aliquot of
the extract (10 pL) was mixed with 3 mL of the freshly prepared FRAP solution and diluted
with water to a final volume of 4 mL. After incubation of the mixture at 37 °C (for 5 min) the
absorbance at 595 nm was recorded. The value of FRAP was determined by plotting on a
standard curve (y = 0.0955x — 0.0185, RZ = 0.9941) prepared by adding ferrous sulphate (0.7—
—7 ng mL) to the FRAP reagent and the results were expressed as mg Fe(II) per 100 g of
fresh weight (mg Fe(II) 100 g'! f.w.). The control solution was prepared as above but con-
tained distilled water instead of extract samples.

Cupric reducing antioxidant capacity (CUPRAC) assay

Cupric reducing antioxidant capacity (CUPRAC) spectrophotometric method is based on
the absorbance measurement of Cu(I)-neocuproine (Nc) chelate formed as a result of the
redox reaction of chain-breaking antioxidants with the CUPRAC reagent, Cu(Il)-N¢, where
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absorbance is recorded at the maximal light absorption wavelength of 450 nm; thus this is an
electron-transfer (ET)-based method. In a test tube, the following were added in sequence:
0.05 mL of the extract, | mL of phosphate buffer (pH 7.0), neocuproine, copper(Il) chloride.
The mixture was then diluted with water to a total volume of 4.1 mL.#? The reaction mixtures
were incubated at room temperature for 30 min. Trolox dissolved in methanol in appropriate
dilution (5-25 pg mL™") was used as the calibration curve's standard under the same para-
meters. The stability of the Trolox standards was monitored over a range of concentrations (in
triplicate) by measuring their absorbance values and plotting their average against a range of
time points. It was confirmed that the working Trolox standards were stable for the first three
hours of the assay thereby removing any absorbance measurement inaccuracies, due to the
decomposition of standards in the assay system. Cupric reducing antioxidant capacity was
expressed as mg Trolox equivalents per 100 g of fresh weight (mg TE 100 g'! f.w.).

Total reducing power (TRP) assay

The reducing power of the extracts was determined according to the potassium ferri-
cyanide-ferric trichloroacetic acid method based on the ability of antioxidants to reduce
Fe(III) hexacyanate to Fe(II) hexacyanate, resulting in an increase in the absorbance in the
absorbance of the reaction mixtures. The higher absorbance of the extracts indicated greater
ferric reducing capacity. The reaction mixtures were prepared by mixing 1 mL of 1 % solution
K;3[Fe(CN)¢], 1 mL of phosphate buffer (pH 6.6), 0.01 mL of the extract and diluted with
water to 3.7 mL. The mixtures were incubated at 50 °C for 30 min and then 1 mL of 10 %
solution of trichloroacetic acid and 0.6 mL of FeCl;y were added.*? The absorbance was mea-
sured at 700 nm against the blank sample. A standard curve (y = 0.1056x — 0.0452, R? =
= 0.9855) was plotted using different concentrations of ascorbic acid (2-50 pg mL1), so that
the results were expressed as mg ascorbic acid equivalents per 100 g of fresh weight (mg AAE
100 g! fw.). Working ascorbic acid standards were stable for the first three hours of the
assay, thereby avoiding the absorbance measurement inaccuracies due to the decomposition of
standards in the assay system.*4

Statistical analysis

Statistical analyses were performed using the Statistica version 12.0 software package.
All the experiments were conducted in triplicate. To eliminate uncertain data, the Q-Dixon
test was performed. All data were checked for normality using the Shapiro—Wilk test
ANOVA’s Tukey multiple comparison test was used to compare the variance in the response
variables: total phenolic concentration (7PC), total flavonoids content (7FC) and the anti-
oxidant capacity: DPPH, ABTS, CUPRAC, TRP of nine varieties of Cucurbita genus. Differ-
ences were considered statistically significant at a level of 0.05 (that is, p < 0.05). Agglomer-
ative hierarchical clustering was used as a multivariate analysis tool to cluster samples based
on similar characteristics and then plotted as a dendrogram. The distance matrix was cal-
culated using the Euclidean Pythagorean distance differences and hierarchical cluster analysis
was performed using Ward’s method. Pattern recognition methods were applied to the data
collection; these were principal component analysis (PCA). PCA facilitated the identification
of similarities among samples and revealed the primary associations between variables contri-
buting to the total variability in the analysed data.
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RESULTS AND DISCUSSION
Total phenolic content (TPC)

Polyphenols include simple phenols, phenolic acids (benzoic and cinnamic
acid derivatives), coumarins, flavonoids, stilbenes, condensed tannins, lignans
and lignins. According to the human physiological standpoint, phenolic comp-
ounds play a significant role in defence mechanisms, such as antioxidant, anti-
inflammatory, anti-aging and anti-proliferative activities. Quantifying poly-
phenols is a standard practice for identifying foods and food products with high
potential to combat free radicals. In this process, polyphenols in extracts react
with a specific redox reagent, the Folin—Ciocalteu reagent, forming a blue com-
plex, that can be measured using visible-light spectrophotometry. For an approx-
imate estimation of the TPC of Cucurbita species extracts the Folin—Ciocalteu
phenol reagent assay is used. The mean content values of the phenolics in the
pericarp and seeds of the nine Cucurbita species are listed in Fig. 1a. TPC values
for pericarp and seed samples were in the intervals 8.88-19.76 mg GAE 100 g!
f.w. and 20.21-48.71 mg GAE 100 g1, respectively.
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Fig. 1. Results of: a) total phenolic contents (TPC) and b) total flavonoid content (7FC) in the
pericarp and seed of nine varieties of Cucurbita genus.

The pericarp samples showed significantly lower TPC values than the seed
samples. The TPC in four seed samples (Zuchinni green, Spaghetti squash,
Cucurbita pepo Ghost rider, Marrow Long Green Bush) were the highest (48.71,
38.20, 29.89 and 29.75 mg GAE 100 g~! fiw., respectively). The pericarp
samples Curcubita pepo Ghost rider and Summer Green Tiger Zucchini have the
lowest values (8.88 and 11.78 mg GAE 100 g~! f.w., respectively). Among the
nine Cucurbita species examined, seeds and pericarp of Zuchinni green stands
out with notable higher TPC, when compared to the other tested varieties.
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As Tejada et al. (2020) indicated, factors such as variety, harvest period,
growth conditions and ripening stage significantly influence the antioxidant pro-
files of courgette fruits. For example, the frozen raw zucchini showed reduced
phenolic content (0.12 pg GAE g1 dry extract) compared to the fresh samples
(0.15 ug GAE g1). Stir-frying increased the phenolic content (0.14 pg GAE g1)
compared between steaming (0.12 ug GAE g-!) and raw samples. Other studies
revealed varying TPC levels across Cucurbita species and parts, influenced by
genetic, environmental and extraction factors. In the frozen raw zucchini (0.12 pg
GAE g! dry extract) a decrease in the content of phenolic compounds is obs-
erved compared to the fresh samples (0.15 pg GAE g1 dry extract).4> For Cuc-
urbita pepo, the highest levels of total phenolics were noted in the fruits of
“Kamo Kamo” (51.5 mg hlorogenic equivalents per 100 g of fresh weight) and
the “Sweet Dumpling” (48.1 mg hlorogenic equivalents per 100 g of fresh
weight) cultivars.!4 The total phenolic content of aqueous extracts from seed,
peel, leaf and flower powder of C. maxima was found to be as follows: seed —
0.79 mg GAE g1, peel — 2.46 mg GAE g1, leaf — 0.27 mg GAE g1, flower —
15.73 mg GAE gL. The isopropanol extracts from the same plant parts obtained
the following TPC values: seed 41.05 mg GAE g1, peel 0.20 mg GAE g1, leaf
0.66 mg GAE g! and flower 33.27 mg GAE g~1.46 In an India-based study, 7TPC
of pumpkin flowers was found to be 49.6 mg GAE 100 g-! dried powder.47 In
contrast, the Ethiopia-based research reported that the total phenolic content in
pumpkin peel and seed ranged from 354 to 380 mg GAE 100 g-! and 80 to 102
mg GAE 100 g~! powder, respectively.48

Other studies revealed varying TPC levels across Cucurbita species and
parts, influenced by genetic, environmental and extraction factors. The total
phenolic content of pumpkin peel and pulp extracts was comparable, measuring
5.21 mg GAE g! for the peel and 5.19 mg GAE g-! for the pulp.4® The content
of total phenolic compounds in the analyzed Cucurbita spp. peel extracts varied
from 17.599+0.124 to 4.623+0.082 mg GAE g! d.w. as published by Gawel-
Beben et al.50 The average total phenolic compounds recorded in zucchini was
8.67 GAE g! f.w. reported by Hamissou et al.5!

The variation in phenolic content is known to be due to genetic factors,
degree of maturity and environmental conditions. Secondly, the extractability of
phenolic compounds is governed by the type of solvent (polarity) used, the deg-
ree of polymerization of phenolics, the interaction of phenolics with other cons-
tituents, as well as the extraction time and temperature. The complete extraction
of all phenolic compounds from plant materials cannot be achieved using a
single, universally effective method. In addition, different ways of expressing the
content of polyphenolic components (concerning the equivalents of gallic acid,
equivalents of pyrocatechol, equivalents of quercetin according to fresh sample,
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according to dry sample, according to extract) make it difficult to compare all the
results.

Total flavonoids content (TFC)

Flavonoids are a diverse group of natural compounds with the ability to
scavenge free radicals, chelate metal ions and modulate enzymatic activities. This
antioxidant activity is primarily attributed to their phenolic hydroxyl groups,
which can donate hydrogen atoms or electrons to neutralize reactive oxygen
species (ROS) and reactive nitrogen species (RNS). As a basis for the quan-
titative determination, the flavonoid contents in selected plant extracts were det-
ermined using aluminium chloride in a colorimetric method. The basic principle
involved in this method is that AICI3 forms acid-stable complexes with the C-4
keto groups and either the C-3 or C-5 hydroxyl group of flavones and flavonols.
In addition, it also forms acid labile complexes with the ortho-dihydroxyl groups
in the A- or B-ring of flavonoids. The TFC values of the samples assayed in this
study differed according to pericarp and seed of the Cucurbita species (Fig. 1b).
The TFC values for pericarp samples were in the intervals 24.82 (Zuchinni
green) — 40.02 (Round Zucchini green) mg RE 100 g~! f.w.), while the values
15.88 (Curcubita maxima Roter zentner) — 45.73 (Spaghetti squash) mg RE 100
g1 f.w. were found in seed samples. Extract of the seed of the Curcubita maxima
Roter zentner showed the lowest values in this test, also this sample has one of
the lowest values of the content of total phenolic compounds (21.81 mg GAE 100
g~! f.w.). At the same time, the content of flavonoids (39.09 mg RE 100 g~ f.w.)
in the pericarp of Curcubita maxima Roter zentner is one of the highest.
Although less abundant in Cucurbita species, flavonoids are highly effective as
antioxidants, even at low concentrations.>2 A survey of past literature reports
found that Mokhtar et al. analysed the flavonoids of Curcubita moschata at var-
ious stages of ripening (unripe, mature, ripened) and determined antioxidant
activity. The content of the flavonoids compound in ripe pumpkin was 28.6 mg
QE g 1.53 The total flavonoid content in pumpkin peel and seeds was found to
range from 130 to 153 mg QE per 100 g! in the peel and from 51 to 67 mg QE
per 100 g~! in the seed powder, as reported by Hagos et al.4® Kar et al. reported
that the aqueous extracts from the seed and peel of C. maxima contain 71.06 mg
QE g ! and 63.80 mg QE g1, respectively.4¢ The total flavonoid content in the
analysed Cucurbita spp. peel extracts, varied from 2.598+0.127 (C. moschata
“Muscat”) to 7.108+0.120 (C. maxima “Hokkaido”) mg QE g~! d.w.#0 Rutin was
the flavonol found in all analyzed cultivars (the content from 51.92+0.03 to
5.09£0.01 mg 100 g~!1. Kaempferol, quercetin, isoquercetin, astragalin and myri-
cetin were detected only in some of the varieties. No significant differences in the
content of the listed flavonols were found between the C. pepo and C. moschata
cultivars, except for quercetin, which was most abundant in C. pepo (3.29+£3.43
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vs. 1.07+1.74 mg 100 g1) as publishes by Gawel-Beben et al.>0 Saha et al.
found that 1 g of dry extract C. maxima contained 26.50+1.40 mg equivalent of
quercetin.> The results of the total flavonoid content obtained in previous stu-
dies by Astutik and Yanti were 0.146 mg QE 100 g1 extract of unripe pumpkin,
0.221 mg QE 100 g! extract of mature pumpkin and 0.191 mg QE 100 g!
extract of ripened pumpkin.>> Previous research highlighted significant vari-
ability in flavonoid content across Cucurbita species, influenced by extraction
methods, solvent types and environmental factors. Such differences underscore
the importance of standardizing extraction and measurement methods for reliable
comparisons. No direct comparisons were possible between the results of our
study and most of the previously published assay values, due to the vast
differences in the published literature in terms of extracting solvents, assay
incubation time, selection of different reference standards, presentation of results
1n various units, etc.

Antioxidant capacity of Cucurbita species

Due to their complex mechanisms, antioxidants exhibit diverse responses to
different radicals or oxidants. Consequently, various assay systems are required
to comprehensively and accurately evaluate antioxidant activity. /n vitro methods
for assessing antioxidant activity are notably diverse — some include a distinct
oxidation step followed by measurement, while others do not delineate these
procedural stages.>©

In this study, five spectrophotometric methods were used to monitor variat-
ions in antioxidant capacity: DPPH free radical scavenging assay, ABTS cation
radical decolorization assay, cupric reducing antioxidant capacity (CUPRAC)
ferric reducing antioxidant power assay (FRAP) and total reducing power (TRP).
The findings are summarized in Figs. 2a and b and 3a—c.

DPPH free radical scavenging assay

The radical scavenging activity (RSA) of extracts from nine Cucurbita
species was assessed using the DPPH free radical scavenging assay, which pri-
marily operates through electron transfer and hydrogen atom abstraction mech-
anisms. As shown in Fig. 2a, Spaghetti Squash demonstrated the highest ability
to neutralize DPPH radicals among both seed extracts (5.29 mg TE 100 g~! f.w.)
and pericarp extracts (5.18 mg TE 100 g~! f.w.). The other seed extracts, inc-
luding those from Marrow Long Green Bush, Curcubita pepo Ghost Rider and
Sweet Gourmet Zucchini, also exhibited intense DPPH radical-scavenging act-
ivities, with values of 5.23, 5.19 and 5.16 mg TE 100 g-! f.w., respectively. The
DPPH activity values ranged from 1.12 mg TE 100 g1 f.w. for pericarp extracts.
(Summer Green Tiger Zucchini) to 5.18 mg TE 100 g1 f.w. (Spaghetti Squash).
Notably, the pericarp of Curcubita maxima Roter Zentner showed vigorous scav-
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Fig. 2. Results of: a) DPPH free radical scavenging assay and b) ABTS cation radical
decolorization assay in the pericarp and seed of nine varieties of Cucurbita genus.
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Fig. 3. Results of: a) ferric reducing antioxidant power (FRAP), b) total reducing power (TRP)
and ¢) cupric reducing antioxidant capacity (CUPRAC) in the pericarp and seed of nine
varieties of Cucurbita genus.
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enging activity (4.53 mg TE 100 g~! f.w.). In comparison, Round Zucchini Green
and Zucchini Green exhibited minimal activity (1.15 and 1.59 mg TE 100 g~!
f.w., respectively).

Several studies have explored the antioxidant activity of Cucurbita species
using the DPPH assay. Kostecka-Gugata et al. reported DPPH values ranging
from 3.31-32.1 umol TE 100 g-! f.w. for C. pepo, 1.01-13.08 pmol TE 100 g-!
f.w. for C. maxima and 2.45-16.08 pmol TE 100 g~! f.w. for C. moschata.'* In
some research, DPPH results are expressed as the amount of antioxidants
required to reduce the initial DPPH concentration by 50 % (E£Csq). For example,
Mala and Kurian (2016) found that methanol extracts of pumpkin peel and pulp
achieved 50 % inhibition (/Cs0) at a concentration of 18 mg mL~!, while at 50
mg mL-!, scavenging activity reached approximately 80 %.49 Kar et al. (2023)
reported that the aqueous extracts of dried C. maxima seeds, peels, leaves and
flowers showed DPPH scavenging activities of 48.41, 55.71, 83.91 and 58.28 %,
respectively. Interestingly, the isopropanol extracts exhibited higher scavenging
activities of 67.99, 90.35, 49.80 and 74.60%, respectively.#¢ Various methods
exist for expressing the antioxidant activity results, which can be as diverse as the
measurement techniques. For instance, while some results are expressed
regarding ECsq or Trolox equivalents, others report percent scavenging activity,
complicating direct comparisons between studies.

