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Theoretical evaluation of pectin therapeutic potential in relation

to degree of methylation
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Studentski trg 12—16, Belgrade, Serbia
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Abstract: Pectin is the focus of scientific interest due to both its physicochem-
ical and biochemical properties, as well as its non-toxic nature. Methylation of
pectin is a natural process that exists as part of the cell wall defence system
against various pathogens. In this study the docking analysis was conducted to
predict if methylation o affects the anticancer and antimicrobial properties of
pectin and what extent. Four pectin derivatives with varying degrees of methyl-
ation and two sets of biomolecules were used. The first set included enzymes
responsible for anticancer activity (HMGR, the AGE receptors, tumour protein
p53 and oncogenic phosphatase SHP2), while the second set included those for
antimicrobial activity (Salmonella Typhi TtsA, Pseudomonas aeruginosa Earp,
Streptococcus mutans MetE and Staphylococcus aureus Cas9). The results
indicated that the degree of methylation does not play a decisive role in the
mentioned activities. because all bind to the same sites with similar binding
energies. Additionally, it was shown that pectin derivatives have a higher bind-
ing affinity towards DNA than towards enzymes. Only the fully methylated
derivative exhibited different behaviour, binding to a different binding site in
the case of Streptococcus mutans MetE.

Keywords: docking study; anticancer properties; antimicrobial properties.

INTRODUCTION

More recently, numerous studies have showed significant health benefits of
pectin. Pectin represents soluble dietary fibre, have potential prebiotic, hypogly-
cemic, hypolipidemic, immunostimulating and anticancer properties.! It is
believed that part of the positive effect of pectin is due to its influence in modul-
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1 3 8 MARTINOV NESTOROV, JANJIC and PETKOVIC BENAZZOUZ

ating the composition and activity of the intestinal microbiota. Pectin inhibits the
growth of pathogenic bacteria and stimulates the growth of beneficial bacteria
and act as potential prebiotic.!=3 Pectin is hydrolysed in colon by intestinal bac-
teria3 and most important products of its fermentation are short-chain fatty acids
(SCFA). The prebiotic properties of pectin-oligosaccharides (POS) from apple,
citrus and sugar beet have been evaluated using fecal fermented cultures and
these sugars are able to increase the number of Bifidobacteria and Lactobacillus
and reduce the number of Bacteroides and Clostridies.? The anti-infective pro-
perties of pectin are mainly associated with the improvement of the composition
of intestinal microbiota in the colon, inhibiting the adhesion of pathogens to epi-
thelial cells, inhibiting bacterial colonization and binding bacterial toxins.# Citrus
oligogalacturonides exhibited antibacterial activity and bactericidal effect against
selected food pathogens including S. typhimurium, S. aureus, L. monocytogenes
and P. aeruginosa.’ Pectin derivatives, prepared by the chemical modification of
polysaccharides with natural fatty acids, are promising and effective antimic-
robial agents against the two most common food pathogens, E. coli and S. aur-
eus, which can find further application in the field of food packaging.® Pectin is
the most promising biocompatible natural anticarcinogenic product, because
many in vitro and in vivo studies have demonstrated that pectin-derived com-
pounds affect cancer progression. It inhibits cell growth and cancerous cell pro-
liferation and promotes apoptosis.” Modified pectin, especially citrus pectin, is
highly effective in preventing the growth and spread of cancers such as breast
and colon cancer. Studies suggest that low molecular weight pectin fragments,
rich in galectins, may bind to carbohydrate recognition domains (CRD) on the
pro-metastatic protein Gal-3 (galectin-3) and thus inhibits cell-cellular tumour
interaction, aggregation of cancer cells with each other and with healthy cells and
inhibit metastatic lesions.® Pectin derivatives (modified with a maleoyl group)
are much more effective than pure or unmodified pectin in inhibiting colon cell
cancer growth.? The development of foods enriched with pectin might open new
avenues regarding the management of colorectal cancer. Pectin has been reported
to exhibit antioxidant and anti-inflammatory properties, making it a potentially
interesting candidate in the prevention and management of carcinogenesis. In this
study, the theoretical impact of pectin esterification (methylation of carboxyl
groups) on their antimicrobial and antitumor (anticancer) activity will be pre-
dicted through the inhibition of respective biomolecules.

METHODOLOGY

For the purpose of investigating the effect of pectin methylation on its biological act-
ivities, four pectin derivatives (Scheme 1) were selected as model compounds, each contain-
ing three sugar units (a-1,4-linked D-galacturonic acid). In the first derivative, all three units
are D-galacturonic acid (TRIGAL). The other three derivatives have one methylated carboxyl
group (1Me-pectin), two methylated groups (13dMe-pectin), or all three groups methylated

Available online at: http://www.shd.org.rs/JSCS
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DOCKING STUDY OF PECTINE DERIVATIVES 1 39

(123tMe-pectin). The examined pectin derivatives are negatively charged (pK, = 3.5) due to
their negatively charged carboxyl groups, except for the fourth derivative (123tMe-pectin),
which lacks a carboxyl group as all three groups are esterified, rendering this derivative neut-
ral. The structures of the investigated compounds were optimized at the wb97xd-def2tzvp
level of theory.

OH coO OH COOCH;
O\ TRIGAL -
O HO 1Me-PECTIN
OH OH R
CoEr COO
o} o)
HO HO
OH OH
0 coo” O coo
o) o
HO HO
OH OH
OH OH
OH
COOCHs OH COOCH;
o
HO <
OH 13dMe-PECTIN HO 123tMe-PECTIN
0 coo OH
O COOCHs
\ O) o
Ho OH H O&‘
O coocHs Ok
o COOCHs
HO 2
OH HO >
"
oM OH

Scheme 1. Illustration of the structures of the investigated pectin derivatives.

The anti-tumour efficacy of pectin derivatives was evaluated via docking analyses emp-
loying crystallographic structures obtained from the Protein Data Bank (PDB). For these pur-
poses, the structures of encompassing HMG-CoA reductase (HMGR, pdb code: 1DQ8),!0 rec-
eptor for the advanced glycation endproducts (RAGE, pdb code: 6XQ1),!! oncogenic phos-
phatase SHP2 (pdb code: 5IBS)!? and human p53 DNA-binding domain (PDB code: 6GGB)!3
were extracted.

To assess antimicrobial potential, docking studies were performed on various enzymes,
the crystal structures of which were also retrieved from the PDB. These enzymes include the
crystal structures of Pseudomonas aeruginosa Earp in complex with TDP (pdb code: 6J7L),14
Salmonella typhi TtsA (pdb code: 6V40),!5 Staphylococcus aureus Cas9 (pdb code: 5CZZ),'6
and Streptococcus mutans MetE (pdb code: 3T0C).!7

The structures of ligands (pectin derivatives) and targets were prepared in AutoDockTools
program, while the docking calculations were performed in the AutoDock program.!8 A grid
box, encompassing the rigid structure of targets, was employed to accommodate the inves-
tigated pectin derivatives. The Lamarckian genetic algorithm served as the search method,
applying 100 runs for each virtual screening. The analysis and graphical presentation of the
docking study results were performed using the Discovery Studio software (BIOVIA Software
product).!?

RESULTS AND DISCUSSION

Pectin is the focus of increasing attention as a potential antioxidant because
of its unique physicochemical properties and low toxicity. Pectins have a notable
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140 MARTINOV NESTOROV, JANJIC and PETKOVIC BENAZZOUZ

ability to scavenge free radicals and their efficiency depends on the D-galac-
turonic acid (GalA) content.20 In addition to radical mechanisms, it is known that
pectins also possess inhibitory capabilities. To ascertain whether esterification
(methylation in this case) significantly impacts the inhibitory potential of pectins,
the docking studies were conducted on two sets of target proteins. For the first set
of targets, the anticancer potential of pectin derivatives was investigated, while
for the second set of targets, the antimicrobial activity of the tested pectin deri-
vatives is predicted. The following four enzymes were selected as targets for
testing anticancer potential.

Docking study on HMG-CoA reductase (HMGR)

HMGR serves as a catalyst in the initial step of cholesterol biosynthesis,
thereby regulating a pivotal factor in cardiovascular diseases. Pectin is used as an
agent to mitigate total blood cholesterol levels.2! Moreover, HMGR inhibitors
are explored as potential anticancer agents against malignant neoplasms in
women.22 To ascertain whether the investigated pectin derivatives possess inhi-
bitory potential against HMGR, a docking study was conducted. The natural lig-
and of the enzyme (coenzyme A) and the drug atorvastatin were employed as
control compounds (further detailed in Supplementary material to this paper).
Docking results demonstrated that coenzyme A binds to the active sites of enz-
yme with binding energies of —30.12 kJ/mol (Fig. 1a). Atorvastatin also binds to
both active sites, albeit with slightly higher binding energy (-30.96 kJ/mol),
affirming its inhibitory activity. None of the four pectin derivatives bind to the
active sites but instead occupy a nearby binding pocket, exhibiting similar bind-
ing energies (ranging from —30.96 to —31.38 kJ/mol) and significant conform-
ational flexibility. By binding to this adjacent binding pocket, predominantly
through hydrogen bonds with Glu559, Gly560, Asn658, Gly756, Leu862 or
Ser865 (Fig. S-1 of the Supplementary material), pectin derivative impedes the
approach of coenzyme A to the active site, indicative of noncompetitive inhi-
bition. Furthermore, as all four derivatives bind to the same pocket with similar
binding energies, it can be inferred that methylation does not influence the
inhibitory activity of pectin.

Docking study on AGE receptor (RAGE)

The receptor for the advanced glycation end products (RAGE) is a ubiquit-
ously expressed transmembrane immunoglobulin-like receptor with multiple iso-
forms, engaging in binding with a diverse array of endogenous extracellular lig-
ands and intracellular effectors. Due to its involvement in various pathological
conditions such as cancer, diabetes, cardiovascular diseases and neurodegen-
eration, RAGE has emerged as an appealing therapeutic target for inhibitors tar-
geting both its extracellular and intracellular domains.23 The detailed description
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DOCKING STUDY OF PECTINE DERIVATIVES 14 1

of the receptor and its binding sites are provided in the Supplementary material.
To ascertain the inhibitory capabilities of the investigated pectin derivatives
against the AGE receptor, a docking study was conducted, employing tranilast as
a test compound. The receptor structure encompasses only the V and C1 domains
from the extracellular portion and docking was performed on both domains. The
results of docking revealed that the control compound (tranilast) binds to site 2
located on the V domain (Fig. 1b), with a binding energy of —27.20 kJ/mol. All
four investigated pectin derivatives bind to the same binding site (site 3) on the V
domain. Their binding to the same site indicates that methylation does not influ-
ence the activity of these derivatives. Additionally, besides sharing the same
binding site, their binding energies are highly similar (ranging from —21.76 to
—22.59 kJ/mol). The binding site of pectin derivatives aligns with that of galac-
turonic acid, as determined from the docking study.24 Discrepancies in the bind-
ing site between the control compound and pectin derivatives result from the pre-
sence of aromatic rings in the control compound, as well as a significantly higher
number of donor and acceptor groups for the conventional hydrogen bonding in
pectin derivatives. Specifically, tranilast forms classical hydrogen bonds with
Lys110 and Asnl12, as well as m—aromatic interactions with Ala21, Ala23 and
Arg98. Conversely, pectin derivatives predominantly form a larger number of
hydrogen bonds in the most stable binding site, involving residues GIn24, Thr27,
Glu32, Pro33, Val35 or Tyrl18 (Fig. S2). The results of docking suggest the
inhibitory capabilities of pectin derivatives, consistent with some previous exp-
erimental findings on this subject. It is noteworthy that pectic oligosaccharides
from orange peel (OPOs) and pectin polysaccharides from Arabica coffee husks
have been reported to exhibit inhibitory capacities against AGEs.24:25

Docking results on tumor protein p53

Pectin exhibits anticancer properties, which have been demonstrated to imp-
ede tumor development and proliferation across a diverse range of cancer cell
types.26 Notably, modified pectin (MP) shows promise in mitigating the prog-
ression and metastasis of colon and breast cancers. Furthermore, beyond its role
as a soluble dietary fibre, MP demonstrates beneficial effects on malignancy by
activating tumour-suppressor protein p53.27 This activation subsequently triggers
apoptosis pathways and induces cell cycle arrest, contributing to the suppression
of tumour progression. The extended description of the structure and function of
the tumour protein p53 is provided in the Supplementary material (SM3). The
docking results indicate that all four derivatives of pectin bind to the same site
(Fig. 1c), which does not correspond to the DNA-binding site. The binding
energies are highly similar (ranging from —24.27 to —25.52 kJ/mol), suggesting
that methylation does not affect the binding site and thus, the mechanism of
enzyme inhibition. All four derivatives bind to the beta-sheet structure of the
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142 MARTINOV NESTOROV, JANJIC and PETKOVIC BENAZZOUZ

enzyme, primarily through hydrogen bonds with amino acid residues. The deri-
vatives predominantly form conventional hydrogen bonds with Phel13, Tyr126
and Asnl31. In addition to the conventional and weak hydrogen bonds of the
C—H/O type, derivatives also engage in m-aromatic interactions with Argl10 and
Trp146 (Fig. S-3 of the Supplementary material). It is evident that a competitive
mechanism is not at play and the binding of pectin to the region of the protein
with a beta-sheet structure induces conformational changes, resulting in alterat-
ions in the conformation of the DNA-binding site (non-competitive mechanism).
(a) pdb code:/;_ EDQS (b) pdb code: 6XQ1

A atorvastatin
4 £ (30,96 kimol)

coenzyme A

S (-30.12 kJimol) = 3 ._'a'(;mum

tranilast (-27.20 kinol}
\_site

CI
N, domain

TRIGAL (-22.59 kekmol)

Y IRIGAL -30.96 kdimolp IMe-PECTIN (-22.17 kiiotol)
W2 IMe-PECTIN (30.96 kiimoty  13dMePECTIN (-22.17 Kl/mol)
13dMe-PECTIN (-3/.38 Jimolj | 23tMe-PECTIN (227,76 klmol)
123tMe-PECTIN (-31.38 kJmol)

(c) pdb code: 6GGB (d) pdb code: SIBS

e/ \
1 Cad) TRIGAL. (-25.10 kiimol)
S0 € IMePECTIN (-24.69 kimol)
13dMe-PECTIN (-24.27 kl/mol)
123(Me PECTIN (-24.69 kJ/mol)

TRIGAL (-25.52 kkmol)
IMe-PECTIN (-24.69 kffmol)

13dMe-PECTIN (-24.69 kJimol) (8~
123tMe-PECTIN (-24.27 kJimol) "l

Fig. 1. Binding sites and binding energies of the investigated compounds for HMGR (a), the
AGE receptors (b), pS3 cancer mutant (c¢) and oncogenic phosphatase SHP2 (d).

Docking study on the oncogenic phosphatase SHP2

The Src homology 2-containing protein tyrosine phosphatase 2 (SHP2) is a
non-receptor protein tyrosine phosphatase widely expressed, predominantly
within the cytoplasm of various tissues. Src homology region 2-containing pro-
tein tyrosine phosphatase 2 (SHP2) is implicated in breast cancer, leukaemia,
lung cancer, liver cancer, gastric cancer, laryngeal cancer, oral cancer and other
malignancies.?® Germline mutations in SHP2 lead to developmental disorders,
while somatic mutations are observed in both childhood and adult cancers, con-
tributing to leukaemia in murine models. SHP2 presents as a promising thera-
peutic target due to its involvement in numerous biological processes. For further
details on the structure and function of the protein, refer to Supplementary
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DOCKING STUDY OF PECTINE DERIVATIVES 143

material. The docking results indicate non-competitive inhibition, as all four
derivatives bind to an allosteric site on SHP2 (Fig. 1d). Binding energies are sim-
ilar for all four tested compounds, ranging from —24.27 to —25.10 kJ/mol, sug-
gesting that the degree of methylation does not play a significant role in recog-
nition at the binding site on SHP2. The classical hydrogen bonds are responsible
for the binding of derivatives to SHP2, although contributions are also made by
carbon—hydrogen bonds and hydrophobic interactions. The formation of hydro-
gen bonds primarily includes Thr108, Glul10, His114, Thr218, Glu 232 and
Arg229 (Fig. S-4 of the Supplementary material).

The radical mechanism is present in the protective mechanism of derivatized
pectins from apples, citrus fruits and polygalacturonic acid, which reduce the
growth of Escherichia coli and Staphylococcus aureus.29 However, the antimic-
robial action of pectins is not solely achieved through the radical mechanism but
also by inhibiting relevant biomolecules. For this purpose, four targets were sel-
ected, which play a crucial role in antimicrobial activity.

Docking study on the Salmonella Typhi 7¢s4

S. Typhi TtsA is a protein crucial for secreting typhoid toxin, a virulence
factor of S. Typhi. TtsA aids in transporting the toxin across the peptidoglycan
layer of the bacterial cell wall, essential for its release into the Salmonella-con-
taining vacuole.29 A detailed description of the structure and function of the
enzyme is given in the Supplementary material. To determine whether the inves-
tigated pectin derivatives possess inhibitory capabilities, a docking study was
conducted, in which azithromycin (Supplementary material) was used as the test
compound. Azithromycin and pectin derivatives are bound at the same site,
between the amino-terminal catalytic domain (1-92) and carboxy-terminal
substrate binding domain (93-180) of TtsA (Fig. 2a), forming hydrogen bonds
mainly with the N-terminal histidine-epitope (Fig. S-5 of the Supplementary mat-
erial). Pectin derivatives have higher binding energies (in the range of —30.12 to
—-30.96 kJ/mol) than azithromycin (-28.87 kJ/mol), which indicates a more pro-
nounced inhibitory potential of derivatives. Stronger binding energies are due to
a larger number of hydrogen bonds of pectin derivatives (about 4 bonds, Fig. S-5)
than azithromycin (only 1 bond, Fig. S-5).

Docking study of Pseudomonas aeruginosa Earp

Protein glycosylation, the most widespread posttranslational modification in
nature, significantly influences protein structure and function. Arginine glycosyl-
ation was reported as an L-rhamnosylation modification on a specific arginine
residue within bacterial translation elongation factor P (EF-P). P. aeruginosa
EarP may provide a platform for the development of new narrow-spectrum anti-
bacterial agents to combat infections from P. aeruginosa and other EarP-con-
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taining pathogenic bacteria. A detailed description of the structure and function
of the Earp is given in the Supplementary material. Thymidine-5'-diphosphate
(TDP) was used as a control compound (the structures of target and TDP were
extracted from the crystal structure with the pdb code 6J7L).30 The control com-
pound is as expected docked on active site (Asp12, Asp16 and Glu272) with high
binding energy —37.66 kJ/mol. The findings indicate that all four examined pec-
tin derivatives demonstrate binding affinity to the same site (Fig. 2b), but with
significantly lower binding energies (in the range of —28.45 to —28.87 kJ/mol).
One can conclude that pectin derivatives possess inhibitory properties and meth-
ylation exerts minimal influence on the activity of these derivatives, by binding
to this adjacent binding pocket, predominantly through hydrogen bonds with
Asnl3, Aspl6, Thr296 and Lys300 (Fig. S-6 of the Supplementary material).

# -, TRIGAL (-30.54 kiimolj -
1Me-PECTIN (-30.12 Ef/molj

13dMe-PECTIN (-30.96 kJimol)
123tMe-PECTIN (-30. /2 kJ/mol) \

(b) pdb code: 6J7L IRIGAL (-28.87 kimol)
— IMe-PECTIN (-28.87 k//mol}
N (-28.43 kl/mel)
ie. 123(Me-PECTIN (-28.87 kdimol)

(a) pdb code: 6Y40

active L
L site 5&& )
\ NN G

TRIGAL (-38.42 flfmol}
1Me-PECTIN (-37.66 kJinol)
13dMe-PECTIN (-37.66 kiimol)

Fig. 2. The binding sites and binding energies of investigated compounds for Salmonella typhi
TtsA (a), Pseudomonas aeruginosa Earp (b), Streptococcus mutans MetE (c) and
Staphylococcus aureus Cas9 (d).

Docking results on Streptococcus mutans MetE

S. mutans MetE is an enzyme found in the bacterium S. mutans. Specifically,
MetE is involved in the biosynthesis of methionine, an essential amino acid. S.
mutans is primarily known for its role in dental caries (tooth decay) and dental
plaque formation. However, it can also cause other oral health issues such as
gingivitis and periodontitis when conditions favour its growth and colonization in
the oral cavity. Additionally, S. mutans has been implicated in infective endo-
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carditis, a serious infection of the heart valves, particularly in individuals with
underlying heart conditions or compromised immune systems. A detailed des-
cription of the structure and function of the MetE is given in the Supplementary
material.31 Amoxicillin (AMX) is one of the most prescribed antibiotics globally,
which for the purposes of this study is used as a control compound. Not one
molecule from derivatives of neither pectin nor amoxicillin is docked on the act-
ive site where Zn is coordinated (Fig. 2c). Amoxicillin was docked for a site
located in the N domain, with the binding energy of —38.07 kJ/mol), indicating its
allosteric mechanism of inhibition. The 123tMe-PECTIN derivative was bound
to the same site, forming hydrogen bonds with Arg43, Phe63, Leu65, Asp71,
1190, Asn131 and Asnl32 (Fig. S-7 of the Supplementary material), with a sig-
nificantly lower binding energy of —31.38 kJ/mol. It is obvious that the binding
of these two compounds causes conformational changes in the N-domain, which
are transmitted to the C-domain, interfering with the binding of the substrate to
the active site. The remaining three pectin derivatives bind near the a-helix that
connects two domains, with significantly higher binding energies (in range from
—37.66 to —38.49 kJ/mol) compared to the 123tMe-pectin derivative. It is possible
that the docked derivatives may act as an allosteric modulator inducing con-
formational changes that affect enzyme activity. The conventional hydrogen
bonds with the Arg287, Asn288, His321 and Asn549 are mainly responsible for
the binding of mentioned derivatives (Fig. S-7 of the Supplementary material).

Docking results on Staphylococcus aureus Cas9

S. aureus Cas9 (SaCas9) is an RNA-guided endonuclease derived from the
bacterium S. aureus. The bacterial protein from S. aureus is associated with
various human infections, including skin and soft tissue infections, pneumonia,
bloodstream infections and others.32 The RNA-guided DNA endonuclease Cas9
cleaves double-stranded DNA targets with a protospacer adjacent motif (PAM)
and complementarity to the RNA guide. For the purposes of docking studies, the
target structure of S. aureus Cas9 in a complex with sgRNA and its DNA targets
was selected.1® The cleavage site in the target DNA strand (the phosphodiester
linkage between dC3 and dA4) is distant from the active site of the HNH domain
(Asn580) and RuvC domain (Aspl0), indicating that the present structure rep-
resents the inactive state. Triterpenoids, such as betulinic acid (BA), show pro-
mising antimicrobial properties and are a promising candidate for combating bio-
film-associated infections.33 The results of docking studies showed the existence
of three binding sites (BS1, BS2 and BS3) of betulinic acid and pectin derivatives
(Fig. 2d), with similar binding energies and number of conformations. However,
all three places are not located on the enzyme, but in parts representing double
helicoidal structures. The first binding site is located close to the cleavage site.
All this leads to the conclusion that pectin derivatives and betulinic acid stabilize

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

(CC) 2025 Serbian Chemical Society.



146 MARTINOV NESTOROV, JANJIC and PETKOVIC BENAZZOUZ

the structure of the DNA double helix, thus preventing the DNA cleavage. The
binding energy in the cleavage site (BS1) of betulinic acid (—47.70 kJ/mol) is
higher than the binding energy of pectin derivatives (in range from —41.84 to
—45.19 kJ/mol).

CONCLUSION

The present study investigated whether the esterification of pectin, parti-
cularly the methylation of carboxyl groups, affects the inhibitory potential of pec-
tins, with a focus on their antimicrobial and anticancer properties. The results of
docking analyses indicate that pectin derivatives exhibit binding affinities to tar-
get proteins in some extend especially in microbial infection. The results of cal-
culations have revealed the minimal influence of methylation on chosen target set
and mostly in allosteric mechanism of actions. It is also detected that pectin
derivatives exhibit more affinity towards DNA compared to enzymes and that
may unlock the potential for further investigation and therapeutically application.

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/12903, or from the correspond-
ing author on request.
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H3BOJ

TEOPUJCKA EBAJIYALIMJA TEPAITUJCKOTI TTIOTEHLIMJAJIA IIEKTUHA Y @YHKIIUJU
CTEINIEHA METUJIOBAA

JEJIEHA B. MAPTUHOB HECTOPOB!, TOPAH B. JABbUR? 1 MAPHMJA M. [IETKOBWR BEHA330Y3?

"Ynusepsumemicku kaunuuxu yenap Cpouje, Knunuxa 3a iacmpoeniieponotujy u xeaimonoiujy, Megu-
yuHcKu Qaxynmei Ynueep3uiieiia y Beoipagy, Beoipag, ?Ynueep3utieiia y Beoipagy — UHCTRUTLY i 3d
XeMujy, WexHonotujy u memanypiujy, Hnciiuitlywi og HayuoHanHol 3uaudja 3a Petiydnuxy Cpdujy, Fbeiowesa
12, Beoipag u *Ynueepsuiieii y Beoipagy — @usuuxu Qaxynmen, Citygenmcku wipt 12—16, Beoipag

[TexTuH je y ¢oKycy HayYHUX HHTEepecoBamwa Kako 300r CBOjUX (PHU3UYKO-XEMHUjCKUX H
duoxemMujckux ocoduHa, Tako U 300T CBOje HUCKE TOKCHYHOCTU. MeTunoBame MeKTHHA je Mpu-
POZIaH mpolec KOju NOCTOjU Kao feo ofgdpambeHor cuctema henujckor 3uga of Hamaza pasiin-
YUTHX MaTOreHa. Y OBOM pany ypaheHa je NOKHMHI CTyIMja ca UWbEeM Ia Ce MPEeNBHIH Ia JIH
METWIOBalke M Y KOM CTeleHy yTH4Ye Ha aHTHKaHIleporeHe U aHTUMHKPOOHe ocoOuHe mek-
tuHa. KopuirheHa cy 4 neprBara MeKTHHA Ca Pa3THUYUTHM CTETIEHOM METWIOBama U IBa CeTa
duoMorexyna. Y mpBOM CeTy Cy eH3UMHU OLTOBOPHU 3a aHTHKaHUeporeHo nejctBo (HMG-CoA
penykrasa, AGE peuenrtop, TyMopHH mpoTeuH p53, onkoreHa docdarasa SHP2) a y apyrom
Cy €H3UMH OJITOBOPHU 33 aHTUMHKPOOHO nejctBo (Salmonella Typhi TtsA, Pseudomonas aeru-
ginosa Earp, Streptococcus mutans MetE u Staphylococcus aureus Cas9). PeaynraTi JOKUHra Cy
yKasaiu Jja CTelleH MeTHJIOBawka He Urpa ofydyjyhy yyiory y noMeHyTHM aKTUBHOCTHMA, jep
ce CBa YeTHPH [epuBaTa Be3yjy Ha HCTAa MecTa ca CIMYHUM eHeprujama Be3uWBama. Taxobhe,
MOKAa3aHo je ja JepyBaTH MeKkTHHa UMajy Behu adunauTeT Besupama mpema JHK Hero mpema
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€H3MMUMa. JeIUHO je MOTIYHO METWIOBAaHH [EepHBAT I10Ka3a0 Pa3IM4YMTO MOHALIAke, Be3y-
jyhu ce Ha pyrom Be3UBHOM MeCTy y ciny4dajy S. mutans MetE.
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SM1. DOCKING STUDY ON HMG-COA REDUCTASE

Coenzyme A, serving as the control compound, was tested in its neutral
state, considering its neutrality under gastrointestinal tract conditions (pKa; = 4.0
(adenine NH;") and pKa, = 9.6 (thiol)). The pH gradient in the gastrointestinal
tract gradually rises from pH 6 in the small intestine to approximately pH 7.4 in
the terminal ileum. Subsequently, the pH decreases to 5.7 in the caecum,
followed by a gradual increase to pH 6.7 in the rectum. The dissolved pectin
exhibits a negative charge at neutral pH, approaching neutrality at low pH, with a
pKa value of approximately 3.5. Atorvastatin, belonging to the class of
medications known as HMG-CoA reductase inhibitors (statins), functions by
inhibiting the synthesis of cholesterol in the body, thereby reducing the
accumulation of cholesterol on arterial walls and mitigating the risk of arterial
blockage, particularly in vital organs such as the heart and brain. In the
gastrointestinal tract, atorvastatin bears a negative charge due to its pKa value of
4.46.

* Corresponding author. E-mail: marijapetkovic@ff.bg.ac.rs
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Fig. S-1. Amino acid environment of the investigated pectin derivatives for HMG-CoA
Reductase, in the binding site with the highest binding energy.
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SM2. DOCKING STUDY ON AGE RECEPTORS (RAGE)

The binding of ligands to the extracellular domain of RAGE initiates a
multifaceted intracellular signalling cascade, triggering the generation of reactive
oxygen species (ROS), immunoinflammatory responses, cellular proliferation, or
apoptosis, along with the upregulation of RAGE itself. Human RAGE is
composed of three main domains: an extracellular region (residues 23-342), a
hydrophobic transmembrane region (residues 343-363) and a cytoplasmic region
(residues 364-404). The extracellular structure of RAGE comprises three
immunoglobulin-like domains: a variable (V) domain (residues 23—-116) and two
constant C1 (residues 124-221) and C2 (residues 227-317) domains. Within the
V domain, eight strands (A’, B, C, C’, D, E, F and G) are connected by six loops,
forming two P-sheets linked by a disulfide bridge between Cys38 and Cys99.%
Specifically, residues showing chemical shift perturbations (CSPs) in the V
domain correspond to crucial residues in the binding surface, such as Glu50,
Ly52, Arg98, GInl00, Alal0l, Lysll10 and Asnll2 (which are key ligand
interaction residues for sites 1 and 2). The further analysis of this structure has
revealed details about the interactions in a newly identified "site 3," including a
strong interaction with Lys39 and an additional contact with Tyri13. These
residues are of particular interest, as some initial hit fragments caused CSPs in
these residues, suggesting their potential as starting points for incorporating the
new site 3 into future inhibitor designs.>™' Tranilast, anti-allergic drug molecule
that significantly inhibits the binding interactions of V-domain of RAGE, was
used as a control compound.
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SM3. DOCKING STUDY ON TUMOR PROTEIN P53

The p53 tumour suppressor gene plays a pivotal role in triggering apoptosis
and is commonly known as the guardian of the genome.>™'! In approximately half
of human cancers, the mutations in the p53 tumour suppressor gene are observed,
often manifesting as missense substitutions in its core domain, specifically the
DNA-binding core domain (CD) (residues 94-312). The p53-Y220C mutant
serves as a notable model for developing drugs intended to stabilize mutant p53
proteins.>™' Mutations affecting DNA contacts within the core DNA-binding
domain can result in the loss of function of the p53 tumour suppressor protein.
Nevertheless, this functionality can be reinstated through second-site suppressor
or rescue mutations.*™? Six residues within p53 are identified as the hotspots for
tumorigenic mutations, all localized within the DNA-binding substructure. These
mutations may disrupt DNA contacts or induce structural alterations, leading to
local conformational instability or global denaturation. Four "structural" hotspots
(Argl75, Gly245, Arg249 and Arg282) predominantly exhibit a single
substitution, while two "DNA-contact" hotspots, Arg248 and Arg273, are

distinguished.*™”
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Fig. S-3. Amino acid environment of investigated pectin derivatives for the pS3 cancer
mutant, in the binding site with the highest binding energy.
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SM4. DOCKING STUDY ON THE ONCOGENIC PHOSPHATASE SHP2

SHP2 is a 68 kDa protein comprising 593 amino acid residues, which
include two tandem SH2 domains (N-SH2 and C-SH2) spanning residues 1-120,
a catalytic protein tyrosine phosphatase domain (PTP domain residues 237-525)
and a disordered C-terminal tail (residues 526-593) containing phosphorylation
sites at Tyr542 and Tyr580.°™* In its inactive state, SHP2 is autoinhibited by
residues located on the catalytic surface of the PTP domain and the N-SH2
domain, thereby suppressing the protein's activity and restricting substrate access
to its catalytic site. Activation by growth factors induces intramolecular
"dissociation" upon phosphopeptide binding, releasing the N-SH2 domain from
the PTP domain. In the case of catalytic site obstruction, the N-terminal SH2
domain promptly obstructs its active site.

Traditionally, the inhibition of SHP2 catalytic activity would necessitate
targeting the PTP domain. Historically, various selective SHP2 inhibitors have
been investigated in the context of leukemia-associated SHP2 mutants; however,
many of these compounds still face challenges related to low bioavailability or
permeability.*™> Targeting the PTP active site requires the development of highly
selective molecules and efforts to discover compounds with specific binding to
this site are ongoing. Moreover, the positively charged environment of the PTP
catalytic pocket poses unique challenges for drug discovery, as most catalytic site
inhibitors require multiple ionizable functional groups to inhibit the enzyme. The
key residues within the PTP catalytic cleft include Cys459, serving as the
catalytic nucleophile; Arg465, contributing to the "phosphate binding cradle";
and Asp425, acting as the general acid in catalysis.*™’
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Fig. S-4. Amino acid environment of the investigated pectin derivatives for the Oncogenic
Phosphatase SHP2, at the binding site with the highest binding energy.

SM5. DOCKING STUDY ON THE SALMONELLA TYPHI TTSA

Salmonella Typhi TtsA -This enzyme, represented by PDB code 6V40 with
four chains (A, B, C, D), exhibits muramidase activity vital for traversing the
peptidoglycan layer. Muramidases like TtsA catalyze the hydrolysis of bonds in
peptidoglycan, facilitating the passage of toxin-containing vesicles through the
cell wall and contributing to bacterial cell lysis. The enzyme contains from 4
chains A, B, C, D. In the protein's structure, the amino terminal domain hosts the
lysozyme-like catalytic triad positioned beneath a 'flap' structure formed by a
loop. This loop is tethered to the domain through interactions with three short
helices. Conversely, the carboxy-terminal substrate-binding domain comprises
six anti-parallel a-helices that assemble into a helix bundle arrangement. This
helix bundle serves as a scaffold for a platform housing a central groove, which,
in conjunction with the catalytic triad-containing flap, adopts a ring-like
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configuration. For the purposes of the docking study, only A chain was taken as
the target.