ABTS cation radical decolorization assay

The ABTS cation radical decolorization assay, also known as the trolox
equivalent antioxidant capacity (TEAC) assay, evaluates the ability of anti-
oxidants to donate electrons or hydrogen atoms to neutralize radical species. The
reduction of the ABTS radical cation (ABTS®*") to ABTS serves as an indicator
of antioxidant effectiveness. All extracts from Cucurbita species demonstrated
their capacity to decolorize ABTS solution, underscoring their efficacy in scav-
enging organic radicals. The trends observed in the ABTS and DPPH assays
were generally consistent. The ABTS scavenging activity of all examined seed
extracts ranged from 1.76 to 5.21 mg TE 100 g~! f.w. The highest scavenging
activity was observed in the pericarp of Cucurbita maxima Roter Zentner (5.24
mg TE 100 g ! fw.) and Spaghetti squash (5.23 mg TE 100 g7 ! fw.). In
comparison, the lowest activities were recorded in Zucchini Green pericarp (1.61
mg TE 100 g~! f.w.) and Round Zucchini Yellow seed (1.76 mg TE 100 g!
f.w.). Seed extracts of Curcubita pepo Ghost rider and Curcubita maxima Roter
Zentner also showed high ABTS scavenging activity 4.68 mg TE 100 g~! f.w.
and 4.49 mg TE 100 g~! f.w., respectively. In this assay, the pericarp extracts of
Curcubita maxima Roter Zentner, Spaghetti squash and Round zucchini yellow
displayed greater ABTS binding capacity (5.24, 5.23, 2.34 mg TE 100 g1 f.w.)
than their corresponding seed extracts (4.49, 5.21, 1.76 mg TE 100 g~! f.w.).
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Additionally, a study by Mala and Kurian reported ABTS radical scavenging
activity for pumpkin peel and pulp extracts, with /Cs5q values around 6 and 10 mg
mL~L, respectively.®?

Comparing antioxidant results across assays remains challenging due to dif-
ferences in mechanisms, solvents and reaction conditions, as well as the vari-
ability in how results are expressed (e.g., in umol, mmol, or mg of standard equi-
valents per g, 100 g or kg of fresh/dry weight).44

CUPRAC

The CUPRAC method assesses antioxidant activity at near-physiological
pH, contrasting with the basic (pH 10) or acidic conditions required for Folin or
FRAP assays. Among the tested extracts, Spaghetti squash showed the highest
antioxidant activity, with values of 2.77 mg TE 100 g-! f.w. in seeds and 2.13 mg
TE 100 g1 f.w. in the pericarp. In contrast, Round Zucchini Green displayed the
lowest values, measuring 1.61 mg TE 100 g! f.w. in seeds and 2.77 mg TE 100
g1 f.w. in the pericarp. Notably, the seed extracts of Zucchini Green and Marrow
Long Green Bush also demonstrated elevated CUPRAC values, recording 2.77
and 2.42 mg TE 100 g~! f.w., respectively. The cupric-reducing antioxidant
capacity of extracts can be attributed to the content of phenolics, since the phen-
olic content in seed samples is higher than in pericarp samples. Comparative data
on ferric-reducing antioxidant power can be found in the study by Kostecka-
-Gugata et al. (2020). The published FRAP values for different species are as
follows: Cucurbita pepo: 11.7-57.8 umol TE 100 g~! f.w., Cucurbita maxima:
21.7-47.9 umol TE 100 g~! f.w., Cucurbita moschata: 21.2-139.9 umol TE 100
gl f.14

Ferric-reducing antioxidant power (FRAP)

The determination of ferric-reducing antioxidant power (FRAP) is a typically
simple, rapid and cost-effective ET-based method performed under the acidic pH
conditions. The transformation ability of compounds from Fe3*/ferricyanide
complex to Fe2"/ferrous form serves as a reliable indicator for antioxidant act-
ivity. The FRAP assay of antioxidants is convenient, reproducible and linearly
concentration-dependent.57 The results (Fig. 3b) indicated that Spaghetti squash
showed the highest FRAP activity in seeds (2.38 mg Fe 100 g~! fw.) and
pericarp extracts (0.55 mg Fe 100 g~! f.w.), correlating with its high polyphenol
content (seeds — 18.42 mg GAE 100 g~! f.w., pericarp — 38.20 mg GAE 100 g~!
f.w.). The seed extract of Marrow Long Green Bush also shows high activity in
this test 1.52 mg Fe 100 g7 f.w..

The available data for the ferric-reducing antioxidant power can be seen in
the Kostecka-Gugala et al. paper !4 where published values in the interval 11.7—
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—57.8 pmol TE 100 g~ ! fw. (C. pepo) 21.7-47.9 pmol TE 100 g7 ! fw. (C.
maxima) 21.2-139.9 umol TE 100 g~! f.w. (C. moschata).

Our results cannot be directly compared with the previously published find-
ings, due to differences in testing methodologies and the presentation of results.

The reducing power assay (TRP)

The reducing power assay is a convenient and rapid screening method for
measuring the antioxidant potential. The reducing power of extracts is related to
their electron transfer ability and may serve as a significant indicator of potential
antioxidant activity. The results of the reducing power assay of the tested extracts
are summarized in Fig. 3c. The seed extract of Marrow Long Green Bush exhib-
ited the highest reducing power (0.31 mg AAE 100 g~! f.w.), correlating with its
phenolics (29.75 mg GAE 100 g~! f.w.) and flavonoids (27.00 mg QE g~! 100
g~ ! fw.) content. Among the pericarp extracts, Spaghetti squash showed the
highest reducing power (0.22 mg AAE 100 g~! f.w.). In comparison, Summer
Green Tiger Zucchini had the weakest activity (0.11 mg AAE 100 g~! f.w.),
aligning with its low DPPH activity. To the best of our knowledge, there are no
available studies in the literature on the antioxidant activity of the Cucurbita
species extracts determined by this method.

The analytical findings of antioxidant profiles from Cucurbita species assist
in identifying varieties with high antioxidant activity, providing a valuable
benchmark for breeding programs. The detailed analysis of antioxidant profiles
allows breeders to pinpoint which specific compounds (e.g., specific phenols or
flavonoids) are most responsible for high antioxidant activity. This understanding
enables targeted breeding for varieties enriched in those compounds rather than
merely increasing overall antioxidant levels. Varieties with high antioxidant act-
ivity are attractive for their potential health benefits, including reducing oxidative
stress and lowering the risk of chronic diseases.

Statistic analysis

The interpretation of the chemical data from phenol and flavonoid content
and antioxidant activity has recently gained importance through chemometrics.
These methods facilitate the evaluation of similarities and differences between
various extracts or project samples onto a two-dimensional factorial plane based
on distinct characteristics using diverse mathematical and statistical approaches.
Multivariate statistical techniques, particularly chemometrics, are increasingly
applied in science and technology due to their ability to extract comprehensive
information from chemical data, including chemical composition and antioxidant
activity. This study employed pattern recognition techniques such as principal
component analysis (PCA) and hierarchical cluster analysis (HCA). PCA, an
unsupervised classification approach and HCA, an unsupervised learning
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method, effectively identified patterns and grouped species with high antioxidant
content. These analyses identify patterns and groupings of species with high anti-
oxidant content, enabling the targeted selection of varieties for specific purposes
and can guide breeders in selecting Cucurbita varieties with enhanced anti-
oxidant traits, contributing to the development of nutritionally superior crops, so
PCA and HCA streamline the selection process, saving time and resources in
breeding programs.

Before the chemometrics application, all variables were autoscaled (trans-
formation into z-scores) to standardize the statistical importance of all responses.
After this mathematical operation, each parameter contributes equally to the data
set variance and carries equal weight in the principal component calculation.
Then, the matrix of samples (n = 18) and the response variables (n = 7) was built,
in which the samples were adopted as lines and variables as rows, totaling 126
data points. The correlation matrix was constructed to analyse the relation
between the values of antioxidant capacities for all the analysed cultivars and the
content of phenolics and flavonoids. (Table I). A correlation matrix provides
quantitative insights into the relationships between multiple variables in a data-
set: values of Pearson’s correlation coefficients indicate the strength and direct-
ion of the relationship between each pair of variables. Also, it highlights how one
variable changes in response to another, which can help identify trends, depen-
dencies, or redundancies within the data.

TABLE I. The Pearson’s correlation coefficients for selected antioxidant parameters of nine
varieties of Cucurbita genus; abbreviations: ABTS-2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) radical cation decolorization assay, DPPH-diphenyl picrylhydrazyl free radical
scavenging assay, TRP-total reducing power assay CUPRAC-cupric reducing antioxidant
capacity assay, FRAP-ferric reducing antioxidant power assay TPC-total phenolic content,
TFC-total flavonoids content, *values of Pearson’s correlation coefficients significant at p <
0.05, **values of Pearson’s correlation coefficients significant at p < 0.001

ABTS DPPH TRP CUPRAC FRAP TPC TFC
ABTS 1.000000  0.65%* 0.33 0.51%* 0.48%* 0.28 0.28
DPPH 1.00 0.82%** 0.81** 0.68** 0.64%* 0.13
TRP 1.00 0.91** 0.75%* 0.84#* 0.25
CUPRAC 1.00 0.87%* 0.91** 0.33
FRAP 1.00 0.77%* 0.27
TPC 1.00 0.25
TFC 1.00

The correlation analysis revealed numerous statistically significant connect-
ions between the contents of bioactive compounds with antioxidative properties.
A significant positive correlation was observed between the total phenolic com-
pound content and antioxidant capacity, as measured by the CUPRAC (» =
0.91**) and TRP (» = 0.84**) methods. The content of phenolics was also posi-
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tively correlated with FRAP (r = 0.77**) and DPPH (r = 0.64**) assays. These
results emphasized the importance of phenolic compounds in the antioxidant
behaviour of the examined extracts and indicated that the phenolic compounds
contributed significantly to the total antioxidant activity. The high correlation
coefficient for antioxidant capacities measured by FRAP and CUPRAC (r =
= (0.87**) confirms the similarity of the two methods in terms of their mech-
anisms of action. The antioxidant capacity as measured by CUPRAC and by
DPPH was positively correlated (» = 0.81**). There were also positive correl-
ations between the content of total phenolic compounds and FRAP (r = 0.77*%*),
the content of total phenolic compounds and DPPH (7 = 0.64**) and between the
FRAP and TRP (» = 0.75**). No negative correlation was observed between the
investigated variables. The principal components (PCs) were determined from
the eigenvalues of the correlation matrix of observations. The eigenvalues were
calculated as 4.5926 for PC1 and 0.9723 for PC2. The contribution of the vari-
ables to the PCs is shown in Fig. 4 and as can be seen, the first two PCs explain
79.50 % of the total variance (65.61 % (PC1) and 13.89 % (PC2) of the total
variance, respectively.)
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Fig. 4. Principal component analysis (PCA) of total phenolic content (TPC), total flavonoid
content (TFC), DPPH free radical scavenging assay, ABTS cation radical decolorization
assay, ferric reducing antioxidant power (FRAP), total reducing power (TRP) and cupric

reducing antioxidant capacity (CUPRAC) in the pericarp and seed of nine varieties of
Cucurbita genus. The first principal component (PC1 — 65.61 %) and the second principal
component (PC2 — 13.89 %) represent the total variance of the data (79.50 %).
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PC1 is generally better correlated with the variables than PC2. This is exp-
ected, as the principal components (PCs) are extracted sequentially, with each
one accounting for the maximum possible remaining variance. The CUPRAC
and TRP values strongly correlate with PC1 in the negative direction (0.9819,
0.9152), while the ABTS values show a positive correlation with PC2 (0.4384).
Based on the principal component analysis, all tested samples were clustered into
two groups: one comprising seed extracts and the other comprising pericarp ext-
racts. the These parameters are significantly correlated as evidenced by their
Pearson correlation coefficients. TPC and ABTS are found in opposition to
FRAP, CUPRAC, DPPH, TRP and TFC. Among the tested extracts, the
Spaghetti squash seed, has the highest loading (4.5177) on PC1. High loadings
on PC1 are also shown by the samples of the Marrow Long Green Bush seed
(2.9591) Summer Green Tiger Zucchini pericarp (—2.3387), the Round Zucchini
green seed (—2.2413). The pericarp extract of Curcubita maxima Roter Zentner,
Sweet gourmet zucchini, Round Zucchini green and Summer Green Tiger
Zucchini have the highest loading on PC2 (1.5061, 1.4409, 0.4402 1.4080,
respectively). Using the plots in Fig. 4, it is possible to suggest reasons for the
location of the varieties based on their antioxidant activity. The location of
Spaghetti squash pericarp and Curcubita maxima Roter Zentner pericarp in the
first quadrant of Fig. 4 may be explained by their high values of TPC and ABTS
which are co-located in this region of the PC space.

The same data matrix used in the principal component analysis was applied
for cluster analysis, utilizing Euclidean distance and Ward’s method. The results
obtained the following HCA are shown as a dendrogram (Fig. 5) in which three
well-defined clusters are visible. Samples will be grouped in clusters in terms of
their nearness or similarity. The seed extracts of Zuchinni green and Spaghetti
squash have a strong relationship with each other, forming a distinct cluster sep-
arate from all other groups. These species are associated in the first cluster with
high antioxidant activity measured by ABTS, DPPH, CUPRAC, FRAP and TRP.
The third cluster contains pericarp samples from all tested extracts except
Zuchinni green. The second cluster includes samples of seven seed extracts and
the pericarp extract of Zuchinni green. The high flavonoid concentration in the
pericarp of Zucchini Green plays a key role in this clustering.

The high phenolic and flavonoids content in Green zucchini seed suggests a
notable antioxidant potential, as phenolic compounds are commonly linked to
such activity. However, not all phenolic compounds possess equivalent anti-
oxidant efficacy. While the seed of Zuchinni green has a high total phenol con-
centration and exhibits significant antioxidant activity, as determined by the
CUPRAC and TRP methods, the specific phenolic compounds it contains may be
less effective at scavenging free radicals. Antioxidant efficiency often relies on
the synergistic interaction between phenolics and other bioactive compounds,
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such as carotenoids, vitamins, tannins. Furthermore, the bioavailability and sol-
ubility of certain phenols in the seed of Green zucchini may limit their func-
tionality in biochemical assays, resulting in an underutilization of their anti-
oxidant potential. Consequently, despite its elevated phenol levels, the seed of
Green zucchini demonstrates suboptimal performance in DPPH, ABTS and
FRAP antioxidant activity. In the second cluster (seed cluster), the greatest sim-
ilarity was observed between Summer Green Tiger Zucchini and Round Zucchini
green — Euclidean distance 1.8 and between Curcubita pepo Ghost rider and
Marrow Long Green Bush Euclidean distance of 4.4. In the third cluster, the
pericarp cluster, varieties Summer Green Tiger Zucchini and Round Zucchini
green also exhibit the highest similarity, forming a subcluster with the smallest
Euclidean distance of 2.1. Additionally, a high similarity (Euclidean distance of
3) is observed between the samples Curcubita maxima Roter Zentner and
Spaghetti squash.
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Fig. 5. Hierarchical Cluster Analysis (HCA) of total phenolic content (TPC), total flavonoid
content (TFC), DPPH free radical scavenging assay, ABTS cation radical decolorization
assay, ferric reducing antioxidant power (FRAP), total reducing power (TRP) and cupric

reducing antioxidant capacity (CUPRAC) in the pericarp and seed of nine varieties of
Cucurbita genus. Dlink/Dmax represents the quotient between the linkage distances for a
particular case divided by the maximal linkage distance. The dendrogram was generated using
Ward's method, with Euclidean distance applied to assess similarity.
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CONCLUSION

In the present study analysis of free radical scavenging activity and total
phenolics and flavonoid content showed that the methanol extract from pericarp
and seed of nine varieties of Cucurbita genus can be a potent source of natural
antioxidants. Some considerable variations were observed between the different
examined varieties in terms of total antioxidant activity and different antioxidant
polyphenolic compounds. The Spaghetti squash is the species whose pericarp
extract showed the best antioxidant characteristics in all methods (ABTS, DPPH,
TRP, CUPRAC, FRAP). Also, the Curcubita maxima Roter zentner pericarp
extract shows significant antioxidant characteristics in the method. The Spaghetti
squash seed extract also has the highest results in four (ABTS, DPPH, CUPRAC,
FRAP) of the five applied methods.

The principal component analysis obtained from antioxidative profiles
grouped the tested samples into two groups, a group of pericarp extracts and a
group of seed extracts. The hierarchical cluster analysis confirmed the PCA
analysis, with one small difference. In addition to the two clusters containing
only seed samples (Cluster 1) and only pericarp samples (Cluster 3), the hier-
archical analysis identified a mixed cluster, which includes one pericarp sample
(Green zucchini) alongside seven seed samples. The combined use of PCA and
HCA demonstrated clear differentiation among Cucurbita extracts, based on their
antioxidant profiles. These insights are instrumental for breeding programs to
enhance the specific antioxidant traits in Cucurbita varieties, enabling the dev-
elopment of nutritionally superior crops.
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Technological Development of the Republic of Serbia (grant no 451-03-65/2024-03/200124).

M3BOJ
I[MPUMEHA AHAJIM3E INTABHUX KOMIIOHEHATA U XUJEPAPXHUJCKE KJIACTEP
AHAJIU3E 3A KITACUOUKALINTY PA3TMYUTUX JECTUBUX CUCURBITA HA OCHOBY
HH BUTPO AHTUOKCHUIATHUBHE AKTHBHOCTHU

BUOJIETA MUTHR!, JEJIEHA HUKOJIWR!, MAPUJA TUMUTPUJEBUR? BECHA CTAHKOB JOBAHOBHR!
uTOPIIAHA CTOJAHOBHR!

Nenapwman 3a xemujy, [Ipupogro-mamemaimuuxy Gaxynine Ynusepsuineina y Huuty u *“Meguuyuncku
paxyniuewi Ynugepsuiieiia y Huuy

OBa cTynuja je UCTpaKHBajla BapHjalMje Y aHTHOKCUIATHBHUM NpOQHINMa [EBeT jec-
tuBUX Cucurbita Bpcta (mepukapn u ceme), kopucrehu amate 3a mperno3HaBame oOpasala;
KIacu(@uKalyja je NOCTUTHYTa Ha OCHOBY pesy/TaTa TECTOBa aHTHOKCHIATHBHE aKTHBHOCTH
(DPPH, ABTS, FRAP, CUPRAC, ykynHa penykyjyha moh, HUBOU yKYTIHUX (DEHOJIHUX jenu-
Bewma U (IaBOHOWAA). Y30pUH MepHKaprna Cy UMald 3HAuajHO HHKE BPENHOCTH YKYIMHHUX
(enona o y3opaka cemeHa. ExCTpakTy ceMeHa M mepukapna Bpcre Spaghetti squash noka-
3yjy Hajehy crnocobHocT HeyTpanucara DPPH panukana. OBH eKCTpaKTH Takohe 1oxasyjy u
Hajehe BpenHoctd y FRAP u CUPRAC TecroBuMa. AHanu3a I7IaBHUX KOMIIOHEHTH Bpel-
HOCTM aHTMOKCUIATUBHHMX Npodula HUCIUTHBAaHMUX eKcTpakaTa IpynMcana je HCIUTHBaHe
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y30pKe y IBe Ipyle: eKCTPaKTH MepHUKapla M eKCTPaKkTH CeMeHa. XHjepapxujcka KiacTep
aHaJIM3a MOTBPAWIA je pesysiTaTe aHa/U3e [TTaBHUX KOMIIOHEHTH. [Io0HjeHH pe3yaTaTH MOry
Ia ycMepe ysrajusaue y onadupy Cucurbita BpcTa ca nodosbllaHUM aHTHOKCHAATHBHUM 0CO-
OuHama, jonpuHocehy pa3Bojy HyTPUTHBHO CYIIEPUOPHUX YCEBA.

(TTpumssero 11. jyna, pesuaupano 15. nenembpa 2024, npuxsaheno 27. janyapa 2025)
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Abstract: The study on the possible use of calcined chicken eggshells as a bio-
sorbent for copper ions removal from aqueous solutions, as well as some com-
parisons between raw and calcined eggshells, are presented in this paper. SEM-
-EDS and FTIR analysis of the calcined chicken eggshell samples were per-
formed. In addition, the DTA-TGA analysis on raw chicken eggshells was per-
formed. The influence of various process parameters, such as solution pH, stir-
ring rate, biosorbent mass and Cu?" concentration, was investigated. The kin-
etic analysis using four different empirical kinetic models was performed. The
equilibrium analysis was done using the Langmuir, Freundlich and Temkin
isotherm models. The process was optimized using the response surface meth-
odology based on the Box—Behnken design (RSM-BBD). The obtained results
are compared to our previous study on raw eggshells as a biosorbent for Cu®*
removal, in order to determine the justification for biosorbent modification
(i.e., the calcination of raw eggshells).

Keywords: biosorption; calcined chicken eggshell; equilibrium; kinetics;
Box—Behnken design.

INTRODUCTION

Water is a crucial resource that occupies an indispensable position in earth’s
environment. Its main purpose is to support life. Availability of clean drinking
water is of vital importance for human welfare. Unfortunately, in many parts of
the world, we face the challenge of low quality water sources, which leads to
health concerns. The quality of water has a significant effect on the biodiversity
in the aquatic ecosystems as well. Lastly, water is an important constituent in
numerous industrial processes. !
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Heavy metal pollution originating from wastewater generated by industrial
activity is a serious global problem. The importance of removing pollutants,
including hazardous heavy metals, is increasing with time, as a consequence of
growing demands for clean water all around the world.2-3

One of the widespread water contaminants among heavy metals is copper
(Cu2™). Main sources of copper wastewater pollution include mining, metal,
electroplating, textile and leather industry. The reported copper concentrations in
wastewater from different sources range from 2.5 to 10000 mg dm=3. According
to the WHO, maximum Cu?* content in drinking water is 2 mg dm=3. Hence,
wastewater treatment in order to remove this pollutant is crucial 34

Various processes are used for wastewater treatment on an industrial scale,
including chemical precipitation, ion exchange, reverse osmosis, ultrafiltration,
coagulation and flocculation, etc. However, these processes are not suitable for
treating wastewater contaminated with heavy metals in low concentrations.
Adsorption is considered a more suitable treatment method for wastewater with
low concentrations of heavy metals. Adsorption can be described as a process of
mass transfer, which consists of transferring the adsorbate from the solution to
the surface of the adsorbent, where it is bound by physical and/or chemical
interactions.>-0

The removal of heavy metals from wastewater by inexpensive biosorbents
has been the focus of numerous scientific studies in recent years. This process is
called biosorption. The biosorption process involves the use of inactive biomass
as an adsorbent. Therefore, the mechanism of removal of the pollutants is com-
plex and is usually based on mechanisms such as ion exchange, adsorption,
chelation, chemisorption, precipitation or their combination.67

Eggshells are considered waste, which is a product of the food industry that
can be a potential biosorbent due to its high calcium content. Eggshell biomass
has no utility value, no specific application and in most cases is disposed of as
biowaste in landfills. The possible use of eggshells in the biosorption process
thus solves several problems. First of all, the use of eggshells as a biosorbent
would lead to a reduction in the amount of waste in landfills, thus helping ind-
ustries which use eggs by reducing the cost of disposing of their waste. On the
other hand, the use of eggshells as a biosorbent for treating wastewater contamin-
ated with heavy metals would help solve the problem of environmental pollution.”

The main purpose of this research is the evaluation of the possibility of using
a modified form of chicken eggshell (calcined chicken eggshell) as a biosorbent
for copper ions removal from aqueous solutions. This work is a continuation of a
previous study on the use of raw chicken eggshells for Cu?* removal from
aqueous solutions.8 Therefore, it analyses the difference in the efficiency in Cu2"
removal of the modified eggshell in comparison to the raw eggshell, as well as
the other differences between the two processes. This analysis serves as an ans-
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wer to the question whether the use of additional resources and energy for the
modification of the eggshells is justified. Additionally, the potential use of
eggshells (raw or calcined) as a biosorbent could prove to be very important from
more than one point of view, as mentioned above. Firstly, the removal of Cu2*
from wastewaters would have a significant effect on environmental pollution.
Secondly, the use of a waste product, such as eggshells, would help solving the
landfill problem.

EXPERIMENTAL
Biosorbent

Raw chicken eggshell (RCE, Fig. 1a) were crushed, sieved through a set of laboratory
sieves, and the fraction (-1 + 0.4) was used for further preparation of the biosorbent. The
eggshells were rinsed with distilled water, dried, and then calcined in a laboratory furnace, at
900 °C, for one hour. The obtained calcined chicken eggshell (CCE, Fig. 2a) sample was used
as a biosorbent for the Cu®* biosorption experiments.’

(a) (b)
Fig. 1. Raw chicken eggshell (RCE) sample (a), and calcined chicken eggshell (CCE)
sample (b).

Materials and methods

The biosorption experiments were performed with synthetic copper ions solutions pre-
pared with CuSO4-5H,O (p.a. purity). The pH of the solutions was adjusted using 0.1 M
KOH, and 0.1 M HNOj; solutions. The chemicals used were manufactured by Lachema
(Czech Republic).

The concentration of Cu?* in the solutions was determined on a Spectroquant Pharo 300
spectrophotometer (Merck). The pH value of the solution was measured using a pH meter
Jenco VisionPlus, while the conductivity of the solution was measured by the WTW inoLab
cond — 720 conductometer. The DTA-TGA analysis was performed on a simultaneous DSC-
-DTA-TGA device SDT Q600 (TA Instruments). FTIR analysis of the samples was performed
on a Smart iTR Nicolet iS50 spectrophotometer (Thermo Fisher Scientific). The surface mor-
phology of the samples was recorded using the SEM-EDS method on a Vega 3 LMU Tescan
scanning electron microscope with X-act SDD 10 mm? energy-dispersive X-ray analysis
(Oxford Instruments).
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The biosorption capacity and metal removal degree were calculated using as:

¢ —c
g ==V )
m

RD% = 100(1—"’—’) )

G

where: g, is the biosorption capacity defined as mass of the adsorbed metal per unit mass of
the biosorbent (mg g'!) at time #, C; and C, are the initial and final concentrations of metal ions
(g dm3) at time #; V is the volume of the solution used in the biosorption experiments (dm?3);
and m is the mass of the biosorbent (g); RD% is the removal degree (%).

All the experiments, bar the thermodynamic analysis, were performed at room tempe-
rature.

Calcined eggshells characterization

The DTA-TGA of the eggshell sample was performed in order to obtain information
about the thermal stability and degradation of this material. The eggshell sample was heated in
an inert atmosphere from 20 to 900 °C. The SEM-EDS analysis was performed on CCE
samples before and after the Cu?" biosorption process. FTIR analysis was performed on CCE
samples taken before the biosorption of copper, and after, to determine which functional
groups interact with Cu2* in the process of binding these ions to the structure of the adsorbent.
The FTIR spectrum of the calcined chicken eggshell samples was recorded in the range from
4000 to 400 cm!. The sample was placed on a diamond plate and fixed using a pressure
tower. Prior to the measurements, a signal of the background was recorded and automatically
subtracted by an accompanying Omnic™ software. The copper-loaded CCE was prepared for
the characterization analysis by bringing into contact 1 g of the samples with Cu®* solutions
(initial concentration 5 g dm™, and the pH value of the solutions 4.5) for 90 min.

The influence of different process parameters on biosorption efficiency

A series of experiments were carried out to determine the influence of pH on biosorption
capacity. 50 cm Cu?" solutions (initial concentration 5 g dm3) with pH values ranging from
2 to 5 were brought into contact with 1 g CCE samples, for 60 min, and the biosorption cap-
acity was analyzed. The pH values were adjusted using 0.1 M KOH and 0.1 M HNO;.

The effect of initial copper ions concentration on the biosorption capacity was analyzed
by bringing into contact 1 g of CCE samples with 50 cm™ solutions of different Cu2* concen-
trations, in the range from 0.5 to 20 g dm™. The pH value of the solutions was 4.5. The sus-
pensions were stirred for 60 min and the biosorption capacity was analyzed.

The influence of the mass of the biosorbent on the biosorption degree was analyzed by
bringing into contact 50 cm™ of Cu?" solutions (2 g dm™ initial concentration) with different
amounts of CCE samples, ranging from 0.1 to 2 g, and stirring the suspensions for 60 min.
The pH value of the solutions was 4.5

The effect of stirring rate on the biosorption degree was evaluated by bringing into
contact 1 g of CCE with 50 cm™ copper ions solutions (initial Cu?" concentration 5 g dm,
and the pH value of the solutions 4.5) at different stirring rates, ranging from 100 to 600 rpm.
The contact between phases was sustained for 60 min, after which the suspension was filtered
and the filtrate analyzed.
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Biosorption kinetic study and determination of activation energy

Kinetic models can be used to analyze the experimental data, to obtain information about
the biosorption rate and its mechanism. To obtain the experimental kinetic data, CCE (1 g)
were brought into contact with 50 cm™ of Cu?" solutions (initial concentration 5 g dm and
the pH value of the solutions 4.5) at different contact times, ranging from 1 to 90 min. The
obtained experimental data were analyzed using four kinetic models: the pseudo-first order
kinetic model (Eq. (3)), the pseudo-second order kinetic model (Eq. (4)), the Weber—Morris
kinetic model (Eq. (5)) and the Elovich kinetic model (Eq. (6)). These models can be exp-
ressed as follows: 1!

d
% = k(g — ) 3)
d
% = k> (ge — q1)? )
g =kit'"* +C; ®)
d‘lt -B
— = e P 6
- 6)

where: ¢, is the biosorbent capacity defined as the mass of the adsorbed metal per unit mass of
the biosorbent (mg g!) at time ¢; g, is the biosorbent capacity defined as the mass of the
adsorbed metal per unit mass of the adsorbent (mg g'!) at equilibrium; and k; is the biosorp-
tion rate constant for the pseudo-first order kinetic model (min'!); k, is the biosorption rate
constant for the pseudo-second order kinetic model (g mg™! min'!); ; is the internal particle
diffusion rate constant (mg g'! min%%); and C; is a constant that provides insight into the
thickness of the boundary layer; « is the starting biosorption rate (mg g'! min'!); g is the
parameter that expresses the degree of surface coverage and activation energy for chemi-
sorption (g mg™!).

Biosorption equilibrium study

The equilibrium study of the biosorption process provides insight into the interaction
between metal ions and biosorbents, which helps to determine the effectiveness and the
mechanism of the process.!2

The biosorption isotherm data was obtained by bringing into contact 1 g of CCE samples
with 50 cm Cu?" solutions of different initial concentrations, in the range from 0.5 to 10 g
dm-3. The pH value of the solutions was 4.5 The suspension was stirred for 60 min, filtered
and the filtrate analyzed. The obtained experimental data were fitted with three different
isotherm models. The used models were: the Langmuir isotherm model (Eq. (8)), the Freund-
lich isotherm model (Eq. (9)) and the Temkin isotherm model (Eq. (10)):®

.= quLCe (7)
1+ KLCe

ge =K C" (®)

ge = BIn(K1Ce) ©)

where: C, is the equilibrium concentration of metal ions (mg dm?); ¢, is the equilibrium
adsorption capacity (mg g!); g, is the maximum adsorption capacity (mg g!); and K is the
Langmuir equilibrium constant (dm3 g!); K is the Freundlich equilibrium constant ((mg g'')
(dm3 mg)'/); B = RT/b is the Temkin constant, which refers to the adsorption heat (J mol!);
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b is the variation of adsorption energy (J mol'!); R is the universal gas constant (J mol-! K-1);
T is the temperature (K); Ky is the Temkin equilibrium constant (dm? g'1).
Biosorption thermodynamic study

The thermodynamic parameters were determined by bringing into contact 1 g of CCE
with 50 cm3 of Cu?" solutions (initial concentration 5 g dm™) for 60 min, at different temp-
eratures, in the range from 25 to 45 °C. The obtained results were used to calculate the ther-
modynamic parameters using the following equations:?

_Ca
Ka=! (10)
AG =—RTInK, (11)
AS AH
K, ‘(?Hﬁj (12)

where: K is the thermodynamic equilibrium constant; C, is the concentration of the adsorbed
adsorbate (mg dm™); Cy is the equilibrium concentration of the adsorbate in the solution (mg
dm3); AG is the Gibbs energy change (kJ mol!); R is the universal gas constant (J mol-! K-1);
T is the temperature (K); AS is the entropy change (J mol'! K-1); AH is the enthalpy change (kJ
mol).

Biosorption optimization study

Copper ions biosorption using CCE as a biosorbent was optimized using the Box—Behn-
ken experimental design in order to determine the effects of three selected variables on the
efficiency of Cu?" removal. The response surface methodology (RSM) is an experimental
design used to predict and model relationships between independent and dependent factors
and one or more responses.'3 The Box-Behnken factor experimental design, which consists of
17 experiments, was applied to optimize the biosorption process by analyzing and comparing
the three selected factors: adsorbent mass (4), initial copper ion concentration (B) and contact
time (C). The test series and their values are listed in Table 1.

TABLE I. Experimental design (experimental ranges ant their levels)

Range level

F
actor 1 0 1
A — Adsorbent mass, g 0.5 1 1.5
B — Initial metal ion concentration, g dm™ 5 7 10
C — Contact time, min 10 60 90
RESULTS AND DISCUSSION

DTA-TGA analysis of chicken eggshells

Thermal analysis of the chicken eggshells sample was performed in order to
determine the changes that occur during the calcination process. The obtained
results are shown on Fig. 2.

The TGA curve, given in Fig. 2, shows two stages of weight loss of the
sample during the heating/calcination process. In the range from 20 to 600 °C, a
weight loss of 3.59 % was recorded, corresponding to the decomposition of org-
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anic matter (proteins), as well as the release of the structurally bound water
(moisture). In the range from 600 to 900 °C, a weight loss of 43.26 % was
observed, which can be attributed to the decomposition of calcium carbonate,
during which CO; gas is released. This process is accompanied by an endother-
mic peak on the DTA curve, with a maximum at 771.54 °C. This stage marks the
transformation of the chicken eggshell sample into stable CaO. The total weight
loss was 46.85 %. Similar findings were reported in the work of Witoon.!4

T T T T 30

—TGA
- - DTA L 29

100 4

90

80

70+

Weight loss, %

T
o
Temperature difference, v

60 - Weight loss

Temperature

- -20

20 600 OC 359 % ;
600-900°C  43.26% %
509 2-emoc 4635 % 7154 % --30
T T T T
0 200 400 600 800 1000

Temperature, °C
Fig. 2. DTA-TGA analysis of the RCE sample.

SEM-EDS analysis of CCE before and after the Cu’* biosorption

The results of the SEM analysis of the CCE sample before and after the Cu2*
biosorption are shown on Fig. 3. The obtained EDS analysis is given in Table II.

The morphology of the RCE sample, was examined in the previous work.
The obtained results given in the previously published work suggested that the
surface morphology of the RCE sample was mainly porous.® A change in the sur-
face morphology of the eggshell samples can be noted after calcination (Fig. 3a
and 3b), as the calcination process led to the forming of an irregular structure,
consisting of agglomerates and flakes of different sizes (from 1 up to 500
um).15.16 The SEM image of the CCE sample after the biosorption is given on
Fig. 3¢ and d. It can be noted that the particles were partially agglomerated after
the interaction between the Cu2* solution and the biosorbent. The irregular struc-
ture is still present, but the particles are somewhat larger in size, with the present
flakes partially agglomerated.