Presently, ceftriaxone, ciprofloxacin and azithromycin have garnered
recommendation as primary antibiotics for the clinical management of
Salmonella infection, particularly those precipitated by S. Typhimurium.S™®
Azithromycin [9-deoxo0-9a-aza-9a-methyl-9a-homoerythromycin] is a part of the
azalide subclass of macrolides. Azithromycin functions by impeding bacterial
proliferation, thereby augmenting the host immune response against infection.

il OH

—0
HO _.C)
]
d Azithromycin

L —

This pharmaceutical agent is frequently prescribed to address an assortment
of bacterial afflictions,*™¢ including but not limited to respiratory conditions such
as bronchitis, pneumonia and sinusitis. Additionally, azithromycin finds its use in
treating certain sexually transmitted infections (STIs) such as chlamydia and
gonorrhoea, alongside other bacterial infections like dermatological and
otological conditions.S™®
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Figure S-5. Amino acid environment of the investigated pectin derivatives for Salmonella
Typhi TtsA, at the binding site with the highest binding energy.

SM6. DOCKING STUDY OF Pseudomonas aeruginosa EARP

Protein glycosylation, the most widespread posttranslational modification in
nature, significantly influences the protein structure and function. Initially
thought to be exclusive to eukaryotes, it's now evident that bacteria, including
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pathogens, possess both O- and N-linked glycosylation pathways, exhibiting
similarities and unexpected variations compared to their eukaryotic
counterparts.>™” N-linked protein glycosylation typically targets Asn residues
within Asn-X-Ser/Thr sequences, with X representing any amino acid except
proline. Notably, the type III secretion effector NleB from attaching/effacing
pathogens has been found to catalyse rare N-glycosylation of arginine residues
on host proteins with N-acetylglucosamine (GIcNAc), thereby inhibiting
antibacterial and inflammatory host responses. Pseudomonas aeruginosa EarP
exhibits a distinctive structure consisting of two Rossmann-like domains
separated by a deep cleft. The N-terminal domain (NTD features a four-stranded
parallel B-sheet at its core flanked by o-hairpins, surrounded by helices.>™’
Contrary to that, the C-terminal domain (CTD) comprises a five-stranded parallel
B-sheet with an antiparallel strand on one side, encircled by helices. The
interdomain contacts are maintained by a C-terminal helix extending from the
CTD and connecting loops between the domains. The active site is located in a
cavity in the cleft between the NTD and the CTD (Figure 1B). TDP-Rha" stands
for "thymidine diphosphate-L-rhamnose." It is a nucleotide sugar molecule
consisting of thymidine diphosphate (TDP) bound to L-rhamnose. TDP-Rha
serves as a substrate in various biological processes, particularly in glycosylation
reactions, where the rhamnose moiety is transferred to acceptor molecules, such
as proteins, lipids, or other carbohydrates, by glycosyltransferase enzymes.s™’
This modification plays critical roles in various cellular functions, including cell
wall biosynthesis, protein glycosylation and the biosynthesis of secondary
metabolites. The docking study was obtained using crystal structure of
Pseudomonas aeruginosa Earp (pdb code: 6J7L). For the control compound we
docked the cleared enzyme with thymidine-5'-diphosphate (TDP).
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Figure S-6. Amino acid environment of the investigated pectin derivatives for Pseudomonas
aeruginosa Earp, at the binding site with the highest binding energy.

SM7. DOCKING RESULTS ON Streptococcus mutans MetE

Streptococcus mutans MetE is an enzyme found in the bacterium
Streptococcus mutans. Specifically, MetE is involved in the biosynthesis of
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methionine, an essential amino acid. In S. mutans, methionine biosynthesis is
crucial for wvarious cellular processes, including protein synthesis and
metabolism.*™’ S. mutans is primarily known for its role in dental caries (tooth
decay) and dental plaque formation. However, it can also cause other oral health
issues such as gingivitis and periodontitis when conditions favour its growth and
colonization in the oral cavity. Additionally, S. mutans has been implicated in
infective endocarditis, a serious infection of the heart valves, particularly in
individuals with underlying heart conditions or compromised immune systems.
MetE has two domains, N and C, The N-domain is made up of residues 1-359,
while the C-domain contains residues 398-745. each folded into (Pa)8 barrels,
joined by a helix linker. The active site, housing a zinc atom, lies at their
interface. The two domains are positioned with the two barrels facing each other
in a head-to-head alignment. A deep groove is formed with the active site of
MetE at the domain interface. The deep groove between the two domains also
provides a solvent-accessible path leading to the active site. The zinc atom is
situated at the active site (Figure 1) and regulates enzyme function and can
impact cellular processes. Amoxicillin (AMX) is one of the most prescribed
antibiotics globally. The high absorption rate of AMX into the bloodstream
reduces side effects and increases serum concentrations, making it desirable as an
oral treatment.
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Abstract: The redox balance plays a crucial role in maintaining biological pro-
cesses under normal conditions. Antioxidants inhibit and reduce harmful oxid-
ation processes, while pro-oxidants can act as anti-cancer agents by promoting
ROS-mediated cell death. The aim of this study is to compare the redox pro-
perties of seven newly synthesised tribromopyrrole derivatives with three novel
and four previously synthesized non-halogenated analogues in an in vitro
model (in human serum) and with exogenously induced oxidative stress. The
obtained values of their oxy scores (OS) were compared and the result showed
that four non-halogenated pyrrole derivatives with secondary amide group M2,
M10, M11 and M12 have lower OS values than Trolox, a water-soluble ana-
logue of vitamin E with proven antioxidant properties. All four compounds
show strong resistance to oxidative stress, which is reflected in the mainten-
ance of negative OS values when exposed to exogenous oxidative stress using
TBH in the reaction mixture. This capability to resist invading ROS should be
expected also in an endogenous environment, where constant prooxidant pro-
duction takes place at a low, homeostatic level, but even more so in patho-
logical conditions. The tribrominated derivative M15 showed prooxidant activity
with a significantly higher OS value than all other compounds tested. The com-
parison of the dose-response of Trolox and the five compounds with the lowest
OS also shows that compounds M2, M7 and M10 have better antioxidant
activity than Trolox.

Keywords: oxidative stress; antioxidant; prooxidant; synthesis; pyrroles.
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INTRODUCTION

In the complex web of cell biology, oxidative processes play a crucial role in
maintaining homeostasis and regulating various physiological functions. A central
role in this complicated network is played by reactive oxygen species (ROS), a
class of highly reactive species that serve both as important signaling molecules
and potential indicators of cell damage. While ROS are essential components of
various cellular processes, an imbalance in their production and elimination can
lead to oxidative stress, a disorder that plays a role in a variety of pathological
conditions, including cancer. Reactive oxygen species include a number of mole-
cules, e.g., superoxide anions, hydrogen peroxide and hydroxyl radicals (*OH),
which are produced during normal cellular metabolism. These species are involved
in important cellular signaling pathways such as redox signaling, but also pose a
threat as they can cause oxidative damage to biomolecules such as proteins,
lipids and nucleic acids.!2

Oxidative stress occurs when the cellular antioxidant defense mechanisms
are overwhelmed, leading to an accumulation of ROS that exceeds the cell’s abil-
ity to neutralise them. This imbalance can have various causes, including meta-
bolic disorders. Importantly, the consequences of oxidative stress extend beyond
the immediate cellular environment. Persistent oxidative stress can trigger gen-
omic instability and promote mutagenesis, creating a favorable environment for
tumour development and progression. Cancer cells develop mechanisms to keep
high oxidative stress under control. This enables the involvement of ROS in the
angiogenesis, invasiveness and metastatic capacity of cancers. At each stage of
cancer development, cancer cells are adapted to high levels of ROS, which
enables their survival in conditions unbearable for normal cells.3:4 Furthermore,
the intricate interplay between prooxidant activities and cellular antioxidant def-
ense mechanisms contributes to an even more complex understanding of redox
dynamics in cancer biology.>-¢

Pyrrole is a heterocyclic compound whose derivatives show diverse pharma-
cological properties. The flat, electron-rich ring of pyrrole is highly susceptible to
electrophilic attack and can bind to numerous biomolecules through hydrogen
bonding and m— stacking interactions.’” This essential structural element is found
in various naturally occurring structures such as chlorophyll, haemoglobin, myo-
globin, cytochromes, vitamin B12 and bile pigments such as bilirubin and bili-
verdin.8 The pyrrole subunit can be considered as privileged structure in medic-
inal chemistry extensively used as a key structural element in antifungals,” anti-
microbials,!0 anti-inflammatory agents,!! HMG-CoA reductase inhibitors!2 and
antitumour agents.!3 There are some commercially available drugs such as keto-
rolac (1), tolmetin (2) and zomepirac (3), which are trisubstituted pyrrole derivat-
ives used as non-steroidal anti-inflammatory drugs (Fig. 1).
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Due to the considerable reactivity of pyrroles with electrophiles, halogenated
derivatives of pyrroles are widespread in nature. The enzymatic incorporation of
halogens into the biosynthesis of natural compounds allows fine-tuning of elec-
tronic and steric properties, which influence the affinity and selectivity of a mole-
cule’s interactions with its biological target. The antibiotic properties of certain
natural halogenated pyrroles, such as pentabromopseudilin (4), pyoluteorin (5)
and pyrrolnitrin (6, Fig. 1), have long been recognized.!4 This class of com-
pounds also has some anticancer and antifungal activity and inhibits cholesterol
biosynthesis. Pyrrolomycines (7), polyhalogenated pyrrole metabolites isolated
from the fermentation broth of Actinosporangium and Streptomyces species, also
show antibiotic activity.
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1
CH,
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Br Br
cl ON Br
| A\ Br HO Br
Br N c— | gr—¢ |
. H ! ) Cl u
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Fig. 1. Structures of some important pyrrole derivatives.

Typical antioxidants such as polyphenols neutralize oxygen radicals by a
process that usually involves the transfer of hydrogen atoms (HAT) and results in
a stabilized phenolic radical that does not continue the oxidative chain process. It
has been shown that pyrroles, which have an N-H bond, also act as hydrogen
atom donors and have antioxidant activity.!5 The antioxidant activity of various
pyrrole derivatives, such as pyrrole-2-carbaldehydes, ¢ pyrrole-2,5-diones,!7 pyr-
role-based dihydropyrimidines,!8 hydrazides!® and formazans,20 has been demon-
strated. Also, our previous study of substituted coumarins and the related iso-
coumarins and phthalides also showed the positive effect of azolyl substituents
on the antioxidant/prooxidant balance of these compounds.2!

Exploration of the antioxidant properties of pyrazole derivatives, revealed
that the introduction of a chlorine atom into the aromatic ring increases the anti-
oxidant capacity of these derivatives compared to non-halogenated ones.?? Bear-
ing in mind this fact, we envisioned to explore antioxidant/prooxidant potential of a
series of newly synthesized tribromopyrrole derivatives in comparison with non-
halogenated analogues in biological medium (serum pool of healthy volunteers).
The unique pyrrole derivatives used in this study are easily accessible via chem-
istry that we have recently reported and further developed.23
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EXPERIMENTAL
General

All chemicals used for the synthesis were obtained from commercial sources and were of
reagent grade purity or better (Merck, Sigma Aldrich, Fluka, Fisher Scientific, efc.). 'H- and
13C-nuclear magnetic resonance (NMR) spectra were recorded at 400 and 101 MHz, respect-
ively, using a Bruker Ascend 400 (400 MHz) spectrometer. Deuterochloroform was used as
the solvent and chemical shifts are reported in ppm (J) downfield from tetramethylsilane as
the internal standard. Mass spectral data were recorded using an Orbitrap XL. Flash chromate-
graphy used a silica gel 60 (230-400 mesh), while thin-layer chromatography (TLC) was
carried out using alumina plates with a 0.25 mm silica layer (Kieselgel 60 F254 Merck). The
compounds were visualized by staining with potassium permanganate solution. Synthetic pro-
cedures are listed in the Supplementary data.

Sample collection

A serum pool was formed from samples of healthy individuals remaining after routine
laboratory procedures. The use of patient data is excluded in this study. The selected samples
included individuals whose key biochemical parameters were within the reference ranges for
metabolites, which served as confirmation of their overall good health. The aliquots of the
serum pool were frozen at —80 °C and used several months after the first collection. The sub-
stances to be analyzed, dissolved in DMSO at an initial concentration of 10 mmol/L, were
mixed with the aliquots of the serum pool at a ratio of 1:9, thereby restricting sample dilution
to 10 % and preserving the biomatrix. The final concentration for all tested substances was
maintained at 1 mmol/L. This was followed by a two-hour incubation at 37 °C and the ana-
lyses were performed in duplicate, both alone and in combination with the exogenously added
prooxidant zert-butyl hydroperoxide (TBH) at a concentration of 0.25 mmol/L, in an equivol-
ume ratio.

Evaluation of biochemical parameters

The study involved the analysis of four redox status parameters using already published
spectrophotometric methods. Two parameters defined prooxidant properties, total oxidative
status (TOS) and prooxidant—antioxidant balance (PAB), while the other two, total antioxidant
status (TAS) and total sulthydryl groups (SHG), described antioxidant potential.

Serum TOS, a sum of lipid hydroperoxides and H,O, concentrations, was determined by
Erel’s method modified in our laboratory. This involves the oxidation of ferrous ion in the
o-dianisidine complex to ferric ion by oxidants present in the sample. The intensity of the
color is proportional to the total amount of oxidant molecules in the sample. Calibration was
performed with an aqueous solution of hydrogen peroxide (2-200 pmol/L) and the results are
expressed as pumol H,0, equivalent/L.2627

Serum PAB is a measure of H,O, concentration in an antioxidant environment measured
by a previously published method.2® The method involves the simultaneous reaction of 3,3'-
-5,5'-tetramethylbenzidine (TMB) with hydrogen peroxide and antioxidants such as uric acid.
The reaction of hydrogen peroxide and chromogen is enzymatically catalyzed by peroxidase,
whereas the reaction of serum antioxidants and chromogen is a non-enzymatic chemical pro-
cess. The standard solutions were prepared by combining different proportions (0-100 %) of 1
mmol/L H,O, with 6 mmol/L uric acid. The absorbance was measured at 450 nm and the
PAB values are expressed in arbitrary units corresponding to the percentage of H,0O, in the
standard solution. All measurements were performed using the micro-plate reader SPECTROstar
Nano Microplate Reader (BMG Labtech, Ortenberg, Germany).
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TAS represents the total concentration of all reductive substances in the blood and was
measured using Erel’s method, which was further optimized in the laboratory.?” The assay
involves the oxidation of reduced 2,2-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS)
with hydrogen peroxide in an acidic medium. The antioxidants in the serum cause a discolor-
ation of the reagent and the extent of the discolouration is proportional to their concen-
tration.?? Calibration was performed with Trolox, a water-soluble analogue of vitamin E, in
the measuring range of 200-2000 umol/L and the absorbance measured at 660 nm. The assay
results are given in micromole Trolox equivalents/L.

SHG values were measured using a modification of the Ellman method by Kotur-Ste-
vuljevic et al. The method used 10 mM 5,5’-dithiobis(2-nitrodithiobenzoic acid) (DTNB) as a
reagent.2” In a basic environment (pH 9.0), DTNB reacts with aliphatic thiol compounds to
produce 1 mole of p-nitrophenol anion per mole of thiol. The absorbance was measured at 412
nm and the calibration used reduced glutathione as a standard in the concentration range of
0.01-4.0 mM.

Prooxidant score, antioxidant score and oxy score

The oxy score (OS) is calculated as the difference between the prooxidant score (average
Z-scores of the measured prooxidants and their products, including TOS and PAB) and the
antioxidant score (average Z-scores of the measured antioxidants, such as TAS and SHG). The
Z-score is calculated as the difference between the original value and the control value divided
by the standard deviation (SD) of the control samples’ value. A higher oxy score indicates a
poorer redox status (weaker antioxidant protection and a higher content of prooxidants).
Statistical analysis

Data are presented as median values (2575t percentile values). For the inter-groups
comparison Kruskal-Wallis ANOVA and post-hoc Mann—Whitney U test were used. The P
value below 0.05 was considered as statistically significant.

RESULTS AND DISCUSSION

Recently, we reported a novel method for the selective arylation of pyrrole
derivatives in which the arylation agent fulfils a dual function: protection of the
NH moiety and C(2) arylation.23 During our mechanistic insight into this reaction,
we found that treatment of acylpyrrole 1 with Pd(OAc),/PPh3 and K3POy4 as a
base in refluxing acetonitrile gives a tricyclic compound 2 (Scheme 1). The elec-
trophilic aromatic substitution of the pyrrole ring with Bry in CCly led to the
formation of a tribrominated pyrrole derivative 3, a structural motif found in sev-
eral biologically active compounds. The subsequent ring opening of 2 or 3 with
primary and secondary amine nucleophiles produces pyrrole derivatives M1-M6,
M10-M15 which are subjected to examination in antioxidant assays (Scheme 2).
If an amine is used as a solvent, the reaction proceeds very quickly. After heating
to 100 °C for 5 min, amides are formed in 72-96 % yields. An alternative with 3
equivalents of amine in acetonitrile as solvent gave comparable yield of product,
but in this case overnight heating in boiling solvents is required. Furthermore,
ring opening of compounds 2 and 3 with 1,2-diaminoethane, followed by reduct-
ive amination of the primary amino group with vanillin (3-hydroxy-4-methoxy-
benzaldehyde), led to compounds M7 and M8, in which the structures of pyrrole
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are combined with a phenolic ring with proven antioxidant activity. In order to
investigate the significance of the pyrrole ring for antioxidant activity, a com-
pound without the pyrrole ring, M9, was also synthesized, which was achieved
by reductive amination of benzylamine and vanillin,25

{/ \> Pd(OAc), Br. Br
N7 PPhs ® Bra, CCl4 / \
— N —_—
K.PO. rt, 18h, Br N
3 4
o MeCN, D 100%
18h 0 0
1 2 3

Scheme 1. Synthesis of tricyclic pyrrole derivatives.
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2. vaniline, MgSQy,, 18h, THF, rt
3. NaBH,, MeOH, 2h, rt
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H

HN_\_N\_GOH
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Scheme 2. Synthesis of pyrrole derivatives for the investigation of redox properties.

In order to estimate antioxidant potential of newly synthesized bromopyrrole
derivatives and their non-halogenated analogues, we measured two prooxidant
(TOS and PAB) and two antioxidant (TAs and SHG) parameters (data presented
in the Supplementary material to this paper). The experiments were performed
without or with externally added #-butyl hydroperoxide to mimic the conditions
prevailing during the development of pathological processes. The main objective
of this analysis is the calculation of three redox scores (without and with the
addition of TBH), as their value indicates the level of prooxidant/antioxidant act-
ivity in the biological medium (serum pool). Typically, a low oxy score is asso-
ciated with significant antioxidant capabilities of the compounds tested. Oxy
scores, when considering the addition of TBH, reflect the capacity of the system
to resist the effects of exogenous prooxidant.

The structures of all tested compounds are outlined in Fig. 2 and their redox
scores are listed in Table 1.
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Fig. 2. Structures of tested compounds, Trolox and TBH.

TABLE I. Calculated values of prooxy, antioxy and oxy score of tested compounds; data
presented as medians and 2575t percentile values in brackets; entries a—o: samples without
TBH; entries a’—0”: samples with TBH

Entry Compound Prooxy score Antioxy score Oxy score

- blank (0) -3.3 (-5.9-0.0) —0.4 (-2.2-0.6) -1.1 (—4.2-0.0)

a Ml —8.7 (-9.2—-(-)8.1) 7.0 (6.9-7.1) -15.7 (-16.1-(-)15.3)
b M2 —-18.3 (-19.3+(-)17.3) 8.6 (8.0-9.2) —26.9 (-27.3+(-)26.5)
c M3 -11.1 (-11.4-(-)10.9) 6.1 (6.0-6.2) -17.2 (-17.5-(-)16.9)
d M4 7.9 (-8.5+(-)7.3) 7.2 (4.9-9.6) -15.1 (-18.1-(9)12.2)
e M5 -1.5 (2.5+(-)0.5) 3.6 (3.6-3.6) 5.1 (=6.1-(-)4.1)

f M6 -1.3(-1.4-(9)1.2) 4.8 (4.7-4.9) —6.1 (—6.3+(-)6.0)
g M7 -14.7 (-15.4—(-)13.9) 11.8(11.2-12.4)  —26.4 (-26.6-(—)26.3)
h M8 2.6 (-3.2+(-)2.0) 8.0 (8.0-8.0) —-10.6 (-11.2—(—)10.0)
i M9 3.0 (-3.4-(-)2.5) 8.4 (8.3-8.5) -11.4 (-12.0-(-)10.8)
j M10 -18.5 (-21.3+(-)15.6) 4.9 (0.3-9.5) —23.4 (-25.2—(-)21.6)
k Ml1 —26.4 (-27.5-(-)25.4) 2.4(-3.6(-)1.2) -24.1(-24.2-(-)23.9)
1 M12 —34.2 (-36.4-(-)32.0) —6.1 (-6.8+(-)5.3)  —28.1(-29.6-(—)26.7)
m M13 -12.7 (-13.9-(9)11.6) —11.6 (-12.7-(-)10.5) -1.1 (-3.3-1.1)

n M14 -12.4 (-14.7-(-)10.1) 59(2.8-9.1) —-18.4 (-19.3—(-)17.5)
) MI15 14.3 (11.7-16.9) 2.7 (0.9-4.5) 11.6 (7.2-16.0)

a’ MI1+TBH 6.0 (5.6-6.4) 2.8(2.5-3.2) 3.2(2.5-3.9)

b’ M2+TBH 2.5 (2.6(-)2.5) 3.5(3.2-3.8) —6.1 (-6.4—(-)5.7)
o M3+TBH 4.0 (-0.6-8.7) 1.6 (0.2-3.0) 2.5(-3.6-8.5)

d M4+TBH 6.6 (6.5-6.7) 1.7 (1.4-1.9) 4.9 (4.6-5.2)

¢ M35+TBH 9.5 (8.5-10.4) 1.2 (0.8-1.5) 8.3 (7.0-9.6)
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TABLE I. Continued

Entry Compound Prooxy score Antioxy score Oxy score

f M6+TBH 12.6 (12.5-12.7) —0.6 (-1.0-(—)0.2) 13.1(12.8-13.4)
g M7+TBH 1.7 (1.0-2.5) -1.2(9.6-7.1) 3.0 (-6.2-12.1)

h’ MS8+TBH 10.3 (9.5-11.0) 3.5(2.74.3) 6.8 (5.2-8.3)

i M9+TBH 10.2 (8.3-12.1) 1.8 (0.5-3.1) 8.3 (5.1-11.5)

i MIO+TBH  -26.5(-27.8-(-)25.2) 4.6 (-5.8—(-)3.5) -21.9(-24.3-(-)19.5)
K’ MII+TBH  -20.3 (-21.6-(-)19.0) -7.5(-9.6-(-)5.4) -12.8(-16.2—(-)9.3)
r MI12+TBH  -13.7 (-19.0-(-)8.4) 4.6 (1.1-8.0) —-18.3 (-27.1-(-)9.5)
m’ MI13+TBH 2.5(0.7-4.2) -3.9 (-5.5+(-)2.3) 6.3 (3.0-9.7)

n’ MI14+TBH 4.8 (-0.4-9.9) —11.7 (-12.8-(-)10.7) 16.5(10.3-22.7)
o’ MI15+TBH 3.2 (1.64.8) -11.0 (-11.2-(-)10.9) 14.2 (12.8-15.6)

- Trolox+serum  —7.2 (-20.5-6.1) 13.1 (13.0-13.3) —20.3 (-33.8-(-)6.8)
- DMSO+serum  —5.4 (-10.7-0.5) 0.0 (-5.54.2) —3.7(-5.4-(-)3.4)
— TBH+serum 10.2 (0.7-21.5) —4.4 (=10.3-0.1) (11.0-21.4)

Most of the substances had a negative oxy score, lower then blank serum,
which indicates their antioxidant potential. Compounds M2 (OS -26.9, entry b,
Table 1), M7 (OS —26.4, entry g), M10 (OS -23.4, entry j), M11 (OS —-24.1, entry k)
and M12 (OS -28.1, entry j) had lower oxy score than Trolox (OS —20.3), water-
-soluble analogue of vitamin E with proven antioxidant activity. As an exception,
the brominated pyrrole derivative M15 (OS 11.6, entry o) stands out with a posi-
tive oxy score and may exhibit prooxidant properties, which may be a useful pro-
tective function like cytostatic, bacteriostatic and antivirotic.39 When comparing
non-halogenated and halogenated pyrrole derivatives, the non-halogenated ana-
logues showed lower OS values for all matching pairs. The investigation of the
antioxidant activity mechanism of N-H pyrroles revealed that the pyrrolyl radical
adopts the 5w electron system after hydrogen atom transfer (HAT), the stability
of which largely depends on the electronic properties of the substituents on the
aromatic ring. It was shown that the electron-donating groups on the benzene
ring of 2-arylpyrroles stabilise the generated radical and increase the antioxidant
activity of the compound.!S From this it can be concluded that the electron-
accepting properties of the three bromine atoms could destabilise the pyrrolyl
radical and negatively influence the antioxidant activity. Further SAR analysis
demonstrated some additional facts. Non-halogenated pyrrole derivatives with
tertiary amide group M1 (OS -15.7, entry a) and M3 (OS -15.7, entry c),
obtained in the reaction with secondary amines, had less negative OS values than
derivatives M2 (OS —26.9, entry b), M10 (OS —-23.4, entry j), M11 (OS -24.1,
entry k) and M12 (OS -28.1, entry 1) obtained in reactions with primary amines.
This is not surprising considering that in a study on the antioxidant activity of
carboxamide it was shown that the N—H bond of the amide can also be a site for
the abstraction of the H atom.3! It was also interesting to compare the OS values
for amides with propyl, propenyl and propynil groups. For the non-halogenated
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pyrrole derivatives M12 (OS -28.1, entry 1), M2 (OS -26.9, entry b) and M10
(OS -23.4, entry j), the values were comparable, while for the brominated deri-
vatives, the compound with saturated propyl group M15 (OS 11.6, entry o)
showed prooxidant activity, with a significantly higher positive OS value com-
pared to the propenyl and propynyl derivatives M5 (OS 5.1, entry e) and M13
(OS —1.1, entry m). Clear evidence for the essential role of the pyrrole ring is
provided by the comparison of two compounds obtained by reductive amination
with vanillin, an aldehyde with a phenolic ring with proven antioxidant act-
ivity.32 The vanillin derivative M7 (OS —26.4, entry g), which has a pyrrole ring,
showed better antioxidant properties than the benzyl derivative M9 (OS —11.4,
entry i).

OS was also determined in the presence of #-butyl hydroperoxide, indicating
the potential of the compounds to resist oxidative stress. Preserved negativity of
the OS in samples containing compounds M2 (OS —6.1, entry b”), M10 (OS —
21.9, entry i), M11 (OS —12.8, entry j*) and M12 (OS —18.3, entry k') is a sign of
its antioxidant strength, even in the presence of prooxidants. The change in OS
towards positive values in other samples speaks in favor of its lower ability to
respond to oxidative stress.

Oxy scores (OS) for all compounds are also outlined in Fig. 3 which sum-
maries the results from both experiments (without and with TBH) after 2 h incub-
ation at 37 °C in comparison with Trolox used as standard.
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Fig. 3. Oxy score (OS) in tested substances with and without TBH, along with native serum,
serum with Trolox (2000 pmol/L) and serum with TBH (0.25 mM); * — P < 0.05, vs. native
serum; # — P < 0.05, vs. the same substance sample without TBH; numbers: statistically
significant difference vs. distinct substance without or with TBH.

The lowest OS, observed in samples M2, M7 and M10-12 was the reason
why we continued the dose-response analyses with these 5 samples. A water-sol-
uble analogue of vitamin E (Trolox) was prepared in 5 concentrations: 2000,
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1000, 500, 250 and 125 pmol/L in water. In addition, 3 dilutions of compounds
M2, M7 and M10-M12 (0.5, 0.25 and 0.125 mmol/L from starting 1 mmol/L)
were prepared in DMSO. The oxy scores were calculated and a graphical repre-
sentation is shown in Fig. 4. A concentration dependence can be observed for all
tested substances (the compounds show lower antioxidant activity, which is indi-
cated by higher OS in samples with lower concentrations). A comparison of the
OS shows that compound M2 is a better antioxidant than compound M7,
although both compounds have excellent antioxidant properties.

100% rzga
[ 2%
0 - 25% I
* -
MM IO IN2
o B =

50%,100% w7 *
50%

OXYSCORE
2
F
*

T T
s%  MI1 W1 0% W11 25%
100%
yyyyyyy

Substances

Fig. 4. Oxy score in three different concentrations of M2, M7, M10, M11 and M12 samples,
so as in samples with Trolox (125-2000 umol/L); *— P < 0.05 vs. native serum (blank); 100
%, 50 %: P < 0.05 vs. sample of the same substance with different concentration; Mx,
My...Mi %: P < 0.05 vs. indicated sample of a specific dilution; # — P < 0.05 vs.
Trolox (125 umol/L).

In the case of Trolox, a concentration dependence is also observed, i.e., the
OS is significantly lower in serum samples with higher concentrations of Trolox.
However, compared to samples containing compounds M2, M7 and M10, its
antioxidant activity is less pronounced (higher OS values, although still negative).

CONCLUSION

In this work, we have described an efficient and simple method for the pre-
paration of tribrominated and non-halogenated analogue pyrrole derivatives. Our
investigation of the redox properties of the synthesized compounds shows that
the tribrominated derivative M15 exhibits strong prooxidant activity. The four
non-halogenated compounds with a secondary amide group, namely M2, M10,
M11 and M12, have lower oxy score (OS) values than Trolox, an analogue of
vitamin E with proven antioxidant activity. In addition, all four compounds show
strong resistance to oxidative stress. A comparison of the dose-response of com-
pounds M2, M7 and M10 with Trolox shows that the synthesized compounds
exhibit better antioxidant activity than Trolox. Therefore, they can be further
developed as effective antioxidants.
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H3BOI

CHUHTE3A U IN VITRO CTYJUJA PEJOKC OCOBMHA XAJIOTEHOBAHUX U
HEXAJIOTEHOBAHHNX JEPHWBATA ITUPOJIA

MWJIOLI P. IETKOBUR!, JETIEHA M. KOTYP-CTEBYJbEBUR?, [TPELPAT M. JOBAHOBHR', MUJIOLI [I.
JOBAHOBWR', TOPIAHA II. TACUR!, MUJIEHA P. CHMHR' 1 BJATUMUP M. CABUR!
"Ynueepsuiuein y Beoipagy — ®@apmayeyiicku Gaxynitein, Kawegpa 3a opiancky xemujy, Bojeoge Ciueiie 450,
11221 Beoipag u 'Ynusepsuiew y Feoipagy — @apmaveyticku Qpaxyniiieti, Kawegpa 3a MEGUUUHCKY
ouoxemujy, Bojsoge Ctuetie 450, 11221 Beoipag

Pemoxc paBHOTEXa Urpa K/bydHy YOIy Y OfpXKaBamy OHMOJIOIIKHX MpOLEca y HOpMa-
HUM YyCJI0OBHMa. AHTHOKCH/JAHCH HHXHMOMPAjy M CMamyjy LITETHE MPOLECE OKCHIALHje, NOK
IPOOKCH/IAHCH MOTY [e0BaTH Kao aHTHKaHLEpCKH areHcd mpomosuinyhu henujcky cmpr
NoCpeNoBaHy peakTHBHHUM KMCEOHWYHHMM BpcTama. Llusp oBor pana je fja ce yrmopene penokc
CBOjCTBa CefjaM HOBOCUHTETHUCAHUX JIEpUBaTa TPUOPOMONHUPOIa U HEXAIOTEHOBAHUX aHajIora
(TP HOBOCHHTETHCAHA M YETUPU NPETXOLHO CUHTETHCaHA) Y in vitro mogjeny (y XymaHOM
CEPYMY) U Ca er3oreHo MHAYKOBaHHUM OKCHIATUBHUM CTpecoM. YnopeheHe cy mobujeHe Bpen-
HOCTH BUXOBHUX OKCH cKopoBa (OS) ¥ pe3ysTar je nokasao fa YeTHPH HexXaJoreHOBaHa IepH-
BaTa MUpOJia Ca CEKYHAAapPHOM aMHOHOM rpynom M2, M10, M11 u M12 umajy HMXKe Bpen-
Hoctu OS op Tponokca, aHanora BUTaMuHa E pacTBop/sUBOr y BOOU Ca JOKa3aHUM aHTHOKCH-
JOaTUBHUM CBOjcTBMMA. CBa UYETHPH jenumema IoKasyjy jaky OTIOPHOCT Ha OKCHIATHBHH
CTpec, LITO CE OIJIefla Y Ofip’KaBay HETaTUBHUX BpenHOCTH OS Kafa Cy U3JI0XKEHEe er30reHOM
OKCHIATUBHOM cTpecy kopuimrhemeM TBH y peakuuoHnoj cmemu. OBy CIOCOOHOCT fa ce Ofy-
nupy ROS Tpeba ouexkuBaTH U Yy EHOOTEHOM OKDPYXKEmY, Tie Ce KOHCTaHTHA ITPOU3BOAKA IPO-
OKCHJaHaTa OJBHja HAa HUCKOM, XOMEOCTaTCKOM HHBOY, al{ jOII BHLIE Yy MATOJOLIKUM CTa-
wUMa. TpudpomoBaHu nepuBaT M15 je moka3ao NMPOOKCHAATHBHY aKTUBHOCT Ca 3HAYajHO
suioM OS BpepHowhy o CBUX OCTa/lX TECTUpPAHUX jefumena. Takohe, ynopegHe aHanuse
J103a-0AT0BOP TECTUPAHUX MET jenumema ca HajHkum OS u Tposoxca nokasyjy fa Tponokc
uMa c1adujy aHTHOKCUIATUBHY aKTUBHOCT Of jenumema M2, M7 u M10.