The EDS analysis of the CCE samples before the biosorption process shows
that Ca, Mg and K are present. The EDS analysis after Cu?* biosorption showed
a significant decrease in the Ca content, while the Mg and K disappeared com-
pletely, as well as an appearance of Cu on the surface of the analyzed sample.
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The changes showed by the EDS analysis indicate that Ca, Mg and K could
potentially be involved in the biosorption process. The RCE EDS analysis
obtained in the previous research showed similar results.8

TESCAN
BsE 100 ym
SEM MAG: 500 x _ Date(midly): 01/01/09 Performance in nanospace

<
SEM HV: 200 KV WD: 12.36 men TESCAN
View field: 554 m Det BSE 100 jum

SEM MAG: 500 x _ Date(midly): 01/01/09 Performance in nanospace

Fig. 3. SEM micrograph of the CCE before at 500x (a) and 1000x (b) and after the biosorption
process at 500x (c) and 1000x (d).

TABLE II. The EDS analysis of the CCE samples before and after the biosorption process

Before Cu?" biosorption  Element (0] Mg K Ca Cu  Total
Content, wt. % 587 0.67 053 40.1 - 100

After Cu?* biosorption ~ Element O Mg K Ca Cu  Total
Content, wt. % 49.19 - — 14.89 3592 100

FTIR analysis of the raw RCE sample and CCE sample before and after Cu®*
biosorption

The results of the FTIR analysis of the raw RCE and CCE sample before and
after Cu2* biosorption are shown in Fig. 4.
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Fig. 4. FTIR spectra of the raw RCE sample, as well as CCE samples, before and after copper
ions biosorption.

The tested samples exhibited, as expected for this type of analyte, all char-
acteristic peaks present. The peaks appearing at the low-end of the spectrum of
the CCE sample, below 500 cm~! as well as the peak at 710 cm™!, can be attri-
buted to the Ca-O bond, which indicates to the conversion of CaCO3 to CaO. The
obtained FTIR spectra of the raw RCE sample and the CCE sample before the
biosorption process shows peaks at around 710 and 869 cm! indicate to the out-
-plane and in-plane deformation of C=0, respectively. These peaks, and the peak
observed at 1405 cm™! can be strongly associated with the presence of CaCO3 in
the samples.!7-19 These results indicate that the decarbonization and transform-
ation of CaCO3 to CaO did occur during the calcination process, but it was not
complete, as the presence of both the calcium oxide and carbonate was confirmed
by the FTIR analysis of the CCE sample.

A sharp peak is observed at 3640 cm~! before the biosorption process, which
is contributed to the O—H stretching vibration and the bending hydroxyl groups,
which indicate to the presence of Ca(OH),. The Ca(OH), was formed as CaO
adsorbed water.20:21

The spectra recorded after the Cu?* biosorption shows bands at 418 and 505
cm!, that can be attributed to the metal-oxygen bonds. The peaks between 650
and 868 cm™! correspond to the hydrogen bonding frequencies originating from
the bending vibrations of Cu—-O-H. The band recorded at 1100 cm!, which
appears after the biosorption process, is attributed to the sulfate group, origin-
ating from CuSOg4:5H>0 used for the preparation of the solutions. The broad
peaks recorded between 3300 and 3500 cm™! are connected to the stretching of
the O-H originating from molecular water.21:22
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The influence of different process parameters on biosorption efficiency

The influence of pH on the biosorption efficiency. The influence of the pH
value of the solution on the biosorption capacity is shown on Fig. 5a. The
obtained results indicate that the biosorption capacity increases with the increase
in the pH of the solution. As the pH increased from 2 to 5, the biosorption cap-
acity rose from 148 (pH 2) to 225 mg g1 (pH 5). The pH value influence is in
accordance with the results showed by RCE, however the biosorption capacity by
CCE was recorded to be over 10 times higher (10.82 at pH 2 and 21.62 at pH 5
reported for RCE).® With the pH value increase, the concentration of OH~ also
increases, which leads to an overall negative charge of the biomass. This leads to
higher biosorption capacities, as the Cu ions in the solution are positively
charged. It is considered that, at higher pH values, the precipitation of Cu?* in the
form of Cu(OH); also occurs. This phenomenon could be another reason for the
big difference between the biosorption capacities of CCE and RCE.8:23.24
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Fig. 5. The influence of pH value (a), initial copper ions concentration (b), biosorbent mass (c)
and stirring rate (d) on the biosorption efficiency.

The effect of the initial Cu?* concentration on the biosorption efficiency. The
effect of the initial copper ions concentration on the biosorption capacity is
shown on Fig. 5b. As can be seen, the biosorption capacity increases with the
increase in the initial Cu2* concentration, up to 272 mg g-! at 10 g dm=3 Cu2*,
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The increase in the biosorption capacity with higher initial metal ions concen-
tration can be attributed to the higher probability of collision between the copper
ions and the biosorbent as a larger amount of metal ions are available for
biosorption.25

The influence of biosorbent mass on the biosorption efficiency. The analysis
of the influence of biosorbent mass on the efficiency of the process is shown on
Fig. 5c. The obtained results indicate that the biosorption degree rises rapidly
with increasing mass of biosorbent. The maximum biosorption degree was
obtained at 0.5 g of CCE (98 %). As the Fig. 5c shows, the biosorption degree
remained constant with further increase in the biosorption mass.

The effect of stirring rate on the biosorption degree. The experimental
results shown on Fig. 5d show that the biosorption degree rises from 67 to 98 %
between 100 and 300 rpm. A slight decrease in the biosorption degree was noted
between 300 and 400 rpm, after which there is no significant change in the
biosorption degree.

Biosorption kinetic study

The kinetic analysis of the obtained experimental data, using the pseudo-first
order, pseudo-second order, intraparticle diffusion and Elovich kinetic models
(Eq. (3)—(6)) is shown on the Fig. 6. The obtained kinetic parameters are given in
Table III.

250 =

[]
200 44

Pseudo-second erder kinetic model
—— Intraparticle diffusion kinetic model

Pseudo-first order kinetic model
Elovich kinetic model

50 4

0 20 40 60 80 10 Fig. 6. Kinetic data for copper ions
f#min biosorption onto CCE.

The obtained kinetic data, given in Table III, indicates that the pseudo-
-second order kinetic model is the best fit for the CuZ" biosorption onto CCE.
This model suggests that the chemical interaction between the CCE samples and
the copper ions from the solution was the rate-determining phase of this process,
i.e., that chemisorption is the predominant mechanism of binding of copper ions
to CCE.10 Comparing the obtained results to the work on the RCE,8 it can be
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noted that the process of binding copper ions onto CCE is significantly faster,
with the experimentally obtained biosorption capacity being 10 times higher than
the one recorded in the experimental analysis of Cu?" biosorption onto RCE. The
two processes do not share the same binding mechanisms, as they follow dif-
ferent kinetic models.

TABLE III. The values of kinetic parameters for copper ions biosorption onto CCE

Model Parameter Value
Pseudo-first order kinetic ky/ min™! 0.371
model Gooxp/ Mg g 234.36
Gocal/ mg gl 249.68
R? 0.913
Pseudo-second order kinetic ky/ g mg! min’! 0.003
model Geexp/ Mg g1 234.47
Gecal/ mg g1 249.68
R? 0.971
Weber—Morris kinetic model k;/ g mg'! min -3 5.88
Ci/ mg g 192.11
R? 0.247

Elovich kinetic model a/mg g'! min! 1.74x107
B/ gmg’! 0.077
R? 0.698

Biosorption equilibrium study

The biosorption experimental data were fitted using the Langmuir, Freund-
lich and Temkin isotherm models (Egs. (7)—(9)), and the obtained results are
shown on Fig. 7.

300

250

200 4

‘I_U)
o
E 150
Y -0
& —— Langmuir model
100 Freundlich model
— Temkin model
50+
L]
0 T T T T . .
0 1000 2000 3000 4000 so00  Fig. 7. Isotherm data for copper ions
C./mg dm biosorption onto CCE.

The obtained isotherm parameters (Table IV) indicate that the Temkin iso-
therm model is the best fit for the experimental data (R = 0.981). This model is
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based on the assumption that the heat of the adsorption of all molecules in the
layer decreases linearly with the coverage of the molecules and that the binding
energies are uniformly distributed, up to a maximum binding energy.26

TABLE IV. Isotherm parameters for copper ions biosorption onto CCE

Model Parameter Value
Langmuir isotherm model K/ dm3 mg! 0.002
Gooxn/ Mg g} 234.36
gm/ mg g’! 284.12

R? 0.941

Freundlich isotherm model Ky 19.79
1/n 0.308

R? 0.944

Temkin isotherm model B/Jmol'! 52.39
K1/ dm? mg! 0.028

R? 0.981

The obtained Freundlich constant n indicates that the process of binding
Cu?" onto CCE is a favorable process (1/n is lower than 1).27

The maximum biosorption capacity is a parameter which is used to analyze
the performance of a biosorbent. The maximum theoretical biosorption capacity
for Cu2" biosorption onto RCE was 94.59 mg g~!, as reported in the previous
work.8 In comparison, the maximum biosorption capacity for Cuz™ biosorption
onto CCE (Table IV) is 284.12 mg g!. It can be concluded that the calcination of
the eggshells leads to a significant increase in its biosorption capacity.

Biosorption thermodynamics

The Gibbs energy change for copper ions biosorption on CCE was calculated
using the Eq. (11). The AH and AS parameters were determined from the plot In
Kq vs. 1/T (Fig. 8). The obtained results are given in Table V.

1,14 u

000315 000320  0,00525 000330 000335 Fig. 8. Thermodynamic plot In Ky vs. 1/T
T for copper ions biosorption onto CCE.
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The negative AG values indicate that the process of biosorption of Cu2* on
CCE is spontaneous and more favorable at higher temperatures.28

Positive AH and AS values indicate that this process is endothermic and that
increased randomness is present at the contact interface between Cu?* and CCE.
The positive enthalpy also confirmed that increasing the system temperature
would lead to an increase in the efficiency of copper removal.2%

TABLE V. Thermodynamic parameters for copper ions biosorption onto CCE

T/K AG /kJ mol! AH / kJ mol! AS /T mol! K1
298 -2.74 3.69 13.56

303 -4.47

313 —4.96

Biosorption optimization study

The process of copper ions biosorption onto CCE was optimized using
response surface methodology, with the help of the Box—Behnken design. The
experimental design, given in Table I, was applied to optimize the analyzed
process. The matrix of the experimental design and the reaction R (biosorption
degree) are shown in Table VI.

TABLE VI. Box—Behnken design matrix for three factors along with observed response for
Cu?" biosorption onto the CCE

n A: Adsorbent mass B: Initial Cu?" concentration C: Contact time R: Adsorption degree

Ru g gL min %

1 1 0 1 98.785
2 0 0 0 98.391
3 -1 -1 0 82.168
4 0 0 0 94.055
5 0 -1 -1 31.45
6 0 1 1 72.555
7 1 1 0 77.127
8 0 1 -1 11.003
9 0 0 0 97.499
10 0 -1 1 98.482
11 1 -1 0 97.901
12 -1 1 0 38.526
13 1 0 -1 24.243
14 0 0 0 91.56
15 -1 0 1 50.614
16 -1 0 -1 13.818
17 0 0 0 98.42

A polynomial Eq. (13) was fitted in order to describe the correlation between
the independent variables: linear (81, £, f3), quadratic (511, 22, f33), interaction
terms (f12, f13, B23) and the response (R):30
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R :ﬂo +ﬂ1A+ﬁzB+ﬁ3C+ﬁ11AA+ﬁzzBB +ﬁ33CC+

14
+51,4AB + B3 AC + p3BC (14)

The results obtained are shown in Table VI. The copper ions biosorption
onto CCE can be expressed as:

R=95.99+14.124-13.85B+29.99C +5.724B +

(15)
+9.444C —137BC —14.284% —7.77B* —34.84C*>

The ANOVA analysis was used to assess the statistical significance of the
applied model, and the results are given in Table VII. The significance of the
individual coefficients was analyzed by the F-values and P-values. The coef-
ficient is more significant as the corresponding F-value is larger and P-value
lower. P-values below 0.0500 indicate a highly significant regression at a con-
fidence level of 95 %.13

TABLE VII. ANOVA analysis for response surface model for Cu?* biosorption onto CCE

Source Sum of squares df Mean square F-value P-value Significance
Model 17492.34 9 1943.59 115.83 <0.0001 Significant
A-A 1594.15 1 1594.15 95.01 <0.0001

B-B 1534.30 1 1534.30 91.44 <0.0001

c-C 7195.32 1 7195.32 428.83 < 0.0001

AB 130.74 1 130.74 7.79 0.0269

AC 356.19 1 356.19 21.23 0.0025

BC 7.51 1 7.51 0.4474  0.5250

A2 858.72 1 858.72 51.18 0.0002

B2 254.43 1 254.43 15.16 0.0059

C? 5110.55 1 5110.55 304.58 < 0.0001

Residual 117.45 7 16.78

Lack of fit 80.14 3 26.71 2.86 0.1678  Not significant
Pure error 37.32 4 9.33

Cor total 17609.80 16

The obtained F-value of 115.83 means that the model is significant. This
further indicates that there is only a 0.01 % chance that a F-value of this magni-
tude can appear due to noise.

P-values of less than 0.0500 provide further proof to the significance of the
used model. In this research, 4, B, C, AB, AC, A2, B2, C? are considered
significant terms. P-values above 0.1000 indicate that the model terms are not
significant.

The 2.86 lack of fit F-value indicates that the lack of fit is not significant.
There is a probability of 16.78 % that such a large lack of fit F-value can occur
due to noise.
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The obtained F- and P-values of the model (115.83 and 0.0001, respectively)
show that the model is significant. P-values below 0.05 indicate that the model
terms are significant. The model fit was also confirmed by the regression coef-
ficients of the predicted and experimental values (R? = 0.993 and adj-R? =
=0.985).

The diagram of actual versus predicted responses is shown in Fig. 9. The
obtained results show a very good agreement between the predicted and experi-
mental data.

120

100 |

80~

60

Predicted

40

20-

T T T T T T
0 20 40 60 80 100 120

Actual Fig. 9. Actual vs predicted responses.

Fig. 10 shows 3D surface plots that illustrate the influence of the selected
parameters on the response (R). Fig. 10a shows that a lower initial metal ion
concentration in combination with a higher adsorbent mass leads to a very high
biosorption efficiency (ANOVA analysis indicated to a significant combination
of these two factors (4 and B)). Fig. 10b shows the interaction between the
adsorbent mass and the contact, indicating that higher values of these factors lead
to a high percentage of metal removal, and the ANOVA analysis also confirms
that the combination of these factors is significant. Fig. 10c shows that lower
initial metal ion concentrations and longer contact time lead to a high metal rem-
oval percentage.

The optimization of the biosorption process of copper ions onto CCE was
performed using the RSM-BBD method. The influence of the mass of the bio-
sorbent, the initial metal ion concentration and the contact time was evaluated.
The model used proved to be statistically significant. The analysis showed that
all model terms and most of their interactions were significant. The model
suggests that the optimal biosorption conditions are: 90 min contact time, 1 g
biosorbent mass and 5 g dm3 initial Cu?" concentration.
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Fig. 10. Response surface plots showing the interaction and influence on the biosorption rate
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CONCLUSIONS

The DTA-TGA analysis of the eggshells sample indicated to the formation
of stable CaO during the calcination process. These findings were confirmed by
the FTIR analysis, which showed the presence of both CaO and CaCOs3.

The SEM analysis of the CCE showed that an irregular structure consisting
of agglomerates and flakes of different sizes formed during the calcination
process.

The kinetic analysis showed that the pseudo-second order kinetic model is
the best fit for the analyzed data, indicating that chemisorption is the predomin-
ant mechanism for the binding of copper ions onto CCE.

The equilibrium analysis indicated that the Temkin model is in the best
agreement with the experimental data. This analysis also showed that the cal-
cinations of the eggshells leads to a significant increase in their maximum bio-
sorption capacity.

The thermodynamic analysis showed that this process is beneficial and endo-
thermic at higher temperatures and that there is an increased randomness at the
interface between Cu?* and CCE.

The process of biosorption of copper ions onto CCE was optimized using
response surface methodology based on the Box—Behnken design. The influence
of biosorbent mass, initial Cu?* concentration and contact time on the degree of
biosorption was analyzed and modeled. ANOVA analysis showed that the model
used and all three parameters analyzed were significant. The optimal parameter
values were determined (90 min contact time, 1 g of biosorbent and 5 g dm=3
Cu2* concentration).

The maximum experimentally obtained biosorption capacity for the bio-
sorption of copper ions on CCE was 284.12 mg g~!. Comparing this result to the
work on RCE.8 it can be concluded that the modification of the eggshells (cal-
cinations) increases their biosorption capacity around 10 times.

U3BOJI
AHAJIN3A U CTATUCTUYKO MOJE/IMPAILE BMOCOPITLHHUJE JOHA BAKPA HA
KAJIDUHHUCAHOJ JbYyCKHU KOKOIIUJET JAJETA

MWJbAH MAPKOBUR', MUJIAH TOPTUEBCKHU', HAZIA IITPBAL]!, BECHA TPEKYJIOBUR',
MWJIHLIA 3[IPABKOBUR', MAPHHA MAPKOBUR' n IAJITMEOP CTAHKOBHR?
"Ynusepsutmem y Beoipagy, Texnuuxu Gaxynimeins y Bopy, Bojcke Jytocnasuje 12, Bop u “Xemujcku
paxyninewi, Ynusep3uiieiw y beoipagy, Ciiygeniticku wipi 12—16, beoipag
Y oBOM pagmy mpencraB/beHa je cTynuja 0 Moryhoj ynoTpedy KallMHMCAHUX JbYCKH KOKO-
IIKjUX jaja kao duocopdeHTa 3a yKiamame joHa Dakpa U3 BOIEHHX pacTBopa, kao u nopeheme
u3Mehy cHpOBHX M Ka/lILHHACAHUX JbYCKH jaja. U3speHe cy SEM-EDS u FTIR ananuse y3opakxa
KJIIMHHACAHUX JByCKU KOKOWIHjuX jaja. [lopen Tora, cripoBeneHa je DTA-TGA aHanu3a CHPOBUX
JBYCKM jaja. McnuTuBaH je yTHLaj pasnIMuuTHX NapaMeTapa npoueca, kao mro cy pH BpegHocTt
pactBopa, 6psuHa Memama, Maca duocopbenTa U KoHuenTpanyja Cu?*. Kunetnuka aHanusa je
M3BpLIEHa KopUlIheweM YETHPH pas3IM4YMTa EMIHUPHjCKa KMHETHYKa Mojena. AHanu3a paBHO-
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Te)ke je crpoBemeHa mpumeHoM Jlanrmuposor, OpojHminxoBor u TeMKMHOBOT Mofenia H30-
tepmu. [Ipomec je onTHMMH30BaH KOpHUIhemeM METONOJIOTHje MOBPIIWHE Of3MBA Ha OCHOBY
Box—Behnken ngu3ajua (RSM-BBD). JodujeHu pesyntatu cy ynopeheHH ca MPETXOZHOM CTy-
IHjoM 0 YIoTpeSH CHPOBHX JhyCKH jaja kao SuocopbeHTa 3a ykaamame Cus™, kako 6u ce yTBp-
IWsa onpaBiaHOCT Mogudukanyje duocopdeHTa (OFHOCHO KallMHaLMje CHPOBUX JYCKH jaja).
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Abstract: There are many dam lakes in the Sarkigla district of Sivas, where
agricultural activities are intense. Yapialtin Dam Lake, which constitutes our
study area, is one of them. The research was conducted at three stations in
Yapialtin Dam Lake during the dry season in August 2023 and the rainy season
in May 2024. Eighteen physicochemical variables of lake water were meas-
ured. The quality of dam lake water was assessed using indices such as the
eutrophication index (EI), organic pollution index (OPI), nutrient pollution
index (NPI) and water quality index (WQI). The similarity of the stations in
terms of physicochemical parameters was determined using Bray—Curtis simil-
arity analysis. Additionally, Pearson and Spearman correlation analyses were
employed to examine the relationships among the physicochemical data. The
analyses revealed seasonal variations in all water quality indices. In conclusion,
the study provides recommendations for the sustainable use of the dam lake.
Keywords: environmental variables; reservoir; multivariate analyses.

INTRODUCTION

Dam lakes provide numerous benefits to people, including sources of drink-
ing water, irrigation and hydroelectric power generation. They also play a crucial
role in managing river water flow and protecting communities from flood
hazards. Additionally, dam lakes offer various recreational opportunities, such as
birdwatching, hiking and fishing. Modern dams are strategically important, play-
ing significant roles in energy production, particularly in developing countries.

Eutrophication, acidification and various changes in hydrology and geomor-
phology are major pressures affecting the integrity of lakes.! The excessive input
of plant nutrients, particularly nitrogen and phosphorus, into lakes leads to the
growth of organic matter, algae, periphyton and macrophytes, resulting in eutro-
phication. This growth induces changes in aquatic organisms and water quality.2

* Corresponding author. E-mail: menekse.tas@cumbhuriyet.edu.tr
https://doi.org/10.2298/JSC240917109D
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Eutrophication can lead to decreased dissolved oxygen levels in the water, which
may cause hypoxia and toxic algal blooms.2 Human activities, including dom-
estic and industrial wastewater discharge and agricultural runoff, contribute to
physical, chemical and biological pollution of freshwater resources, resulting in a
deterioration of water quality. This situation also limits the use of freshwater
resources for various purposes.3

However, intensive and excessive use of these areas can harm both the env-
ironment and the living organisms that inhabit them.

This study aimed to calculate the water quality indices, such as the eutro-
phication index (EI), organic pollution index (OPI), nutrient pollution index
(NPI) and water quality index (WQI), for Yapialtin Dam Lake, which is used for
irrigation purposes. It also sought to evaluate the relationships between these
parameters using various statistical methods, identify the factors contributing to
the lake's pollution and compare the findings with similar studies conducted in
Turkey.

EXPERIMENTAL

The study was conducted at three stations (ST1, ST2 and ST3) during both the dry
season 2023 and the rainy season 2024. ST1 represents the relatively clean part of the lake,
ST2 is surrounded by pastures where livestock graze and ST3 is situated near agricultural
fields. During sampling, water temperature (WT) was measured using a thermometer. Elec-
trical conductivity (EC), pH levels and total dissolved solids (TDS) were measured in the field
using a portable Hanna HI 98129 instrument. For other physicochemical parameters, water
samples were collected with a Nansen water sampler and stored in dark-colored glass bottles
with a 1-L capacity.

The water samples brought to the laboratory were immediately prepared for analysis.
Dissolved oxygen (DO), calcium and magnesium levels were determined using standard
methods.* Chlorides, total hardness (7H) and salinity values were measured using conven-
tional titrimetric methods as described in the literature. Nitrite nitrogen (NO,-N), nitrate nit-
rogen (NO;3-N), sulfates, phosphates, ammonium nitrogen (NH,4-N), biochemical oxygen dem-
and (BODs) and chemical oxygen demand (COD) values were also measured according to
standards.*

The physicochemical parameters of the sampling stations in Yapialtin Dam Lake were
compared using Bray—Curtis cluster analysis in the Biodiversity Pro 2.0 program during both
the dry and rainy seasons.® The relationship between physicochemical parameters was exam-
ined using Spearman and Pearson correlation analyses conducted in IBM SPSS Statistics
version 27.7

Water quality indices

The EI is employed to assess the trophic condition of a surface water body. EI values
were calculated using the formula below: If the calculated £7 value is less than 1, it indicates
absence of eutrophication. A value of 1 or greater suggests the presence of eutrophication.?-#
DIN; dissolved inorganic N (mg L), DIP; dissolved inorganic P (mg L)%

_ CODXDIN x DIP
4500

EI 106 (1)
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The OPI is a tool used to evaluate water pollution, specifically focusing on the organic
pollution status of surface water resources. OPI values were calculated using the formula
below. The value obtained from the OPI formula categorizes water quality as follows: <0:
excellent water quality; 0—1: good water quality; 1-2: water starting to be polluted; 2—-3:
slightly polluted water; 3—4: moderately polluted water; >4: heavily polluted water.8°

COD, DIN, DIP and DO standard concentration values were used for these calculations. 810

COD | DIN , DIP , DO
CODs DINg DIR, DOx

OPI =

2

The NPI is derived from concentrations of NO3 and POy in surface water sources. It is
calculated using the following formula: The resulting NP/ value categorizes pollution levels as
follows: <1 no pollution, 1-3 moderately polluted, 3—6 significantly polluted, >6 very high
pollution.®!! NO3-N maximum limit (mg L") is named as M4 Cy, PO,-P maximum limit (mg
L) is named as MACp, values were taken:%10
N Cr

+
MACN  MACy

NPI =

3)

The WQI is a crucial metric for assessing the overall quality of surface water resources.
It integrates multiple water quality parameters into a single value.®12 In this study, 10 para-
meters including £C, pH, DO, BODs, COD, Cl, NO3-N, NO,-N, NH,4-N and SO,4 were used to
calculate WQI values. It is calculated using the following formula; #: total number of selected
parameters, C; the value assigned to i parameter; P;: the relative weight of parameter (1-4).8
The values are classified as follows: 0-25 indicates very poor water quality, 26—50 indicates
poor water quality, 51-70 indicates moderate water quality, 71-90 indicates good water qual-
ity and 91-100 indicates excellent water quality:3:12

Zi:nl Ci i (4)

zi:l i
RESULTS AND DISCUSSION

The study area is discussed, in details, in Supplementary material to this
paper.

The station codes, coordinates and information on stations are presented in
Supplementary material (Table S-I).

Physicochemical parameters, units, average values and quality classes of the
dam lake water according to!3 and Turkey surface water quality regulation!4 pro-
tocols are presented in Supplementary material (Table S-II).

The lowest WT measured in the lake was 18 °C (rainy season, ST3), with the
highest recorded at 35 °C (dry season, ST2) and an average of 26.4 °C. The
lowest EC value was 307 pS cm™! (rainy season, ST3), the highest was 584 pS
cm! (rainy season, ST2) and the average was 424 uS cm~!. The lowest pH value
observed was 7.91 (rainy season, ST1), the highest was 8.20 (dry season, ST1)
and the average was 8.05. BODs ranged from a minimum of 9.6 mg L1 (rainy
season, ST2) to a maximum of 30.3 mg L-! (dry season, ST3), with an average of

woI =
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18.15 mg L-L. COD values ranged from a minimum of 18 mg L-! (rainy season,
ST3) to a maximum of 64.6 mg L~! (dry season, ST3), with an average of 35.66
mg L-!. TDS ranged from a minimum of 176 ppm (dry season, ST3) to a maxi-
mum of 307 ppm (rainy season, ST3), with an average of 238 ppm. 7SS ranged
from a minimum of 85 mg L~! (rainy season, ST3) to a maximum of 150 mg L-!
(dry season, ST1), with an average of 113 mg L-1. The lowest Cl measured in the
lake was 15.99 mg L1 (dry season, ST3), with the highest observed 20.99 mg L1
(dry season, ST1) and the average 18.49 mg L-!. Salinity ranged from a mini-
mum of 0.01 %o (dry season, ST2) to a maximum of 0.05 %o (rainy season, ST2
and ST3), with an average of 0.03 %o. Ca levels ranged from a minimum of 18.84
mg L1 (dry season, ST3) to a maximum of 44.88 mg L-! (rainy season, ST3),
with an average of 29.72 mg L-1. Mg levels ranged from a minimum of 0.58 mg
L-! (rainy season, ST2) to a maximum of 3.80 mg L1 (dry season, ST2), with an
average of 1.88 mg L1

TH ranged from a minimum of 1 FS® (rainy season, ST3) to a maximum of
11.6 FS° (dry season, ST2), with an average of 6.26 FS°. NO3-N ranged from a
minimum of 3.13 mg L1 (dry season, ST3) to a maximum of 20.31 mg L-!
(rainy season, ST2), with a mean value of 7.50 mg L~!. NO,-N was not detected
in all three stations during the dry season and the highest concentration found
was 0.021 mg L1 (rainy season, ST1), with an average of 0.0065 mg L-!. The
lowest NH4—N measured in the lake 0.010 mg L-! (rainy season, ST3), with the
highest recorded 0.034 mg L1 (rainy season, ST1) and an average was 0.021 mg
L-1. PO4 ranged from a minimum of 0.79 mg L-! (dry season, STI) to a
maximum of 1.80 mg L-! (dry season, ST3), with an average of 1.22 mg L.
SO4 ranged from a minimum of 9.89 mg L-! (rainy season, ST1) to a maximum
of 17.51 mg L1 (dry season, ST1), with an average of 13.53 mg LI

When evaluating the dam lake in terms of water quality indices, the highest
EI was found at ST3 during the rainy season as 32 and the lowest was at ST1
during the dry season as 8. The OPI was also highest at ST3 during the rainy
season as 15.09 and lowest at ST1 during the dry season as 5.97. The NP/ was
lowest at ST1 during the dry season as 6.53 and highest at ST3 during the rainy
season as 15.8. The WQI was lowest at ST2 during the dry season as 10.19 and
highest at ST3 during the rainy season as 48.83. The change in water quality
index values across the stations for dry and rainy seasons is illustrated in Fig. 1.

Pearson correlation analysis was applied to normally distributed variables
among the physicochemical parameters of lake water. According to this analysis,
strong positive correlations were found between WT and SO4, TDS and NO3-N.
Strong negative correlations were found between WT and TDS, NO3-N and 7DS,
WT and NO3-N, 7DS and SO4 and NOs3-N and 7DS. The table showing the
results of the Pearson correlation analysis and the coefficients of variation is pro-
vided in Table S-III of the Supplementary material. Values in the table are
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denoted as follows: * indicates that the correlation is significant at the 0.05 level
(p < 0.05); ** indicates that the correlation is significant at the 0.01 level (p <
0.01); and “—* indicates that no statistically significant correlation was detected.

2

2 B =
{— o — L — N — [ - 1R — A~ Rl |

w

=

wmge Dry S8350N  ==pe= Ry Season

Fig 1. Variation graph of water quality indices.

Pearson correlation analysis was applied to normally distributed variables
among the physicochemical parameters of lake water. According to this analysis,
strong positive correlations were found between WT and SO4, TDS and NO3-N.
Strong negative correlations were found between W7 and TDS, NO3-N and 7DS,
WT and NO3-N, TDS and SO4 and NO3-N and 7DS. The results of the Pearson
correlation analysis and the coefficients of variation is provided in Table S-III.
Values in the table are denoted as follows: * indicates that the correlation is
significant at the 0.05 level (p < 0.05); ** indicates that the correlation is signific-
ant at the 0.01 level (p < 0.01); and “—* indicates that no statistically significant
correlation was detected.

Spearman correlation analysis was applied to the variables that did not show
normal distribution among the physicochemical parameters of water. A strong
positive correlation was found between BOD and COD. A negative correlation
was found between salinity and BOD, as well as between salinity and COD, TH
and BOD. The results of the Spearman correlation analysis and the coefficients of
variation is provided in Table S-IV. Values in the table are denoted as follows: *
indicates that the correlation is significant at the 0.05 level (p < 0.05); ** indi-
cates that the correlation is significant at the 0.01 level (p < 0.01); and “—* indi-
cates that no statistically significant correlation was detected.

The similarity of the stations in terms of physicochemical parameters was
analysed using Bray—Curtis similarity analysis. It was observed that the similarity
between the stations was quite high. In the dry season, ST2 and ST3 showed
99.83 % similarity, with station 1 also clustering with them. The Bray—Curtis
similarity dendrogram for the stations is presented in Fig. 2.
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ST3

Dry Season

ST2

—ST1

0 50 100
Fig. 2. Bray—Curtis similarity dendrogram of stations during the dry season.

In the rainy season, the similarity between the stations was quite high. The
ST1 and ST2 showed a similarity of 99.92 %, with ST3 clustering with them.
The Bray—Curtis similarity dendrogram for the rainy season is shown in Fig. 3.

ST3
Rainy Season

ST2

ST1

0 50 100
Fig. 3. Bray—Curtis similarity dendrogram of stations during the rainy season.

In this paper, the analyses conducted at three selected stations in the Yapi-
altin dam lake during both dry and rainy seasons are discussed in detail. It was
found that the WT, pH, COD, TDS, Cl, NO>-N, NHy4-N and SO4 values of the
dam lake were within the first class water quality standards.!3:14 The EC value
was determined to fall between class I and II water quality standards.!3:14 The
DO and NO3—N values of the dam lake water were found to range between class
II and III water quality.13:14 Additionally, the BODs value was identified to be
within the III class quality range.!3.14

It is observed that the water temperature values of the dam lake are higher in
summer (dry season). This variation may be attributed to seasonal temperature
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changes. The WT is a critical climatic factor that enhances biological activity
rates and reduces oxygen saturation.!5> The DO values of the lake also exhibited
significant differences between dry and rainy seasons. The solubility of oxygen
in water increases as temperature decreases.!® In this study, it can be observed
that the lowest DO values were recorded during the dry season when tempera-
tures were highest, whereas the highest DO values were observed in the rainy
season when temperatures were lowest (Table S-1I).

The pH value of the lake was determined to be alkaline. It was observed that
TDS levels were low during the dry season and high during the rainy season
(Table S-II). Precipitation is likely the primary reason for this variation, as rain-
water runoff carries dissolved solids into the lake. It has been noted that water
conductivity values vary based on geological structure and precipitation levels,
rather than nutrient salts in the water.!7 Specifically, conductivity in the dam lake
was lowest only in ST3 during the rainy season. It is recognized that regions with
high rainfall generally have less saline surface waters due to continuous soil
washing.!5 The salinity values were found to be higher in the rainy season
compared to the dry season, with minimal difference in Cl values.

The Ca levels in the water were higher than the Mg levels, which may be
attributed to the geological composition of the lake. During the rainy season, Ca
levels peaked in ST1 and ST3 (Table S-1I). In terms of NO3-N values, they were
classified as water quality class I and II during the dry season, while in ST2 they
reached class III during the rainy season. This variation could be linked to
livestock grazing near ST2, with animal feces potentially contributing to inc-
reased NO3-N levels in that area. NH4-N values were found in first class water
quality. PO4 content of the lake was found to be quite low.

SO4 levels were higher during the dry season and lower during the rainy
season. This seasonal variation is expected and can be attributed to the dilution
effect of rainfall during the rainy season.