(TTpumisero 15. maja, pesunupano 20. jyna, npuxsaheHo 2. centembpa 2024)
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Synthetic procedures

SH-pyrrolo[2,1-afisoindol-5-one (2) The mixture of (2-iodophenyl)(1H-pyrrol-1-
yl)methanone 1 (1 mmol, 1 eq), KsPO4 (1.5 mmol, 1.5 eq), Pd(OAc) (0,1 mmol, 0,1 eq) and
PPhs (0,2 mmol, 0,2 eq) in acetonitrile (5 ml) was heated in a nitrogen atmosphere at reflux
for 16 h. After completion of the reaction, the mixture was cooled to room temperature and
the solvent was removed under reduced pressure. The crude mixture was purified by flash
chromatography to afford the product. Flash chromatography (Si02, 9:1 v/v petroleum ether—
diethyl ether) afforded the product (281.2 mg, 81%) as a yellow solid, mp 62—63 °C.

"H NMR (400 MHz, CDCI3) & 7.55 (d, ] = 7.2 Hz, 1H), 7.34 (t, ] = 7.2 Hz, 1H), 7.19 (d,
J=7.2Hz, 1H), 7.09 (t, J = 7.0 Hz, 1H), 6.93 (s, 1H), 6.10 (d, J = 12.7 Hz, 2H);

BC NMR (101 MHz, CDCI3) & 163.0, 136.4, 135.6, 134.4, 132.1, 127.1, 125.8, 119.5,
117.1, 116.6, 107.3;

The spectral data are consistent with those reported in the literature.?*

1,2,3-tribromo-5H-pyrrolo[2, 1-aisoindol-5-one (3) SH-pyrrolo[2, 1-alisoindol-5-one (2)
(0.5 mmol, 1 eq) was dissolved in CCls (10 mL) and bromine (4 mmol, 8 eq) was added
dropwise. After 16 hours at room temperature, the reaction mixture was diluted with CH>Cl»
(15 mL) and the organic solvent was washed with 10% Na2S203 (20 mL) and brine (20 mL).
After drying with anhydrous Na,SOs, the organic solvent was evaporated to obtain the product
(195.3 mg, 97%) as an orange solid, mp 207-208 °C.

"H NMR (400 MHz, CDCI3) § 7.70 (d, ] = 7.4 Hz, 1H), 7.57-7.51 (m, 2H), 7.31-7.26 (m,
1H).

3C NMR (101 MHz, CDCI3) & 160.7, 135.3, 134.1, 133.6, 129.5, 128.4, 126.7, 119.6,
111.3,102.1, 100.2.

General procedure for the synthesis of the amides M1-M6 and M10-M15

Compound 2 or 3 (0.1 mmol, 1 eq) was dissolved in amine (0.5 mL) and heated at 100°
C for 5 minutes. After cooling, the excess amine was removed under reduced pressure. The
crude mixture was dissolved in CH2Cl2 (15 mL), washed with 2M HCI (10 mL) and brine (10
mL). After drying with anhydrous Na.SOs, the organic solvent was evaporated under reduced
pressure to obtain the product.

General procedure for the synthesis of the amides M7-M8

Compound 2 or 3 (0.1 mmol, 1 eq) was dissolved in ethylendiamine (0.5 mL) and heated
at 100° C for 5 minutes. After cooling, the excess amine was removed under reduced pressure.
To a solution of the crude mixture in THF (10 mL), vanillin (0.1 mmol, 1 eq) and MgSO4 (0.5
mmol, 5 eq) were added and the mixture was stirred overnight. After filtration, the solvent
was evaporated and the crude mixture was dissolved in MeOH (5 mL) and NaBH4 (0.2 mmol,
2 eq) was added. The mixture was stirred for 2 hours at room temperature and, after
evaporation of the solvent under reduced pressure, subjected directly to flash chromatography
to obtain the product.

4-((benzylamino)methyl)-2-methoxyphenol (9) To a solution of benzylamine (0.1 mmol,
1 eq) in THF (10 mL), vanillin (0.1 mmol, 1 eq) and MgSOs4 (0.5 mmol, 5 eq) were added and
the mixture was stirred overnight. After filtration, the solvent was evaporated and the crude
mixture was dissolved in MeOH (5 mL) and NaBH4 (0.2 mmol, 2 eq) was added. The mixture
was stirred for 2 hours at room temperature and, after evaporation of the solvent under
reduced pressure, subjected directly to flash chromatography. Flash chromatography (SiO2,
EtOAc) afforded the product (133.7 mg, 55%) as a white, amorphous solid.
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"H NMR (400 MHz, CDCI3) & 7.33 (d, J = 4.4 Hz, 4H), 7.25 (t, J = 4.2 Hz, 1H), 6.88 (s,
1H), 6.83 (d, J = 8.0 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 3.84 (s, 3H), 3.80 (s, 2H), 3.73 (s, 2H).

BC NMR (101 MHz, CDCI3) & 146.7, 144.8, 140.2, 132.0, 128.4, 128.2, 126.9, 121.0,
114.3,110.9, 55.8, 53.1, 53.0.

The spectral data are consistent with those reported in the literature.
Morpholin-4-yl -[2-(1H-pyrrol-2-yl)-phenyl]-methanone (M1)

Compound M1 (17.9 mg, 70%) was synthesized following the general procedure, as a
beige solid, mp: 162-163°C.

'H NMR (400 MHz, CDCl3) & 9.20 (s, 1H), 7.54 (d, J = 7.8 Hz, 1H), 7.44 — 7.36 (m,
1H), 7.30 — 7.21 (m, 2H), 6.85 (d, J= 1.4 Hz, 1H), 6.41 (s, 1H), 6.27 (dd, /= 5.9, 2.7 Hz, 1H),
4.05 (dd, J=12.9, 2.3 Hz, 1H), 3.76 — 3.69 (m, 1H), 3.50 — 3.36 (m, 3H), 3.14 — 3.06 (m, 1H),
2.99 -2.91 (m, 1H), 2.81-2-76 (m, 1H).

BC NMR (101 MHz, CDCls) & 171.3, 132.6, 130.4, 130.4, 129.5, 128.2, 126.6, 126.5,
119.4,109.6, 108.4, 66.6, 66.6, 47.6, 42 4.

The spectral data are consistent with those reported in the literature.?
N-Allyl-2-(1H-pyrrol-2-yl)-benzamide (M2)

Compound M2 (16.0 mg, 71%) was synthesized following the general procedure, as a
brown, amorphous solid.

"H NMR (400 MHz, CDCl3) § 10.14 (s, 1H), 7.63 (d, J= 7.9 Hz, 1H), 7.42 (t, J = 8.0 Hz,
2H), 7.29 — 7.21 (m, 1H), 6.85 (d, /= 1.5 Hz, 1H), 6.48 (s, 1H), 6.26 (d, J = 2.6 Hz, 1H), 5.91
(s, 1H), 5.87 = 5.75 (m, 1H), 5.21 — 5.08 (m, 2H), 4.00 (s, 2H).

3C NMR (101 MHz, CDCls) & 171.9, 133.4, 133.3, 131.3, 130.7, 130.4, 129.0, 127.9,
126.0, 119.4, 117.0, 109.2, 108.6, 42.6.

The spectral data are consistent with those reported in the literature.”
Pyrrolidin-1-yl-[2-(1H-pyrrol-2-yl)-phenyl]-methanone (M3)

Compound M3 (19.7 mg, 82%) was synthesized following the general procedure as a
light-brown solid, mp: 146-147°C.

'H NMR (400 MHz, CDCl3) & 9.72 (s, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.42 — 7.34 (m,
1H), 7.29 — 7.20 (m, 2H), 6.82 (d, J = 1.5 Hz, 1H), 6.46 (s, 1H), 6.24 (d, J = 3.2 Hz, 1H), 3.59
(t, J=6.6 Hz, 2H), 3.02 (bs, 2H), 1.85 (dd, J=13.7, 6.8 Hz, 2H), 1.71 (bs, 2H).

BC NMR (101 MHz, CDCls) & 171.2, 133.8, 130.8, 130.0, 129.4, 128.4, 126.7, 126.1,
119.4,109.1, 107.8, 48.6, 45.8, 25.8, 24.5.

The spectral data are consistent with those reported in the literature.?

Morpholino(2-(3,4,5-tribromo-1H-pyrrol-2-yl)phenyl)methanone (M4)

Compound M4 (40.2 mg, 82%) was synthesized following the general procedure as a
beige solid, mp: 221-222°C.

"H NMR (400 MHz, CDCl3) 6 9.98 (s, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.45 (t, J = 7.6 Hz,
1H), 7.37 (t,J=17.5 Hz, 1H), 7.25 (d, J= 7.3 Hz, 1H), 3.96 (d, J = 13.2 Hz, 1H), 3.75 (dd, J =
9.5, 5.9 Hz, 1H), 3.57 — 3.49 (m, 1H), 3.48 — 3.40 (m, 1H), 3.38 — 3.29 (m, 1H), 3.16 — 3.08
(m, 1H), 3.01 — 2.90 (m, 2H).

BC NMR (101 MHz, CDCls) & 170.1, 134.6, 130.5, 129.3, 129.1, 128.6, 127.2, 126.6,
102.8, 100.9, 98.9, 66.7, 66.7, 47.5, 42.3.

HRMS (ESI) m/z calcd. for [CisH13BrsN202-H] 488.84544; found, 488.84533.
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N-allyl-2-(3,4,5-tribromo- 1 H-pyrrol-2-yl) benzamide (M5)

Compound M5 (38.2 mg, 83%) was synthesized following the general procedure as a
light-brown solid, mp: 171-172°C.

'H NMR (400 MHz, CDCl3) 8 11.00 (bs, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.47 (t, J = 8.0
Hz, 2H), 7.32 (t, /= 7.6 Hz, 1H), 5.83 — 5.65 (m, 2H), 5.11 (dd, J = 18.3, 13.7 Hz, 2H), 3.87
(t,J=5.8 Hz, 2H).

3C NMR (101 MHz, CDCl3) & 170.1, 135.2, 132.9, 131.3, 130.3, 129.1, 128.4, 128.3,
128.1, 117.4, 102.5, 101.1, 98.8, 42.6.

HRMS (ESI) m/z calcd. for [Ci14aH11BrsN20 -H]J 458.83487; found, 458.83470.
Pyrrolidin-1-yl(2-(3,4,5-tribromo- 1 H-pyrrol-2-yl)phenyl)methanone (M6)

Compound M6 (45.5mg, 96%) was synthesized following the general procedure as a
light-brown solid, mp: 161-162°C.

"H NMR (400 MHz, CDCl:) & 10.41 (s, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.44 (t,J = 7.6 Hz,
1H), 7.36 (t, J= 7.3 Hz, 1H), 7.30 (d, J = 7.1 Hz, 1H), 3.54 (t, J = 7.0 Hz, 2H), 3.07 (s, 2H),
1.88 (dd, J=13.8, 6.9 Hz, 2H), 1.80 — 1.73 (m, 2H).

3C NMR (101 MHz, CDCl3) & 170.0, 136.0, 130.6, 129.2, 129.1, 128.1, 127.1, 126.6,
102.6, 100.7, 98.3, 48.9, 45.9, 25.8, 24.4.

HRMS (ESI) m/z calcd. for [C1sH13BrsN20 -H]  472.85052; found, 472.85027.
N-(2-((4-hydroxy-3-methoxybenzyl)amino)ethyl)-2-(1 H-pyrrol-2-yl) benzamide (M?7)

Compound M7 was synthesized following the general procedure. Flash chromatography
(Si02, 1:1 v/v petroleum ether—EtOAc) afforded the product (19.0 mg, 52%) as an orange
amorphous solid.

'H NMR (400 MHz, CDCls) 8 10.37 (s, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.38 (d, J = 7.3
Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 6.79 (d, J = 8.5 Hz, 3H), 6.71 (d, J = 8.1 Hz, 1H), 6.51 (s,
1H), 6.45 (s, 1H), 6.23 (s, 1H), 3.75 (s, 3H), 3.67 (s, 2H), 3.45 (d, J=4.8 Hz, 2H), 2.75 (t, J =
5.5 Hz, 2H).

3C NMR (101 MHz, CDCl3) & 171.9, 146.7, 145.0, 133.2, 131.2, 130.6, 130.3, 129.0,
128.1, 126.1, 121.3, 119.4, 114.4, 110.9, 109.2, 108.6, 55.8, 53.2,47.7, 39.3.

HRMS (ESI) m/z calcd. for [C21H23N303-H] 364.16667; found, 364.16636.

N-(2-((4-hydroxy-3-methoxybenzyl)amino)ethyl)-2-(3,4,5-tribromo- 1 H-pyrrol-2-yl) benzamide
(M8)

Compound M8 was synthesized following the general procedure. Flash chromatography
(Si02, 1:2 v/v petroleum ether—EtOAc) afforded the product (36.5 mg, 61%) as a light-brown
solid, mp: 85-86°C.

'H NMR (400 MHz, CDCls) 6 10.40 (s, 1H), 7.74 (d, J = 7.7 Hz, 0.23H, rotamer a), 7.69
(d, J = 7.7 Hz, 0.77H, rotamer b), 7.47 (dd, J = 15.5, 7.6 Hz, 2H), 7.34 (t, J = 7.6 Hz, 1H),
6.88 — 6.79 (m, 1H), 6.77 (s, 1H), 6.73 (d, J = 8.0 Hz, 1H), 6.47 (bs, 0.6H, rotamer b), 6.37
(bs, 0.4H, rotamer a), 3.81 (s, 3H), 3.66 (d, J = 5.8 Hz, 2H), 3.42 — 3.32 (m, 2H), 2.74-2.68
(m, 2H).

3C NMR (101 MHz, CDCl3) & 170.6, 170.2, 146.6, 146.6, 145.2, 135.4, 131.5, 130.3,
129.7, 129.1, 128.6, 128.4, 128.2, 128.1, 121.6, 118.4, 114.3, 111.3, 100.7, 62.8, 55.9, 53.1,
50.8,47.5, 47.3,39.0, 29.7.

HRMS (ESI) m/z calcd. for [C2iH20BrsN3O3-H]™ 597.89820; found, 597.89785.
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N-(prop-2-yn-1-yl)-2-(1H-pyrrol-2-yl)benzamide (M10)

Compound M10 (16.8 mg, 75%) was synthesized following the general procedure as a
brown solid, mp: 91-92°C.

'H NMR (400 MHz, CDCls) § 10.05 (s, 1H), 7.61 (d, J= 7.8 Hz, 1H), 7.42 (dd, J = 9.7,
7.9 Hz, 2H), 7.23 (dd, J = 13.9, 6.4 Hz, 1H), 6.85 (s, 1H), 6.47 (s, 1H), 6.26 (d, J = 2.8 Hz,
1H), 6.07 (s, 1H), 4.13 (dd, J= 5.2, 2.5 Hz, 2H), 2.23 (t, /= 2.4 Hz, 1H).

BC NMR (101 MHz, CDCls) & 171.4, 132.3, 131.4, 130.7, 130.4, 129.1, 128.1, 126.1,
119.6, 109.3, 108.8, 78.8, 72.1, 29.9.

HRMS (ESI) m/z calcd. for [C14H12N20 -H] 223.08769; found, 223.08765.
N-Benzyl-2-(1H-pyrrol-2-yl)-benzamide (M11)

Compound M11 (21.0 mg, 76%) was synthesized following the general procedure as a
beige solid, mp: 109-110°C.

"H NMR (400 MHz, CDCl3) § 10.10 (s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.49 — 7.36 (m,
2H), 7.34 — 7.24 (m, 3H), 7.20 (t, /= 7.9 Hz, 3H), 6.81 (s, 1H), 6.47 (s, 1H), 6.26 (d, J = 2.6
Hz, 1H), 6.13 (s, 1H), 4.54 (d, J= 5.7 Hz, 2H).

3C NMR (101 MHz, CDCls) & 171.8, 137.4, 133.2, 131.3, 130.6, 130.4, 129.0, 128.8,
127.8,127.7, 127.7, 126.0, 119.5, 109.2, 108.6, 44.3.

The spectral data are consistent with those reported in the literature.”
N-propyl-2-(1H-pyrrol-2-yl)benzamide (M12)

Compound M12 (16.9 mg, 74%) was synthesized following the general procedure as a
beige solid, mp: 109-110°C.

'H NMR (400 MHz, CDCls) 6 10.21 (s, 1H), 7.61 (d, J = 8.3 Hz, 1H), 7.40 (dd, J = 7.2,
5.0 Hz, 2H), 7.21 (t, J= 7.5 Hz, 1H), 6.84 (d, J = 1.3 Hz, 1H), 6.47 (s, 1H), 6.26 (dd, J=5.5,
2.7 Hz, 1H), 5.87 (s, 1H), 3.33 (dd, J=13.5, 6.7 Hz, 2H), 1.53 (dd, J= 14.6, 7.3 Hz, 2H), 0.90
(t,J=7.4 Hz, 3H).

BC NMR (101 MHz, CDCls) & 172.1, 133.6, 131.2, 130.8, 130.2, 128.9, 127.8, 125.8,
119.4, 109.1, 108.4, 41.9, 22.6, 11.3.

HRMS (ESI) m/z calcd. for [Ci14H16N20 -H] 227.11899; found, 227.11897.
N-(prop-2-yn-1-yl)-2-(3,4,5-tribromo-1H-pyrrol-2-yl)benzamide (M13)

Compound M13 (40.3 mg, 88%) was synthesized following the general procedure as a
beige solid, mp: 179-180°C.

"H NMR (400 MHz, CDCl3) § 10.79 (s, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.50 (t, J= 7.2 Hz,
2H), 7.35 (t, J= 7.5 Hz, 1H), 5.93 (s, 1H), 4.06 (dd, J= 5.1, 2.4 Hz, 2H), 2.25 (d, J= 2.2 Hz,
1H).

3C NMR (101 MHz, CDCls) & 169.7, 134.5, 131.5, 130.6, 128.9, 128.5, 128.4, 128.2,
102.7,101.2,99.1, 78.4, 72.3, 30.0.

HRMS (ESI) m/z calcd. for [Ci14aHoBrsN2O H] 456.81922; found, 456.81911.
N-benzyl-2-(3,4,5-tribromo- 1 H-pyrrol-2-yl)benzamide (M14)

Compound M14 (37.2 mg, 73%) was synthesized following the general procedure as a
light-brown solid, mp: 160-161°C.

'H NMR (400 MHz, CDCl3) & 10.89 (s, 1H), 7.67 (d, J = 7.7 Hz, 1H), 7.52 — 7.44 (m,
2H), 7.36 — 7.27 (m, 4H), 7.12 (d, J= 7.0 Hz, 2H), 6.04 (s, 1H), 4.44 (d, J= 5.6 Hz, 2H).

BC NMR (101 MHz, CDCls) & 170.2, 136.9, 135.4, 131.3, 130.2, 129.1, 128.9, 128.4,
128.3, 127.9, 127.8, 127.6, 102.6, 101.0, 98.9, 44.4.

HRMS (ESI) m/z calcd. for [CisHi3BrsN20 -H]J 508.85052; found, 508.85041.
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N-propyl-2-(3,4,5-tribromo-1H-pyrrol-2-yl) benzamide (M15)

Compound M15 (40.2 mg, 87%) was synthesized following the general procedure as a
brown solid, mp: 147-148°C.

'"H NMR (400 MHz, CDCl3) & 11.28 (s, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.50 — 7.41 (m,
2H), 7.31 (t, J= 7.6 Hz, 1H), 5.71 (s, 1H), 3.19 (dd, J = 13.4, 6.7 Hz, 2H), 1.40 (dd, J = 14.5,
7.3 Hz, 2H), 0.83 (t, J= 7.4 Hz, 3H).

BC NMR (101 MHz, CDCls) & 170.1, 135.5, 131.2, 130.1, 129.3, 128.4, 128.2, 128.2,
102.3, 101.0, 98.7,41.9, 22.6, 11.2.

HRMS (ESI) m/z calcd. for [Ci14aH13BrsN2O -H]-  460.85052; found, 460.85051.
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Table SI. Redox status parameters in serum pool after incubation with 15 new substances

PETKOVIC et al.

with or without TBH
Sample PAB (U/L) (urzlgSL) TAS (pmol/L) (m?nHoiL)
Blank 100.7 £10.7 36.2+19.8 633+80 0.179+0.035
(serum +
H0)
Ml 66.8 £ 1.0* 23.543.1 923+29 0.280+0.012
M2 272+ 1.5% 22.545.5 1030+£23* 0.273+0.022
Ml
M3 63.0£0.7* 18.7+0.7 896+8 0.260+0.006
M2
M4 77.2+1.2% 18.4+1.8 852423 0.334+0.117
M2, M4 *
M5 972+£1.2 23.843.5 755433 0.252+0.021
M1,M2,M3
Mo 96.1 +£1.8 25.0+1.8 734435 0.312+0.028
M1,M2,M3
M7 44.6 £ 4.2% 21.2+0.4 1262+28* 0.251+0.053
M5,M6 M3,M4,M5,M6
M8 95.1+0.1 21.842.6 1070+18* 0.224+0.013
M1,M2,M3 M7
M9 96.9+1.9 19.44+3.3 1051+19* 0.252+0.004
M1,M2M3 M7
M10 43.0 +£3.7* 82.5+14.6* 646+67 0.330+0.121
M4 M5M6,M8, MI1,M2,M3, M2,M7,M8 *
M9 M4,M5,M6, M9
M7,M8,M9
M1l 40.9 + 3.5% 65.3+8.3 492+93 0.282+0.053
M4,M5,M6,M8, M1,M2,M3,
M9 M4,M7,M8
M9
M12 41.0+£5.2% 45.8+1.2 405+12 0.268+0.046
M4,M5,M6,M8, M1,M2,M3
M9 M4,M5.M7
M8,M9
M13 79.7+4.0 51.0£1.0 280+37* 0.241+0.004
M2,M7,M10,M1 M1,M2,M3
1 M4,M5,M6,
MI12 M7,M8,M9
M10
M14 823+33 48.5+12.1 727+69 0.270+0.057
M2,M7,M10,M1 M7,M8
1
M12
M15 85.1+1.1 111.9+7.8* 533428 0.388+0.107
M2,M7,M10, M1,M2,M3, M2,M3.M7 *
M11,M12 M4,M5,M6, M8,M9
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MI1+TBH
M2+TBH

M3+TBH

M4+TBH

MS5+TBH

M6+TBH

M7+TBH

MS8+TBH

M9+TBH

M10+TBH

MI11+TBH

MI12+TBH

MI13+TBH

91.0£1.0
54.4 +0.7%*
MITBH
88.4+0.1
M2TBH
88.6+0.3
M2TBH
106.9+0.2
M2TBH
108.1+1.1
M2TBH
72.3 £0.8%#
MS5STBH,M6TBH

105.9 +0.2
M2TBH,
M7TBH

106.1 1.0
M2TBH,
M7TBH

47.7 + 1.0%

MITBH,M3TBH

, MATBH,
MSTBH,
M6TBH,
M7TBH,
MSTBH,
M9TBH

62.6 + 10.7*
MI1TBH,
M4TBH,
MSTBH,
M6TBH,
MSTBH,
M9TBH

65.9 + 8.0*
MSTBH,
M6TBH,
MSTBH,
M9TBH

1003+ 1.6

M2TBH,M7TBH

, M10TBH,

M11TBH,
MI2TBH

M7,M8,M09,
MI12,M13,

M15
51.5£1.0
51.5+0.3

62.3+0.9

55.140.1

50.6+4.4

59.3+0.4

51.9£2.8

53.7£3.4

53.3£7.6

56.6+£3.3

53.6+8.7

65.9£9.0

63.3+£8.2

858+28
919430

822+56

776£25
757+1
703+7

1142439
M4TBH,M5TBH
M6TBH
931+14

842+82

54625
M2TBH,M7TBH
MSTBH

470197
MI1TBH,M2TBH
M3TBH,M7TBH
M8TBH,M9TBH

770+£165"
M7TBH

57047
M2TBH,M7TBH
MBTBH

0.15340.001
0.141+0.003

0.127+0.042

0.160+0.001
#

0.15240.018
0.117+0.018
#

0.131+0.009
0.132+0.037
0.123+0.021

0.155+0.022
#

0.152+0.018

0.181+0.037

0.150+0.016
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M14+TBH 101.2+2.7 67.9+21.4 3614397 0.147+0.002
M2TBH, M13.MI1TBH
M7TBH, M2TBH,M3TBH
MI10TBH,MI1T M4TBH,M5TBH
BH, M12TBH M7TBH,M8TBH
M9TBH,M12TBH
M15+TBH 96.6 £2.6 69.8+8.8 355+19 0.174+0.028
M2TBH, MI1TBH,M2TBH #
MI10TBH, M3TBH,M4TBH
MI11TBH, MS5TBH,M6TBH
MI12TBH M7TBH,M8TBH
M9TBH,M12TBH
Trolox+seru 71.9 £5.5% 74.6+40.2 960+5* 0.227+0.012
m M2M7M10M1  MI1,M2,M3, M11,M12,M13,
1, M4,M5,M6, M15,M10TBH
M12,M5TBH, M7M8M9  MI13TBH,M14TBH
M6TBH, MI15TBH
MS8TBH,
M9TBH,
MI12TBH
DMSO+seru 96.6 £ 13.0 35.7£15.5 615+167 0.241+0.046
m M1,M2,M3, M10,M15 M1,M2,M7 M15
M10,M11,M12 M8,M9,M13
M2TBH, M2TBH,M7TBH
M7TBH, MSTBH,M11TBH,
MI10TBH, TROLOX
MI11TBH,
M13TBH,
M14TBH,TROL
00X
TBH-+serum 104.6 +12.2 74.1+11.9* 579+186 0.121+0.011
M1 M2M3. M4, MI1,M2M3, M1,M2,M3 M1,M2,M4,
M7,M10,M11, M4,.M6,M7, M7,M8,M9 M10,M11
Mi12,M13,M14 M8 M9,DM M13,M2TBH, M12,M14.M
M2TBH, SO M7TBH,M8TBH 15
M7TBH, TROLOX
MI10TBH,
MI11TBH
MI11TBH,
MI12TBH,TROL
0X
P <0.001 <0.001 <0.001 <0.001

P from ANOVA; post hoc Tukey test with letters indicate significant differences with

distinct substances
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(0,25 mM)

*P<0,05, vs. native SERUM; #
P<0,05, vs. the same substance
sample without TBH; numbers:
statistically significant
difference vs. distinct substance
without or with TBH.

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

(CC) 2025 Serbian Chemical Society.



S72

seauesqns

ANTIOXIDANT SCORE

8]

PETKOVIC et al.

IS =
5 =] s =]
1 1 1
wniasd i
1w '
o [
£l I
i [ =]
ShH 1
Al 1
] *
- 1
Bl 1
L ==
L m =~
"
Wi m 3
£ m =
2
7L [ =)
S o
HEL L [ ]
HalzvH '
HAl m
HeLHH =
HaLvH I=
HaLanH 1
HELAH | E— —
HaLElH m
HolLew m
HeELa HH w
HALl L [ ]
HaLz L] [ )
HaLe L] o
T
=
HAL7 L m %79;-&‘
115 o] | St =
%z =1
" 2o W
HOTOYL+unRs B 1 n=o *
5
=
osvgHuniEs.| T3 2
5
-
HaLsunizs.| — —C

I

0|

‘64

Fig S24. Antioxidant score (AS)
in tested substances with and
without TBH, along with native
serum, serum with Trolox (2000
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statistically significant
difference vs. distinct substance
without or with TBH.
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Fig S25. Prooxidant score in
three different concetrations of
M2, M7, M10, M11 i M12
samples, so as in samples with
Trolox (125-2000 umol/L)

*P<0.05 vs. native serum
(blank);

100%, 50%: P<0.05 vs. sample
of the same substance with
different concentration;

Mx, My...Mi %: P<0.05 vs.
indicated sample of a specific
dilution;

#P<0.05 vs. Trolox (125
pmol/L).
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Table S2. Calculated values of prooxy, antioxy and oxy score of tested compounds in three

different concentrations

Samples Prooxi score Antioxi score Oxy score
Serum -0.2(-0.7-0.3) 0.0 (0.0-0.0) -0.2(-0.7-0.3)
M2-100% -49.8 (-50.9 - -48.8)  16.4(15.9-16.9) -66.2 (-66.8 - -65.7)
M2-50% -37.4(-389--359) 8.0(4.1-11.9) -45.4(-47.8 - -43.0)
M2-25% -29.8 (-30.9 - -28.7) 42(3.5-4.9) -34.0 (-34.4 - -33.6)
M7-100% -39.4 (-41.1--37.6) 28.5(27.5-29.5) -67.8(-70.6--65.1)
M7-50% -30.9 (-32.6--29.1) 20.8(20.0 -21.5) -51.7 (-52.7 - -50.6)
M7-25% -20.6 (-20.7--20.4) 12.1(10.9-13.2) -32.6(-33.9--31.4)
M10 100% -38.0(-39.8--36.2) 22.9(19.9-259) -60.8 (-65.7 - -56.0)
M10 50% -29.4(-35.6--23.1) 124(11.2-13.6 -41.7(-49.2--34.3)
M10 25% -11.2 (-153--7.2) 8.7 (8.6-8.8) -19.9 (-24.0 - -15.8)
M11 100% -33.7(-344--329) 143 (12.0-16.5 -47.9(-49.4--46.4)
MI11 50% -9.7 (-13.7 - -5.6) 12.4 (12.3-12.5)  -22.0(-26.0 - -18.0)

MI11 25% 10.3 (8.0 - 12.7) 16.0 (14.4 - 17.7) -5.7(-9.7--1.7)
M12 100% -33.3(-34.4--32.3) 11.8(10.4-13.2) -45.1(-45.5--44.7)
M12 50% -21.8(-27.3--16.4) 18.1(13.1-23.2) -40.0(-50.4 - -29.5)
M12 25% -13.8 (-19.2 - -8.3) 8.8(4.5-13.0) -22.5(-23.8--21.2)
E2.0 -17.6 (-17.8 - -17.5) 9.5(9.4-9.6) -27.2(-27.2--27.1)
E1.0 -11.5(-14.7 - -8.3) 3.0(2.1-3.9) -14.5 (-18.6 - -10.4)
E 0.500 -8.0(-8.2--7.7) 4.0(3.9-4.1) -12.0 (-12.3 - -11.7)

E 0.250 -4.8 (-4.9--4.7) 1.7(1.3-2.2) -6.5(-7.0--5.9)

Serum+Trolox 0.125 -5.0(-5.6--44 -14(-48-2.1) -3.6 (-7.6-0.4)
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Abstract: Anacyclus valentinus is a Saharan plant belonging to the Asteraceae
family. This study identified and determined the structure of isolated com-
pounds obtained from unrefined extract of A. valentinus. Their cytotoxic
effects on two human cancer cell lines were examined. The extract of the aerial
part of A. valentinus was fractioned by solid phase extraction (SPE). The frac-
tions obtained were analysed by NMR spectroscopy and HPLC-DAD-MS.
This is the first cytotoxic investigation of 4. valentinus. The extracts of the
plant were prepared, and their cytotoxic effects on two human cancer cell lines
(A549, human lung adenocarcinoma; HepG2, hepatocellular carcinoma) were
examined using the MTT assay. Several compounds have been identified. The
results illustrated two newly identified compounds: chlorogenic acid and the
p-glucosides derivative. In addition, C-glycosides (2 isomers of apigenin) were
detected in the genus Anacyclus. The ICs, values of unrefined extracts of the
aerial parts of 4. valentinus against the A549 cell line were determined as
19.79 pg/mL. The values for the HepG2 cell line were 32.63 pg/mL. Chloro-
genic acid was showed the highest cytotoxic activities on the A549 and HepG2
cell lines with ICs values of 13.59 and 12.84 pg/mL, respectively.

Keywords: Anacyclus valentinus; chlorogenic acid; cytotoxic activity; flavonoids;
p-glucosides; HPLC-DAD-MS.
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INTRODUCTION

The healing potential of plant has been known for thousands of years. Plants
produce a whole series of different compounds, which are not of particular sig-
nificance for primary metabolism, but can have a remarkable effect to other
plants, microorganisms and humans. Currently, due to their effectiveness with
low side effects, medicinal plants have a growing demand in the prevention and
treatment of diseases as natural remedies. These organic compounds are defined
as biologically active substances! and include polyphenols and essential oils.2

Anacyclus valentinus L. Aiton (Asteraceae), called “Guertoufa” in Arabic, is
an annual plant restricted to the Mediterranean region, well represented in the
western Mediterranean Basin, including Algeria® and Spain,# its distribution is
related to annual mean temperature (BIO 1) and the precipitation of the coldest
quarter (BIO 19). Nevertheless, A. valentinus presents a high degree of intergen-
eric hybridization that makes its collection difficult. This plant is known for its
anti-diabetic® and antifungal® effects. It is also used in some parts of the country
as a food condiment.

The phytochemical constituents of A. valentinus revealed the presence of
essential 0il7-8 which has a potential for use as a safe biocontrol agent to prevent
food crops from fungal diseases and improve product quality and safety.”

Currently, have been identified by gas chromatography/mass spectrometry
(GC/MS) analysis, 29 components of which §-3-carene (31 %), spathulenol (14.2
%), were the major compounds of this oil. The methanol extract of A. valentinus
has been reported to contain quercetin, myricetin, kaempferol, Iuteolin and api-
genin. 10,11

The aim of this study was to identify and determine the structures of com-
pounds isolated from different fractions of A. valentinus, using spectroscopic
methods, to determine their potential cytotoxic activities.

In the present study, phytochemical analysis of A. valentinus, revealed the
presence of other phenolic acid and flavonoid compounds.

Thus, flavonoids display various bioactive effects, including anti-inflam-
matory, cardioprotective, antidiabetic, antiviral and anticancer effects.

Drugs isolated from plants and microorganisms, or synthesized after isolat-
ion, constitute a significant proportion of anticancer agents used in cancer treat-
ment.12 Plants are a good source of antitumor compounds; indeed, some com-
pounds initially derived from plants!3-16 show good potential as primary sources
of chemotherapeutic drugs. Some chemotherapeutic agents, such as vinca alka-
loids for leukaemia, paclitaxel for breast cancer and flavopiridol for colorectal
cancer, have been derived from medicinal plants.!”