The BOD represents the amount of oxygen consumed by bacteria and other
microorganisms when decomposing organic matter under aerobic conditions at a
given temperature.!8 The COD is the amount of oxygen required for the oxid-
ation of organic matter and inorganic chemicals. The COD value is higher than
the BOD value.!? In the study, COD values were higher than BOD values.

In this study, it was found that the water quality level indices obtained from
the results of EI, OPI, NPI and WQI calculated using parameters other than WT,
TDS, TSS, Cl, salinity, Ca, Mg and TH were very similar to each other. When
evaluated in terms of indices, since EI values > 1 in all stations, it is seen that
there is eutrophication in the lake both in dry and rainy seasons. Since the OPI
values were > 4, the lake was found to be extremely organically polluted. Since
the NPI values were >6 in the seasons and all stations examined in the lake, it
was found that there was very high pollution. ST1 in dry season and ST1 and
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ST3 in rainy season were found to have poor water quality, while the other stat-
ions were found to have very poor water quality in dry and rainy seasons. During
the dry season, all three stations were found to have extremely poor water qual-
ity. An increase in dam lake water temperature leads to higher evaporation from
the dam lake’s surface, which lowers the lake level and alters the water quality.20
It was determined that ST2 had very poor water quality during the rainy season.
During this period, ST1 and ST3 were found to have poor water quality. Accord-
ing to all index results, eutrophication was observed in the lake and overall, the
lake had poor water quality. During the rainy season, the increase in rainfall on
the lake’s surface can lead to changes in the amount of water in the lake, which
may affect the water quality of the dam lake.

According to the Bray—Curtis dendrogram, the highest similarity rates
between ST1 and ST2 occurred during the rainy season. The primary reason for
this could be the absence of factors affecting these stations during this season. In
contrast, ST3, situated near agricultural areas, experiences heavy pesticide use
during May fertilization period. These pesticides can be transported via irrigation
or rainwater into the lake, altering its physicochemical parameters and dis-
tinguishing it from other stations. In the dry season, ST2 and ST3 exhibited the
highest similarity rates. The primary reason for this could be attributed to several
factors: firstly, the high rate of water evaporation from the lake due to warming
weather conditions, leading to a decrease in lake water levels. Additionally, water
withdrawal from the lake for irrigation purposes in agricultural areas near the
ST3 further reduces the lake's water volume, thereby increasing the concentration
of physicochemical substances in the remaining water. Furthermore, around the
ST2, grazing of animals may contribute to the transport of animal feces into the
water. This, coupled with pesticides applied to nearby agricultural areas, can lead
to changes in the physical, chemical and biological composition of the lake water.

When comparing this study with previous research conducted in lakes?! we
utilized the WQI based on 13 water quality parameters in the Kastamonu Kara-
¢omak dam lake. They found that WQI values varied from poor to excellent
water quality, attributing these variations to seasonal changes and surface runoff
in the downstream area, which contributed to water quality degradation. It is
noted that the EC, BOD, COD, NH4-N, NO3-N and NO»-N values measured in
this current study are consistent with their findings. When comparing this study
with the findings of 22 on four dam lakes in Poland, several similarities and dif-
ferences are noted. In their study,?2 it was found that WQI values ranged between
moderate and poor. Specifically DO ratios were higher in our current study com-
pared to their findings. EC values were similar between both studies. NO3-N
values were lower in this current study. SO4 and Ca values were higher in this
current study. Mg values were comparable between the two studies. These com-
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parisons suggest both similarities and variations in water quality parameters
between the two studies conducted in different dam lakes.

Researchers have conducted an analysis of 17 water quality parameters by
sampling water from a dam lake in Mexico across different months.23 The study
revealed several key findings: they found no significant difference in WQI values
between the selected stations within the dam. They observed seasonal variations
in WQI, indicating that water quality varied throughout the year. The categor-
ization of water quality varied from poor in some months to moderate and to
good in others, also moderate to poor in other months. These findings underscore
the dynamic nature of water quality in dam lake ecosystems, influenced by seas-
onal changes and possibly local environmental conditions. Comparisons with
their study can provide valuable insights into the variability and factors affecting
water quality assessments in different geographical contexts.

Also, a research conducted an assessment of water quality by calculating the
WQI using 22 physicochemical parameters from waters sampled from Mumcular
and Geyik dam lakes, as well as Camkdy underground wells.24 The study rep-
orted finding very low WQI values, indicating poor water quality. Specifically,
the dam lakes evaluated, which are used as sources of drinking water, were
identified as requiring treatment before use to meet quality standards. This high-
lights the importance of ongoing monitoring and treatment processes to ensure
safe drinking water supply from these sources.

The studies provide various information to examine whether the dam lakes
are suitable for the purpose for which they will be used. The common point seen
in all studies is that water quality parameters vary seasonally. In the studies,
various suggestions are also given about the purpose for which the dam water can
be used or not. In this study, various recommendations on the sustainable use of
the dam lake were summarised in the conclusion section.

CONCLUSION

In conclusion, this study analysed water samples collected from three stat-
ions in Yapialtin Dam Lake, during both dry and rainy seasons. Significant relat-
ionships were identified regarding seasonal variations in water quality indices. It
was observed that agricultural activities and livestock breeding near water
sources could lead to reductions in water quality parameters, potentially shifting
from class I to class III water quality standards.

To ensure the sustainable use of the dam lake, regular monitoring of water
quality is crucial. Additionally, assessments for toxic metals, microbiological
contaminants, pesticides and algal biodiversity are recommended. These meas-
ures are essential for maintaining and improving water quality standards, safe-
guarding both ecological health and the suitability of the dam lake as a water
resource.
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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/13049, or from the correspond-
ing author on request.

U3BOJ

IMPOLIEHA KBAJIUTETA BOJE ¥V JE3EPY YAPIALTIN DAM (CUBAC, TYPCKA) TOKOM
CYIIHUX ¥ KUITHHUX CE30HA, KOPUIIIRELEM PA3JTMUYUTHUX [TAPAMETAPA U
WHIEKCA KBAJIUTETA BOJE

MENEKSE TAS DiVRIK
Sivas Cumhuriyet University, Sarkisla Asik Veysel Vocational School, Sarkisla, Sivas, Turkey

[MTocToju MHOTO jesepa HacTaiaux H3rpamwom Opana y oxpyry Sarkisla y Cusacy, roe cy
NIOJBOTIPUBPENHE aKTUBHOCTH MHTEeH3UBHe. Jezepo Yapialtin Dam, koje 4vHM noapydje Hauler
HCTpaXUBama, je jenHo o kUxX. McTpakrBame je CpoBeleHO Ha TPHU CTaHUIle Y jesepy Yapi-
altin Dam ToxoMm cyuHe ce3oHe y aBrycty 2023. u xuuHe ce3oHe y Majy 2024. 3mepeHo je
ocaMHaecT HU3NYKO—XeMHUjCKUX BapHjadmu jesepcke Boje. KBamurer Boje y jesepckum bpa-
HaMa je mpouewmeH KopuirhemeM HHIEKCa Kao LITO Cy HHAeKC eyrpoduxauuje (EI), uHmeKc
opranckor 3arahema (OPI), ungexc 3arahema HyTpujeHTMa (NPI) 1 UHIOEKC KBaJUTeTa BOJE
(WQI). CnuyHOCT cTaHULa y norneny GUsHYKo—XeMHjCKUX lTlapaMeTapa yTBpheHa je momohy
Bray—Curtis ananuse cauyHocTd. Ilopen Tora, xopuirhene cy IlupcoHoBe u CrnipmMaHOBe
KOpelalMoHe aHalIHu3e Aa Ou ce ucnurane Bese usmely QU3HUKO-XEMHjCKUX MofaTaka. AHa-
JI3e Cy OTKpH/Ie Ce30HCKe BapHjaldje y CBUM HMHIEKCHMa KBalWTeTa Boje. Y 3aKk/byuKy, CTy-
Ivja jaje MpernopykKe 3a o4pKUBO KOpHUIIhemwe je3epa HaCTaIuX U3rpafikoM dpaHe.

(ITpumsseno 17. centembpa; peuarpano 23. okTobpa; npuxsaheno 3. nenemdpa 2024.)

REFERENCES

1. J. Young, A. Watt, P. Nowicki, D. Alard, J. Clitherow, K. Henel, R. Johnson, E. Laczko,
D. McCracken, S. Matouch, J. Niemela, C. Richards, Conserv. Biol. 14 (2005) 1641
(https://doi.org/10.1007/s10531-004-0536-z)

2. C. W.Chen, Y.R. Ju, C. F. Chen, C. D. Dong, Int. Biodeterior. Biodeg. 113 (2016) 318
(https://doi.org/10.1016/j.ibiod.2016.03.024)

3. V.Kumar, A. Sharma, R. Kumar, R. Bhardwaj, K.A. Thukral, J. Rodrigo-Comino, Hum.
Ecol. Risk Assess 26 (2020) 1 (https://doi.org/10.1080/10807039.2018.1497946)

4. APHA Standard Methods for Examination of Water and Wastewater, American Public
Health Association, Washington DC, 1999

5. O. Egemen, U. Sunlu, Water quality, Ege University Fisheries Faculty, Issue number: 14,
Izmir, 1999, p.150 (in Turkish)

6. N. McAleece, J. D. G. Gage, P. J. D. Lambshead, G. L. J. Paterson, BioDiversity
professional statistic analysis software, Jointly developed by the Scottish Association for
Marine Science and the Natural History Museum, London, 1997

7. C.J. Krebs, Ecological Methodology, Benjamin/Cummings, San Francisco, CA, 1999

8. M. Varol, C. Tokatli, Chemosphere 311 (2023) 137096
(https://doi.org/10.1016/j.chemosphere.2022.137096)

9. P. Barnwal, S. Mishra, S. K. Singhal, J. Int. Sci. Technol. 3 (2015) 22
(https://pubs.iscience.in/journal/index.php/jist/article/view/266/149)

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

(CC) 2025 Serbian Chemical Society.



10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.
21.

22.

23.

24.

WATER QUALITY IN YAPIALTIN DAM LAKE 691

TSWOQOR, Turkish Surface Water Quality Regulation, Official Gazette No. 29797, 2016,
Turkey

B. O. Isiuku, C. E. Enyoh, Environ. Adv. 2 (2020) 100018
(https://doi.org/10.1016/j.envadv.2020.100018)

M. Varol, Environ. Pollut. 266 (2020) 115417
(https://doi.org/10.1016/j.envpol.2020.115417)

SKKY, Su Kirliligi Kalite Kontrol Yonetmeligi, Resmi Gazete Sayisi: 25687, 2004,
Tiirkiye (in Turkish)

TSWQR, Turkish Surface Water Quality Regulation, Official Gazette No. 31513, 2021,
Turkey

B. Tas, Ekoloji 15 (2006) 6

S. Cirik S. Cirik, Limnoloji IIl. Baski, No. 21, Ege Universitesi Basimevi, Izmir, 1999
M. K. Temponeras, J. Kristiansen, M. Moustaka-Gouni, Hydrobiologia 424 (2000) 109
(https://doi.org/10.1023/A:1003909229980)

G. C. Delzer, S. W. McKenzie, in U.S. Geological Survey Techniques of Water-Resources
Investigations, Book 9: Handbooks for Water-Resources Investigations, D. N. Myers, F.
D. Wilde, Eds., USGS TWRI Book 9-A7 (Third Edition), USGS, Washington DC, 2003
PEDIAA: Difference Between BOD and COD (https://pediaa.com/difference-between-
bod-and-cod/) (visited 17.08.2024)

7. Brki¢, Heliyon 9 (2023) €19248 (https://doi.org/10.1016/j.heliyon.2023.619248)

I. B. Imneisi, M. Aydin, J. Environ. Anal. Toxicol. 6 (2016) 407
(https://doi.org/10.4172/2161-0525.1000407)

I. Cymes, K. Glinska-Lewczuk, J. Elem. 4 (2016) 1211
(https://doi.org/10.5601/jelem.2016.21.2.1200)

C. D. L. Mora-Orozco, H. Flores- Lopez, H. Rubio-Arias, A. Chavez- Duran, J. Ochoa-
-Rivero, Int. J. Env. Res. Pub. Health 14 (2017) 439
(https://doi.org/10.3390/ijerph14050439)

C. Kog, J. Eng. Sci. 7 (2018) 694 (https://doi.org/10.28948/ngumuh.444731).

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

(CC) 2025 Serbian Chemical Society.



5, Journal of
the Serbian
ZiNT Chemical Society

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

J. Serb. Chem. Soc. 90 (5) S208-S211 (2025) Supplementary material

SUPPLEMENTARY MATERIAL TO
Assessment of water quality in Yapialtin Dam Lake (Sivas,
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parameters and water quality indices
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Sivas Cumhuriyet University, Sarkisla Astk Veysel Vocational School, Sarkisla, Sivas, Turkey
J. Serb. Chem. Soc. 90 (5) (2025) 681-691

STUDY AREA

Yapialtin Dam is a dam lake constructed on Caylak Stream for irrigation
purposes in 1977. The dam lake has a capacity of 1,000,000 m*® and stands 37
meters above the river bed. At normal water level, the dam lake holds 17 hm? of
water and covers an area of 1.42 km?. It serves an irrigation area spanning 2,894
hectares. The area surrounding Yapialtin Dam, near Sarkisla, has been developed
by Sarkisla Municipality, featuring recreational and picnic areas. Particularly in
summer, it is frequented by the public for recreational purposes

(https://www.dsi.gov.tr/). A map of the study area and sampling stations is
provided in Fig. 1.

* Corresponding author. E-mail: menekse.tas@cumbhuriyet.edu.tr
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Fig. S-1. The study area map and sampling stations

Table S- I. Information about stations

Station Code Coordinates Information on Stations
ST1 39°18'01"N 36° 24’ 52"E Behind the set of dam
ST2 39°18'01"N 36° 25" 47"E Opposite the set of dam
ST3 39°17'47"N 36 25' 12"E  In front of agricultural areas

ST1:First Station; ST2: Second station; ST3:Third station
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Table S- II. Physicochemical parameters, mean values, and quality classes measured during

dry and rainy seasons

Parameters ~ Unit Dry Season Rainy Season 13,14
ST1 ST2 ST3 ST1 ST2 ST3  Average
W.T. °C 33 35 343 19.3 18.3 18 26.4 I
EC usem™ 384 361 354 554 584 307 424 Iand IT '
pH 8.20 8.08 8 7.91 8.11 8.03 8.05 I
DO mgL!  4.95 437 456 742 5.90 5.52 5.45 Il and 111 4
BOD:s mgL! 18.6 284 30.3 11.6 9.6 10.4 18.15 II1 14
COD mgL! 35.7 56.2 64.6 21.2 18.3 18 35.66 I
TDS ppm 192 180 176 277 297 307 238 I
TSS mgL! 150 130 110 95 113 85 113
Cl mgL! 2099 17.99 1599 1899 16.99 19.99 18.49 I
Salinity %0 0.03 0.01 0.02 0.04  0.05 0.05 0.03
Ca mgL! 21.64 2725 1884 41.68 24.04 44.88 29.72
Mg mgL!  2.54 3.80 2.13 1.02 0.58 1.24 1.88
T.H. FS° 11.2 11.6 10.6 2 1.2 1 6.26
NOs3-N mgL! 416 484 3.13  16.12 2031 16.20 10.79 Il and IIT 3
NO2-N mgL™! 0 0 0 0.021 0.006 0.012  0.0065 I
NH4-N mgL! 0.021 0.020 0.017 0.034 0.028 0.010 0.021 I
POa4 mgl-! 0.79 1.04 1.80 1.06 1.11 1.54 1.22
SO4 mgL! 1751 16.74 1637 9.89 1033 10.39 13.53 B3

WT:water temperature; EC:electirical conductivity; DO:dissolved oxygen; BODs: biological
oxygen demand; COD: chemical oxygen demand; TDS: total dissolved solids; TSS: total suspend
solid; Cl: chloride; Ca: Calcium; Mg:magnesium; T.H: total hardness; NO3-N:nitrate nitrogen;
NO2-N: nitrite nitrogen; NH4-N:Ammonium nitrogen; PO4:phosphate; SO4:sulphate. ST1: First

station; ST2: Second station; ST3: Third station.

Table S- I11. Pearson correlation analysis between physicochemical variables

WT pH EC TDS TSS NOs3-N SO4

WT 1

pH ,360 1

EC -,525 -,186 1

TDS -,993" -288 ,456 1

TSS ,725 792 -,103 -, 706 1

NO:-N -975" -286 ,632 ,970™ -641 1

SO 982" 510 -,555 -962" 801 -964" 1
WT: water temperature; EC: electirical conductivity; TDS: total
dissolved solids; TSS: total suspend solid NO3-N:nitrate
nitrogen; NO2-N: nitrite nitrogen; NHs-N: Ammonium nitrogen;
SO4:sulphate.
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Table S- IV. Spearman Correlation Analysis between Physicochemical Variables
BOD COD TH Salinity

BOD 1
COD ,943™ 1
TH 771 ,829 1

Salinity -,928™ -928" -928" 1
BOD:s: biological oxygen demand; COD: chemical oxygen
demand; T.H: total hardness
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Amino-starch derivates for adsorption of specific pharmaceuticals
and pesticides in contaminated water: Examination in both spiked
and real water samples
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Abstract. In this study, the possibility of using modified potato starch, with
nitrogen-containing chemical agents (melamine, cysteine and histidine) as
green adsorbents for removing pharmaceuticals and pesticides from water has
been investigated. The influence of additional modification of amino-starch
with clay and diatomaceous earth was examined. The effect of the applied
modification on the structural, surface and morphological properties was deter-
mined by FTIR, XRD and SEM analysis, while the adsorption properties were
determined through the effectiveness of prepared materials to remove selected
pollutants from spiked and real water samples. The efficiency of investigated
amino-starches for the adsorption of pharmaceuticals and pesticides decreases
in order: starch—histidine > starch—cysteine > starch—melamine, with a slightly
better efficiency for pharmaceuticals adsorption. Additional modification of
amino—starches with clay/diatomaceous earth did not contribute to the increase
in adsorption efficiency. It was found that the influence of the matrix of real
water samples on the adsorption efficiency is up to 10%, which represents a
promising potential for applying amino—starch as a cheap and effective adsorb-
ent for wastewater treatment. Also, starch-histidine and starch—cysteine showed
the possibility of reusing up to three cycles of adsorption.