Several studies have shown that herbal medicine may prevent tumour growth
and exhibit cytotoxic activities on tumour cells, without negative effects on nor-
mal cells.18-20
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EXPERIMENTAL
Vegetal material

Anacyclus valentinus was collected during the period (April-May) in Tiaret region, the
plant material was identified and validated by Prof. Dr. Hadjadj-Aoul (Botany Department,
Oran 1, Algeria). The plant was cleaned, washed with tap water and dried in the shade. Then it
was weighed, coarsely ground and collected in clean bags. Voucher specimens were identified
and deposited in the herbarium of the Agricultural Institute in Algeries, Algeria.

Chemicals

Formic acid and HPLC grade methanol were purchased from Sigma—Aldrich. All chem-
icals: acetone, methanol and ammonium formiate were purchased from Sigma—Aldrich.

Sample preparation of the extracts

The following extracts were prepared: 25, 50,100 and 200 mg of the aerial parts of the
plant were macerated with 4 mL of two solvents: A) formic acid and methanol (99/1 volume
ratio) and B) formic acid, acetone and water (60/39/1 volume ratio). The solutions were sub-
jected to agitation by an extractor (Precelly® 24, Bertin Technologies S.A.S, France) accord-
ing to the parameters 5100-3x40-040, during 10 min and 3 times, the liquid phase was evapor-
ated.2! Reagents were purchased from Sigma—Aldrich.

HPLC-DAD-MS analysis

The chromatographic and mass analysis of the samples were carried out on a chain
UPLC Waters, coupled with a mass spectrometer (Brucker) by liquid chromatography with
ultra-high performance with ionization by atmospheric pressure and an ionic trap door, in
order to obtain three levels of fragmentation.?? The HPLC analysis was carried out on a
Waters 2690 HPLC system equipped with a Waters 996 DAD (Waters Corp., Milford, MA)
and Empower software (Waters).23

The column used is C18, 1.7um. The solvents were 1 % aqueous formic acid (solvent A)
and water/formic acid (98:1, solvent B). The states of gradient conditions were as follows:
from 0 to 6 min 98 % A, in 7 min 82 % A, in 12 min at the 14 min 70 % A and 30 % B and at
27 min 25 % A and 75 % B and in 32 min 95 % B with a flow of 0.08 mL/min. The volume of
injection was the 0.5 pL and detection was carried out between 210 and 650 nm. Experiments
were performed in negative and positive ion mode. The desolvation temperature was 300 °C.
High spray voltage was set at 5000 V. Nitrogen was used as the dry gas at a flow rate of 75
mL min-!. MS was carried out using helium as target gas. The identifications were achieved
on the basis of the molecular ion mass, fragmentation, UV—Vis spectra and relative retention
times or co-injection with standards.?*

Breaking-up by cartouche SPE

The methanolic extract was dissolved in water (9 ml), filtered and fractionated by SPE
using a Waters-SPE-PakRvac 20cc TC 18-5g cartridge. After cleaning with 5 mL of a solution
of water/formic acid (99/1 volume ratio), 5 mL of methanol/formic acid (99/1 volume ratio)
and with a preconditioning with 5 ml of water/formic acid (99/1 volume ratio), the cartridge
was loaded with the sample (2 ml). The analysts were eluted three times with 5 ml of meth-
anol/water/formic acid (15/84/1 volume ratio), three times with 5 ml of methanol/water/formic
acid (25/74/1 volume ratio), three times with 5 ml of methanol/water/formic acid (30/69/1
volume ratio), three times with 5 ml of methanol/water/formic acid (60/39/1 volume ratio).
The protocol was repeated with 2 ml of sample until exhaustion. The fractions were combined
and evaporated with a rotary evaporator.

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

(CC) 2025 Serbian Chemical Society.



166 RAMLI et al.

The SPE makes it possible to extract and preconcentrer the sample in a liquid matrix,
because is an adequate method for the preparation of samples.?’> The SPE is then followed of a
chromatographic method of analysis.

Cytotoxic assay

Cell lines and culture medium. The following cancer cell lines were used in this study:
A549 (human lung adenocarcinoma) and HepG2 (hepatocellular carcinoma). Cells were
obtained from the National Cell Bank of Algiers (Pasteur Institute, Algiers).

MTT assay. The cytotoxic activity of crude extracts of the aerial parts of 4. valentinus
and chlorogenic acid compound was determined using an MTT colorimetric assay (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide assay).

Cell viability was quantified using an MTT colorimetric assay (3-[4,5-dimethylthiazol-2-
-yl]-2,5-diphenyl tetrazolium bromide assay).2° Cells were seeded into 96-well plates were
incubated for 72 h at 37 °C in a 5§ % CO, incubator. After that, the chlorogenic acid compound
and the plant extracts at different concentrations 0.005, 0.01, 0.02,0,03 and 0.04 mg/mL were
dissolved in 10 % DMSO and added to the cell culture to be tested against cell lines. The cells
were incubated for 24, 48, and 72 h to evaluate dose and time responsiveness.

Subsequently, 10 pL phosphate-buffered saline containing 5 mg/mL MTT was added to
each well. After 4 h of incubation, the medium was discarded, and formazan blue crystals
formed in the cells were dissolved in 100 mM DMSO. Reduced MTT concentrations were
quantified using a microplate reader (Thermo Scientific Multiscan Spectrum) at 540 nm abs-
orbance. The cytotoxic effects of the tested extracts were determined by comparing the optical
density of the treated cells with that of the untreated cells. The cytotoxicity relative to controls
was calculated using the following formula:27

Cytotoxicity (%) = 100((4, — 4)/A.)) €))
where 4. and 4, are the mean absorbances of the control and test wells, respectively.
Statistical analysis

The data were analysed using SPSS software (Microsoft Corp., Chicago, IL, USA). The
multiple treatment comparisons were performed using one-way analysis of variance and Stu-
dent’s t-test. The differences were considered statistically significant at *p < 0.05, *p < 0.01
and *p < 0.005. The data are presented as the mean =+ standard deviation of three replicates.

RESULTS AND DISCUSSION
Identification of chromatographic HPLC-DAD-MS peaks

The analysis of each of these fractions showed several compounds eluting
throughout the chromatographic profiles.

The profiles of the fractions appeared to be quite different, and most of the
compounds were recovered in only one of them (Fig. 1). Moreover, some com-
pounds eluting at the same retention time in the fractions showed different UV—
—Vis properties.

The methanolic fraction presents the highest content of polyphenols and fla-
vonoids in this study.

The molecular structure of the compounds found is the following: Fig. 2
shows the structures of derivative S-glucosides and his dimer (A) and (B).
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Fig. 1. Chromatogram of HPLC-DAD-MS of the methanolic extracted of the plant 4.

valentinus.
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Fig. 2. Structures of derivative f-glucosides and its dlmers (A) and (B).
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The phenolic acid and flavonoid compounds are given in Table 1.

TABLE I. Phenolic components detected in 4. valentinus aerial part in methanolic extract by
HPLC-DAD-MS

R UV Mol. ion [M-H] Fragmentation Identified compound
min Amax (m/z)
10.8 289 711 355 (100), 193 (100), 149 (23) Derivative S-glucosides
13.3 300 353 191 (100), 178 (9) Chlorogenic acid
i 355 (100), 549 (37), 369 (32), Dimer of derivative
14.3 293-305 11 271 (18) p-glucosides
472 (100), 353 (42), 503(36),  6,8-Di-C-glucopyra-
14.4 271-336 393 575 (19), 383 (27) nosyl apigenin
Dimer of derivative
16.2 295-319 711 355 (100), 193 (100), 149 (23) p-glucosides
17.7 269-340 431 311 (100), 431 (40), 413 (9) Vitexin derivatives

Fig. 3 shows major compounds chlorogenic acid, identified with a retention

time of 13.3 min with absorption wavelength peak at 300 nm, while mass
spectrum 593 had a retention time of 14.4 min with two absorption wavelength
peaks (271 and 336 nm) and corresponds to flavone, 6,8-di-C-glucopyranosyl
apigenin (Fig. 4).

HO, CO,H
@ i
o =
HO H 0
OH OH
OH Fig. 3. Structure of chlorogenic acid.
OH

= Fig. 4. Structure of 6,8-di-C-glucopyranosyl api-

HO genin.

Peaks with the retention time of 10.08 and 16.2 min correspond to the same

mass 711 with the same fragmentation (355, 193, 149). The molecule is sym-
metric it would give only set of NMR signals as the monomer (results no
showed), which explains that they are isomers.
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The last pic at 17.7 min, spectrum UV with 2 absorption wavelengths peaks
(269 and 340 nm), and her mass spectrum 431 corresponds to flavone, derived

from the vetexin (Fig. 5).

(A) (B

Fig. 5. Structures of 8-C-glucosylapigenin (vitexin) (A) and 6-C-glucosylapigenin
(isovitexin) (B).

Cytotoxic assay

As shown in graphs 1 and 2 of Figs. 6 and 7, the /(5o values of crude
extracts of the aerial parts of A. valentinus against the A549 cell line were deter-
mined as 19.79 pg/mL. The values for the HepG2 cell line were 32.63 pg/mL.

The different extracts showed dose-dependent cytotoxic effects on the cancer
cell lines. Chlorogenic acid exhibited the best cytotoxic effects on the A549 and
HepG2 cell lines with /Csq values of 13.59 and 12.84 pg/mL, respectively.
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0
0 5 10 15 20 25 30 35 40 45
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@ % inhibition A549 cell line ® % inhibition HepG2 cell line

Linear(% inhibition HepG2 cell line)

Linear(% inhibition A549 cell line)

Fig. 6. Inhibition percentage of cell viability of crude extracts of the aerial parts of
A. valentinus against the A549 cell line and the HepG2 cell line.

The use of Anacyclus species in folk medicine in North Africa is widely
attributed to their recognized therapeutic properties, which are attributed to the
presence of different compounds,28-30 including terpenoids, flavonoids and alk-
aloids.3!

The results obtained in this study are agreed with the composition of aerial
parts of other species,32:33 of gender Anacyclus, confirmed that the methanolic
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extract from the aerial parts of A. maroccanus and A. radiatus contained chloro-
genic acid, that joint to rutin were the major identified compounds in these species.
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Linear(% inhibition A549 cell line) = -Linear(% inhibition HepG2 cell line)

Fig. 7. Inhibition percentage of cell viability of chlorogenic compound against the A549 cell
line and the HepG2 cell line.

Nevertheless, this is the first time that have been identified the following
compounds: vitexin, isovitexin, and derivatives B-glucosides in 4. Valentinus and
suggest that the identified compounds may play a role in the bioactivities of the
extracts, which needs further research.

Some flavones like vitexin and isovitexin are active components of many
traditional Chinese medicines and were found in various medicinal plants. Vit-
exin (8-C-glucosylapigenin) has recently received increased attention due to its
wide range of pharmacological effects, including but not limited to anti-oxidant,
cytotoxic, anti-inflammatory, antispasmodic and neuroprotective effects. [sovitexin
(apigenin-6-C-glucoside), an isomer of vitexin, generally purified together with
vitexin,34 also exhibits diverse biological activities.35-36 Flavonoids have various
bioactive effects, including anti-inflammatory, cardioprotective, anti-diabetic,
anti-viral and anti-cancer. For that, the knowledge of these compounds will help
in formulating pharmaceutical products.

Our results showed that the plant extract of 4. valentinus could significantly
inhibit cancer cells. It could therefore be a preventive agent against the
development of cancer cells. Several extracts and chlorogenic compound were
exhibited antiproliferative activity against the two of the cell lines. Chlorogenic
acid was isolated from Anacyclus species for the first time and showed the
highest cytotoxic activities on the A549 and HepG2 breast cancer cell lines.

In fact, several studies37-39 showed that chlorogenic acid, an important bio-
logically active dietary polyphenol, can be produced by certain plant species.
Reduction in the risk of a variety of diseases.
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CONCLUSION

This is the first phytochemical and cytotoxic investigation of an endemic
species of A. valentinus. The identification of phenolic compounds in the air ext-
ract of A. valentinus was evaluated.

In the present study, phytochemical analysis of 4. valentinus, revealed the
presence of other phenolic acid and flavonoid compounds. The compounds found
in this study of the plant A. valentinus has shown many biological activities.
Chlorogenic acid and methanolic extracts of 4. valentinus showed significant
anticancer activity against cancer cell lines. Herbal-based products exist for hun-
dreds of years and have been identified as a potent approach for the treatment of
various human diseases, such as cancer.40

In future studies, the level of other chemical components of 4. valentinus
and the major extracts responsible for anticancer activity will be determined, and
the molecular mechanisms of cell death will be analysed in more detail.
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XJIOPOT'EHA KHMCEJIMHA CA HUTOTOKCUYHOM AKTUBHOIIRY U IPYTU CACTOJIIU
Anacyclus valentinus U3 AJTDKUPA

BAKHTA RAMLI', MOHAMED RABIE MOKRED!, ABDELKADER HAMIANI', SALIMA BELLAHOUEL BENZINE!,
CHOUKRY KAMEL BENDEDDOUCHE!, MARIA TERESA LAO? MARIE-LAURE FAUCONNIER?
u NADIA KAMBOUCHE BOUZIDI'

'Organic Synthesis Laboratory, Department of Chemistry, Faculty of Exact and Applied Sciences, Oran 1
Ahmed Ben Bella University, Oran, Algeria, ?Agronomy Department, Research Center for Mediterranean
Intensive Agrosystems and Agri-Food Bio-technology CIAMBITAL, Agrifood Campus of International
Excellence ceiA3, University of Almeria, Almeria, Spain u *Laboratory of Chemistry of Natural Molecules,
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Anacyclus valentinus je dupka Caxape Koja npunazga nopoguuy Asteraceae. Y oBoj CTyIuju
Cy uneHTH(HUKOBAHA jemuermha M307I0BaHA M3 CUPOBOT eKcTpakTa A. valentinus u onpeheHa je
BUX0BA CTPYKTypa. McnuTaH je BUXOB IMTUTOKCUYHH epeKaT Ha IBE XyMaHe kaHuepcke henyj-
cke nUHUje. EKCTpaKT Hag3eMHUX fiesioBa A. valentinus je pakLHOHHACAH METOZIOM eKCTpaKiyje
Ha uyBpcToj dasu (SPE). odujene dpaxuuje cy aHanusupase NMR cnexrtpockonvjom u
mertorom HPLC-DAD-MS. OBo je mpBa CTyZAHja KOja aHaIM3Upa LIUTOTOKCHYHOCT A. valentinus.
LIUTOTOKCHYHOCT eKCTpakaTa je TeCcTHpaHa Ha XyMaHHM KaHIIepCKUM hesldjckuM nuHHjaMa
A549 (apenoxapunHoM tutyha) u HepG2 (xemarouenynapHy kapurHoM) npumenom MTT Tecra.
HneHTrnuKOBaHO je BULIE jefHkbena, YKbYUyjyhi U IBa HOBA: XJIOpPOreHa KUCeIUHa U S-TIIUKO-
3upHu fgepuBar. Takobe, nerexroBaHo je mpucyctBo C-rmukosupa (2 M3oMepa alUreHuHa).
BpenHoct ICso CMpOBOI eKCTpakTa Haf3eMHUX genoBa A. valentinus cnpam A549 henujcke
nunyje je duna 19,79 pg/mL, a cipam HepG2 32,63 pg/mL. XnoporeHa KHUCenyHa je UCIOobUIa
Hajsehy nutoTtokcryHoct cnpam A549 n HepG2 henujckux nunyja, ca ICs BpesHoctuma 13,59,
onHocHO 12,84 pg/mL.

(TlpumibeHo 13. anpuna, peBugupano 25. maja, npuxsaheno 25. asrycra 2024)
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Abstract: Silver nanoparticles represent a potential solution for mitigating the
negative effects of temperature stress on cereals. This study investigates the
impact of silver nanoparticles on winter varieties of wheat and barley during
the tillering phase, focusing on proline concentration, antioxidant activity and
extract yield under winter field conditions. Silver nanoparticles (AgNPs) were
synthesized using a green method with an aqueous extract of the plant Agri-
monia eupatoria L. (fam. Rosaceae). Two winter cereal varieties, Simonida (77i-
ticum aestivum L.) and Nonius (Hordeum vulgare L.), were foliar treated with
5 and 10 mg/mL AgNPs—H,0. The experiment lasted for 10 days, during
which the minimum recorded temperature was —7 °C under field conditions.
The proline concentration was increased in both varieties treated with nano-
particles compared to the controls. Antioxidant activity was assessed using the
DPPH method for both treated and untreated samples, with ascorbic acid used
as a positive control. Antioxidant activity has increased in all treated samples
compared to the untreated samples. Only specific concentrations of AgNPs—
—H,O0 increased the extract yield. Based on these results, our study emphasizes
the potential of AgNPs—H,0 to improve the tolerance of winter cereals to low
temperatures.

Keywords: green synthesis; cereals; proline; antioxidant activity; low temperatures.

INTRODUCTION

Temperature changes, whether in the form of increases or decreases, affect
the rate of plant development, with temperature stress disrupting cellular
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metabolism and functionality. Such stress induces morphological, physiological
and biochemical changes, depending on the plant species and the duration of
stress exposure.! Low temperatures (< 0 °C) represent temperature stress, while
the acclimatization of winter cereal varieties begins at temperatures below 10 °C.
Low temperatures, as stress factors, cause yield loss through a reduction in the
number of productive tillers, spikes and grains, resulting in shorter stems, smaller
leaf area and decreased photosynthesis. Tillering in cereals is a growth and dev-
elopment phenophase during which secondary shoots are formed at the tillering
node. The rate and intensity of tillering largely depend on climatic conditions.
The optimal temperature for the tillering phase is 15-17 °C. When temperatures
are lower, tillering slows down, and it ceases below 6 °C. During the tillering
phase, winter cereal varieties can be sensitive to low temperatures, depending on
their intensity and duration. Under stressful conditions, one of the most detrimen-
tal effects on plants is oxidative stress, which leads to the formation of reactive
oxygen species, causing protein and nucleic acid damage, lipid oxidation, cell
membrane damage and ultimately the inhibition of plant growth and develop-
ment, which may result in the plants’ inability to survive.24

Silver nanoparticles (AgNPs) are a type of metal nanoparticles with unique
biological, chemical and physical characteristics, such as: catalytic activity,
chemical stability, high electrical conductivity, specific optical and thermal pro-
perties.5 The application of silver nanoparticles in agriculture holds multiple sig-
nificances, including their use as nanofertilizers,® nanopesticides,’” nanobiosen-
sors and nanometeorological instruments, for improving soil properties,? as
growth stimulators and as agents for fruit ripening.10 Silver nanoparticles enhance
yield, antioxidant activity and proline content in cereals under cold stress con-
ditions.11,12

The synthesis of AgNPs, as well as other nanomaterials, can be physical,
chemical or biological. Biological synthesis is also referred to as green syn-
thesis.!3 The green synthesis of silver nanoparticles offers ecological advantages
over chemical and physical methods. These methods are simple, environmentally
friendly and suitable for commercial applications, as they do not require high
energy consumption, high temperatures, pressures or toxic chemicals.!4 The
synthesis consists of three steps: extraction, the use of reducing agents and the
application of nontoxic materials. Biological methods can yield nanoparticles of
specific sizes and shapes, which is one of the most important requirements in
synthesis. Green synthesis of silver nanoparticles utilizes molecules derived from
biological systems such as plants, microorganisms, fungi and algae.!> Molecules
obtained from extraction from biological systems, such as phenols, terpenoids,
amino acids, vitamins, polysaccharides, proteins, enzymes, tannins, alkaloids and
alcohol compounds, are important as reducing and stabilizing agents.!¢ Silver
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nanoparticles obtained through green synthesis, in contrast to chemical synthesis,
exhibit long-lasting antibacterial effects and lower phytotoxicity.17

In our study, an aqueous extract of the plant Agrimonia eupatoria L. (fam.
Rosaceae) was used to synthesize nanoparticles. In addition to its antioxidant and
antibacterial properties, this plant possesses anti-inflammatory, neuroprotective,
antidiabetic, hepatoprotective and anticancer properties.!8 Due to its high content
of bioactive compounds, A. eupatoria has exceptional reducing ability, which is a
crucial step in the synthesis of metallic nanoparticles. Furthermore, Markovi¢ et
al.19 identified optimal conditions for the synthesis of silver nanoparticles using
this plant in their study, which further supports its selection.

Various strategies have been employed to overcome the negative effects of
stress: selection of tolerant genotypes, application of different plant growth regul-
ators and use of organic fertilizers. Species and varieties that can tolerate stress,
combined with nanotechnology in agriculture, could be an effective strategy for
achieving sustainable production and increasing yields under stress condit-
ions.20.21

The aim of this research is to investigate the effect of silver nanoparticles on
winter varieties of wheat and barley during the tillering phase, focusing on inc-
reasing resistance to low temperatures by analysing proline content, antioxidant
activity and extract yield.

EXPERIMENTAL
Chemicals
Silver nitrate (AgNO;, Sigma Aldrich). 1,1-Diphenyl-2-picrylhydrazyl (DPPH, Tokyo
Chemical Industry, Tokyo). L-Ascorbic acid (CgH;O¢Na, Carl Roth GmbH, Germany).
Methanol (CHsOH, Zorka, Serbia). Ninhydrin and orthophosphoric acid (CoHgO4 and H3POy,
Centrohem, Serbia). Glacial acetic acid, toluene and sulfosalicylic acid (CH;COOH, C,Hg and
C;HgO¢S, Hemos, Serbia). The solutions and chemicals were of analytical grade.

Preparation of plant aqueous extract for the synthesis of silver nanoparticles

The aqueous extract of the plant 4. eupatoria was prepared using Muruzovié et al'®
method. Dried and powdered plant material weighing 60 g was immersed in 800 mL of dis-
tilled water and left at room temperature for 24 h. The plant material was soaked with the
same amount of distilled water and filtered every 24 h, three times. The obtained filtrate was
collected and then dried using a rotary evaporator (DLAB, RE 100 S) at 40 °C. The dried ext-
racts were subsequently stored in a refrigerator at 4 °C.

Green synthesis of silver nanoparticles

The synthesis of silver nanoparticles was carried out according to the Markovi¢ et al.!?
method AgNO; was used as the silver source to produce AgNPs, while the aqueous extract of
A. eupatoria served for the reduction and stabilization of silver ions (the color change from
light yellow to dark brown confirmed the synthesis). AgNO; was dissolved at a concentration
of 5 mM, and the reaction was performed at 25 °C, pH 4, using 1 % plant extract and stirred
for 3 h on a magnetic stirrer (magnetic stirrer MSH 300). After synthesis, the suspension was
centrifuged at 4500 rpm for 20 min (Centric 150). After centrifugation, the supernatant was
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removed and the precipitated nanoparticles were dried at 40 °C and stored at 4 °C. The
synthesis of silver nanoparticles was monitored spectrophotometrically at wavelengths rang-
ing from 200 to 800 nm. The characterization of AgNPs—H,0, including transmission electron
microscopy (TEM), UV-Vis spectrophotometry and FTIR spectroscopy was described pre-
viously by Markovi¢ et al.®

Growing conditions for cereals, treatment and sampling

Two varieties of winter cereals were analyzed: wheat (Triticum aestivum L.), variety
Simonida and barley (Hordeum vulgare L.) variety Nonius. These varieties are known for
their resistance to low temperatures and considering the variability of these factors, it is
important to investigate their additional resistance through the application of silver nano-
particles. The experiment was conducted over a period of 10 days in an experimental field of
the Agricultural Advisory Service in Kragujevac (44°10'00"N, 20°58'00"E) during the
2023/2024 growing season. Meteorological data on minimum and maximum temperatures
were collected through daily measurements. Each variety was sown on an experimental plot of
9 m?2, with a sowing density of 500 seeds per m2. The experiment was conducted in three
replications. One replication was 3 m2, with each square meter representing different growth
conditions for the plants. Within each variety, one square was a control, the second was
treated with 5 mg/mL and the third square was treated with 10 mg/mL. The treatment was
applied foliarly at concentrations of 5 and 10 mg/mL. AgNPs-H,0. After ten days of the
treatment, the aboveground parts of the cereals were collected and transported to the labor-
atory in liquid nitrogen. In the laboratory, the plant material was macerated using the Muruz-
ovi¢ et al. method, employing a methanolic solvent. The obtained filtrate was collected and
dried in a rotary evaporator at 40 °C (DLAB, RE 100 S). The extracts were then stored in a
refrigerator at 4 °C. This procedure was used to prepare extracts that were analyzed for proline
content, antioxidant activity and extract yield.

Preparation of extracts for determining the extract yield from wheat and barley samples

The extract yield was calculated for all samples collected. Methanol was used in the
maceration process to determine the extract yield. For each sample, 5 g of dried and ground
aboveground plant material stems and leaves (LSA) was used.

Determination of proline

The proline content was determined spectrophotometrically using Bates et a/?? method.
The plant extract was homogenized in a porcelain mortar with a 3 % solution of sulfosalicylic
acid, after which the homogenate was filtered. Ninhydrin reagent and glacial acetic acid were
added to the filtrate. The mixture was then incubated at 100 °C for 1 h. The reaction was
interrupted by transferring the test tubes to ice and then toluene was added while stirring.
After separating the toluene phase from the aqueous layer, the toluene phase containing pro-
line was taken for absorbance measurement spectrophotometrically at a wavelength of 520 nm
(UV-5100B spectrophotometer). Pure toluene was used as a blank. The proline concentration
was determined from a standard curve prepared with known concentrations of proline, using
the same method as for the samples. The proline concentration was expressed in pmol/g of
extract. Each sample was measured in three replicates.

Determination of antioxidant activity

The determination of antioxidant activity was conducted using the DPPH method accord-
ing to the description by Kumarasamy et al.23 The dry extract was dissolved in methanol
(1000 pg/mL), after which a series of double dilutions was prepared. To each diluted sample
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of 2 mL, 2 mL of 40 mM DPPH solution was added and allowed to stand in the dark for 30
min at room temperature. After that, the absorbance was measured at 517 nm using a UV-
-5100B spectrophotometer. A control with methanol, instead of the sample, was prepared in
parallel. Ascorbic acid was used as the standard. All samples and controls were tested in three
replicates. Based on the obtained results, the percentage inhibition of DPPH radicals and the
1C5o value were determined. The inhibition assessment was calculated using the following
equation:

Inhibition (%) = 100((Acomrol - Asample)/ Acontrol) (1)
where A4 oniro1 18 the absorbance of the control sample and 4 ,mp1 the absorbance of the extract.
The ICs, value is the effective concentration at which 50 % of the DPPH radicals are neut-
ralized. This value was obtained from the graph of neutralization activity (%) versus sample
concentration, as described in detail in the work by Comic et al.2*

Statistical analysis

Statistical analysis of the data was performed using Excel software (build
16.0.17328.20124, version 2402) and SPSS software (IBM SPSS Statistics, version 26). The
obtained mean values of proline concentration and mean values of antioxidant activity exp-
ressed as /Cs for DPPH were analyzed using two-way analysis of variance (ANOVA) with a
significance threshold of p < 0.05. This test evaluate whether there are statistically significant
differences between the analyzed groups.

RESULTS AND DISCUSSION

Based on the characterization of the nanoparticles at the Institute of Nuclear
Sciences Vinca, the nanoparticles exhibit isometric morphology and a uniform
size distribution (average diameter of 351 nm), as confirmed by transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) analyses. The
use of scanning transmission electron microscopy (STEM) with high-angle annu-
lar dark-field (HAADF) imaging and energy-dispersive spectroscopy (EDS) con-
firms the crystalline nature of AgNPs. Fourier transform infrared spectroscopy
(FTIR) analysis identifies identical functional groups in the plant extracts and
corresponding AgNPs, indicating the role of phytochemicals in the reduction of
silver ions. Spectrophotometric monitoring of the synthesis process, influenced
by various parameters, provides insights into the kinetics and optimal conditions
for the formation of AgNP—H,O Markovi¢ et al.19

During the ten-day experiment, daily temperatures ranged from —7 to 12 °C,
Fig 1. Temperature, as a negative abiotic factor affecting cereals, has primarily
been studied in the context of high temperatures and heat stress. There is a sub-
stantial body of research addressing the various effects of silver nanoparticles
under heat stress conditions.25-26 However, it is interesting to note that there is
limited research examining the impact of silver nanoparticles on cereals in the
early developmental stages exposed to low temperatures.

The highest proline concentration was recorded in the barley samples treated
with a concentration of 5 mg/mL AgNPs—-H;0O (1.213 pmol/g), followed by the
wheat samples treated with a concentration of 5 mg/mL AgNPs—H>O (1.17
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umol/g). The lowest concentrations were recorded in the control samples of
wheat (1.074 umol/g) and barley (1.031 umol/g), as shown in Fig. 2. The wheat
and barley samples treated with the concentration of 5 mg/mL AgNPs—H»O had
higher proline concentrations than those treated with the concentration of 10
mg/mL AgNPs—H»O. Control samples of wheat and barley exhibited the lowest
proline concentrations compared to both treatments with 5 and 10 mg/mL
AgNPs—H»>O. Overall, the proline concentration was higher in the treated
samples compared to the control samples, indicating that treatment with AgNPs—
—H;0 positively affects proline accumulation in wheat and barley during expo-
sure to low temperatures, Fig. 2.

Temperature, C

1 2 3 4 5 6 7 8 9 10
Days

Fig. 1. Temperature fluctuations during the ten-day duration of the experiment.

1.25

1.20

E
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0.9
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wC W5 B5 B10
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Samples
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w

Fig. 2. The average proline content in wheat and barley samples, expressed in pmol/g of
extract with standard error. The tested samples are labeled as follows: control — WC, treatment
with 5 mg/mL — W5 and with 10 mg/mL — W10. Barley samples are labeled as follows:
control — BC, treatment with 5 mg/mL — B5 and with 10 mg/mL — B10.

The obtained average values of proline concentration were subjected to a
two-way analysis of variance (ANOVA test) with a significance threshold of
p < 0.05, which showed statistically significant differences among the groups.
The student Newman—Keuls test for multiple comparisons confirmed significant

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

(CC) 2025 Serbian Chemical Society.



SILVER NANOPARTICLES IN CROP PROTECTION 1 8 1

differences between all groups. The mean values of the samples are labeled with
different letters. Based on these analyses, it was concluded that there are signific-
ant statistical differences in proline concentration among the examined groups,
Fig. 2.

Our results on proline accumulation are consistent with the previous stu-
dies.30.31 These studies have shown that gold nanoparticles stimulate proline
accumulation in plants exposed to low temperatures. Similarly, in our study, sil-
ver nanoparticles also increased proline concentration during exposure to low
temperatures, suggesting their potential as cryoprotectants in plants under stress
conditions.

According to Li et al.3 repeated exposure to low temperatures over a certain
period can also affect cereal productivity. While lower concentrations of nano-
particles may stimulate antioxidant mechanisms in plants, higher concentrations
can lead to oxidative stress that the plants cannot overcome.2’ The highest anti-
oxidant activity was recorded in the wheat samples treated with a concentration
of 10 mg/mL AgNPs-H,O (ICs9 = 80.73 pg/mL) and in the wheat samples
treated with a concentration of 5 mg/mL AgNPs-H,O (ICso = 118.51 pg/mL).
Meanwhile, the barley samples treated with 5 mg/mL AgNPs—H»O had the high-
est level of antioxidant activity compared to all other barley samples. However,
compared to the positive control (ascorbic acid /Csg = 54.01 pg/mL), all tested
samples, both treated and untreated, showed limited antioxidant activity. The
antioxidant activity of AgNPs—H,O was low, Fig. 3.

350
300

d
£
g
250 =
a
200
150 b
100 c
h
5 [ i
0
WC W5 AA

W10 BC BS B10 AgNPs
Samples

Concentration, pg/mL

(=)

Fig. 3. The antioxidant activity, expressed as average /Cs, values for DPPH, measured in
wheat and barley samples, silver nanoparticles and ascorbic acid with standard error. The
tested samples are labeled as follows: control — WC, treatment with 5 mg/mL — W5 and with
10 mg/mL — W10. Barley samples are labeled as follows: control — BC, treatment with 5
mg/mL — BS5 and with 10 mg/mL — B10. AA and AgNPs refer to ascorbic acid and silver
nanoparticles, respectively.

The obtained antioxidant activity values, expressed as average /Cso values
for DPPH, were also subjected to an ANOVA test with a significance threshold
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of p < 0.05, which showed statistically significant differences among the groups.
Subsequently, the student Newman—Keuls test for multiple comparisons was
used, confirming that all groups differ statistically significantly from each other.
The mean values of the samples are labeled with different letters. Based on these
tests, it was concluded that there are statistically significant differences in
antioxidant activity among the examined groups.

Similar to our study, Islam et al.27 used silver nanoparticles and examined
their effect on antioxidant activity in wheat and barley grass exposed to tempe-
ratures of 5-10 °C. The obtained values showed that wheat grass had higher
antioxidant activity than barley grass. Gorczyca et al.28 investigated the anti-
oxidant activity in the roots and leaves of wheat, with and without the presence
of nanoparticles. Antioxidant activity was assessed using the enzymes catalase
and superoxide dismutase, revealing that the values in treated plants did not
differ from the control group. In the study by Budhani et al.2® five different
commercial silver nanoparticles negatively affected germination, root growth and
shoot length in wheat. Venzhik et al.30 demonstrated that gold nanoparticles at a
concentration of 20 pg/mL had the most favorable effect on wheat seedling sur-
vival at -3 °C, increasing leaf length, chlorophyll content and carotenoid levels
without MDA accumulation. Their subsequent research confirmed that gold
nanoparticles can enhance wheat seedling tolerance to low temperatures, with
higher survival rates at —3 °C compared to the control, although damage inc-
reased at —5 and —7 °C.3!

Extraction of the aerial parts of plants, stems and leaves (LSA) was per-
formed for 3 wheat samples and 3 barley samples to determine the extract yield
for each sample. After complete solvent removal, the extract yield was obtained
in g and %, as shown in Table I. The extract yield varied depending on the cereal
species and treatment. The wheat samples showed an extract yield of 1.39 g (27.8
mass %) for samples treated with a concentration of 5 mg/mL AgNPs-H,O (W5),
while the samples treated with a concentration of 10 mg/mL AgNPs-H,O (W10)
had a slightly higher yield of 1.62 g (32.4 mass %). The control wheat sample
(WC) had a yield of 1.42 g (28.4 mass %). For the barley samples, the control
sample (BC) recorded the highest extract yield of 1.67 g (33.4 mass %). The
sample treated with 5 mg/mL AgNPs-H>O (B5) had a yield of 1.65 g (33 mass
%), while the sample treated with 10 mg/mL AgNPs-H,O (B10) showed a
slightly lower yield of 1.59 g (31.8 mass %), as shown in Table I.

Numerous studies highlight the importance of silver nanoparticles with
effects depending on the genotype of the studied organism, particle size, con-
centration, nanoparticle coating agents, application method, degree of dispersion
and phytochemical properties.32-35 In our research, silver nanoparticles with an
average diameter of 35+1 nm were used, which contributed to increased anti-
oxidant activity and proline content in both wheat and barley varieties compared
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to the control groups. Accordingly, the application of silver nanoparticles in agri-
culture could be an effective approach to enhance resilience and mitigate stress
caused by low temperatures during the tillering stage.

TABLE I. Extract yield for wheat and barley samples

Sample Yield, g Yield, mass %
wC 1.42 28.4

W5 1.39 27.8
W10 1.62 324

BC 1.67 334

B5 1.65 33

B10 1.59 31.8

CONCLUSION

Foliar application of silver nanoparticles at concentrations of 5 and 10
mg/mL affected antioxidant activity and proline concentration in both winter
cereal varieties: Simonida (7. aestivum L.) and Nonius (H. vulgare L.) at the
tillering stage during low temperatures. Treated plants exhibited better anti-
oxidant activity compared to untreated plants. The highest antioxidant activity
was recorded in the wheat samples treated with 10 mg/mL AgNPs—H»O and the
barley samples with 5 mg/mL AgNPs-—H,O, suggesting that lower nanoparticle
concentrations more effectively stimulate antioxidant mechanisms in barley.
Overall, the wheat samples demonstrated better antioxidant activity than the bar-
ley samples. The highest proline concentrations were recorded in the plants
treated with 5 mg/mL, both in wheat and barley, while the plants treated with 10
mg/mL had lower proline concentrations. These results confirm that a lower con-
centration of silver nanoparticles more effectively increases proline concen-
tration. The yield of the extracts was highest in the wheat treated with 10 mg/mL
and in the control barley sample. These results suggest that silver nanoparticles
may potentially mitigate the negative effects of low temperatures on cereals and
further enhance their resilience.
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HU3BO[J

E®EKTHU CPEBPHUX HAHOYECTHIA CHHTETUCAHUX BOOEHUM EKCTPAKTOM
Agrimonia eupatoria L. HA O3UME COPTE INIIEHUIIE ¥ JEHMA

HOPKE . MUHUKR!, KATAPUHAT. MAPKOBUR?, AHA C. KECUR?, MUPJAHA 3. TPYJOBHUR?, CTEQPAH M.
MAPKOBUR!, ATIEKCAHJIPA M. TOPBULIA® u HEBEHA X. BYKUR!

"Yrueepsuiuem y Kpaiyjesuy, ITpupogno—maiemamuuxu Gaxyniieid, Kawegpa 3a 0uonoiujy u exonoiujy,
Pagoja Jomanosuha 12, Kpaiyjesay, 2Ynusepsuiuei y Kpaiyjesuy, Huciuuity 3a undopmayuote
wexnonoiuje, Ogemere 3a Hayky, Josana Lleujuha 66, Kpaiyjesay, u *Ynueep3uwieiri y Hosom Cagy,

Hayunu unciiuiayi 3a iipexpamdene wexHonoiuje, bynesap uapa Jlasapa 1, Hosu Cag

CpedpHe HaHOYECTULIE NIPEACTaB/bajy MOTEHLMjAIHO PEILEE 3a yOnakaBawe HeraTMBHUX
edexara TeMIEpaTypHOr CTpeca Ha kurtapuue. OBa CTyAuja UCIUTYje YTULIAj CPEOPHUX HAHO-
YecTulia Ha 03MMe CopTe MIIeHUIe U jeuMa TOKOM (hase Bokopemwa, dhoxycupajyhu ce Ha KOH-
LeHTpalWjy TpPOJIMHA, aHTHOKCHUIATUBHY aKTUBHOCT U MPUHOC €KCTPaKTa Y 3UMCKUM IOJbCKUM
ycnoBuma. CpebpHe HaHouectuue (AgNPs) cunTetHcaHe cy kopuirhewmem 3ejieHe METofe ca
BOJEHUM EKCTpakToM Owbke Agrimonia eupatoria L. (fam. Rosaceae). IIBe copre 03uMHX
xutapuna, Simonida (Triticum aestivum L.) u Nonius (Hordeum vulgare L.), TpeTupane cy
(onujapHo ca 5 1 10 mg/mL AgNPs—-H:0. ExcnepumenT je Tpajao 10 faHa, TOKOM KOT j€ MUHH-
MasHa 3adenexeHa temneparypa dwia —7 °C, y mo/CKUM yciaoBuMa. KOHIEHTpauyja MpoIvHa
Owa je mosehaHa koI COPTH TPeTHMpPaHMWX HaHOUYECTHL[ama y mopehemy ¢ KOHTponama. AHTH-
OKCHIATHUBHA aKTUBHOCT, ogpehena je DPPH mMeTtomom 3a TpeTHpaHe U HeTpeTHpaHe y30pke, y3
aCKOPOMHCKY KMCEJMHY Kao [TO3UTUBHY KOHTpOIy. AHTHOKCHIATHBHA aKTUBHOCT DA je moBe-
haHa ko CBUX TpETUPaHHUX y30paKka Yy OOHOCY Ha HETpeTHpaHe y3opke. [IppHOC ekcTpakarta cy
He3HaTHO nosehane camo oppehene koHuenTpanuje AgNPs—-H,0. OBo Hamlamasa NOTEHLHjas
AgNPs—H:0 3a nmodoseiame TojepaHLMje 03UMHUX )KUTapHLia Ha HACKE TEMIEPATYPE.

(ITpumsseHo 5. aBrycra, peBumupaHo 15. aBrycra, mpuxsaheHo 27. aBrycta 2024)
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Abstract: In recent times, there has been a notable increase in the widespread
presence of Alzheimer’s disease. The disease could be controlled by the inhib-
ition of acetylcholinesterase, an enzyme associated with the degradation of
acetylcholine. Plants have been used to treat neurogenerative diseases and their
phytochemicals could act as acetylcholinesterase inhibitors, impeding the pro-
tein’s catalytic activity. This study includes a computational assessment of
phytocompounds as potent inhibitors of the enzyme. The molecular docking
calculations revealed binding affinities of —50.651, —49.446 , -48.400, —47.977,
—47.839 and —47.417 kJ/mol for allanxanthone B, stigmasterol, 5'-O-methyl
dioncophylline D, ismailin, wistin and dioncophylline C2, respectively, indi-
cating firm binding of these molecules with the receptor. Donepezil (a native
and FDA-approved drug) exhibited a binding affinity of —46.789 kJ/mol, which
was significantly lower than that of the proposed phytochemicals. The success-
ful candidates demonstrated good stability of the complex with the protein,
showing smooth RMSD of ligands below 6 A from the 200 ns molecular dyn-
amics simulation. The thermodynamic stability from the MMPBSA method
indicated the sustained spontaneity and feasibility of the adducts. Thus, the pro-
posed candidates could be used as remedies for Alzheimer’s disease after the
experimental verification for their safety and efficacy.

Keywords: binding affinity; catalytic gorge; geometrical stability; free energy
changes; molecular dynamics simulation.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurological disorder resulting in a gradual
and irreversible deterioration of the cognitive function.! It is rapidly emerging as
one of the most lethal, costly and burdensome illnesses of the current era.2 Alz-
heimer’s disease stands as the primary contributor to dementia, a condition that
ranks as the seventh most common cause of mortality.3 Current estimates suggest
that around 55 million individuals globally are suffering from it.3

The disease could be treated through the inhibition of acetylcholinesterase
(AChE), a crucial enzyme involved in the degradation of acetylcholine by inc-
reasing the efficiency of the signal given by the brain.4 It is a neurotransmitter
and neuromodulator that binds to receptors of cells that help to contract muscle,
dilate blood vessels, reduce heart rate, etc.5 In the treatment of AD, the use of
ACHE inhibitors is intended to prevent the breakdown of acetylcholine and thus
promote improvement in cholinergic neurotransmission.* Donepezil, rivastigmine,
tacrine and galantamine are some of the promising inhibitors of the enzyme from
the clinical trials.® The active site gorge of AChE comprises both the peripheral
anionic site (PAS) and the catalytic active site (CAS, Fig. 1), which serves as the
binding site for competitive inhibitors.” The CAS consist of SER203, GLU334
and HIS447 whereas PAS includes TYR72, ASP74, TYRI124, TRP286 and
TYR341 situated around the gorge of the active site. PAS has a significant role as
it binds temporarily with the substrate and could block the substrate from the
catalytic site.8

Fig. 1. Native ligand docked (red) in between the peripheral anionic site (PAS) and catalytic
active site (CAS) of the protein (PBD ID: 7E3H) showing no interaction with a catalytic triad
(SER203, GLY334 and HIS447).

Medicinal plants have been used in ancient Ayurvedic and folk medicines
for the treatment of Alzheimer’s disease.? Phytochemicals have been extensively
explored as AChE inhibitors due to various adverse effects associated with cur-
rent medications.!9 Several literatures have reported plant sources as potent inhi-
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bitors of the enzyme as a means for the treatment of Alzheimer’s disease.!! Dif-
ferent computational approaches have been employed in the drug discovery pro-
cess to facilitate experiments for cost-efficiency and enhanced effectiveness dur-
ing preliminary screening.!2 Many studies have proposed phytochemicals of dif-
ferent medicinal plants as AChE inhibitors using computational approaches.!3
Computational drug discovery could be employed to accelerate the tedious high
throughput experimental screening process by minimizing the likelihood of sub-
sequent failures and recall during clinical trials.!4 This study incorporates in sil-
ico tools and techniques such as molecular docking, molecular dynamics simul-
ation, binding free energy estimation and ADMET prediction for the exploration
of potent AChE inhibitors from plant-based sources.

EXPERIMENTAL
Preparation of ligand and protein structures

A database of 77 bioactive ligands was made from the selected phytochemicals derived
from African plants.!> The 3D structure of the ligands was downloaded in sdf format from the
PubChem database!® and their molecular structures and bond order were checked using the
Avogadro software.!” The protein 3D crystalline structure with PDB ID: 7E3H!8 (X-ray resol-
ution = 2.45 A, expression system = Homo sapiens) was downloaded from the RCSB protein
data bank server.!® The protein was cleaned by removing water molecules, co-crystallized nat-
ive ligand and chain B using the PyMOL program.2® The receptor was further subjected to
evaluation of geometrical structure through the ERRAT, PROCHECK and VERIFY modules
of the SAVES v6.0 server.?!

Molecular docking calculations

The DockThor server was employed for the flexible docking calculations.?? Choice of
the docking method was based on its ability to undergo multiple docking calculations within a
short period of time using a freely available web server, as well as its ability to reproduce the
same results.22 The inclusion of solvated environment and protein flexibility tends to provide
the best possible model to the natural system. The details of the docking parameters were
adopted from recently published literature.?® The selected parameters include the box coord-
inates of (—43, 36, —32), the box size of (16, 16, 16), the population size of 750, the discretiz-
ation of 0.17, 24 runs and 1,000,000 evaluations. The interactions between the ligand and the
amino acid residues were visualized using Biovia Discovery Studio.?* The docking protocol
was validated by achieving a root mean square deviation (RMSD) of less than 2 A for the
heavy atoms of the ligand, as obtained through superimposing the native ligand and the re-
-docked ligand (Fig. 2).

Molecular dynamics simulation (MDS) and binding free energy estimation

GROMACS program? was used for the simulation studies and a combination of Charmm?27
force field?¢ and TIP3P solvation model?” were utilized. Other parameters were adopted from
recent literature.2® The equilibration process involved running two simulations: one under
NPT conditions and another under NVT conditions, each lasting 500 ps and totalling 2 ns.
These simulations were conducted at a standard body temperature of 310K. Following equi-
libration, a production run of 200 ns was carried out using a time step of 2 fs. Various mole-
cular dynamics (MD) parameters were extracted from GROMACS software’s built-in mod-
ules. The binding free energy post-MD simulation was determined by analysing the equilib-
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rated 20 ns of the MD trajectory, employing the molecular mechanics Poisson Boltzmann sol-
vation model.?’

TRE286 ,Mmz
i

TRP86

g=~ Fig. 2. Superimposition of native (red) and re-
docked ligand (blue) along with their interact-
ions with amino acid residues at the catalytic
pocket of protein.

The changes in binding free energy of the protein-ligand complex are given as:28

AGBFE: AGcomplex - AGprotein - AGligand (1)
ADMET Prediction

The safety and drug-likeness such as toxicity, excretion, distribution, metabolism and
absorption properties of the hit candidates were determined through the pkCSM server.3°

RESULTS AND DISCUSSION

For the disruption of normal functioning of a protein through competitive
inhibition, the ligand should strongly bind to the active site of the receptor pro-
tein.31-32 The crystalline protein (PDB ID: 7E3H) contains the FDA-approved
drug, donepezil33 as a native ligand docked in between the CAS and PAS.!8 The
docked ligand with stronger binding in terms of binding affinity than the native
could stop the catalytic activity of the enzyme by blocking the binding to the cat-
alytic triad.

Protein structure evaluation

The quality of protein geometry in terms of the ERRAT module was 94.21
indicating the high overall quality of the protein structure. Around 91.65 % of the
amino acid residues passed the VERIFY module suggesting the good 3D struc-
ture of the protein appropriate for computational assessment. Ramachandran plots
depicted that no amino acid residues were on the disallowed region out of 528
with 90 % on the most favoured region as shown in the supplementary inform-
ation (Fig. S-1 of the Supplementary material to this paper).

Binding affinity from molecular docking calculation

From the molecular docking calculation, 12 compounds exhibited greater
binding affinity than that of native with —46.789 kJ/mol and are shown in Tables
I and S-I (Supplementary material). The best binding affinity of —50.651 kJ/mol
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was observed with allanxanthrone B having a significant difference of 3.861
kJ/mol than that of donepezil. The binding affinities of —49.446, —48.400 and
—48.216 kJ/mol were observed with stigmasterol, 5'-O-methyldioncophylline D
and durallone, respectively. Other compounds like simplexin, ismailin, witsin,
dioncophylline C2, asphodelin, sungucine, rotenone and azadirone also showed
better binding than that of the native exceeding binding affinity of 46 kJ/mol. In
addition, majority of the docked compounds showed better binding affinities than
that of reference drugs, galantamine (—39.840 kJ/mol) and rivastigmine (—37.166
kJ/mol).

The stronger binding of several ligands compared to the native ligand at the
orthosteric pocket of the AChE suggests their potential for superior protein inhi-
bition.

TABLE I. Binding affinity of top candidates with protein AChE

S.N. Ligand PubChem CID Binding affinity, kJ/mol
1 Allanxanthone B 11328706 -50.651
2 Stigmasterol 5280794 —49.446
3 5'-O-methyldioncophylline D 132542154 —48.400
4 Durallone 1023565 -48.216
5 Simplexin 119045 —47.990
6 Ismailin 135454728 —47.977
7 Wistin 10095770 -47.839
8 Dioncophylline C2 132500912 —47.417
9 Asphodelin 182665 -47.325
10 Sungucine 189778 —47.237
11 Rotenone 6758 —46.944
12 Azadirone 10906239 -46.814
13 Native 1150567 -46.789
14 Galantamine 9651 -39.840
15 Rivastigmine 77991 -37.166

Protein—ligand interactions

From the 2D interaction between ligand and the amino acid residues of top
candidates, several interactions such as m—m stacked, alkyl, m—alkyl, m—cation,
hydrogen bonds, carbon—hydrogen bonds and van der Waals were observed
(Table S-1I of the Supplementary material). The interactions with amino acid
residues such as TRY 72, TRP286, PHE295, TYR337 and TYR341 as well as one
of the catalytic triad, HIS477 were observed between the docked ligand and
amino acid residues of AchE (Figs. 3 and S2). The majority of interactions of the
docked ligands were similar to the ones observed with the native as shown in
Figs. 2 and 3 indicating that the ligands were docked at the same location as the
native. Despite several electronegative centres in the majority of ligands, only a
few hydrophilic interactions were detected, specifically forming hydrogen bonds
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with amino acid residues ASP74, PHE295 and HIS447. In addition, one of the
ligands, ismailin, showed the m—cation interaction with amino acid residue
ASP74 and m-lone pair interaction with TYR124. Several van der Waals
interactions with the amino acid residues of PAS and catalytic triad were
observed. However, there was no observed interaction with the catalytic triad
residue, GLY334, as it was positioned further away from the docked site. Similar
interactions were observed in recent literature with molecular docking of AChE.34

D TR Ap 6Ly AVAL294  PHE.
v AT2 : A120 é PHE:
8, 254 L - - APHE:338 —
< — - ATYR:124 ,
" [ATVRa37 AHisad7  AilZ6 Ailzl; L &
A:LEU:289 : ¥ i A‘I:,Ei 7 A76
S 5 2CH SER
: ALl A:203
6Ly
ASE2 &y ) s
i B ATTRP:86 [(AHis:447_ | —
. A GLU L B ~ A:TYR:72
@ oo @m Y & SN <
f P i : : : A74
SHe (AT [masera & oA
Allanxanthone B5'-O-Methyldioncophylline D
GLY.
£ < P A3b3 A,
A Mﬂ A:293 PHE. | A:TYR:124 K535
& 5y & APHE:338
SLU A:PHE:338 A:289 A:TYR:337
D (_SLV D
LSJEBE A121 \ A‘%’g
K254 [APHE295.
_ | ATYR:341
A:TRP:286 A5Se P8
PH
B s e
h TYl
B & a7 A:TRP:86
A%ga A:VAL:294
Stigmasterol Ismailin
Interactions
D van der Waals D Pi-Lone Pair
- Conventional Hydrogen Bond - Pi-Pi Stacked
- Pi-Cation I:l Alkyl
D Pi-Donor Hydrogen Bond D Pi-Alkyl
- Pi-Sigma I:I Carbon Hydrogen Bond
Fig. 3. 2D interaction between amino acid residues of protein (PDB ID: 7E3H) and docked

ligands.

It could be deduced that the ligands were docked between the peripheral
anionic site (PAS) and catalytic active site (CAS), similar to that of the native

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

(CC) 2025 Serbian Chemical Society.



PHYTOCHEMICALS AS ACETYLCHOLINESTERASE INHIBITORS 193

ligand, donepezil.” Thus, the docked ligand could block competitive ligands
reaching the catalytic triad halting the catalytic function of the receptor.

Root mean square deviation (RMSD)

RMSD of protein backbone and ligands, both with respect to the protein
backbone, helps to determine the geometrical stability of the ligand with the rec-
eptor protein.23 The deviation of ligands within the orthosteric pocket could be
monitored from the RMSD plots shown in Fig. 4A. The plots depicted no signi-
ficant deviation of the ligand from the docked pose with few trivial spikes in the
RMSD trajectory. Dioncophylline C2, wistin, ismailin, stigmasterol, allanxan-
throne B and 5'-O-methyldioncophylline D exhibited good stability with the enz-
yme having heavy atom RMSD of ligand below 6 A. Dioncophylline demon-
strated the best stability with a smooth trajectory and RMSD at around 3 A. Stig-
masterol, ismailin and wistin also exhibited good geometrical stability, with
RMSD below 4 A, albeit with occasional spikes in the trajectory. Despite the rise
of RMSD of allanxanthrone B at the beginning, the system attained equilibrium
after ca. 100 ns and smooth RMSD was observed up to 200 ns. In the case of 5'-
-O-methyldioncophylline D, a comparative smooth trajectory with RMSD of lig-
and at approximately 5 A was observed. Slightly unstable nature of curve with
multiple bumps and higher RMSD was observed in case of durallone and sim-
plexin as depicted in Fig. S-3 of the Supplementary material. The protein back-
bone RMSD remained steady and smooth at around 2 A (Fig. 4B) without notice-
able bumps or spikes inferring the stability of protein structure upon ligand binding.

From the RMSD trajectory, it could be deduced that the ligand attained geo-
metrical stability within the orthosteric pocket of AChE without significant devi-
ation in terms of the RMSD of the ligand.

0.8
0.6
049
0.2 W
f ) . | L = Allanxanthrone B
UU 25 50 75 100 125 150 175 200 5'_O-methyldioncophylline D
Time (nS) | Stigm asterol
= Dioncophylline C2
4
e [smailin

c e o <
L

Protein RMSD (nm) Ligand RMSD (nm)
(=3

" 1 1 1 1 1
S0 75 100 125 IS0 175 200
Time (ns)

(=]
=]
A

Fig. 4. RMSD of ligands (A) and protein (B) of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D
(green) complexes.
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The relative rotational and translation motion of the ligands could be moni-
tored from the snapshots retrieved at different times from the molecular dyn-
amics simulation.?3-28 From the snapshots (Fig. S-4 of the Supplementary mat-
erial) it was evident that the ligand remained in its docked location between the
PAS and CAS with minute alteration of position and orientation. Despite lower
translational motion, a significant rotational motion could be observed for the
majority of ligands which were reflected by a few spikes and bumps in the RMSD
profiles. The shift of position of witsin could have contributed to sudden spikes
in the RMSD curve. The RMSD curve of the ligand of allanxanthrone B complex
and the relative position of the ligand at the docked site were correlated as the
ligand underwent significant rotation and was localized after the attainment of
equilibrium as depicted in Fig. 4. In spite of a noticeable rotational shift, the
docked ligands remained localized within the orthosteric pocket and thus could
result in inhibition of the AChE enzyme.

The radial-distribution curve depicts the presence of a single sharp peak for
dioncophylline C2, wistin and stigmasterol inferring the localization of ligands
without any change in center of mass3> as shown in Fig. 5. However, ismailin,
allanxanthrone B and 5'-O-methyldioncophylline D demonstrated two peaks, one
large peak and another small ridge signifying that the ligand's centre of mass
shifted between the two, with a predominant presence at one particular site.

400 L I R S S S S

350

_| = Allanxanthrone B

5'-0-methyldioncophylline D
| =——Stigmasterol

Dioncophvlline C2

e Ismailin

L L L bt 1 1 ,
0 0.5 1 1.5 2 2.5 3
r (nm)

Fig. 5. Radial pair distribution function (g(r)) of the ligands’ centre of mass with reference to
that of the protein in dioncophylline C2 (magenta), wistin (orange), ismailin (red),
stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D (green)
complexes.

Other geometrical evaluators (RMSF, R,, SASA and H-bond)

The root mean square fluctuation (RMSF) plot of the protein backbone (a-
-carbon) is depicted in Fig. 6. RMSF plot helps to evaluate the stability of the
protein structure as an unstable loop structure shows greater fluctuation as com-
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pared to stable sheet and helix structures.3¢ The fluctuation of amino acid resi-
dues was less than 2 A with an exception at ca.76 and 430 amino acid residue
numbers. The amino acid residues of PAS and the catalytic triad were not in the
proximity of the spiked region, demonstrating a fluctuation less than approxim-
ately 1.5 A. Among the catalytic triad, GLU334 showed slightly higher fluctu-
ation than SER203 and HIS447. This might be attributed to the binding of the
docked ligand with SER203 and HIS447 only. The amino acids interacting with
the docked ligands such as TRP72, ASP74, TRY 124, TRP286 and TYR341 dem-
onstrated lesser fluctuations as compared to other amino acid residues which
might be due to induced stability from stronger binding with the docked ligands.

—_ 0.5 T

E 04 ,: | === Allanxanthrone B

5 - | 5'_0-methyldioncophylline D
I 0.3F 1 — Stigmasterol
wn 0.2 i ? —— Dioncophylline €2

E U.lb‘ﬁﬁ 9 s\ i\ i MW tsmaitin

ob——1= 1 . PR M W ) . . |
0 50 100 150 200 250 300 350 400 450 500

Residue Number

Fig. 6. RMSF plot of protein backbone of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (black) and 5'-O-methyldioncophylline D
(green) complexes.

The solvent-accessible surface area (SASA) of all the complexes were nearly
the same at approximately 215+10 nm? inferring the stability of protein structure
upon the interaction with the ligands37 as depicted in Fig. 7. The SASA4 trajectory
remained smooth without any significant bumps and spikes indicating that the
hydrophobic region of the receptor was not exposed upon ligand binding. A sim-
ilar smooth trajectory was seen in the case of the radius of gyration (Rg) of com-
plexes at ca. 23+0.25 A, signifying no change in protein conformation in terms of
expansion and contraction.3® The steady and smooth trajectory of Rg and SAS4
retrieved from the MDS trajectory emphasized the geometrical stability of the
protein structure upon ligand binding.

P R R T B T T O R H R S B
0 25 50 75 . 100 125 150 175 200 2‘20 25 50 s 100 125 150 175 200
Time (ns) Time (ns)

1905 ——————

Fig. 7. SASA (left) and R, (right) of protein of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D
(green) complexes.
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The hydrogen bonds formed between the amino acid residues throughout the
200 ns production run was monitored since hydrogen bond governs several bio-
logical processes such as metabolism, adsorption, drug affinity and specificity.3®
From the MD simulation, a noticeable variation in the number of hydrogen bond
formation of each complex could be observed as shown in Fig. 8. Allanxanthrone
B, stigmasterol, 5'-O-methyldioncophylline D and dioncophylline C2 demon-
strated almost similar number of hydrogen bond formation around 2 to 4. A sig-
nificant contrast could be observed in case of wistin and ismailin. Wistin dem-
onstrated a maximum number of hydrogen bond formations with 7 to 8, whereas,
the lowest hydrogen bond count was seen in isamailin complex.

Allanxanthrone B

——|5"-0-methyldioncophylline D
—[Stigmasterol

== Dioncophylline C2

—— Ismailin

H-Bond Count
S LI NN -100\D

0

25 50 75 100 125 150 175 200
Time (ns)

Fig. 8. Number of hydrogen bonds formed between the amino acid residues and
dioncophylline C2 (magenta), wistin (orange), ismailin (red), stigmasterol (blue),
allanxanthrone B (dark) and 5'-O-methyldioncophylline D (green).

Binding free energy change estimation (AGgrg)

The change in binding free energy of the adducts from the MMPBSA
method was used to assess the spontaneity and feasibility of the reaction as
shown in Table II. A higher negative binding free energy (AGgpg) indicates
higher spontaneity and feasibility of the reaction.?0 The best binding free energy
change was observed with stigmasterol with —131.33+18.24 kJ/mol. Binding free
energy change of —108.36+18.66, —94.60+19.49, —93.59+29.32, —89.99+18.49
and —77.61+17.07 kJ/mol was observed with dioncophylline C2, allanxanthone
B, wistin, 5'-O-methyldioncophylline D and ismailin, respectively. Except for the
highest and the lowest scorers, all other complexes showed nearly identical
changes in binding free energy. Among the several components, the change in
energy due to van der Waals force of interaction was significant compared to

TABLE II. Change in binding free energy (kJ/mol) of hit candidates

COmpleX AGBFE

Allanxanthone B —94.64+19.49
Stigmasterol —131.33+£18.24
5'-O-Methyldioncophylline D —89.99+18.49
Ismailin -77.61+17.07
Wistin —93.59+29.32
Dioncophylline C2 —108.36+18.66
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others. This outcome could be due to the cumulative contribution of several van
der Waals interactions as shown in 2D protein—ligand interactions (Fig. 3 and
Table S-1II of the Supplementary material). All the complexes exhibited negative
AGRFE indicating thermodynamically stable complexes with sustained spontaneity.

Drug-likeness and safety

The comparative prediction of ADMET properties of the successful can-
didates, native and reference drug compounds is shown in Tables S-IV and S-V
of the Supplementary material. From the comparative analysis, it was found that
wistin and stigmasterol showed moderate to good drug-likeness properties with
almost no toxicity. These results were better than that of other successful can-
didates and comparable with the native and the two reference drugs. However, in
vivo and in vitro experiments should still be performed to ascertain these pre-
dictions.

CONCLUSION

The in silico approach revealed the phytochemicals such as dioncophylline
C2, wistin, ismailin, stigmasterol, allanxanthrone B and 5'-O-methyldionco-
phylline D as potent inhibitors of the acetylcholinesterase enzyme. The com-
pounds showed good geometrical and thermodynamical stability with the protein
and could inhibit the enzyme by preventing its catalytic functions. However,
several in vitro and in vivo experiments need to be done to evaluate their safety
and effectiveness. Therefore, plant-based compounds could be applied in the
treatment of neurodegenerative diseases like Alzheimer’s.

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/12876, or from the correspond-
ing author on request.
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OIOABPAHE ®UTOXEMHKAJIUIJE KAO MORHHU HHXUBUTOPHU
ATETHJIXOJIMHECTEPA3A: IN SILICO IIPEIBUBAILE

RAM LAL SWAGAT SHRESTHA!®, PRABHAT NEUPANE!, SUJAN DHITAL!, NIRMAL PARAJULI!,
BINITA MAHARJAN'2 TIMILA SHRESTHA'?, SAMJHANA BHARATI"? BISHNU PRASAD MARASINI?*
1 JHASHANATH ADHIKARI SUBIN®

!Department of Chemistry, Amrit Campus, Tribhuvan University, Lainchour, Kathmandu 44600, Nepal,
2Kathmandu Valley College, Syuchatar Bridge, Kalanki, Kathmandu 44600, Nepal, ’Institute of Natural
Resources Innovation, Kalimati, Kathmandu 44600, Nepal, *Nepal Health Research Council, Ramshah Path,
Kathmandu 44600, Nepal u *Bioinformatics and Cheminformatics Division, Scientific Research and Training
Nepal P. Ltd., Bhaktapur 44800, Nepal

Y cxopuje Bpeme je [OIIIO N0 MPUMETHOT paclipocTpamuBama AJlixajMepoBe HolecTy.
Bonect ce Moxe KOHTPOJIMCATH WHXUOMIMjOM alleTHIXOMHHECTepas3e, eH3UMa II0Be3aHOr ca
IerpajaudjoM aleTHIXONWHA. bubke Kkoje cy kopumrheHe 3a jeyerme HEYpOTeHEePaTHBHHUX
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dosecty ¥ BUXOBe PUTOXEMHUKAJIHje MOTY JeJIOBaTH Ka0 HHXUOHUTOPH alleTHIXOIMHeCcTepase,
crnipevaBajyhy kaTtanUTHYKy akTUBHOCT npoTerHa. OBa CTy[nuja caip)kyu pauyHapCcKy IMpOLeHy
(utojenvmera kao MOhHMX HMHXMOMTOpa eH3MMa. MspauyHaBawa MOJIEKYJICKOT JOKMHIA
nokasyjy agunutete Besusawa on —50,651, —49,446, —48,400, —47,977, —47,839 u —47,417
kJ/mol 3a anakcantoH B, cturmacreposn, 5'-O-MeTun AUOHKOMUINH D, HCMAaWINH, BUCTHH,
OIHOCHO JUOHKOGMIMH C2, IITO yKa3yje Ha UBPCTO BE3UBAIbe OBUX MOJIEKYJIA 3@ PELENTOP.
Honesenun (HatuBHU U op FDA opodpeH 7nek) ucmosbaBa Be3WBHH aduHUTET of —46,789
kJ/mol, xoju je 3HaTHO HWKU HEro KO MpeinoKeHNX (QUTOXeMUKaIHja. YCIelUH! KaHIUAaTH
Cy ToKasaau #odpy CTadMIHOCT KOMIIEKCa ca NPOTEMHOM, mnokasyjyhu miatky RMSD
NMraHaja UCIos 6 A u3 cumynanuje Monexycke JuHaMHKe TokoM 200 ns. TepMOIMHAMHYKA
cradunHoct 1o MM-PBSA MeTozu ykasyje Ha CTaaHy CHOHTaHOCT U OCTBAp/bMBOCT afyKarTa.
Taxo ce MpemIoKeHW YCIeUHH KaHOUOATH MOTY KOPHUCTHTH Kao JIEKOBH 3a AJIIXajMepoBy
DosiecT HaKOH eKCcrieprMeHTaTHe IpoBepe BHUxoBe De30efHOCTH U e(PUKACHOCTH.