Keywords: potato starch; modification; adsorption; organic pollutants; reuse.
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INTRODUCTION

Growing world population, increased investment in medical research, innov-
ations in the field of medicine, ubiquitous availability of the global market,
increase in chronic diseases, as well as the prevention and treatment of animal
diseases in intensive livestock have led to a significant increase in the consumpt-
ion of pharmaceuticals in the last few decades.!-2 Exposure of non-target org-
anisms to even low concentrations of pharmaceutical products can have negative
effects reflected in ecotoxicity (acute and chronic toxicity, genotoxicity and car-
cinogenicity); pharmacological effects (hormone and immune system interfer-
ence) and the development of microorganism resistance.3 Another category of
pollutants frequently identified in water is pesticides. About 85 % of the world’s
pesticide production is spent on agricultural purposes, crop protection and chem-
ical control of various pests, such as insects, bacteria, fungi and algae in electrical
equipment, refrigerators, paints, paper, cardboard and food packaging materials.
Adverse effects on human health have been observed even at very low concen-
trations of pesticides. Pesticide poisoning can lead to various diseases, such as
cancer, hormonal disorders, asthma, various allergies, birth defects and fetal death.4

In the field of environmental engineering, adsorption plays an integral role
among methods to treat wastewater because of its robustness in handling a range
of pollutants, simplicity in operation, low operating costs, simplicity of the pro-
cess and variety of materials that can be used as adsorbents.5 Natural material,
starch, is an attractive material for adsorption application, due to its low cost,
availability in nature in large amounts, biorenewability, non-toxicity and good
adsorption characteristics. Previous studies have shown that chemical modific-
ation, i.e., the inclusion of functional groups in the backbone of starch, improves
the efficiency of modified starch for the adsorption of various organic and inorg-
anic pollutants from water.5-0

Following the goals of sustainable development, this research brings a novel
approach to the modification of natural materials and the preparation of a green
adsorbent that can be used for wastewater treatment. The chemical modification
of starch with melamine and amino acids was carried out to increase the number
of active sites for adsorption, while the physicochemical modification with clay/
/diatomaceous earth was carried out to increase the stability of starch in the aque-
ous environment. It is also expected that modification with clay and diatomace-
ous earth will increase adsorption efficiency, due to their good adsorption pro-
perties.

In this work, the adsorption of selected pharmaceuticals (erythromycin,
lorazepam, diazepam and clopidogrel) and pesticides (atrazine, propazine, mala-
thion and tebufenozide) from spiked water and real water samples (surface water,
groundwater and wastewater) was examined. Chemically modified starch with
nitrogen-rich compounds (melamine, cysteine, histidine) and materials based on
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AMINO-STARCH ADSORBENTS 695

amino-starch derivates additionally modified by adding bentonite clay and diato-
maceous earth were used as adsorption materials. The applied adsorption process
using modified starch can be considered ecologically sustainable and economic-
ally acceptable, due to the use of natural materials modified by a simple and safe
method, solving the extremely important problem concerning the presence of
pharmaceutical products and pesticides in the environment. In order to assess the
cost-effectiveness and sustainability of the application of amino-starch derivates
as adsorbents for the removal of selected pharmaceuticals and pesticides in real
systems, their reuse was examined.

EXPERIMENTAL
Materials and chemicals
Details of materials and chemicals are given in the Supplementary material to this paper.
Preparation of amino-modified starch

Amino-modified starch (AMS) was synthesized according to our previous reports.’ The
synthesis of the material with melamine was carried out at a temperature of 80 °C until the
melamine was dissolved in the presence of acetic acid and distilled water. After the addition
of oxidized starch, the reaction was conducted at 30 °C for another 2 h with stirring at 400
rpm. After washing and filtering, the obtained material was dried at 50-60 °C to a constant
mass. Modification with cysteine and histidine was performed by mixing oxidized starch with
distilled water for 30 min at 40 °C to obtain a starch suspension to which the amino acid was
then added and stirring at 400 rpm was continued at 40 °C for another 3 h. The resulting
mixture was filtered and washed several times and then dried at 50 °C to constant weight.

Preparation of biocomposites

The preparation of starch-based biocomposites was carried out according to methods
described in the literature with some changes.”-8 AMS (5 g) was suspended in 30 mL of deion-
ized water and kept in a water bath at 70 °C with continuous stirring at 400 rpm for 1 h. The
clay/diatomaceous earth (0.5 g) was dispersed in 30 mL of deionized water and the dispersion
was poured into the gelatinized starch/AMS solution. The reaction was continued at 60 °C
with constant stirring on a magnetic stirrer at 400 rpm for 3 h. The sample was dried at 50 °C
in an oven and finally, the dry sample was ground into a powder. Samples with native starch
and clay/diatomaceous earth were prepared in the same way. Obtained starch-based biocom-
posites were labeled according to Table S-I of the Supplementary material.

Characterization methods

The determination of the surface, structural and morphological characteristics of the
material was carried out using Fourier-transform infrared spectroscopy (FTIR), a scanning
electron microscope (SEM) and X-ray diffraction (XRD). Details of these characterization
methods are given in the Supplementary material.

Adsorption performance and regeneration studies

The adsorption efficiency of examined samples was investigated in a batch system with
constant mixing (180 rpm) at room temperature. The adsorption of selected pharmaceuticals
(erythromycin, lorazepam, diazepam and clopidogrel) and pesticides (atrazine, propazine,
malathion, tebufenozide) from multi-component spiked water samples, surface water, ground-
water and wastewaters was investigated. Adsorption tests were performed at constant ads-

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

(CC) 2025 Serbian Chemical Society.



696 PALIC et al.

orbent dosage (0.05 g), initial concentration (500 mg dm) and solution volume (10 mL) for
180 min, in the batch system with constant shaking at room temperature. The initial pH of the
pesticides/pharmaceuticals solution and adsorbent was about 5, for all samples. After adsorp-
tion, all samples were filtered through the PVDF 0.45 um filters.

The adsorption efficiency (%) of selected pharmaceuticals and pesticides from aqueous
solutions was calculated according to the equation:

Adsorption efficiency, % = 100[%} @)
0

where C; and C, (mg dm™) are the concentrations of a pollutant at the initial time and after
time t (min).’

For regeneration investigation, the dried adsorbents were immersed in 0.05 mol L-!
HNO; solution for 120 min with constant stirring at room temperature. After that, adsorbents
were washed with deionized water and dried at 50 °C for the next adsorption cycle.

The concentration of selected pesticides and pharmaceuticals was analyzed by liquid
chromatography—tandem mass spectrometry (LC-MS/MS). Details related to this instrumental
technique are given in the Supplementary material.

RESULTS AND DISCUSSION
FTIR analysis

FTIR spectra of all examined samples are presented in Fig. 1. The spectra of
all modified starch/AMS samples exhibit a broad absorption band at approx-
imately 3330 and 3335 cm™!, which can be attributed to the stretching vibration
of O—H groups from the glucose unit. A small peak at 2993, 2930 and 2928 cm 1,
present in FTIR spectra of all tested samples, can be assigned to symmetrical and
asymmetric C—H vibrations in methyl or methylene groups. An intense absorp-
tion band at 1001 and 1004 cm™! is typical in the spectra of starch and its derivat-
ive and attributed to the CH,—O—CHj stretching vibrations of anhydroglucose
unit.” The weaker absorption peak at 1710, 1720 and 1725 cm! in the spectra of
the modified AMS samples can be attributed to -C=0 stretching vibrations.10
The absorption peak at 3121, 3124 and 3127 cm! in the FTIR spectrum of SM—
—clay, SM—d.e and SM is assigned to —NH, stretching vibration; whereas those at
1542, 1540, 808 and 764 cm™! are assigned to the triazine ring.!! In the FTIR
spectrum of SC, SC—clay and SC—d.e, the absorption peak at 1583, 1580 and
1565 cm™! can be attributed to the presence of the —C=N group, while the peak at
2553, 2530 and 2536 cm™! corresponds to the S—H stretching vibrations.!2 In the
FTIR spectrum of SH, SH—clay and SH-d.e, the peak at 1483 and 1480 cm™!
corresponds to the bending vibration of the -NH; group, while the ring vibration
appears at 635, 630 and 623 cm~!.12 The characteristic peaks for bentonite clay
corresponding to the Si—-O and Al-O vibrations (3691, 3620, 832 and 693 cm™1)13
can be seen in Fig. 1¢. The absorption bands corresponding to Si—O, O—Si—O and
Si—O-Si vibrations in the diatomaceous earth structure are observed at 1076, 812
and 703 cm~! (Fig. 1d).13:14
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Fig. 1. FTIR spectra of examined starch-based adsorbents.

SEM analysis

Fig. 2 shows SEM micrographs of all tested samples. The micrographs of
bentonite clay (Fig. 2a) indicate the existence of a roughed matrix, i.e., a crystal-
line morphology with the dominance of platelet shapes in the section and a cer-
tain degree of porosity.!> Fig. 2b shows the smooth surface of natural potato
starch granules, typically elliptical and spherical shapes without any cavities or
cracks. SEM micrographs of diatomaceous earth (Fig. 2c) show the presence of a
porous structure in the form of a honeycomb with impurities that can be incur-
porated into the new material during modification.16

Fig. 2d—f show SEM micrographs of amino—modified starches, with mela-
mine, cysteine and histidine, respectively. Since there was no harsh physical
treatment or application of high temperatures during the modification process,
the starch granules retained their original shape. The success of modification was
confirmed by the surface roughness, i.e., the presence of unevenness and impur-
ities in the structure of the new materials originating from amino derivates.
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Fig. 2. SEM micrographs of clay (bentonite) (a); potato starch (b); diatomaceous earth (c);

SM (d); SC (e); SH (f); S—clay (g); S—d.e. (h); SM—clay (i); SC—clay (j); SH—clay
(k); SM—d.e (1); SC—d.e (m); and SH—d.e (n).

Fig. 2d shows the presence of melamine as crystalline segments, not only on
the surface of the starch granules but even within the inner parts of the starch
granules. Fig. 2d shows the presence of melamine as crystalline segments, not
only on the surface of the starch granules but even within the inner parts of the
starch granules. In the case of starch modified with cysteine (Fig. 2¢), the pre-
sence of cysteine is observed on the surface of the starch, in the form of stuck
parts, while in the case of starch modified with histidine, a more homogeneous
structure is observed, i.e., fewer parts on the surface, which means that histidine
coats the starch granules to a greater extent and sticks less to the surface (Fig.
2d). In the second part of the modification, the possibility of reacting starch/
/amino-modified starch with clay/diatomaceous earth was examined. The react-
ion is simply carried out by adding clay, or diatomaceous earth, to a gelatinized
starch solution or amino-modified starch. All SEM micrographs (Fig. 2g—n)
clearly show that the form of starch granules has been changed, but that the shape
is not completely destroyed. The edges have lost clear boundaries, the surface has
become rough, with protrusions and cracks, while in the cross-section of the
starch granules, parts originating from the initial components, amino derivates,
clay and diatomaceous earth can be observed.

XRD analysis

Comparative XRD diagrams for the investigated samples are presented in
Fig. 3. Native potato starch showed the typical B-type X-ray pattern with ref-
lection diffraction peaks (26) at 5.3, 15.1, 17.5, 19.5, 22.5, 24.1 and 26.4°.17 The
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characteristic XRD peaks for bentonite clay (Fig. 3b) at the diffraction angle 26
12.5,20.8, 26.5, 35.3, 36.7, 38.9 and 55.2° can be associated with the presence of
the smectite and impurities such as opal, quartz and calcite in the structure of
pure bentonite clay.!® The XRD pattern of diatomaceous earth (Fig. 3c) revealed
the main phase of non-crystalline opal-A with the characteristic broad peak cen-
tered at 21.3°.19

st - native starch m - melamine ¢y - cysteine hs - histidine ¢ - clay (bentonite) d - diatomaceous earth
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Fig. 3. XRD patterns of examined starch-based adsorbents.

Compared to native starch (Fig. 3a), additional peaks for SM appearing at 26
5.92, 17.5 and 22.7° and ranging from 25.5 to 30.2° originate from melamine,
while the peaks for SC that are characteristic of the cysteine structure were obs-
erved at 260 18.8° and in the range from 27.8 to 34.4°20.21 A significant decrease
in crystalline domains was observed for SH, where a decrease in peak intensity is
observed in the interval from 19.6 to 24.1° compared to native starch, while the
characteristic peaks for the structure of pure histidine, ranging from 16.2 to 28.3°
were not visible, as a consequence of their lower intensity and overlap with the
characteristic peak of the starch structure.22 Fig. 3b and ¢ show that, in addition
to the characteristic XRD peaks originating from the structure of starch and
amino derivates, XRD peaks characteristic for bentonite clay (Fig. 3b) and diat-
omaceous earth (Fig. 3c) are also present.23 Based on the XRD patterns of the
tested samples, it can be concluded that the additional modification of the
samples with bentonite clay (Fig. 3b) and diatomaceous earth (Fig. 3c) contri-
butes to the increase of crystalline domains in the materials compared to the
native starch and amino-modified samples (Fig. 3a).
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Adsorption study

The adsorption efficiency values of examined materials to adsorb selected
pharmaceuticals and pesticides from spiked deionized water are presented in Fig.
4 and Table S-1V of the Supplementary material.

Adsorption efficiency, %
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Fig. 4. Adsorption efficiency of examined starch-based adsorbents.

It can be noticed that the modification of starch contributed to an increase in
the efficiency of pharmaceutical and pesticide adsorption two to three times com-
pared to the adsorption on unmodified starch. Applied modifications significantly
contributed to the adsorption efficiency and the modification of starch with
amino acids, especially histidine, contributed the most to the high percentage of
all selected pollutants adsorption. Also, the same adsorption trend for pharma-
ceuticals (erythromycin > clopidogrel > diazepam > lorazepam) and pesticides
(tebufenozide > malathion > propazine > atrazine) has been observed for all
examined materials. The order of the affinity obtained can be explained by the
different intensities of electrostatic forces acting between the positively charged
surface of all amino-modified starch samples, on one hand and molecules of
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pharmaceuticals and pesticides, on the other. All tested materials showed a
slightly better efficiency for the removal of pharmaceuticals, than for pesticides.
The order of the adsorption efficiency for clopidogrel > diazepam > lorazepam
indicates that the adsorption efficiency decreases with increased polarity of the
pharmaceutical (SRM chromatograms, Fig. S-1 of the Supplementary material).
The exception is erythromycin, possibly as a consequence of its large molecular
mass, as well as of the highest electronegativity of this molecule compared to
other pollutants. This could also explain, why the erythromycin molecules bind
to the surface of the adsorbent first and then the molecules of other pollutants.
The same explanation applies to the adsorption efficiency of pesticides; with inc-
reasing polarity of pesticide molecules (SRM chromatograms, Fig. S-1) the ads-
orption efficiency decreases (tebufenozide > malathion > propazine > atrazine).
Based on all of the above, it can be stated that the investigated materials are more
suitable for the adsorption of less polar compounds.

Additional modification of starch with clay and diatomaceous earth had no
significant influence on the adsorption properties of amino materials. As a result
of the starch surface modification with clay and diatomaceous earth (Fig. 2), the
surface of the starch granules was coated with parts of clay/diatomaceous earth,
which reduced its porosity and the number of available sites for adsorption.

Adsorption study in real water samples

Following the results obtained in the previous part, amino-starch samples
modified with melamine and amino acids were selected for testing the adsorption
of pharmaceuticals and pesticides from spiked real waters. Three samples of real
water, a sample of surface water collected from river Pek, Serbia; a sample of
groundwater, collected from Belgrade Ranney wells, Serbia; and a sample of
wastewater from the entrance to the water purification plant Arandelovac, Serbia;
were analyzed (Fig. 5, Table S-V). The results obtained for spiked deionized
water were compared to the results for real water samples to examine the matrix
effect, i.e., the influence of components present in water matrix on the adsorption
efficiency of used adsorbents. One of the most important factors that can affect
the efficiency of adsorption is the presence of dissolved organic matter (DOM),
which consists of different size fractions (i.e., building blocks, humic and fulvic
acids, biopolymers and low molecular weight organic matter) that can interfere
with the adsorption process by blocking the pores of the adsorbent or competing
with the contaminants of interest for adsorption sites.2* According to the literature,
the effect of adsorbent saturation is more pronounced when dealing with the
adsorption of anionic compounds because DOM is negatively charged at the
overall pH of the wastewater and interferes with the adsorption of anionic com-
pounds through electrostatic repulsion.25 However, many studies show that DOM
does not have a significant effect or can even have a positive effect on the ads-
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% were observed compared to

SM (a), SC (b) and SH (c) for the
the adsorption from deionized water. A particularly significant result was the

removal of selected pharmaceuticals and pesticides from real water samples.