(ITprMmsbeHo 5. anpuia, peBUaupaHo 22. anpuia, npuxsaheno 2. jyna 2024)
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TABLE S-I: Binding affinity (kJ/mol) of the docked ligands with protein (PDB ID: 7E3H)

. PubChem Binding affinity
S.N Ligands CID (kJ/mol)
1 Allanxanthone B 11328706 -50.651
2 Stigmasterol 5280794 —49.446
3 5'-O-methyldioncophylline D 132542154 —48.400
4 Durallone 1023565 -48.216
5 Simplexin 119045 —47.990
6 Ismailin 135454728 -47.977
7 Wistin 10095770 —47.839
8 Dioncophylline C2 132500912 —47.417
9 Asphodelin 182665 -47.325
10 Sungucine 189778 —47.237
11 Rotenone 6758 —46.944
12 Azadirone 10906239 —46.814
13 Native 1150567 —46.789
14 Niloticin 14021529 —46.651
15 Strychnogucine C 5321534 —46.505
7,2'-dimethoxy—4',5'-

16 methylenedioxyisofavone 343083 —46.496
17 Mellerin B 102317133 -46.061
18 Dioncophylline F 132500908 —46.032
19 Hispidol B 13967183 —45.923
20 Isoacteoside 6476333 —45.835
21 Piscidinol A 12004524 -45.814
22 Isoknipholone 11729754 —45.781
23 Seco-tiaminic acid A 122178985 —45.697
24 Stachannin 44258461 —45.501
25 Jamaicin 12304682 —45.203
26 Microdontin A 101629131 —45.053
27 Maximaisoflavone B 44257236 —44.986
28 Salaterpene A 102583505 —44.969
29 Retusin 5352005 -44 915
30 Busseihydroquinone C 60201022 —44911
31 Microdontin B 101629132 —44.777
32 Tetrahydropalmatine 5417 —44.764
33 Quercetin-3-O-B-dglucopyranoside 5280804 —44.689
34 Deguelin 107935 —44.685
35 Volkensiflavone 5480834 —44.584
36 Montrifoline 157014 —44.555
37 5-Demethyltangeretin 96539 —44.517
38 Pectolinarigenin-7-glucoside 44258439 —44.488
39 Tephrodin 44257635 —44.475
40 Calopogoniumisoflavone A 354119 —44.404
41 Kaempferol 3-O-beta-D-glucoside 5282102 —44.379
42 Mzikonone 14109464 —44.367
43 Ekeberin A 101843374 —44.061
44 Busseihydroquinone D 60201023 —43.994
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Dianellin
Ursolic acid
Lupeol
Macluraxanthone
Maximaisoflavone J
Betulin
Aloin A
Acteoside
11-EPi-toonacilin
Azadironolide
Aloin B
Rhamnazin
3-EPi—oleanolic acid
Quercetin-3,4'-dimethyl ether
Lysicamine
Proceranolide
Maximaisoflavone H
Salaterpene B
Skimmiamine
3-Epioleanolic acid
Busseihydroquinone B
Montanin
Darienine
Heliparvifoline
Maculine
Bisnordihydrotoxiferine
Bergenin
Gadenine
Cyclombandakamine A2
Cyclombandakamine A1
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422284
64945
259846
5281646
177731
72326
12305761
5281800
73348892
10814144
14989
5320945
11869658
5380905

122691
23258999
13873188
102583506
6760
11869658
70688905
442060
130672
5281846
68232
6440874
66065
436042
132608472
132608471

—43.798
—43.722
—43.706
—43.672
—43.643
—43.559
—43.538
—43.526
—43.496
—43.400
—42.743
—42.639
—42.513
—42.404
—42.103
—41.350
—41.346
—41.342
—40.258
-39.714
-39.655
-39.463
-39.199
-38.630
-38.225
-37.049
-36.342
-32.605
-13.275
-11.844
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TABLE S-II: Chemical structures of top candidates, their binding affinities and type of
interactions with amino acid residues of AChE

Lig. Structure . Types_of Active site residues (Distance A)
interactions
Hydrogen
Bond ASP74 (2.55)
Pi-Pi TRP286 (5.95, 6.19), TYR337 (5.38),
) Stacked TYR341 (3.46, 3.99, 4.48)
@ Alkyl LEU289 (5.33)
£ ot TRPS6 (4.11, 4.33), TRP286 (4.44,
= e i 9 [ T  PiAlkyl  4.66), TYR337 (4.49), PHE338 (5.02)
] N N o Y > ) ,
2o O O TYR341 (5.39), HIS447 (4.74)
= HO o OH TYR72, GLY121, GLY120, TYR124,
< van der SER125, GLY126, LEU130, TYR133,
Waals GLU202, SER203, ALA204, SER293,
VAL294, PHE295, ARG296, GLY342,
GLY448
Pi—Donor
Hydrogen TRP86 (2.67)
CHs Bond

. TRP286 (3.75, 4.55), PHE297 (4.88,
" piAlkyl 525 TYR337 (343, 526), PHE33S
(4.69,4.71), TYR341 (4.56, 4.67,
4.84), HIS447 (4.82)
TYR72, ASP74, LEU76, GLY121,
vander  TYRI24, SER125, GLU202, SER203,
Waals LEU289, SER293, VAL294, PHE295,
ARG296, GLY342, GLY448

Stigmasterol

Hydrogen
Bond HIS447 (3.08)
Carbon-
A hydrogen ~ PHE338 (2.89), HIS447 (3.14, 3.41)
£ bond
= Pi-Donor
= Hydrogen TYR124 (2.78)
§ Bond
£ Pi-Pi TRP286 (5.33), TYR337 (5.04),
= Stacked TYR341 (3.88,4.92)
= Alkyl VAL294 (3.81)
g TYR?72 (4.35), TYR124 (4.74),
o: Pi-Alkyl TRP286 (4.25, 6.16), TYR337 (3.64),
N PHE338 (4.26), TYR341 (4.52, 4.72,
4.80, 5.38), HIS447 (4.79, 5.29)
van der ASP74, LEU76, GLY121, GLU202,
Waals SER203, PHE295, PHE297, GLY448
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Hydrogen
Bond PHE295 (2.66)
Pi—Cation ASP74 (2.75, 3.18)
Pi—Donor
Hydrogen TYR124 (2.20), TYR341 (2.68)
Bond
Pi-Pi TRP286 (4.62, 5.06), TYR341 (5.49)
£ Stacked Tk ’
§ Pi-Sigma TYR341 (3.65)
2 Pi-Lone
Pair TYR124 (2.36)
Alkyl VAL294 (5.15)
. TRP86 (4.69), TYR337 (3.61, 5.006),
Pi-Alkyl PHE338 (3.80), TYR341 (5.37)
q TYR72, THR83, ASN87, GLY 121,
V\;‘,“aalzr SER125, SER203, SER293, ARG296,
PHE297, GLY342, HIS447
Hydrogen
Bond ASP74 (2.55), SER293 (2.59)
Carbon-
hydrogen SER125 (2.70), SER293 (2.94)
° O~ch, bond
= Hie™” O PiPi TYR337 (5.56), TYR341 (3.92, 4.24)
Z Q | Stacked B e
s y o Alkyl LEU289 (5.49)
\)O\)): Pi—Alkyl TRP86 (4.47), TRP286 (5.48)
HO A TYR72, THR83, ASN87, GLY 121,
SH vander  TYRI24,GLY126, LEUI30, TYRI33,
Waals GLU202, SER203, VAL294, PHE295,
ARG296, PHE297, PHE338, HIS447,
GLY448
Carbon
Hydrogen TYR341 (2.90, 3.05)
HsC CH Bond
o o7 ¢ Pi-Sigma TRP86 (2.32)
3] Pi_pi TRPS6 (5.61), TYR124 (5.15), TRP286
2 Stacked  (494), TYR337 (4.78), TYR341 (3.29,
= acke 4.26)
z Alkyl VAL294 (4.07)
g TRP86 (3.33), TRP286 (4.42), PHE295
g PiAlkvl (4.75), PHE297 (3.90), TYR337 (5.09),
A Y PHE338 (3.26, 4.88), TYR341 (4.27,
5.23)
van der TYR72, ASP74, THRS83, GLY121,
Waals SER125, SER203, SER293, ARG296,

HIS447, GLY448, TYR449
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Fig. S-6. 2D interaction of dioncophylline C2, wistin, simplexin and durallone with amino
acid residues of the receptor
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Fig. S-7. RMSD curves of simplexin (brown) and durallone (violet) with RMSD curve of
protein backbone of simplexin (green) and durallone complex (turquoise)
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Spatial analysis of ligand and protein

» \
Ismailin Stigmasterol

Fig. S-4. Snapshots of protein-ligand interactions in three complexes captured at various time
points (1 ns in blue, 50 ns in orange, 100 ns in magenta, 150 ns in cyan and 200 ns in yellow)
during MDS

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

(CC) 2025 Serbian Chemical Society.



SHRESTHA et al.

5'-O-methyldioncophylline D

Allaxanthrone B

Fig. S-4. Snapshots of protein-ligand interactions in three complexes captured at various time
points (1 ns in blue, 50 ns in orange, 100 ns in magenta, 150 ns in cyan and 200 ns in yellow)
during MDS

TABLE-SIII: Binding free energy changes (AGggg) along with its components in complexes

Complexes AEvpwaaLs AEgL AEpg AExpoLar AGgas AGsoLy AGgrg
Auanxgmhone 23790+ 1129 -49.70+£2025 216522305 -2355+0.75 -287.60+23.97 192.96+22.71 -94.64+ 19.49
Stigmasterol  -205.89+ 11.50 -39.83+13.13 13623+ 1698 -21.79+0.54 24572+ 1845 11439+16.94 -131.33 = 18.24
5.0-
methyldioncoph  -182.79 1171 -21.12+13.17 133.80£21.25 -19.83£0.71 -203.92%16.31 113.93£21.04 -89.99 % 18.49
ylline D
Tsmailin 225931033 -71.63+16.73 242.42+22.04 -2246+0.62 -297.56+20.12 219.95+21.92 -77.6117.07
Wistin 19677+ 1158 -120.75+42.04 246.06+2836 2213050 -317.52+43.17 223.96+2824 -93.59+29.32
b 1°n°((’:p2hyume 21058 +£12.46 -99.66+13.80 222.71+22.00 -2083+0.54 -31020+20.04 201.83+22.75 -108.36% 18.66
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TABLE-S-IV: ADMET properties of six hit candidates

S83

Compounds
ADMET 5-0-
parameters Allanxgnthone Stigmasterol methyldioncophylline Ismailin ~ Wistin Dioncophylline C2
D
Caco2 . .
permeability Low High High Low Low Low
Intestinal . . . . . .
absorption High High High High High High
Skin High High High High  High High
Permeability & £ & & & &
BBB. . -1.1 0.771 -0.314 -1.126  -1.478 -0.132
permeability
CNS. . -1.767 -1.652 -1.563 -3.154 -3.784 -1.341
permeability
CYP2D6 No No Yes No No No
substrate
CYP3A4 Yes Yes Yes Yes No Yes
substrate
CYPI.AZ No No Yes No No Yes
inhibitor
C.YPz.C 19 Yes No No Yes No Yes
inhibitor
.CY.P2.C9 Yes No No Yes No No
inhibitor
(.:YPZ.D6 No No Yes No No Yes
inhibitor
CYP?’.A4 Yes No Yes No No Yes
inhibitor
Total -0.213 0.618 0.8 021  0.162 0.743
clearance
AMES No No Yes No No Yes
toxicity
hERG I No No No NO No Yes
inhibitor
hERG 11 Yes Yes Yes Yes No Yes
inhibitor
Hepatotoxicity Yes No Yes Yes No Yes
S.l?m . No No No No No No
sensitisation
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TABLE-S-V: ADMET properties of native and reference drugs

Compounds
ADMET parameters ~ Donepezil Rivastigmine Galantamine
(native)
Caco?2 permeability High High High
Intestinal absorption High High High
Skin Permeability High High High
BBB permeability 0.157 0.508 -0.081
CNS permeability -1.464 -2.255 -2.511
CYP2D6 substrate Yes No No
CYP3A4 substrate Yes No Yes
CYP1A2 inhibitor No No No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor Yes Yes No
CYP3A4 inhibitor Yes No No
Total clearance 0.987 0.557 0.991
AMES toxicity No No No
hERG I inhibitor No No No
hERG II inhibitor Yes No Yes
Hepatotoxicity Yes No Yes
Skin sensitisation No No No
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Chemical composition and bioactivities of Phellinus pini extracts and
quality evaluation of healthy drinks prepared from the mushroom
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!nstitute of Biotechnology and Food Technology, Industrial University of Ho Chi Minh City, Ho
Chi Minh City, Vietnam and *Food Science Program, Department of Kinesiology, Missouri
Southern State University, Joplin, MO 64801, USA

(Received 30 March, revised 15 July, accepted 15 October 2024)

Abstract: Phellinus pini, a mushroom species found in East Asian countries, is
commonly consumed as a medicinal beverage known for its stomach-warming
effects and purported ability to alleviate pain and tumours. In this study, P. pini
was extracted using different methods (hot water, sonication, microwave, and
soaking). The extracts were analysed for phenolic and polysaccharide contents.
Additionally, the extracts were evaluated for their antioxidant potential and
ability to inhibit albumin denaturation. The results demonstrated that the extract
obtained with hot water extraction contained the greatest amount of phenolics
(105.98+0.53 mg GAE/mL). The hot water and microwave extraction methods
showed more effective in extracting polysaccharide from the mushroom. More-
over, the extract from the ultrasound extraction method presented the strongest
antioxidant activity by scavenging DPPH and ABTS radicals by 41.26 and
97.84 %, respectively while the hot water extract exhibited the most potent
ability to inhibit albumin denaturation by 96.40 %. Among the four healthy
drinks formulated, the formulation with the greatest proportion of P. pini ext-
ract contained the highest total phenolic content, antioxidant activity, and the
most favorable sensory overall liking. The described findings deepen our
understanding of the chemical composition and potential health-promoting pro-
perties of P. pini, as well as revealing new potential applications for the mush-
room in the food and nutraceutical industries.

Keywords: mushroom; phenolics; antioxidant activity; healthy drinks; Phel-

linus pini.

INTRODUCTION

Phellinus, a genus of mushrooms from the family Hymenochaetaceae, is
primarily found in tropical regions of the America, Africa and Asia, especially in

* Corresponding authors. E-mail: nguyenthingan vsh@iuh.edu.vn
https://doi.org/10.2298/JSC240330087N
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Uzbekistan, China, Vietnam, Japan and South Korea.!-2 In Vietnam, this genus is
composed of 26 species that can be found in humid mountainous forests from the
north to the south.3 Phellinus mushrooms are highly valued for their medicinal
properties and are widely used in traditional medicine. They are known to pro-
mote and improve health, as well as to prevent or treat various conditions, such
as oral ulcers, certain gastrointestinal disorders, and blood-related diseases, as
reported in studies.®> Previous studies have revealed that Phellinus mushrooms
contain phytochemical constituents such as polyphenols, terpenoids and polysac-
charides, all of which exhibit antioxidant, anticancer, antiviral, immunomodul-
atory properties and other biological effects.

Phellinus pini is one of the commonly found species in Vietnam, particularly
in the central and central highlands regions. It is also prevalent in various regions
worldwide, such as the Americas, Africa and East Asia, with significant preval-
ence and extensive use in countries like China, South Korea and Japan.® People
in Asian countries commonly use P. pini as a beverage with medicinal effects,
including warming the stomach and treating pain and tumours. Similar to other
species in the genus Phellinus, P. pini contains numerous biologically active
compounds, including lignan, (+)-pinoresinol, sterol, stirypirol, ergosterol perox-
ide, ceramide and polysaccharides.” Among these compounds, polysaccharides
extracted from this mushroom possess multiple health-promoting activities that
have been demonstrated through numerous studies, such as antioxidant, antiviral,
anticancer, and immune-enhancing properties.8:% Moreover, extracts from P. pini
have shown inhibitory effects on enzymes like o~glucosidase and a~amylase,
suggesting potential benefits in managing blood sugar levels.10 Several solvents
were employed for crude extraction of bioactive compounds from Phellinus
species. Various extraction techniques, such as decoction, soaking, ultrasound,
and microwave-assisted methods, are commonly utilized for isolating natural
products from Phellinus species. Zhang et al. demonstrated that ultrasonic treat-
ment enhanced the antioxidant activities of polysaccharides extracted from Phel-
linus linteus mycelia.!l Recently, decoction technique was used to extract bioact-
ive components from dried powder of fruiting bodies of various Ganoderma
species to prepare tea.l? Despite numerous studies investigating the bioactivities
of Phellinus extracts from different species, limited data are available regarding
the applications of P. pini extracts in developing healthy beverage formulations.
Therefore, this study aimed to determine the chemical composition, bioactivities,
and sensory acceptability of P. pini extracts incorporated into beverage formul-
ations. The objectives of this study were:

1) Compare phenolic and polysaccharide contents, antioxidant activity and
albumin denaturation inhibitory effect of P. pini extracts obtained through vari-
ous extraction methods and
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2) Assess the quality of healthy beverages formulated from the selected P.
pini extract.

The findings of this study will contribute to our understanding of the chem-
ical composition and bioactivities of P. pini, while also unveiling new potential
applications of the mushroom within the food and nutraceutical industries.

EXPERIMENTAL
Sample collection

Phellinus pini was collected at the Pu Mat National Park in Nghe An province, Vietnam.
The sample was thoroughly cleaned with water, air dried, sliced, and ground to 1 mm size.
The powder was carefully stored in a polyethylene bag at a refrigerator (4 °C) for further ana-
lysis.
Chemicals

Phenolic acid standards were purchased from Sigma—Aldrich. Ethanol and water (HPLC
grade) were obtained from Fisher Scientific (Pittsburg, PA, USA). 2,2'-Azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) and were
purchased from Sigma—Aldrich and Sisco Research Laboratories (Maharashtra, India), res-
pectively. Food ingredients, including honey, dried jujube, and liquorice, were purchased at a
local grocery store.

Extraction

Briefly, 5 g of the sample were mixed with 500 mL of deionized water, and the extract-
ion was carried out using different extraction methods, including hot water (closed lid), sonic-
ation (closed lid, Sonica 3200 EP S3, 360 W, 39 kHz), microwave (closed lid, Sanyo EM-
-S2052W, 700 W, 2.45 MHz) and soaking. The parameters of each extraction method were
shown in Table I. After the extraction step, the mixture was then filtered by a Whatman filter
paper (110 mm in diameter, GE Healthcare, Chicago, IL, USA). The filtrate obtained were
analysed for phenolic contents, total polysaccharide content, and bioactivities.

TABLE I. Parameters of the various extraction methods of Phellinus pini

Extraction method Hot water Sonication Microwave Soaking
Time, min 5 15 2 60
Temperature, °C 95-100 50 30 30

Determination of phenolics

Total phenolic content (TPC) of extracts was determined by the Folin—Ciocalteu appro-
ach.!3 A volume of an extract (0.5 mL) was pipetted into a test-tube containing 2.5 mL of 10
% Folin—Ciocalteu solution, followed by shaking and 5 min incubation in darkness. 2 mL of
7.5 % Na,CO; were added, and the mixture was then incubated in darkness for 60 min. The
absorbance was measured by a UV—Vis spectrophotometer (Thermo Genesys 20 UV—Vis) at
765 nm. Gallic acid was used as a reference standard.

To identify and quantify individual phenolic acids and flavonoids, the extracts were
injected into a high performance liquid chromatography system equipped with a UV detector
(Prominent, Shimazu, Japan), following the method of Nguyen et al. (2023).14 The separation
was performed using a VertiSep GES C18 reverse-phase column (250 mmx4.6 mmx5 pm).
The mobile phases were methanol (A) and 2 % formic acid (B) with the elution gradient as
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follows: from 0-3 min, 25 % A; 3—-10 min 25-40 % A; 10-20 min 40-60 % A; 20-30 min
60-80 % A; 30-40 min 80 % A; from 40-48 min 80-25 %. The flow rate was set at
1.0 mL/min. The detection wavelengths were 295 and 340 nm. The column was operated at
room temperature (30 °C). Sample injection by system was automatically set with a sample
volume of 10 pL. Quantification of phenolics was based on calibration curves of the external
standards at the same condition.

Determination of total polysaccharide content (TPSC)

Total polysaccharide content of each extract was determined by Nielsen’s method with
minor modifications.!> Five grams of the ground mushroom were combined with water at a
ratio of 1:10 (g/mL). The extraction methods were the same as those described in the earlier
section. The extracts were collected after removing the sample solids. 80 % ethanol in water
was added in the extracts at a volume ratio of 1:4, and the mixture was kept under low tem-
perature (4 °C) for 12 h, followed by centrifugation (5000 rpm, 10 min). The resulting residue
(i.e., polysaccharide) was dried and dissolved in 5 mL of sodium hydroxide. Water was added
to the solution to make a volume of 10 mL. 1 mL of this mixture was combined with 1 mL of
5 % phenol and 5 mL of concentrated sulfuric acid, followed by storage at room temperature
for 10 min. Absorbance was spectrophotometrically measured at 490 nm. Glucose served as a
reference standard.

Antioxidant activity

Antioxidant activity evaluated by DPPH and ABTS methods was described by Tuan et
al. (2023).1° One mL of an extract obtained in Section 2.2 was pipetted into a tube containing
5 mL of 0.1 mM DPPH solution, the mixture was thoroughly shaken and kept in darkness for
30 min, and absorbance was determined at 517 nm. Regarding ABTS assay, 38.4 mg of ABTS
were mixed in methanol, 6.6 mg potassium persulfate were added, followed by vigorous shak-
ing and storage in darkness for 16 h. The ABTS solution was adjusted in methanol to absorb-
ance at 0.7£0.02 at the wavelength of 734 nm. 100 pL of an extract combined with 3 mL of
the ABTS solution were shaken and kept in darkness for 6 min. Afterwards, absorbance of the
mixture was measured using a UV—Vis spectrophotometer.

Inhibition of albumin denaturation

The inhibitory activity of the extracts was evaluated and compared with that of diclo-
fenac, a nonsteroidal anti-inflammatory drug.!” Each P. pini extract obtained from the various
extraction methods or diclofenac sodium solution (100 uL) was combined with 100 uL of bov-
ine serum albumin solution (0.16 %) and 200 uL of sodium acetate buffer (25 mM, pH 5.5).
The mixture was subjected to incubation at 37 °C for 45 min, followed by a heating step to 67
°C for 3 min. After cooling down to room temperature, the absorbance of the mixture was
measured at 660 nm.

Healthy drink formulation and quality evaluation

The P. pini extract with the highest TPC was selected to be applied to drink formulation.
First, the extract was diluted with deionized water at the extract/water volume ratios of 1:3,
1:2, 1:1 and 2:1, resulting in four drink formulae (S13, S12, S11 and S21), respectively. After-
wards, each of the mixtures (1000 mL) was combined with honey, jujube juice and liquorice
juice as shown in the diagram. The resulting mixtures were evaluated for TPC, antioxidant
activity, soluble solids, pH, colour and sensory overall linking.
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Liquorice and jujube juices were prepared by mixing 5 g of dried liquorice and 12 g of
dried jujube in 200 and 600 mL of water, respectively. The mixtures were then boiled for 5
min, followed by cooling for 30 min before use.

The colour (CIE L*, a*, b*) of the drink was measured using a colorimeter (Konica
Minolta, CR-400 Ramsey). The pH measurement was conducted using a benchtop pH meter
(Hanna Instruments, German) and Brix value was recorded by a portable refractometer (Cole—
—Palmer). Overall sensory acceptance was run on the four drink formulations (S13, S12, S11,
S21) prepared as described in Fig. 1. The drinks were served at room temperature and in red
light. Overall liking of each sample was recorded from 50 panellists, using a nine-point hed-
onic scale (1 — extremely dislike, 5 — neither like nor dislike, 9 — extremely like). All samples
were coded with 3 digit numbers and served in a random order.

P, piniextract

Extract/water ratio (v/v)

1:3,1:2,1:1, 2:1
120g

—— 100 mL|
Jujube juice
Juice

Measuring TPC, ABTS,
DPPH, soluble solids, pH,
Brown index, sensory

Fig. 1. The diagram of healthy drink formulation.

Statistical analysis

The measurements were performed three times, and the findings were presented as mean
value + standard deviation. Data were analysed using one-way ANOVA alongside Tukey’s
HSD test at a significance level of 0.05. Statistical analysis was carried out using XLSTAT,
version 2016 (Addinsoft, Paris, France).

RESULTS AND DISCUSSION

Total phenolic content

Phenolic compounds are prevalent in mushrooms and play a crucial role in
their antioxidant properties.!8-20 The hydroxyl groups of phenolics, confirmed in
extracts from various mushroom species such as Ganoderma spp. and Hydnum
repandum, enhance the efficiency of scavenging free radicals and reducing fer-
rous ions. The results presented in Table II indicated that the examined P. pini
extracts are abundant in phenolic compounds (25.00 to 105.98 mg GAE/mL).
The highest 7PC was detected in the hot water extract (105.98+0.53 mg GAE/
/mL) while the ultrasonic extract has the lowest TPC (25.00+0.10 mg GAE/mL).
Hot water extraction was shown to be among the most effective methods in rec-
overing phenolics. For example, one study on shiitake mushroom showed that
extracts obtained with hot water had significantly higher 7PC than with con-
ventional organic solvents and equivalent to that of microwave extraction.2! In
another study, hot water extraction produced the lemon-byproduct extracts rich-
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est in phenolics compared to ultrasound and organic solvent extractions.22 The
higher 7PC in hot water extracts could be due to the combined effects of break-
ing bonds, increasing solubility, disrupting cell walls, enhancing diffusion and
hydrolysing complexes, all of which help release and dissolve more phenolic
compounds from the mushroom material. In comparison with some medicinal
mushrooms, such as turkey tail (Trametes versicolor) and other Phellinus
species,23-24 total phenolic content in the P. pini extracts were higher.

TABLE II. The total phenolic and total polysaccharide content of P. pini extracts; GAE: gallic
acid equivalents; GE: glucose equivalents. Different letters (a, b, ¢) indicate significant differ-
ences in concentrations of phenolics among the extracts

Parameter Hot water extract Microwave extract Ultrasonic extract Soaking extract
TPC (in mg GAE/mL) 105.98*+0.53 28.33b+0.10 25.35b+1.50 25.00°+0.10
TPSC (in mg GE/g) 5.60%£0.03 5.672£0.03 1.69¢+0.02 1.93+0.02

Phenolic compound contents

Ten phenolic compounds, including gallic acid, chlorogenic acid, caffeic
acid, p-coumaric acid, ferulic acid, DHBA (dihydroxybenzoic acid), salicylic
acid, cinnamic acid, rutin and quercetin in the four P. pini extracts were analysed
by HPLC-DAD, and the results were presented in Table III. In total, seven phen-
olics were identified and quantified in the extracts. Among these, four com-
pounds, namely gallic acid, chlorogenic acid, caffeic acid and ferulic acid, were
present in all the extracts. Quercetin, salicylic acid, and cinnamic acid were not
detected in any of the extracts. The hot water extract with the highest TPC was
shown to contain all the seven phenolic compounds. The microwave extract con-
sisted of six compounds while the soaking and ultrasound extracts were found
with four compounds. Gallic acid was the most dominant compound in all the
extracts, with the concentrations ranging from 19.38 to 40.55 pug/mL. The hot
water extract contained twice as much of this compound as the others. Gallic acid
was previously reported to be much more abundant in an aqueous extract of
Ganoderma lucidum compared to extracts prepared from organic solvents.25 The
hot water extract also contained the highest amount of chlorogenic acid
(7.39£1.00 pg/mL), followed by the microwave extract (0.76+0.22 pug/mL) and
the soaking extract (0.714+0.08 pg/mL). The ultrasonic extract had the lowest
chlorogenic acid content (0.48+0.08 pg/mL). The other phenolic acids that had
the greatest levels in the hot water extract than in the others were caffeic acid and
HBA. Previously, hydroxybenzoic acids were reported to be abundant in extracts
of Flammulina velutipes, Trametes versicolor and Ganodema spp.18-26 Rutin was
the only flavonoid that was found to be present in the extract, which is the hot
water extract. Unlike the aforementioned compounds, ferulic acid and p-coum-
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aric acid were detected at the highest levels in the microwave extract (1.80+1.65
and 2.56+0.31, respectively).

TABLE III. Phenolic compound contents (ug/mL) of P. pini extracts obtained with different
extraction methods; different letters (a, b, ¢) indicate significant differences in concentrations
of phenolics among the extracts; n.d.: not detectable

Soaking Microwave Ultrasonic Hot water
Compound

extract extract extract extract
Gallic acid 19.89%+£0.00 20.33%+0.58 19.380+0.23 40.553+0.40
Chlorogenic acid 0.71°+0.08 0.76v+0.22 0.48°+0.08 7.392+1.00
Caffeic acid 0.44°+0.18 0.43°+0.03 0.85+0.04 2.093+0.92
p-Coumaric acid n.d. 2.562+£0.31 n.d. 0.855+0.21
Ferulic acid 0.44°+0.28 1.80%+1.65 1.25%+0.13 1.523+0.15
Salicylic acid n.d. n.d. n.d. n.d.
Cinnamic acid n.d. n.d. n.d. n.d.
Dihydroxybenzoic acid n.d. 1.765+0.32 n.d. 15.182£2.97
Rutin n.d. n.d. n.d. 3.11+£0.50
Quercetin n.d. n.d. n.d. n.d.

The results demonstrated the superiority of hot water and microwave extract-
ions over soaking and ultrasonic methods for extracting phenolics from P. pini.
The effectiveness of hot water and microwave extractions can be attributed to
several factors, including thermal effects, increased solubility, inactivation of
enzymes and microwave effects. The high temperature involved in the methods
can break down the plant cell walls and disrupt the hydrogen bonds and hydro-
phobic interactions that bind phenolic molecules to plant matrices,! facilitating
their extraction. The high temperature also increases the solubility and diffusion
rates of phenolics in the extraction solvent, leading to more efficient extraction.2”
The inactivation of enzymes like polyphenol oxidases can occur under high tem-
perature, preventing degradation of phenolics during extraction. Microwave
irradiation can cause molecular motion and dipole rotation, leading to the dis-
ruption of hydrogen bonds and increased mass transfer of phenolic compounds
from the sample to the solvent.28

Total polysaccharide content

Total polysaccharide contents of the four different extracts from P. pini were
examined and shown in Table II. The TPSC ranged between 1.69 and 5.67 mg
GE/g. Due to the high temperature, the microwave extract (5.67 mg GE/g) and
hot water extract (5.60 mg GE/g) samples had the highest TPSC. The two
samples with the lowest concentrations were soaking and ultrasonic extracts
(1.93 and 1.69 mg GE/g, respectively). Mushroom polysaccharides primarily
belong to the category of f-glucans, similar to the digestive enzymes secreted by
the pancreas that aid in the digestion process.2 In addition to their significance

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

(CC) 2025 Serbian Chemical Society.



208 NGAN and NGUYEN

as prebiotics, mushroom polysaccharides have been shown to possess a wide
range of other bioactivities, including antitumor, antimicrobial, antioxidant, anti-
viral and immunomodulatory activities.30 31

Antioxidant activity

As presented in Table IV, the ultrasonic extract may show the strongest
DPPH and ABTS scavenging activities (41.26 and 97.84 %, respectively). In
contrast, the hot water extract could have the weakest ability to remove the rad-
icals. The microwave and soaking extraction methods resulted in the extracts
with comparable scavenging activities. The findings are in agreement with the
previous studies reporting that ultrasound-assisted extraction can enhance anti-
oxidant potential and other bioactivities of Phellinus medicinal mushroom ext-
racts, such as Phellinus igniarius and P. linteus.!!-32 The ultrasound-assisted ext-
raction can break down the tough and woody structure of Phellinus mushrooms
into smaller particles, increasing the surface area available for solvent penet-
ration. This finer particle size exposes more fungal cells to the solvent, promoting
the release of antioxidants and other bioactive compounds.

TABLE 1V. Antioxidant activity of the Phellinus pini extracts; different letters (a, b, c)
indicate significant differences in concentrations of phenolics among the extracts

Hot water Microwave Soaking Ultrasonic
Parameter
extract extract extract extract
DPPH activity, % 26.21%+2.37 36.212+1.26 37.012+1.61 41.2634+2.07
ABTS activity, % 96.099+0.07 97.57%+0.07 97.19¢+0.07 97.842+0.00

Albumin denaturation inhibitory activity

Fig. 2 shows that the extract obtained with hot water may possess the most
potent inhibitory activity against albumin denaturation, followed by the extract
from the microwave extraction method, with the percentages of inhibition as high
as 96.40 and 89.10 %, respectively. The extracts from the ultrasound and soaking
methods showed lower effects to inhibit albumin denaturation. The results also
demonstrated that all the extracts could have higher capacities to protect albumin
from denaturation than the 50 and 100 pug/mL diclofenac solutions. In the present
study, the ability of P. pini to inhibit albumin denaturation was used to under-
stand the potential anti-inflammatory properties of the mushroom species. Res-
earch has shown that Phellinus species may possess strong anti-inflammatory
activity.33 This could be due to the presence of chemical constituents in their
composition. For example, polysaccharides of P. linteus reportedly reduce the
release of pro-inflammatory cytokines (TNF-ca, IL-1B, IL-2, IL-6 and IL-12) in
lipopolysaccharide-induced inflammatory cell model.34 Another study revealed
that inotilone isolated from P. linteus inhibited LPS-induced MMP-9 expression
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by inactivation of NF-xB via ERK, p38 and JNK signaling pathways in RAW
264.7 cells.35
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Fig. 2. Inhibitory effect (%) of the extracts and diclofenac solutions on albumin denaturation.

D50 and D100 denote the solution of diclofenac at 50 and 100 pg/mL, respectively. Different

letters (a, b, c, d, e, f) indicate significant differences in concentrations of phenolics among the
extracts.

Healthy drink formulation

Total phenolic content and antioxidant activity. In the present study, the
cook extract with the highest TPC was used for healthy drink formulation. In
traditional folk medicine, mushroom decoctions frequently entail immersing
crushed or small pieces of the fruiting body in hot water to extract soluble com-
ponents. The resulting decoction is then ingested. Additionally, mushrooms are
typically not consumed raw but undergo various food processing methods to
enhance digestion and assimilation. Consequently, preparing hot water extracts
replicates cooking conditions, imitating the typical culinary practice for con-
suming edible mushrooms. Table V shows the total phenolic content and the
antioxidant activity measured by the ABTS and DPPH radical scavenging assays
for four healthy drink formulae (S13, S12, S11, S21) containing P. pini extract.
Among these, S21 was the phenolic-richest drink (126.53+0.59 mg GAE/mL),
followed by S13 (112. 5 ng GAE/mL) and S12 (118.4+0.26 mg GAE/mL). An
increase in TPC indicated that as the level of the extract proportion increased, the
antioxidant activity (through ABTS and DPPH values) increased in most cases.
Notably S11, formulated with half the proportion of the P. pini extract, demon-
strated the lowest phenolic content (86.49+0.06 mg/mL GAE) and thus possessed
the lowest DPPH value (66.14 %). As described earlier, honey, jujube juice, and
liquorice were used in the formulation, it is important to note that the various
ingredients might interact with each other and other components in the extract,
resulting in changes in TPC of the formulated drinks. Previously, a research
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showed that both honey and fruit juice rich in phenolics and vitamin C, when
used as ingredients, can impact the final phenolic content of beverages.30

TABLE V. Total phenolic content, ABTS and DPPH radical scavenging activities, physico-
chemical properties and sensory acceptance of the four healthy drink formulae from the P.
pini extract

Parameter S13 S12 S11 S21
TPC (in mg GAE/mL) 112.50°+0.00 118.4°+0.26  86.499+0.06  126.53%+0.59
ABTS activity, % 93.769+0.06 99.11+0.06  99.612+0.06 99.543+0.06
DPPH activity, % 65.64°+0.62 73.01+0.39  66.14°+0.16 82.523+0.31
Soluble solids, °Brix) 7.60+0.14 8.00+0.57 7.70+0.00 7.80+0.28
Brown index 82.47°+0.03 84.36Y+0.30  86.73°+0.38 88.022+0.31
pH 6.11+£0.01 6.21+£0.16 6.13+0.03 6.16+0.06
Overall liking 5.62%+1.62 5.402+1.77 5.523+1.85 5.623+1.83

The results also revealed that all the formulated drinks had higher ABTS
percentage of inhibition, falling within 93.76-99.61 %. S11 and S21 exhibited
the strongest activity while S13 showed the lowest activity to remove ABTS
radicals. S21 also had the most potent capacity to inhibit the formation of DPPH
radicals (82.52+0.31 %). Similarly, S13 exerted the weakest DPPH scavenging
activity (65.64+0.62 %). Studies have consistently demonstrated a positive cor-
relation between TPC and antioxidant potential in various foods, beverages and
plant extracts.!7-37 Phenolic compounds, including flavonoids, phenolic acids
and other polyphenols, are well-known antioxidants that can scavenge free rad-
icals and inhibit oxidative stress. These can partly explain the high TPC of S21
accompanying its free radical scavenging activities. In comparison with the
mushroom extract obtained with the hot water extraction as described earlier, the
formulated drinks all had a higher potential to scavenge DPPH radicals. This
means that adding honey, jujube juice, and liquorice led to an increase in T7PC of
the final drinks. The mechanism underlying this phenomenon has been poorly
elucidated, primarily due to the intricate composition of the mixtures, especially
plant extracts. Possible explanations could be the formation of stable dimers,
oligomers, adducts, and/or even new phenolics with elevated antioxidant activity,
compared to the parent components during the formulation of the drinks.

Soluble solids. The observed soluble solids content ranging from 7.60 to
8.00 °Brix can be attributed to the combined contributions of the sugars present
in the extract, honey, jujube juice, and liquorice juice used in the formulations.
The slight variations could be due to differences in the proportions of the extract
across the formulations.

Color measurement

The brown index, a measure of browning or colour intensity, varied signific-
antly among the formulations. S21 had the highest brown index (88.02+0.31),
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indicating a darker colour, followed by S11 (86.734+0.38), S12 (84.36%0.30) and
S13 (82.47+0.03). The significant differences in the brown index values can be
explained by the varying proportions of the P. pini extract in the drink. Although
jujube juice and liquorice juice used in the formulations are known to contain
natural pigments and can contribute to the brown coloration of the drinks, their
ratios are constant across the formulations. Therefore, their contribution to brown
colour intensity should be the same.

pH. The pH values of the formulations ranged from 6.11 (S13) to 6.21 (S31),
indicating slightly acidic conditions. The pH values were relatively similar across
the formulations, suggesting comparable acidity levels.

Sensory evaluation. The sensory overall liking revealed insignificant differ-
ences among the formulations. These results highlighted that the contribution of
different proportions to the overall liking of the sample were not significant.
Generally, data have shown a moderate sensory acceptability in overall liking.
The data suggest that up to two thirds of the extract may be substituted by water
in drink formulation with acceptable sensory properties. A study by Thumron-
gchote found that adding honey and lemon juice to a drink extract of Schizo-
phyllum commune Fr., an edible macro-fungus, helped increasing aroma, taste,
and overall acceptability.38 Similarly, the ratio of apple juice and honey signific-
antly influenced colour, pH and sensory attributes of apple-honey beverages.3? A
study by Azami et al. also reported that the addition of liquorice extract in bever-
ages affected their overall acceptability.40

CONCLUSION

This study represents the first investigation into the comparative effects of
various extraction techniques on the phenolic and polysaccharide content, as well
as the bioactivities of Phellinus pini. Additionally, it assesses the quality of
healthy beverages formulated from the mushroom extract. The results indicated
that the hot water extract exhibited the highest levels of phenolics, polysacchar-
ides and albumin denaturation inhibitory activity. Conversely, the ultrasound ext-
ract displayed the most potent antioxidant activity, as determined by DPPH and
ABTS assays. Notably, the beverage formulated with the greatest proportion of
P. pini extract showcased the highest total phenolic content, antioxidant activity,
and garnered moderate overall liking. The future investigations should focus on
formulating beverages with Phellinus mushroom extract combined with other
nutritious ingredients to enhance their health-promoting properties. Studies
should also aim to optimize the taste, texture and shelf-life of the formulations to
ensure consumer acceptance and marketability.
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H3BOJO

XEMHUJCKU CACTAB U BUOAKTUBHOCT EKCTPAKTA Phellinus pini U EBAJIYALTUJA
KBAJIMTETA 3JPABUX HAITUTAKA ITPUITPEMJBEHUX OJI IEYHYPAKA

NGUYEN THI NGAN! u TRANG H.D. NGUYEN?

!Institute of Biotechnology and Food Technology, Industrial University of Ho Chi Minh City, Ho Chi Minh
City, Vietnam u *Food Science Program, Department of Kinesiology, Missouri Southern State University,
Joplin, MO 64801, USA

Phellinus pini, BpcTa neyypaka Koja Ce Ha/las3d y 3eM/bama UCTOYHe Asuje, 0OUYHO ce KOH-
3yMHpa Kao MeJULMHCKH HAIUTaK IT03HAT M0 CBOjUM eeKTHMa 3arpeBara CTOMaka U HaBOJHO]
CriocodHOCTH [ia yomaxku 6onm U Tymope. Y 0BOj CTynouju, P. pini je ekcTpaxoBaH PasmTHYUTHM
MeToziaMa (ToIula Boja, COHM(UKalKja, MUKpOTalacHa JUrecTHja ¥ KBallewe). Y eKCTpakTUMa
je ompehuBaH cazmpkaj deHona U nonmucaxapuza. JJooaTHO, €KCTpaKTH Cy HCIHTUBAHU 300rT
BHUX0BOT aHTUOKCHIATUBHOT TMOTEHLMjala U CIIOCOOHOCTH Ja UHXUOMpAjy AeHaTypauujy andy-
MHHa. Pe3ynTaté cy nokasaay fa eKCTpakT NOOHjeH eKCTPaKIHMjOM TOIUIOM BOAOM CafpiKH Haj-
Behy xonmnuuHy denona (105,98+0,53 mg GAE/mL). ExcTpakuuja TONIOM BOIOM U MHKpPOTa-
JlacHa IUTecTHja Cy ce mokasase eUKaCHUjUM TOCTYIIIMMa Y €KCTPaxoBawy MONHcaxapuia 13
neuypaxa. IllTaBuile, ekcTpakT JoOWjeH yATpasByYyHOM EKCTPAKLMjOM je IO0Ka3ao HajBUIIY
aHTHOKCH/IATUBHY aKTUBHOCT yKiawkakeM DPPH u ABTC panukana 3a 41,26 u 97,84 %, penom,
TOK je eKCTpakT JOOMjeH eKCTpPaKkLWjoM TOIIOM BOLOM IOKAa3a0 HajCHaXHWjy CIOCODHOCT ha
nHxubMpa JeHaTypaudjy andymuHa 96,40 %. Mehy uetupu opmynucaHa sgpaBa HalMTKa,
(opmynauuja ca HajpehuM yzmenom excrpaxra P. pini canpku Hajsehu ykynHH cagpxaj deHona,
HajBehy aHTMOKCHIATUBHY aKTUBHOCT U HAjTIOBOJbHH]Y CEH30PHY YKYITHY HOMAaIbUBOCT. J1oOu-
jEHH pe3ynTaTH NMpofyOibyjy Halle pasyMeBame XEMMjCKOI cacTaBa M NMOTEHLHWjalIHUX 3[paB-
CTBEHHUX CBOjCTaBa P. pini, ka0 ¥ OTKpUBabe HOBUX NMOTEHLIMja/THUX IPUMEHA IJBUBE y IPEXpaM-
O€eHOj UHIYCTPH]H.

(ITpumiseHo 30. mapTa, peBuaupano 15. jyna, mpuxsaheHo 15. oxkrodpa 2024)
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Abstract: In this study, malachite green (MG) has been successfully removed
from an aqueous solution with the use of Eryngium caeruleum ash as an adsor-
bent. The influence of effective factors on the dye removal process, like contact
time, the initial concentration of dye, amount of adsorbent, temperature and
pH, has been studied. The results revealed that the optimal malachite green
adsorption occurred at pH 7, 120 min of contact time, 0.01 g of adsorbent and
100 mg L' of initial dye concentration. Furthermore, the adsorption results
follow the Langmuir isotherm with a correlation coefficient RZ = 0.98 (¢nax =
= 476.19 mg g!) and pseudo—second order kinetic (R? = 0.97). Endothermic
and spontaneous adsorption were implied by the positive AH°, AS° and
negative AG°. Therefore, in order to remove MG from aqueous solutions, E.
caeruleum ash can be exploited as a low-cost and environmentally friendly ads-

orbent.

Keywords: adsorption; low-cost adsorbent; isotherm; kinetics; thermosdyn-

amics.

INTRODUCTION

Dyes are applied in many manufacturing sectors, which include food pro-
cessing, pharmaceuticals, textiles, plastic, rubber and paper.! Furthermore, dyes
are organic compounds and have high solubility in water, especially those clas-
sified as reactive, direct, acidic and basic, which makes it a problem to remove
them with conventional methods. The existence of dyes in textile wastewater, in
addition to harming the environment and water bodies, prevents the light penet-
ration into the water, which ultimately causes the photosynthetic rate to decline
and the level of dissolved oxygen to drop, endangering the lives of the aquatic
creatures.2-3 The malachite green dye is extensively used for several purposes in

agriculture, health, food, textiles and other industries.
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Due to its carcinogenicity, this dye is dangerous and poisonous for blue
species, such as fish and mammals. The concentrations of malachite green inc-
rease with time and exposure to temperature and it also can cause many diseases,
including cancer, respiratory poisoning, Chromosome breaks, gene mutations,
etc. Therefore, it is necessary to remove and separate this colour before dischar-
ging dye wastewater into the water.# Furthermore, various pollutants are included
in dye wastewater, such as salts, adhesives, acids and additives, which are toxic,
carcinogenic, teratogenic and xenobiotic.>:¢ These features are responsible for the
creation of allergic conjunctivitis, skin irritation, eye burns and occupational
asthma in the human body.”8 Dyes are a significant sort of harmful substances
that are easily recognized by the human eye. However, it is important to prevent
the discharge of dyes into water sources. Various treatment technologies are
employed in order to reach this goal. The adsorption process is also considered
an effective and economical method due to its simplicity and accessibility.%10
Currently, the search to find the most effective technique, among many for dye
removal, is active. The adsorption methods are frequently employed to remove
specific types of contaminants from water, particularly those that are difficult to
biodegrade. The surface adsorption cheap and easily accessible adsorbents have
attracted the attention of many researchers and now they are looking for econom-
ical and effective methods, using synthetic and natural materials as adsorbents.!!
In this study, we used Eryngium caeruleum ash for removing the malachite green
dye (MG) from aqueous solutions through the surface adsorption method.

EXPERIMENTAL
Materials

Each of the chemical substances has been procured from Merck. HCI (36 %) and sodium
hydroxide granules of 99.9 % purity were used (M) for pH adjustment, whereas sodium
chloride was used to measure the ionic strength. Malachite green (MG) dye was dissolved in
distilled water as well.

Preparation of the MG dye solution

The adsorbate for this study was MG, a common cationic dye. MG, known by the chem-
ical formula C,3H,4N,Cl, is one of the dye derivatives of aniline with a solid green appear-
ance. MG dye has been weighed and dissolved in distilled water to achieve a concentration of
600 ppm. The pH had been modified to 2—12 through the addition of 0.1 M HCl and NaOH
solutions.

Preparation of the adsorbent

Initially, the Eryngium caeruleum was collected from mountainous regions and washed
utilizing distilled water to eliminate all contaminants. Subsequently, the plant had been dried
and subjected to gentle heat for crushing. Then that was placed in the oven to turn into ash
after 6 h at 350 °C. The acquired ash was slightly ground and finally made into a fine powder
and can be utilized as an adsorbent.
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Adsorption studies

In this case, the batch adsorption studies have been carried out for studying the removal
of MG dye by utilizing E. caeruleum ash as the adsorbent. All the parameters were considered
fixed, and only the parameter that should be optimized was changed. 25 mL of MG dye
solution was prepared and the effects of parameters such as adsorbent dosage (0.01-0.07 g),
solution pH (2-12), initial dye concentration (100-500 mg L!), contact time (15-135 min)
and the temperature (0—40 °C) were studied. The pH solutions were modified with the addit-
ion of 0.1 M HCI and NaOH solutions. The following formula has been used to compute the
percentage removal and MG dye solution adsorption capacity:!2

4
qez(CO_Ce)W (D
CO_Ce

Removal percentage =100
Go

@

in which C; and C, (mg L) are the liquid-phase of the dye concentrations at the initiation
and equilibrium, accordingly. W / g is the mass of dry sorbent used and ¥/ L is solution
volume.

Adsorption isotherms

To investigate and enhance the adsorption system design and understand the adsorption
equilibrium, it is essential to study the adsorption isotherm. The adsorption isotherm at equi-
librium describes the distribution of adsorbed molecules in solid and liquid phases. The ads-
orption isothermal models can be used for evaluating adsorption phenomena and predicting
maximum adsorption capacity. Also, Freundlich, Langmuir and Temkin are the most applied:

— 3)
1+ kLCe

Ry

Adsorption kinetics and mechanisms

For the determination of adsorption system and kinetics, different kinetic and adsorption
models like pseudo-first and second-order models, internal particle diffusion, and Elovich
kinetic models have been studied. Also, different correlation coefficient (R%) values were
calculated for various kinetic and isothermal models.

RESULTS AND DISCUSSION
SEM adsorbent characterization

Scanning electron microscope (SEM) images were used for the information
on the morphology of the adsorbent. According to the images (Fig. 1), the Eryn-
gium caeruleum ash has porous surfaces and a porous structure which makes
them the suitable sites for the MG dye adsorption.

FT-IR adsorbent study

The FT-IR analysis was interpreted in order to investigate the functional
groups included in the adsorbent. Fig. 2 reveals the FT-IR spectrum for the E.
caeruleum ash. According to this analysis, the adsorption peaks within the spec-
tral range of 1464 to 2962 cm! correspond to various functional groups, namely,
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—CHj— bending, N-H stretching amine, C—O carboxylic acid stretching, Si—~O—Si
stretching, O—H carboxylic acid, C-O-O peroxide stretching, C—S stretching, S—S
stretching and C—H methy] stretching groups.!4-16

SEM MAG: 50.0kx
WD: 480 mm

SEM MAG: 5.00 kx
WD: 481 mm
View field: 415 ym _ Date(midy): 072622

(b)
Fig. 1. Eryngium caeruleum ash adsorbent SEM images: a) 1, b) 10 and c¢) 2 pm mgnification.

MIRA3 TESCAN]

B
View fiele: 415 ym _ Date(midly): 07128/

1.2

1

0.8
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Fig. 2. The FT-IR spectrum for the Eryngium caeruleum ash.

Effect of solution pH

Several studies have shown that the initial solution pH can influence surface
charge, the solubility of the adsorbate and the ionization degree in the adsorption
method, so the initial solution pH is one of the main environmental factors. Dil-
uted solutions of 0.1 M HCI and NaOH were added to 25 mL of MG dye solut-
ions, which had a concentration of 100 mg L1, to optimize pH from 2—12. Then,
0.01 g of the adsorbent has been added to the flasks and agitated for 60 min on a
shaker (at a constant 160 rpm shaking rate) at ambient temperature. The concen-
trations of the dye at equilibrium had been measured by a UV/Vis spectrophoto-
meter (Perkin-Elmer, Junior model 35, U.S.) at 618 nm. The maximum MG dye
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removal percentage (66.90 %) had been achieved at a pH of 7.0. Also, the zero
point charge (pHzpc) value for E. caeruleum ash was found to be 6.0 (Fig. 3b).
This result confirms that at a pH > pHzpc, the negative charge density on the MG
dye surface increases, leading to MG elimination.!” In fact, the adsorption cap-
acity of MG dye is minimal in acidic solutions. This phenomenon could be
attributed to the positive charge of the adsorbents, which leads to the repulsion of
the cationic dye MG as they share the same charge.!® According to Fig. 3a, at pH
above 7, because of the existence of hydrogen bonds, the repulsive force between
H' and cationic dye molecules causes a decrease in adsorption at first and then
reaches a constant value.!?

70 2
= -
£ 60 ZE "
g | = .0 5 10 15
é 50 ok
22
g 40 - =
B B3
30 T T = 4
i 2345 6 7 8 9idini Initial pH
pH
(@) (b)

Fig. 3. a) Effect of initial pH on MG adsorption; b) point of zero charge.

Effect of adsorbent dosage

The influence of changing the adsorbent dosage (0.005-0.07 g) on MG rem-
oval % is shown in Fig. 4. One key factor that significantly impacts the ads-
orption process and requires the examination in adsorption studies is the influ-
ence of the dosage of the adsorbent. In order to investigate this factor, MG dye
solutions at 100 mg L~! concentration were prepared in a volume of 25 mL under
optimum pH 7 and then different doses of adsorbent in the range of 0.005 to 0.07
g were added to the dye solutions and they were stirred for 120 min at ambient
temperature on a shaker (at a constant 160 rpm shaking rate). According to Fig.
4, the highest percentage of MG dye removal can be seen in the dosage of 0.01 g
of adsorbent (74.12 %) since, in the graph after this point, the slope of the curve
has reached an almost constant value. Therefore, the optimum dosage of adsorb-

75
70

65

Removal, %

60

55 4 , , ‘ ‘ -
0 001 002 003 004 005 006 007 Fig. 4. Effect of adsorbent dosage on MG ads-
Adsorbent dosage, g orption.
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ent was considered to be 0.01 g because a higher adsorbent dosage can increase
surface area.20

Effect of contact time

The optimal contact time should give enough time for the dye to adsorb the
sites of the adsorbent surface so that the adsorption sites can adsorb the cationic
dye molecules. To investigate this effect, 25 mL solutions of MG dye were pre-
pared at a 100 mg L-! concentration (pH 7). Also, 0.01 g of adsorbent has been
added to the flasks and they have been stirred in the contact time range of 15 to
135 min at ambient temperature on a shaker (at a constant 160 rpm shaking rate).
Fig. 5 displays the influence of contact time on the MG adsorption. Initially, the
curve slope is steeper, considering the accessibility of the unoccupied adsorbent
sites. However, the line's slope smooths after 120 min and the MG dye removal
percentage remains constant. In other words, as time increases, the percentage of
MG removal increases and after a while, it starts to rise with less intensity and
then it reaches a constant value. After 120 min, the unoccupied sites on the ads-
orbent surface are saturated with the pollutant and the adsorption system reaches
equilibrium. As a result, the optimal contact time was 120 min with 74.12 % MG
dye removal.

o~
(VAR

Removal, %
B
(G R V]

W
(S |

-
v

0 15 30 45 60 75 90 105 120 135 Fig. 5. Effect of contact time on MG ads-
Contact time, min orption.

Effect of initial concentration

Fig. 6 shows that variations in the initial dye concentration can influence the
percentage removal of the MG. To investigate this effect, 25 mL solutions of MG
dye were prepared at various concentrations (100-500 mg L-! at pH 7). Then,
0.01 g of adsorbent has been added to the solutions and they have been stirred for
120 min at ambient temperature on a shaker (at a constant 160 rpm shaking rate).
According to Fig. 6, at low concentrations, fewer pollutants were present in the
solution and more sites on the adsorbent surface were ready to accept dye mole-
cules. However, after the increase in dye concentration, a large number of ads-
orbed molecules competed to occupy the empty sites on the adsorbent and con-
sequently, the percentage of dye removal decreased.2! Therefore, the concen-
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tration of 100 ppm (74.17 removal %) was considered as the optimal concen-
tration.

80

Removal, %
N OB @
o © ©

o

0 100 200 300 400 500 Fig. 6. Effect of initial dye concentration on
Initial dye concentration, mg L MG adsorption.
Effect of temperature

The temperature is an essential parameter in determining the adsorbent cap-
acity for physical and chemical adsorption.22 In fact, temperature can provide
useful information about thermodynamic parameters. In order to test the tempera-
ture factor, 100 mg L1 of the MG solutions were prepared under conditions of
pH 7 in a volume of 25 mL. Also, 0.01 g of adsorbent was added to flasks and
the solutions were stirred for 120 min. According to Fig. 7, the studied tempera-
ture range was 0 up to 40 °C. The results show that as the temperature increases,
the viscosity of the MG dye solution decreases, which can lead to a higher dif-
fusion rate of MG dye molecules in the outer boundary layers and facilitate their
penetration into the inner pores of the absorbent. Therefore, the optimal ads-
orption temperature is 40 °C. (313 K, removal 99.87 %).

120 4
100 -

0]
o

Removal, %
B
o o

o
o o

270 280 290 300 310 Fig. 7. Effect of temperature on MG ads-
Temperature, K orption.

Effect of ionic strength

In addition to dyes, textile wastewater contains various types of ions and
these ions can be effective in removing dyes through surface adsorption. In order
to study this parameter, 25 mL of MG dye solutions at pH 7 (concentration of
100 mg L) were prepared, then 0.01 g of adsorbent was added to solutions.
Then 2 mL of NaCl with concentrations of 0.1, 0.3, 0.6 and 1 M was added to
each of these prepared solutions and they were agitated for 120 min at ambient
temperature on a shaker (at a constant 160 rpm shaking rate). According to Fig.
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8, as the sodium chloride concentration increases, the percentage of MG dye
removed decreases and this is due to the competition between sodium ions and
contaminant molecules to occupy all accessible sites.23

Removal, %
(9] (o] (2] ~ ~
(%] o (Vs o (9,

0 0.2 0.4 0.6 0.8 1 Fig. 8. Effect of ionic strength on MG dye
NaCl concentration, mol L1 adsorption.

Adsorption isotherms studies

The efficiency of adsorbents used for the adsorption can be investigated
using adsorption isotherms such as Freundlich, Langmuir and Temkin and it is
also possible to determine the nature of the interaction between the adsorbent and
the adsorbate material.24

Langmuir adsorption isotherm

The maximum adsorbent capacity was calculated using the Langmuir iso-

therm model and is shown as follows: 25

Lo L @)

de KLqmaX 9max
where g, is the amount of adsorbate at equilibrium, gmay / mg g! is the maxi-
mum capacity of adsorbent, K; / L mg! is the Langmuir isotherm constant that
refers to the adsorption rate and C, / mg L1 is the equilibrium adsorbate concen-
tration. Through the charting of Ce/qe versus Ce, gmax and Kp values were
obtained. The fundamental characteristics of a Langmuir isotherm could be def-
ined through a dimensionless parameter recognized as the separation factor Ry,
which value was found to be 0.14. The Ry, < 1 means that the adsorption of MG
is favourable in this investigated study. The Langmuir adsorption isotherm dia-
gram can also be seen in Fig. 9. Table I shows that the adsorption process follows
the Langmuir isotherm (R2 = 0.98) with a gmax of 476.19 mg g 1.

Freundlich adsorption isotherm

In the Freundlich isotherm model, adsorption can occur on the
heterogeneous surface of the adsorbent with a non-uniform distribution of heat.
The following formula refers to the linear form of this model:26

Ing, =InKg +llnCe (5)
n
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0.8

y =0.0021x+0.0434
R*=0.9801

0.7
06 -
0.5
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0.2 4

0.1 4

0 100 200 60 Fig. 9. Langmuir Eryngium caeruleum ash
¢,/ mg L plot for adsorption of MG.

TABLE I. Equilibrium isotherm modeling of MG adsorption onto Eryngium caeruleum ash

Isotherm Eryngium caeruleum ash
Langmuir

Gmax / mg g’! 476.19

KL 0.04

Ry, 0.14

R? 0.98
Freundlich

N 2.64

Kp /L mg! 67.26

R? 0.67

Temkin

B/ J mol! 122.39

Kt /L mg! 0.28

R? 0.61

where ¢, is the adsorbed amount of dye at equilibrium, K and I/n are the
Frendulich constants and C, is the equilibrium concentration. The values of //n
express the non-linearity of the relationship between the solution concentration
and the adsorption. When the value of # is less than one and # is greater than one,
chemical adsorption and physical adsorption are implied, respectively. And also,
if n = 1, adsorption is linear. Fig. 10 shows In g, versus In C. plotted for MG
adsorption on the adsorbent. The values of » and K are computed using the

7 y =0.3775x+4.2087
R*=0.6754
- 65 6 . *
W 6 /
=T
E 55
g s *
5 a5 -
4 ! T i ! . .
25 35 45 55 Fig. 10. Freundlich Eryngium caeruleum ash
Ln (C,/ mgLY) plot for adsorption of MG.
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slope and the intercept separately, which were (2.64) and (67.26 mg g1) and also
R? = 0.67 was obtained, which did not seem appropriate. As a result, since the
value of n >1 the adsorption has been carried out as a chemical process.

Temkin adsorption isotherm

Variations in adsorption energy and the adsorbent surface were evaluated
utilizing the Temkin adsorption isotherm. The R? value has been used as a crit-
erion for effectiveness and efficiency. The Temkin isothermal model is shown
using the following linear formula:27

9 :%IHKT +%lnce (6)

where R, 8.314 J mol-! K-!, is the universal constant of the gas and 7 / K
represents temperature (absolute).24 The Temkin isotherm model of MG dye ads-
orption onto E. caeruleum ash is shown in Fig. 11 by charting g versus In C, at a
constant temperature. According to Table I, R? for the Temkin isotherm model is
0.61. The results show that the Langmuir isotherm is more accurate than other
isotherms in describing the adsorption of MG dye on the adsorbent.

700 -

y =122.39%-154.07

. R2=0.6148 ¢
- 500 - ¢
2 400 - ¢
£
< 300
=

200 ¢

100 -

0 -
25 35 4.5 55 Fig. 11. Temkin Eryngium caeruleum ash plot
Ln (C,/mg L) for adsorption of MG.

Adsorption kinetic study

To provide information about the factors that impact reaction speed, it is
necessary to carry out kinetic evaluations. In this study, various kinetic models
have been used for the analysis of the data to investigate the mechanisms of MG
dye adsorption on the adsorbent, including Elovich, intra-particle, pseudo-first
order and pseudo-second order.

Pseudo-first-order kinetic model

In surface adsorption studies, the pseudo-first-order is an old kinetic model
and can give information about the adsorption kinetics of pollutants.28 Pseudo-
-first-order rate equations were typically used to describe the adsorbate perform-
ance from the tested dye solution. The linear model of this kinetic model is
provided using the following equation: 29
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In(q, —gq¢)=Ingq, — kit (7

where g, / mg g1 is the amount of dye adsorbate on the adsorbent surface at
equilibrium, ¢; / mg g! is the amount of dye adsorbed at time ¢ / min and
k1 / min~! is the rate constant. Fig. 12 shows the pseudo-first-order model of the
adsorption of MG dye onto E. caeruleum ash by charting In (ge—q;) versus
contact time. According to Table II, k; and ¢, were calculated and R? for this
kinetic model was 0.90.

6 4
5 4 N y =-0.0608x+ 6.4639
e R2=0.9087
&g
= 21
1
g o4
5 -1
N * o
25 <f

0 2040 60 80 100 120 140 Fig. 12. Pseudo-first-order model of MG
Time, min adsorption onto Eryngium caeruleum ash.

TABLE II. Adsorption kinetic models of MG adsorption onto Eryngium caeruleum ash

Adsorption kinetic model Constant MG dye
Pseudo-first-order ge/mgg! 641.55
k; / min’! 0.06
R? 0.90
Pseudo-second-order g./ mg g’! 243.90
ky / min’! 0.004
R2 0.97
Elovich kinetic @/ gmg! 14.09
£/ mg gl min’! 0.017
R? 0.92
Intraparticle-diffusion K4/ mg g'lmin12 15.47
C/mgg’! 23.8
R? 0.88

Pseudo-second-order kinetic model

The pseudo-second-order model is another model applied for analysing the
adsorption kinetics. The linear equation for the model is as follows:30

L:;.FL (8)

% ke e

where k> / g mg ~! min~! is the constant rate and ¢ / min is the contact time. Fig.
13 shows the charting of #/g; versus contact time and according to Table II, R2 for
this kinetic model obtained 0.97. The data indicate that the second-order kinetic

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

(CC) 2025 Serbian Chemical Society.



226 AZIZI and MOUSAVI

equation can provide a suitable description of the MG adsorption mechanism on
the surface of the adsorbent.

0.8 -

0.7 - y =0.0041x+0.1504
R*=0.9703

0 25 50 75 100 125 Fig. 13. Pseudo-second-order model of MG
Time, min adsorption onto Eryngium caeruleum ash.

Elovich kinetic model

Elovich is a kinetic equation that has been used to evaluate boron adsorption.
This model has the following linear formula:3!

4 =%1n(aﬂ) +%1nt 9

where a is the chemisorption rate at zero coverage and £ is associated with both
chemical adsorption activation energy and the extent of surface coverage. Fig. 14
shows the Elovich model of MG dye adsorption onto E. caeruleum ash by chart-
ing g; versus In t. According to Table II, R? for the Elovich kinetic model is 0.92,
which shows that this kinetic model has a suitable correlation coefficient.

250 -
y =57.248x - 84.052

200 - R*=0.929
. *
& 150 - s
-1
2
g 10 *

50

2 & == = 4 > Fig. 14. Elovich kinetic model of MG ads-
In (£)/ min orption onto Eryngium caeruleum ash.

Intraparticle-diffusion kinetic model

Fig. 15 shows the intraparticle diffusion model of MG dye adsorption onto
E. caeruleum ash by charting g; versus {9-5. This is a kinetic model based on
diffusion, which has the following equation:32

g =kqt* +C (10)
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where Kiq / mg g~! min—1/2 the constant rate, ¢; / mg g~! is the fraction adsorbate
uptake at time and C / mg g! is the intercept that gives information about the

thickness of the boundary layers surrounding the adsorbent. According to Table
11, R? for this kinetic model is 0.88.

250 -
y =15.472x+23.866
R2=0.8821
¢ @

Fig. 15. Intraparticle diffusion model of MG
adsorption onto Eryngium caeruleum ash.

2 4 6 8 10 12
£05/ min

Thermodynamic study

In this study, the thermodynamic equations were used to investigate the
effect of temperature on the adsorption of MG on the adsorbent surface. In fact,
to increase the efficiency of the adsorption process, thermodynamic studies were
performed. Thermodynamic parameters can be obtained using the following for-
mulas:33

AG®° =-RTh Ky (11)
o (6]

1an=AS _Af (12)
R RT

where T / K is is the absolute solution temperature and Ky is the equilibrium
constant. The spontaneity or non-spontaneity of the adsorption system is inferred
from the change in Gibbs energy. According to Table III, by increasing the
temperature in the range of 273-303 K, it was found that the values of AG®
decreased from —0.978 to —0.198 kJ mol~!. Therefore, at higher temperatures, the
adsorption of the MG dye is spontaneous and more favourable.23 According to
the intercept and slope of the plot in Fig. 16, the parameters of the thermodyn-
amic process, namely AH° and AS® were calculated and the positive value for
AH?® indicates an endothermic adsorption process. Considering that AS°® > 0, the

TABLE III. Thermodynamic study of MG adsorption onto Eryngium caeruleum ash

T/K Ky AG°/KImol'!  AH°/kJ mol! AS°/J mol'! K'! R?
273 1.538718291 —0.978136222 136.02 497.817 0.9661
283 5.207006369 —3.882234294

293 28.2106599 —8.135515677

303 669.7222222 —16.39171195

313 2014.166667 —19.79805951
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affinity of the adsorbent for MG dye decreased and it was found that the random-
ness of the solid / solution interface increased during adsorption.

8 =
7 y =-16361x+ 59.877
6 R?=0.9661
g 27
c 4
3 -
2
1
0+ ; ' ¢
0.003 0.0032 0.0034 0.0036
Fig. 16. Thermodynamic study of MG dye ads-
/K1 orption onto Eryngium caeruleum ash.

Comparison of the various adsorbents to remove MG dye

Table IV shows various adsorbents used for MG dye removal and it was
concluded that the E. caeruleum ash adsorbent has been able to allocate the maxi-
mum adsorption capacity, compared to other adsorbents, which indicates that this
adsorbent is suitable to remove MG dye from an aqueous solution.

TABLE IV. Comparison of the various adsorbents to remove MG dye

Adsorbent Adsorption iap acity pH Ref.
mgg
Almond gum 172.41 7 34
Sulfuric acid-treated coffee husk (ACH) 264.82 6.8 35
Activated carbon from apricot stone (ASM) 88.5 10 36
Elaeagnus Stone Activated Carbon (EAC) 432.90 7 37
Nanochitosan from shrimp shells (STP) 317.73 6 38
Carbonised pomegranate peel (CPP) 31.45 6 24
Carica papaya wood 52.63 10 39
Activated carbon from pistachio shell (PisAC) 76.92 7 40
Eryngium caeruleum ash 476.19 7  This study
CONCLUSIONS

Recently, researchers have been interested in finding cost-effective adsorbents
for wastewater treatment. The structural and morphological characteristics of
Eryngium caeruleum ash were investigated using FT-IR and SEM. Various expe-
rimental parameters like initial concentration of the dye, equilibrium contact
time, temperature, dosage of the adsorbent and pH of dye solution, were inves-
tigated. The optimum efficiency for MG removal using E. caeruleum ash was
observed at pH 7, dosage of 0.01 g, contact time of 120 min, initial MG concen-
tration of 100 ppm and temperature of 40 °C. The adsorption process of MG dye
onto the adsorbent was fitted with the pseudo-second-order kinetics model and
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the Langmuir isotherm model and the gmax has been attained at 476.19 mg g1
The adsorption procedure, supported due to the negative AG®° and positive AH®
values, was identified as spontaneous, chemisorptive and endothermic. According
to this study, E. caeruleum ash, in addition to being low-cost, easy to access, easy
to prepare and preventing the spread of pollution in the environment, is also
environmentally friendly. Therefore, this adsorbent can remove malachite green
dye from aqueous solutions.