El

modified starches
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Table I shows data from the literature on the use of different types of

modified starch for the removal of different pharmaceuticals and pesticides from

Changes in adsorption efficiencies of up to 10

Fig. 5. Adsorption efficiency of amino
increase in the removal efficiency of almost all pharmaceuticals and pesticides

from wastewater suggesting that the matrix of real water samples either has no

significant influence or has a positive influence on the adsorption efficiency.
a different type of starch modification, type of pollutant and different experim-

water. By comparing the adsorption efficiency, the modified starch obtained in
this study gives comparable results with literature data, bearing in mind that it is

Comparative study of different adsorbents — literature review
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ental conditions that significantly affect the adsorption efficiency. Also, it is
important to point out that the adsorption of selected pharmaceuticals and
pesticides in this work was performed from a mixture of several pharmaceuticals
and pesticides, which helps to evaluate the efficiency of these adsorbents for
application in the treatment of real wastewater because wastewater often contains
more than one pollutant.

TABLE I. Modified starches for the adsorption of different pharmaceuticals and pesticides

Adsorbent Type of Adsomtion Ref.
pollutant efficiency
Pharmaceuticals

Starch/porous carbon Tetracycline 67.16 % 28
Grafted starch with octenyl succinic anhydride Cephalexin 0.92mgg! 32
Starch-g-P(AM-co-AMPS) Tetracycline 95.7 % 3
Crosslinked starch/chitosan Tetracycline 99.4 % 34

Ciprofloxacin
Carboxymethyl starch-modified magnetic bentonite Tetracycline 169.7mgg! 2
clay

Pesticides

Starch/porous carbon Atrazine 80% 28

Acetamiprid

Difenoconazole

P-doped biochar from corn straw Triazine 79.6 mggl 33
Corn/starch-based mesoporous Pyraclostrobi 662mggl 36
activated carbon (ACS) yraciostrobin
Microporous starch immobilized laccase Atrazine 0.2527mg gl 37

Prometryn ~ 0.1323 mg g'!
Iron-starch modified with 3,5-diaminobenzidine and (3-  Isobenzan  0.00075 mg g’!
aminopropyl) triethoxysilane Endosulfan 0.002 mg g!

Chlordane 0.001 mg g!

[o%)

In most of the studies from Table I for obtaining starch-based adsorbents for
the removal of pharmaceuticals and pesticides, complex procedures lasting sev-
eral hours, at high temperatures, with the use of expensive and toxic chemicals
were used.28-3! The main advantage of the amino starch derivatives obtained in
this work is the method of their preparing which is based on a simple and quick
procedure, without the use of expensive and toxic solvents, or by-products, with
minimal consumption of electricity and the use of starch modifiers that are
environmentally acceptable and safe for use (amino acids and melamine), which
is in accordance with the principles of green chemistry and sustainable develop-
ment.

Regeneration and reuse study

The results of the reuse of amino-starch derivates synthesized in this study
are shown in Fig. 6. Desorption and reuse were investigated for the two adsor-
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bents that showed the highest adsorption efficiency for all tested pollutants, that
is starch modified with cysteine (Fig. 6a) and starch modified with histidine (Fig.
6b). The adsorption efficiency of the tested adsorbents decreases significantly, by
12-15 %, after the first cycle. The reason for this may be the disruption of the
functional structure due to treatment with a desorption agent, i.e., nitric acid.2®
After the second cycle, the efficiency decrease is smaller than the first, so three
adsorption cycles are optimal for both investigated adsorbents.

) E= 1cycle [ ticycle [ 11 cycle b) R 1cycle [ 1lcyele B2 11l cycle

100 4 = 100

Adsorption efficiency, %
Adsorption efficiency, %

Fig. 6. Adsorption efficiency of amino—starch derivatives a) SC and b) SH for the removal of
selected pharmaceuticals and pesticides through three reuse cycles.

CONCLUSION

In this study, an environmentally acceptable and economically viable
method was developed for the modification of starch by introducing nitrogen-rich
compounds (melamine, cysteine and histidine). Obtained amino—starch derivates
were used as adsorbents for the removal of selected pharmaceuticals and pes-
ticides from aqueous solutions. Structural, morphological and surface analysis
have confirmed the success of the modification and an increase in the adsorption
efficiency of amino—starch derivates compared to unmodified starch has been
achieved. Additional modification of amino-starch with clay and diatomaceous
earth did not have a significant impact, compared to the basic modification, pro-
bably due to the coating of the starch surface with parts of clay or diatomaceous
earth, i.e., reduced porosity of the material and less available sites for adsorption.
Starch modified with histidine proved to be the most efficient material for the
adsorption of investigated pharmaceuticals and pesticides, with the possibility of
reuse in three adsorption cycles. The application of newly prepared adsorbents in
real water samples (surface, ground and wastewater) has shown that the matrix of
real water had no significant effect on the adsorption efficiency, indicating that
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amino-starch derivates, as a cheap and effective adsorbent could be considered as
promising materials for wastewater treatment.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13054, or from the corres-
ponding author on request.
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H3BOMO
AMHUHO-CKPOBHU JEPVBATH 3A ALCOPIILINIY CIIELHUOPUYHUX PAPMALIEYTHUKA U
IMNECTUUOA U3 3ATABEHHX BOJA: UCITUTHBAILE BEIIITAYKWM OHEYHUITREHUX U
PEAJIHUX Y30PAKA BOIA

HATAILIA TIAJIUR', MAPUJA BYKYEBUR?, MAPUHA MAJIETUR', MUJbBAHA MUPKOBUR®, MUPJAHA PUCTUR?,
AJIEKCAH[IPA ITEPHR TPYJUR? u KATAPUHA TPHBYHALI?

"Hnosayuonu Ileninap Texnomowxo—memanypuikoi paxyninema, Kapuneiujesa 4, 11000 Beoipag,
2Ynugepsute y Beoipagy, Texnonowxo—memanypuku Qaxynimetd, Kapneiujesa 4, 11000 Beoipag u
3Ynusepsuiuei y Beoipagy, UHCTUiiy i 3a HyKedpHe HayKke Bunud — MHCTRUTHY T 0g HALUOHATHOT
3nauaja Petiyonuxe Cpouje, Muxe Ilewiposuha Anaca 12—14, Bunua, 11000 Beoipag

Y 0BOj cTynuju ucnurtaHa je moryhHocT ynorpede MonudHUKOBaHOT KPOMIIMPOBOT CKpoda,
Ca XEMHjCKUM areHcuma KOjH cafpXe a3oT (MeIamMuH, LUHCTeMH M XUCTUOWH) Kao 3eJIeHOT
amcopbeHTa 3a yKilamame JIeKoBa U TeCcTHLHAa U3 Boje. CIUTaH je W yTHIQj NO#aTHe MOIU-
¢ukanvje aMHHO—CKpoda IMIMHOM W JIUjaTOMejckoM 3eMiboM. Edexar mpumemeHe mMonudu-
Kallije Ha CTPYKTypHa, NOBPUIMHCKA U Mopdonomka cBojcra onpehen je FTIR, XRD u SEM
aHaIN30M, JIOK Cy afCOpILHOHA CBOjCTBA NPHUIPEM/bEHUX ancopdeHara onpeheHa Kpos edu-
KaCHOCT yKiIamatna n3adpaHux 3arahyjyhum maTtepuja U3 CriajkoBaHUX M PEalHUX y30paka BoJe.
EduxacHocT mpunpem/seHUX aMUHO—CKPODOBa 3a afCOpILH]jy JIeKOBa U MeCTHLUA CMamyje ce
no cnenehem pezmocieny: CKpOO—XUCTUIMH > CKPOO—LIUCTEHH > CKOO—MeIaMuH, y3 HelTo Doy
edUKacHOCT CBUX MaTepHjajia 3a afcophuujy jnekosa. JJogaTHa mopmuduKanuja aMUHO—CKDO-
OoBa IITMHOM/IWjaTOMEjCKOM 3eM/bOM HHje NonprHena nosehawy eduKacHOCTH ancopmiyje.
YTBpheHo je ma marpulia pealHUX y3opaka Bofie yTuue Ha edukacHocT ajcopnuuje 1o 10 %,
IWTo ykasyje Ha odehaBajyhu moteHuujanm 3a mpuMeHy aMHHO—CKpoda kao jedTuHor U edu-
KaCHOT aicopdeHTa 3a TPeTMaH OTIAaNHUX Boma. Takohe, ancopdeHTH CKpOO—XUCTUINH B CKPOO—
LUCTEHH Cy MOKa3aJd MOTyhHOCT MOHOBHe yoTpede Kpo3 TpU IUKIIyCca afcopiiyje.

(ITpumsseno 19. cenrembpa, pesunupano 3. fenemdpa 2024, mpuxsaheHo 10. janyapa 2025)
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EXPERIMENT@;)‘
Materials and chemicals 8

The following materials and chemicals were-uised to prepare the starch samples: potato
starch (loss on drying at 105 °C < 10%, sulfured ash < 0.5%, SuperLab, Serbia), melamine
(2,4,6-triamino-1,3,5-triazine, 99%, /T ermo Fisher), L(—)-cysteine ((R)-2-amino-3-
mercaptopropionic acid, > 97%; ermo Fisher), L-histidine ((S)-2-amino-3-(4-
imidazolyl)propionic acid, > 98.5%, Carl Roth), bentonite clay (nanoclay, Sigma-Aldrich) and
diatomaceous earth (SiO2 95%, Sigma-Aldrich).

Pharmaceuticals andpesticides selected for the study were the most commonly used and
frequently detected in the investigated area (Table 1). High purity (> 95%) analytical
standards of four chosen pharmaceuticals: erythromycin, lorazepam, diazepam and
clopidogrel were' provided by national pharmaceutical companies (Hemofarm, STADA
Group, Vrsac, bia“and Zorka-Pharma, Sabac, Serbia). The analytical standards of four
selected pesticides: atrazine, propazine, malathion and tebufenozide were supplied from
Riedel-de&fén (Seelze, Germany).

The stock standard solutions were prepared in methanol at the concentration of 100 pg
mL-!. The'working standard solutions were prepared by mixing the appropriate amounts of the
stock standard solutions and diluting them with methanol. All solutions were preserved at -4
°C. All solvents used were HPLC grade from J.T. Baker (Center Valley, US) or Sigma-
Aldrich (St. Louis, US) and all reagents were of analytical grade. Deionized water was
obtained by passing the distilled water through a GenPure ultrapure water system (TKA,
Niederelbert, Germany).

* Corresponding author. E-mail: nkaric@tmf.bg.ac.rs
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TABLE S-1. Labels of samples

Modification Biocomposite abbreviation

+ Melamine = SM

+ Cysteine = SC

Native starch + Histidine = SH

+ Clay (bentonite) = S-clay

+ Diatomaceous earth = S-d.e
. + Clay (bentonite) = SM-clay
Starch-Melamine (SM) + Diatomaceous earth = SM-d.e
. + Clay (bentonite) = SC-clay
Starch-Cysteine (SC) + Diatomaceous earth = SC-d.e
e + Clay (bentonite) = SH-ctay
Starch-Histidine (SH) + Diatomaceous earth = SH-d.e

Characterization methods

Fourier-transform infrared spectroscopy (FTIR) was performed using a Nicolet iS10
spectrometer (Thermo Scientific) in the attenuated total reﬂeﬁce (ATR) mode with a single
bounce 45 °F Golden Gate ATR accessory with a diamond crystal and DTGS detector. FTIR
spectra were obtained at 4 cm™! resolution with ATR cortection. The FTIR spectrometer was
equipped with OMNIC software and the spectra were recorded in the wavelength range from
2.5 um to 20 um (i.e., 4000-500 cm'!). R

The morphology of samples was examined using a scanning electron microscope (SEM)
(type of instrument — FE-SEM, TESCAN Mira3 XM operating at 10 kV. Before analysis,
samples were coated with gold to reduce the-charging effect and improve the image quality.

X-ray diffraction (XRD) was performed using an Ultima IV Rigaku diffractometer,
equipped with CuKal,2 radiations, using a-generator voltage (40.0 kV) and a generator
current (40.0 mA). The range of 5—40°26:was used for all powders in a continuous scan mode
with a scanning step size of 0.02° and at-a scan rate of 2° min!, using D/TeX Ultra high-speed
detector. A monocrystalline silicon sample carrier for sample preparation was used.

Adsorption performance.-and &eneration studies

The separation of pesticides and pharmaceuticals was conducted using a Dionex
UltiMate 3000® LC EysM (Thermo Scientific, USA). For detection and quantification of
pesticides and pharmaceuticals, LTQ XL (Thermo Scientific, USA) mass spectrometer was
used with an electrospray ion source and linear ion trap mass analyzer. The gradient of the
mobile phase consisting of methanol (A), water (B) and 10% acetic acid (C) is shown in Table
S-1. Selected reaction monitoring (SRM) chromatograms of investigated pharmaceuticals and
pesticides given in Fig. S-1 and LC/MS-MS quantification parameters are presented in
Table S-II.
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TABLE S-II. Gradient and flow rate of the mobile phase

Time  Flow rate Content, %
(min) (cm*min) A B C
0 0.5 49 50 1
0 0.5 49 50 1
15.00 1 0 100 O
18.00 1 0 100 O
18.01 0.5 49 50 1
23.00 0.5 49 50 1

¢

TABLE S-III. LC/MS and MS" optimized parameters for identification of the selected
pharmaceuticals and pesticides

Pollutant Retention time, min m/z Collision ener ’z/z
Precursor ion a. u* ? Product ion
Erythromycin 4.72 734.1 28 576.1
Lorazepam 6.49 321.0 32 302.9
Diazepam 8.23 285.2 40 257.2
Clopidogrel 10.72 321.9 28 211.8
Atrazine 6.50 216.0 \ 38 174.0
Propazine 7.91 230.0 36 188.0
Malathion 8.62 331.0 28 284.7
Tebufenozide 10.01 37500 34 225.0
* arbitrary units defined by LCQ system I )
1003 ji Erythromycin
0
6.50
1003 /\ Atrazine
0
1003 K Lorazepam
@
% 10?) e Propazine
he]
g /\
< 8.23 .
_‘g 1003 /\ Diazepam
@ 0
& 100 862 Malathion
g N
10.01 Tebufenozide
1003 J\
0
100 1072 Clopidogrel

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time, min

Fig. S-1. SRM chromatograms of the selected pharmaceuticals and pesticides
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TABLE S-IV. Adsorption efficiency of tested materials for the removal of selected
pharmaceuticals and pesticides

Pollutant
Erytrom. Atraz. Loraz. Propaz. Diazep. Malath. Tebuf. Chlop.
Sample Adsorption efficiency, %

S 33.44 1264 2134 19.71 17.86 18.73 19.15  19.07
SM 87.5 2939  41.32 39.41 63.21 39.46 3547  39.62
SC 100 3093  51.64 50.27 68.51 61.75 77.52  78.62
SH 100 3336 51.44 58.39 70.92 69.51 87.06 P 82.56

Clay 32.12 1453 16.78 17.89 24.66 28.97 32.85" +35.46
S-clay 59.6 2277  26.69 34.65 34.49 51.45 46.66 © 49.11
SM-clay 94 28.72 3572 36.9 52.57 65.45 70:66 . 75.67
SC-clay 100 30.05 43.67  43.75 53.19 78.58 8&4 ‘82.57
SH-clay 100 3258 50.78 4491 55.97 81.53 "‘82.54 86.86
d.e 35.58 1476  22.72 22.21 25.37 27.85 2462 2629
S-d.e 83 29.79  34.45 29.27 28.27 38.49 4744  44.19
SM-d.e 94.82 3838 3722 40.27 41.99 56.7\ 66.69  71.51
SC-d.e 98 44.02  39.33 39.74 41.6 N 59.03 7275 7597

SH-d.e 98.21 45.04 4141 28.39 €.24 62.89 79.49 86.03

TABLE S-V. Adsorption efficiency of tested materials: for the removal of selected
pharmaceuticals and pesticides from real water samples .

Polluta
Erytrom. Atraz. Loraz. Propaz. iazep. Malath. Tebuf. Chlop.
Sample Adsorption’gﬁciency, % (distilled water)

SM 87.5 29.39 4132 3941 63.21 39.46 35.47 39.62
SC 100 30.93 51.64/ 50.27 68.51 61.75 77.52 78.62
SH 100 3336 51.45 58.39 70.92 69.51 87.07 82.56

Adsorption efficiency, % (surface water)
SM 96.94 12.39  21.83 19.45 63.18 91.28 80.19 92.53
SC 92.29 14.48‘) 30.04 16.34 70.76 89.88 77.09 90.52
SH 69.22 32.59  29.68 32.62 32.89 76.67 83.33 82.18

~“Adsorption efficiency, % (groundwater)
SM 96.13 14.62  18.28 18.4 77.11 95.29 81.75 88.08
SC 91.\ 1839 32.87 22.05 76.06 84.92 74.99 83.99
SH 64.31 31.98 2455 32.31 2245 83.71 82.2 82.11

Adsorption efficiency, % (wastewater)

SM 98.7 48.05  62.19 69.99 79.57 96.6 90.86 95.15
SC 94.05 5798 7231 25.91 73.65 91.59 89.79 92.49
SH 53.78 3893  42.08 28.97 44.84 85.51 89.46 88.44

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