Acknowledgment. Thanks to the Chemistry Department of Guilan University for providing
laboratory facilities.

HU3BOJ
YKIIABLAE MAJTIAXUT-3EJIEHE BOJE ITETIEJIOM Eryngium caeruleum

SHAGHAYEGH AZIZI n HASSAN ZAVVAR MOUSAVI

Department of Analytical Chemistry, Faculty of Chemistry, University of Guilan, P. O. Box 41335-1914,
Rasht, Iran

Manaxur 3eneHa 0oja je ycHelmHO YKIOHWEHa M3 BOLEHOI pacTBopa ynoTpebom memnena
Eryngium caeruleum xao apcopdeHrta. McnuTHBaH je yTuuaj eekTUBHUX (pakTopa Ha Hpoluec
yK/Iamama 00je, Kao IITO Cy BpeMe KOHTaKTa, IOYeTHa KOHLEHTpanuja doje, KOMWYNHA aficop-
Oenca, Temneparypa 1 pH. JJobujeHn pe3ynraty nokasyjy fa Cy ONTHMAaIHH YCJIOBH 33 afcopI-
uujy Manaxut seneHe doje: pH 7, speme xoHTakta 120 min, konuuuHa ancopbenca 0,01 g,
noyeTHa KoHueHTpauuja doje 100 mg mL1. Takohe, pesyataTu cy y cknamy ca JIaHTMyHupOBOM
usorepmoM (R? = 0,98), (gmax = 476,19 mg g'!), 1 KiHeTHKOM TICceyno-npyror peaa (R? = 0,97).
EHJIOTEpMHA ¥ CIIOHTAHA afiCOPILMja Cy UMIUTULIMPaHe Mo3UTUBHUM AH® U AS°® BpemgHOCTHUMA,
Kao ¥ HeraTMBHUM AG°. [JodMjeHU pesynTaTH yKasyjy [a 3a yKIambamke MaJaxyT 3eleHe doje u3
BOIIEHHX PacTBOpa MOXE Ila Ce MPUMEHH jeTHH U eKOJIOLIKH NPUXBAT/BUB afncopbeHc nereo E.
caeruleum.

(ITpumsseno 15. anpuna, peBuaupaHo 28. asrycTa, npuxsaheHo 27. centembpa 2024)
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Enhancing fire resistance in wood with high-water retention silica gel:
A promising flame-retardant solution
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Abstract: This study aims to evaluate water retention and flame-retardant pro-
perties of silica gel prepared using anionic polyacrylamide (HPAM), glucon-
ate-delta-lactone (GDL) and aluminum citrate (AlCit). Silica gel samples were
synthesized with sodium silicate (8 wt. %), sodium bicarbonate (4 wt. %) and
varying concentrations of HPAM (0.2-0.8 wt. %) and GDL (0.1-0.3 wt. %).
The prepared gels were characterized using XPS, XRD, FTIR and TGA. Opti-
mal water retention capacity was achieved with 0.4 wt. % HPAM and 0.2 wt.
% GDL. Compared to traditional gels, silica gel has more surface water mole-
cules due to the additional hydrophilic groups and the amorphous nature of
silica. At high temperatures, silica forms a layer with the charcoal from treated
wood combustion, inhibiting oxygen penetration and minimizing further com-
bustion. After combustion at 500 °C, the mass loss of wood treated with silica
gel is 36-53 % less than untreated wood, indicating greater weight retention
and demonstrating silica gel's effectiveness in preventing continued burning.

Keywords: polyacrylamide; microscopic process; combustion morphology; mass
loss; amorphous silica.

INTRODUCTION

Wood plays a vital role in human life due to its unique properties such as
porosity, anisotropy, wet swelling, dry shrinkage, combustion and biodegrad-
ability.! The wood processing industry in China encompasses several key sec-
tors, including sawn timber processing, wood chip processing, veneer processing,
other wood processing, wood-based panel production and wood products manu-
facturing, with products like construction timber and wooden furniture. In 2022,
China’s timber output reached 106.93 million m3, comprising 92.44 million m3
of logs and 14.49 million m3 of fuelwood.
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However, wood’s flammability poses risks in building, furniture and décor-
ative items, leading to fire spread and the production of smoke and gases such as
carbon monoxide, which can be fatal. Treating wood with a fire retardant is
crucial to reduce its combustibility.2 One of the oldest flame retardants, borates,
is still in use due to its low toxicity and volatility. However, boron compounds’
tendency to leach from wood surfaces and interiors under specific conditions
poses challenges.3 Surface coatings and fixation of pure boron compounds have
shown limited effectiveness in reducing leaching.* Additionally, metal salts can
be used to reduce smoke production and flammability by promoting the form-
ation of charcoal and reducing tar products.” However, these salts may also leach
from treated wood, affecting their long-term efficacy.®

Alkaline silicates like sodium silicate and potassium silicate, which form
glass when applied to wood, have been used to retard fire.”-8 Research suggests
that these silicates can react with cell walls and limit leaching.” When ignited,
these silicates create a protective glass layer, improving wood's thermal stability
and fire resistance. 10

Silica gel, an example of a silicate fire retardant, offers benefits such as good
water retention, cooling ability, non-toxicity, thermal and chemical stability and
low cost.11-13 Silica gel can be used in inorganic and organic forms, with each
having its advantages and drawbacks. Inorganic silica gel is inexpensive but has
poor water absorption, while organic polymer gels offer excellent moisture ret-
ention and durability against heat but are expensive.!4 In the field of fire protect-
ion, gel-based fire-retardant materials are commonly used in coal mines but are
not often utilized for wood fire protection.!5-18 Xue et al. have explored the use
of gel-stabilized foam, created using water glass and sodium bicarbonate, to ext-
inguish coal mine fires.!® However, the water retention of this foam has not been
extensively studied. Fan et al.13 have modified water glass gels with polymers to
produce plastic gels with improved water absorption and thermal resistance. The
outcomes demonstrated that the plastogel, with improved water retention, cools
the coal body and prevents its oxidative breakdown. Additionally, silica foam has
been developed to adhere to the surface of solid combustible objects, providing a
strong fire-retardant effect, although its rapid self-hardening time limits its prac-
tical application.20-21 To enhance wood’s resistance to leaching and fire, Zhu et
al. added nanosilica sol to fire retardants containing phosphorus.22 Despite these
advancements, the flame-retardant mechanisms of these materials, including
cooling, shielding and insulating, require further investigation.

In this study, considering the chemical stability of polyacrylamide (HPAM),
its non-reactivity with the substances separated during the gelation process and
its stability against pH and temperature variations, HPAM was chosen to be
added to silica gel prepared with aluminum citrate and water glass solution to
investigate its impact on water retention. Sodium polyacrylate molecules can
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interweave into the silicate hydrogel through intermolecular interactions, forming
an inorganic—organic interpenetrating network gel system. Various analytical
approaches were used to examine the flame-retardant mechanism of silica gel,
including analysis of elemental composition, functional groups and silica gel
treated with wood components. The combustion morphology and mass loss of
silica gel-treated wood were also examined to understand its macroscopic mech-
anism.

EXPERIMENTAL
Preparation of materials

Anionic polyacrylamide (HPAM, Shanghai Bidet Medical Technology Co., Itd., China),
gluconate-delta-lactone (GDL, Sahn Chemical Technology Shanghai Co., Itd., China), alum-
inum citrate (AICit, Beijing Enokai Technology Co., Itd., China), inorganic salt sodium silic-
ate solution (Sahn Chemical Technology Shanghai Co., Itd., China), sodium bicarbonate
(McLean Reagent Chemistry Co., Itd., Shanghai, China) and deionized water mixed reaction
made up the majority of the silica gel used in this study.

In Table I, one can see the ratios of different ingredients required to make silica gel for
the tests.

TABLE I. Quantities of HPAM and GDL for the synthesis of silica gels (m(AlCit) = 1.0 g,
m(Na,SiO3) = 8.0 g, m(NaHCO3) = 4.0 g and m(deionized water) = 87g)

No. GDL, g HPAM, g
1 0.1 0.2
2 0.1 0.4
3 0.1 0.6
4 0.1 0.8
5 0.2 0.2
6 0.2 0.4
7 0.2 0.6
8 0.2 0.8
9 0.3 0.2
10 0.3 04
11 0.3 0.6
12 0.3 0.8

The process of preparing silica gel is outlined as follows: HPAM solutions were mixed
with GDL (0.1, 0.2 and 0.3 wt. %) and AICit (1.0 wt. %) at different concentrations (0.2, 0.4,
0.6 and 0.8 wt. %). Sodium silicate and sodium bicarbonate concentrations of 8 and 4 wt. %,
respectively, were chosen based on previous studies on silica gel gelation.2? The solution was
stirred using a magnetic stirrer to ensure homogeneity. Sodium silicate was then added to the
mixture to initiate the gelation process. The synthesized silica gel was vacuum-dried at 100 °C
to remove excess water.

Characterizations and calculation

The water retention capacity of the silica gel was determined by placing the gel in a 100
°C oven and weighing it hourly over a 12-h period. This process was repeated for each sample
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set, with the changes in mass being monitored hourly. The average water retention capacity
was then calculated based on these measurements.
The following formula can be used to determine the water retention capacity of silica gel:2*

M, - M, (1

1

W =100

where W is the water retention percentage of silica gel, M; is the initial weight of silica gel
and M, is the gel weight after every hour of drying.

XPS was used to analyze surface elements and their chemical states. The experiment
used a homogeneous AlKa X-ray source at 1486.6 eV, with working pressure and analysis
chamber vacuum levels set at 10" mbar and 5x1077 Pa, respectively.

XRD diffractometer analyzed phase proportion, with a range of 5 to 90° (26), step size of
0.02° and settings of 40 kV, 40 mA and 5 °/min scanning speed.

Wood@gel samples were prepared by mixing silica gel with 100-200 mesh wood.!®
Firstly, selected pine wood measuring 1 cmx1 cmx10 cm was dried in a vacuum drying oven
at 70 °C for 12 h. The dried wood was then submerged in silica gel for ten minutes to enhance
its fire resistance. For fire resistance testing, the samples were burned for one minute under
the flame of an alcohol lamp. The percentage of weight loss was calculated to assess the fire
resistance.

Tensor 37 infrared spectrometer was used to analyze functional group differences, with a
scan range of 400 to 4000 cm™! and an estimated accuracy of 4 cm™!.

The Mettler simultaneous thermal analyzer measured dimensions during degradation.
TGA applied 20 ml/min of air, heating from 30 to 800 °C at 10.0 °C/min using a 10.0+£0.5 mg
sample in a 70 uL alumina crucible.

The total weight loss percentage (W) is calculated according to Eq. (1), with M| and M,
representing the sample’s mass before and after the combustion test, respectively.

RESULTS AND DISCUSSION

Principles of silica gel generation

Silicic acid was created by the progressive combining of H" with the ions
that were negative in the sodium silicate solution and by adding NaHCO3. The
silicic acids polymerize with each other, as shown in Fig. 1a, to form polysilicic
acid, which then transforms into silica gel with a spatially organized structure
consisting of Si—-O-Si linkages. During silica gel formation, intermolecular inter-
actions between HPAM molecules and Si—O bonds can lead to the formation of a
gel system with an organic—inorganic interpenetrating mesh structure (Fig. 1b).
This increases the tensile strength of the silica gel. Additionally, the —COO-
group of HPAM can coordinate with the polynucleated hydroxyl-bridged compo-
site ions created by aluminum (Fig. 1b), which helps to form a strong network
structure in the system and enhances the ability of silica gel to retain water.17

Water retention rate

Figs. 2a—c indicate that silica gels, prepared with a 0.4 wt% concentration of
HPAM, demonstrated the highest water retention capacity when varying concen-
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Fig. 1. The principle of silica gel generation: a) formation and structure of polysilicic acid;
b) structural formation process of multinuclear hydroxyl-bridged composite ionic coordination
networks.

trations of GDL (0.1, 0.2 and 0.3 wt. %) were utilized. Furthermore, at HPAM
and GDL concentrations of 0.4 and 0.2 wt. %, respectively, the silica gel exhib-
ited superior water retention as shown in Fig. 2d.
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Fig. 2. Variation in silica gel water retention rates through heating time.

HPAM contributes to water retention through its ability to form a three-dim-
ensional network that traps water molecules. At 0.4 wt. %, HPAM provides an
optimal balance between viscosity and gel strength, ensuring sufficient network
formation without overly increasing the viscosity, which could impede water
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mobility within the gel. GDL acts as a gelling agent and pH adjuster. At 0.2 wt.
%, GDL hydrolyzes to gluconic acid, gradually lowering the pH and facilitating
the gelation process by promoting the cross-linking of HPAM chains. This con-
centration of GDL ensures a controlled and gradual gelation process, leading to a
stable gel network.

The active hydrolysis and deprotonation of some —CONH; and —COOH
groups in HPAM result in increased electrostatic repulsion and elongation of the
polymer chain. The hydrolysis of HPAM converts amide groups (—CONH3) to
carboxylic acid groups (-COOH), while deprotonation removes H* from carbo-
xylic acid groups, forming carboxylate anions (-COO-). -COO- forms strong
hydrogen bonds with water, enhancing the stability of the polymer chain con-
tacts. Therefore, the addition of the appropriate amount of HPAM contributes to
the silica gel’s excellent water retention properties.

XPS analysis

The sample with the best water retention (HPAM and GDL concentration of
0.4 and 0.2 wt. %) was analyzed using XPS. The results are displayed in Fig. 3a,
revealing the composition of silica gel in terms of 1s and 2p electronic states. The
1s orbitals include O, Na and C, while Si and Al are present in the 2p orbitals.
The Si 2p peak at 103.08 eV indicates that Si exists in the form of silica in the
solution.

The C 1s spectrum of silica gel, illustrated in Fig. 3b, displays peaks corres-
ponding to various groups. The spectrum shows an overlap of peaks for C—C and
C-H, with the highest peak representing C-O, followed by C=0 and O=C-O.
Previous studies have indicated that hydrophilic functional groups such as C-O
and C=0, as well as hydrophobic functional groups like C—C and C-H, are the
primary functional groups in silica gel.25 With 97 % or more of its functional
groups being hydrophilic, the gel exhibits high hydrophilicity, enhancing its fire
prevention effectiveness. The 97 % hydrophilic content was determined through
XPS analysis of the C 1s spectrum. By integrating the peak areas for hydrophilic
(C-0, C=0, 0=C-0) and hydrophobic (C—C, C—H) groups, it was found that
hydrophilic groups accounted for 97 % or more of the total peak area, indicating
the gel's predominant hydrophilicity.

XRD analysis

Fig. 3c depicts the results of the X-ray diffraction analysis of the silica gel,
with a broad peak at 22° indicating its typical amorphous state, consistent with
the JCPDS phase identification card (PDF#27-0605).26:27

Studies have shown that when silica gel is exposed to humid air, the hydro-
xyl groups of water molecules react with silica particles on its outermost layer,
producing Si-OH groups.28 The surface of SiO, has a high affinity for water
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molecules due to the hydrophilic nature of hydroxyl groups. Additionally, the
substantial surface area and small pores of silica facilitate the coverage of the
entire outer layer by water molecules.2® Consequently, the water present in silica
gel is a combination of chemically and physically adsorbed water.

800000
@ M) 45000
018
Tho000 4 Si 2p (x:103.08) 40000
600000 | 35000
500000 30000
= ™
e Nals =
£
S 400000 200 H E 25000
I o8 106 104 102 100 5 9 S 0000
200000 Binding Energy, eV | <
Cls 15000
200000 < \
10000
100000 - ™ 5000
8iZp Al
) — T TS e . . . . .
- - - 0
600 S0 500 450 400 350 300 250 200 150 10 S0 0 296 292 288 284 280
Binding Energy, eV Binding Energy, ¢V
© 1600 (d) 90 —
= cellulose
1400 | A Polysilicic acid 85
m NayCOy o’
1200 - © NaHCO3 5 80 emiceillose 1 i
- 3 i
] - " CHy,CH: W hY nn {
3 10001 | 875t -l | |{ b |
- L] = g ' \T\
f=d - = siec [
£ Si0y ‘|| Ry \f \
2 ]' Al e E A ' ‘*H \/.ﬁ,f{‘
= s00- Wil | 2650 om o ¢ cellose
! I ! | | e \ i Hy Tignin \J '\i
Ih [ celutose
400! m M‘ b S0t / i, lgiia
L4 Wi | / CH
w "WM.WM* ] \/ enliviose
200 - i lw"\-Mﬂu 55F \,L — Pure wood sample at ambicnt temperature
on Silica gekreated woud sample al ambicnl (emperature
D 1 il 1 1 1 1 50 L 1 1 L
10 20 30 40 50 (] 70 4000 3500 3000 2500 2000 1500 1000 500
(© 90 24, Degree Wavenumber, em]
M
f
851 /\“ﬂi' ™
N { st
/ {\\ f i
S V) V]
TR0 Y | \J
@ Uguin \. _eH | | f'
€=-l ’_’,_—--4"‘“‘1,\ cellulosy | A
s 7 7 ot \\ ) [ ‘ |
=75 - |} vt / Ay III If
g Y Vo |
H ol p |} Ll
S0l I/~ we N
e g W/ U vom
i \ ;"’ oy HoC i
65 \\ / cellulose o
L o [——PPurc wood sample at 500 °C
|—Silica gel-treated wood sample at 510 °C
I T T I

60 A L L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, em’1

Fig. 3. Characterization of the microstructure of the samples: a) XPS wide energy scan
spectrum of silica gel; b) C 1s XPS curve of silica gel; ¢) XRD graph of silica gel; d) FTIR
testing of pure wood sample and silica gel-treated wood sample at ambient temperature;
e) FTIR testing of pure wood sample and silica gel-treated wood sample at 500 °C.
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Furthermore, Fig. 3c reveals the presence of polysilicic acid (PDF#27-0606)
and NapyCO3 (PDF#08-0448) in the produced silica gel. The presence of NayCO3
indicates the polymerization and reaction mechanism of silica gel discussed ear-
lier in the preparative synthesis section. In this process, H" in the NaHCOj3
(PDF#15-0700) solution is absorbed by sodium silicate to produce polysilicate
and sodium carbonate. Polysilicate helps the wood surface form a heat-stabilizing
layer at high temperatures, thereby enhancing the wood’s fire resistance. There-
fore, silica gel is considered an effective fire retardant due to its ability to form
such a protective layer:

Si032- + HCO3~ —nSi0, + HyO + CO32- (2)
FTIR analysis

Hemicellulose, cellulose and lignin are the primary components of wood.30
There are four sets of experimental samples: unignited natural wood, unignited
natural wood treated with silica gel, wood ignited by a 500 °C heat source and
wood treated with silica gel and then ignited by a 500 °C heat source. Fig. 3d
shows the FTIR spectrum of unignited natural wood and unignited natural wood
treated with silica gel. In the spectrum of unignited natural wood, the peaks at
2930 cm™! correspond to CHp and CH3 groups. The C—H groups are distributed
in three peaks at 1427, 1378 and 898 cm™!, which are the main absorption peaks
associated with cellulose. The peak at 1738 cm™! indicates the C=O stretching
vibration, characteristic of hemicellulose. The three major absorption peaks of
lignin are observed at 1634, 1510 and 1053 cm™!, representing the vibrations of
the C-O stretching bond.

In comparison, the FTIR spectrum of the silica gel-treated wood shows
additional peaks at 553 and 669 cm~!. The peak at 553 cm! indicates the pre-
sence of silica gel in the wood, while the peak at 669 cm~! corresponds to the
Si—C stretching vibration, suggesting a chemical connection between silica gel
and wood components. These additional peaks are not present in the untreated
wood spectrum. The presence of Si—O and Si—C bonds in the treated wood leads
to the formation of thick, highly heated charred layers, acting as a barrier that
retards the burning process by limiting the dispersion of flammable volatile com-
ponents and heat transfer.3!

Fig. 3e displays the FTIR results of wood samples ignited by a 500 °C heat
source, including the both untreated and silica gel-treated samples. In the spec-
trum of untreated wood ignited at 500 °C, only the 1427 cm! cellulose absorp-
tion peak remains, while the peaks of hemicellulose and lignin vanish or are red-
uced. This indicates that lignin pyrolysis is essentially complete at 500 °C, with
the system continuing to pyrolyze and deoxygenate, forming charcoal progressively.

In comparison, the FTIR spectrum of the silica gel-treated wood heated at
500 °C shows that the cellulose retains an absorption peak at 898 cm~!, demon-
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strating improved thermal resilience. The lignin peak at 1510 cm™! is only
partially lost and new peaks at 715 and 976 cm!, characteristic of the Si—C and
the Si—O—C bonds, respectively. In addition to the Si—O and the Si—C bonds des-
cribed above, the thermal stability of Si—-O—C has been also demonstrated in the
literature.32 Hence, the presence of these bonds indicates the formation of char-
red layers at high temperatures, effectively halting the decomposition and burn-
ing of wood. Therefore, silica gel exhibits excellent fire-retardant properties, as
the treated wood still contains cellulose and lignin that are not completely broken
down 500 °C.

TGA-DTG analysis

To evaluate the thermal resistance, charring prospects and decomposition
rate of wood, TGA analysis can be employed. TGA analysis was conducted to
investigate the thermal stability, charring ability and degradation rate of wood,
silica gel and wood@gel in an air atmosphere (Fig. 4). The thermogravimetric
(TG) and differential thermogravimetric (DTG) analyses in Fig. 4 reveal three
phases in the thermal degradation of wood. The initial stage (30—130 °C) involves
the evaporation of water molecules, causing a 6 % mass loss. In the second char-
ring stage (160-360 °C, peak at 317 °C), the weight decreases significantly from
94 to 33 % as hemicellulose and cellulose decompose into char residues, releas-
ing CO,, CO, CHy4, CH30H and CoHsOH.2 The third stage (360-500 °C, peak at
437 °C) involves calcination, with a residual percentage of 4.9 % due to the
decomposition of lignin and oxidation of char residue from the second stage.33

The wood@gel sample exhibits a 5 % mass loss in the first stage (30—-130 °C)
due to water evaporation. In the second stage (130-500 °C), wood@gel shows a
high residual carbon rate of 56 %, attributed to the oxidized breakdown of cellu-
lose and hemicellulose. Compared to pure wood, wood@gel loses weight more
slowly in this phase, indicating the protective effect of silica gel. The maximal
breakdown temperature of wood@gel in the second stage is 263 °C, according to
the DTG curve (Fig. 4b) and the third stage breakdown can reach 580 °C, sug-
gesting silica gel’s involvement in wood decomposition. In contrast, the dehyd-
ration of surface Si—-OH groups on silica gel is principally responsible for the
third stage mass loss of wood@gel, which results in a residual carbon rate that is
41 % greater than that of pure wood. The preservation of cellulose and delay of
pyrolysis reaction in wood are attributed to the charred layer produced by silica
gel during combustion, as noted by Rowell, Miyafuji and Saka, which obstructs
blazing and smoldering combustion by limiting oxygen and combustible product
access.34.35

The flame-retardant mechanism of wood@gel involves the formation of
multi-coordination organosilicon compounds with polyhydroxy cellulose at high
temperatures, hindering thermal movement between cellulose macromolecular
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chains, reducing the pyrolysis rate and enhancing thermal stability.3¢ Additionally,
the creation of a protective carbonized layer with Si—O, Si—~O—C and Si—C linkages
between the silicon-containing compound and wood improves thermal stability.
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Fig. 4. Wood, silica gel and wood@gel samples’ TG (a) and DTG (b).

Fire resistance analysis

Using natural wood (sample 1#) and wood treated with silica gel (sample 2#),
we investigated silica gel’s ability to delay flames on wood. Both samples were
exposed to the flame of an alcohol lamp as described in the fire resistance ana-
lysis section. The results depicted in Fig. 5 indicate that sample 1# ignited after 6
seconds and even though the alcohol lamp was removed after 60 s, it took 197 s
for the flame to extinguish. This prolonged burning was mainly due to the com-
plete decomposition of the active ingredients present in wood, such as cellulose,
hemicellulose and other wood elements. Conversely, under the same flame con-
ditions, sample 2# did not exhibit any combustion phenomena for 60 s after ignit-
ion, as shown in Fig. 5. The presence of silica gel on the wood’s surface led to
the development of a protective charred coating that effectively prevented further
burning.

Table II presents the mass loss of samples before and after combustion.
Samples 1# and 2# experienced total mass losses of 76 and 23 %, respectively.
The addition of silica gel reduced the mass loss rate by 70 % in sample 2#, attri-
buted to the formation of a protective layer via Si—O, Si—O—C and Si—C linkages
on its external layer during burning. This coating enhances the wood’s fire res-
istance.
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TABLE II. Burning mass reduction velocity at the fire resistance test

Sample 1# 2#

Pre-burning, g 472 484 4.80 4.95 4.97 4.99

Post-burning, g .10  1.24 1.09 3.90 3.73 3.84

Mass loss rate, % 76.69 74.38 77.29 21.21 24.95 23.05

Average mass loss rate, % 76.12 23.07
CONCLUSION

In this investigation, various ratios of HPAM and GDL were utilized to
assess the water retention and flame-retardant properties of silica gel on wood.
Maximum water retention was observed at 0.4 wt. % HPAM and 0.2 wt. % GDL.
To better understand these properties, we conducted combustion experiments and
microscopic mechanism studies.

The combustion experiments show that silica gel forms a barrier that isolates
oxygen and heat from reaching the wood surface. Additionally, silicon increases
the thermal stability of the carbon layer during the wood carbonization process,
acting as a flame retardant. Microscopic mechanism studies show that hydrophilic
groups C—O and C=0 on the surface of silica gel contribute to its excellent hyd-
rophilicity. After the wood combustion, the formation of Si—O, Si—-O—C and Si—C
bonds on the surface increases the thermal stability of the carbon layer, revealing
the flame-retardant mechanism of the carbon layer. The results demonstrated sil-
ica gel reduces mass loss in treated wood at high temperatures by 36 % (TG ana-
lysis) and 53 % (fire resistance testing) respectively, showing its efficacy as a fire
retardant.
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HU3BO[J

[TOBERAILE OTIIOPHOCTH IPBETA HA CAT'OPEBAILE IITOMORY CHUJIMKA T'EJIA CA
BETUKUM 3APKABAEM BOJIE: OFERABAJYRE PELIEE 3A YCIIOPABAGE
CAT'OPEBAA

ZHONGBIN FEI, YINGNAN ZHANG, ZHI WANG, YILING DUAN u BIN ZHANG
International Center for Chemical Process Safety, Nanjing Tech University, Nanjing, 211816, China

Y oBOM pajy je UCIMTHBAHO 3afpKaBame BOJE M MOTYhHOCT ycriopaBamwa caropeBama CH-
JMKa Tena MPUIIPEM/BEHOr Kopuirhewem aHjoHckor nonvakpwiamuna (HPAM), rmykonart-
-nenta-nakTona (GDL) u anymunujym-nutpata (AlCit). Y3opuu cuivka rena Cy CUHTETHCAHU
kopuurheweM HaTpHjyM-cuiavkara (8 mas. %), HaTpujyM-XuzporenkapdoHara (4 mas. %) 1 pas-
myutHx konnurHa HPAM (0,2-0,8 mas. %) u GDL (0,1-0,3 mas. %). 'esioBu cy okapaxre-
pucanu cinenehum texaukama: XPS, XRD, FTIR u TGA. Onrumanto 3afpkaBambe BOJE je 1oc-
turiyto npu 0,4 mas. % HPAM u 0,2 mas % GDL. Osaj ren canpxu, y nopehemwy ca
TpagULMOHATHUM TeJIOBHMa, BUILIE TIOBPLUIMHCKE Bofe 3axBasbyjyhu Behem 6pojy xunpodunHux
rpyna u amop¢Hoj nprpoay. Ha BUCOKMM Temrepatypama CHIHKa ren ¢opMupa Cjoj ca yribe-
HHKOM KOjU HacTaje caropeBameM IpBeTa, CrpedyaBajyhu nmponupame KUCEOHMKA, IITO MUHH-
mu3Mupa jJake caropeBawme. HakoH caropesama Ha 500 °C, rybuTtak Mace OpBeTa TPETHPAHOT
cuIMKa resiom je 36—53 % mMamwu y nopehemy ca HeTpeTUpaHUM IPBETOM, LITO yka3yje Ha edu-
KaCHOCT CWIMKa Tejla y ClIpevyaBamy Ja/ber caropeBama.

(ITpumsbeno 14. anpuna, pesupupano 10. jyna, npuxsaheno 23. asrycra 2024)
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Abstract. The purpose of the work is to study the wastewater treatment of a
cardboard and paper factory in the Khmelnytskyi region using physicochemical
methods, namely coagulation and oxidation, to increase the efficiency of rem-
oving organic pollutants according to COD and BOD indicators. The use of
coagulation and chlorination methods, before biological treatment in aeration
tanks, was proposed. Alumofloc 18 % was used as a coagulant, PAA was used
as a flocculant and sodium hydroxide was used as an alkalizing reagent. The
study was conducted on a mixture of industrial and sewage wastewater with
COD and BODs — 3200 and 1575 mg L', respectively, and on industrial was-
tewater with COD and BODs — 4480 and 1960 mg L-!, respectively. The
effects of reducing COD and BODjs indicators in the first case after coagulation
were 30 and 40 %, after chlorination — 37.82 and 43.18 %, respectively, and in
the second after coagulation — 28.58 and 47.25 %, respectively. The effects of
wastewater treatment of a cardboard and paper factory using coagulation and
oxidation methods will allow for a reduction in the concentration of organic
substances according to COD and BOD indicators before the biological treat-
ment of wastewater in aeration tanks and also will ensure an increase in the
efficiency of biological treatment.

Keywords: liquid waste; organic pollutants; coagulation; alumofloc; chlorination.

INTRODUCTION

Wastewater from cardboard and paper factories cause great damage to
environment and water body. Such waters are a stable colloidal system. Organic
substances presented in wastewater cause complex changes in water bodies.!
They disrupt the established abiotic factors and are involved in chemical and
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biochemical processes. As a result, non-negotiable changes occur in the compo-
sition of biocenoses and the river water quality decreases significantly. Waste-
water contains cellulose fibers, paper, fillers, dyes, latexes, emulsions, adhesives,
etc. They have a high content of suspended solids and organic substances, as well
as specific smell. Sources of organic substances are products of cellulose des-
truction, formed during bleaching and processing. These are substances such as
aliphatic (alcohols, amines, acids, aldehydes, etc.) and terpene hydrocarbons, aro-
matic hydrocarbons of the phenolic series, low molecular weight alcohols, fatty
acids, etc.?2 Due to the significant content of organic substances, wastewater is
characterized by high COD values ranging from 800 to 2000 mg L~ and BODs
values are within 500-800 mg L-!. The BODs/COD ratio has average values,
which indicate the possibility of applying a biological method of wastewater
treatment. BODs/COD has a value in the range from 0.2 to 0.7. Suspended solids
range from 900 to 3000 mg L-!. Therefore, factory wastewater requires mech-
anical pretreatment, as a result of which coarse and suspended solids and some
colloidal particles are removed.3 The presence of low concentrations of phos-
phorus and nitrogen compounds in wastewater indicates that they should be
added to water for biological processes.

Today, the most widespread methods of wastewater treatment in cardboard
and paper factories are physico-chemical, namely reagent treatment, coagulation,
flocculation, chemical, electrochemical oxidation* and biological. The use of
reagent methods requires the purchase of chemical reagents, namely coagulants
based on iron, aluminum, expensive flocculants or strong oxidizers as ozone>-6 or
hydrogen peroxide (Fenton method),* which does not ensure high purification
efficiency in conditions of multicomponent pollution. Adsorption methods’ can
be used for wastewater treatment but require sophisticated equipment.

The most accessible and effective both from the point of view of high effi-
ciency of the treatment, low costs for construction and operation and the impact
on the environment and natural water bodies is the biological method,8!!
namely the aerobic!2:13 and anaerobic14-20 methods.

At a cardboard and paper factory in the Khmelnytskyi region, wastewater is
treated at a wastewater treatment plant, which includes grit traps, primary radial
sedimentation tanks, aeration tanks with activated sludge regenerators, secondary
radial sedimentation tanks and bioponds (Fig. 1).

The productivity of the treatment plant is 7000 m3 per day. Aeration tanks
are designed for 14 h of aeration and 12 h of regeneration. The main drawback of
the treatment plant is the insufficient efficiency of wastewater treatment from
organic pollutants according to COD and BOD indicators, which necessitated
research to find and use methods of pretreatment of factory wastewater using
physical and chemical treatment.
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Fig. 1. Block diagram of waste water removal and treatment of cardboard and paper factory:
1 — Inlet chamber; 2 — grit traps; 3 — primary sedimentation tanks; 4 — aeration tanks; 5 — air
blower; 6 — secondary sedimentation tanks; 7 — biopounds; 8 — disinfection; 9 — grit beds;
10 — sludge beds; 11 — sediment; 12 — recirculated activated sludge; 13 — surplus activated
sludge. p.1 — sampling site of the mixture of industrial and sewerage wastewater from
the inlet chamber; p.2 — sampling site of industrial wastewater in the well at the outlet
of industrial wastewater from the workshop.

The purpose of the work is to study the wastewater treatment of a cardboard
and paper factory using physicochemical methods, namely, coagulation and
oxidation, for increasing the efficiency of removing organic pollutants according
to COD and BOD indicators.

EXPERIMENTAL

A series of samples of the following wastewater were selected for analysis:

1) a mixture of industrial and sewage wastewater from the inlet chamber of the waste-
water treatment plant of the cardboard and paper factory (Table I);

2) wastewater directly from production (Table II).

Samples were taken at points p.1 and p.2, shown in the block diagram shown in Fig. 1.
Coagulation and chlorination of samples were carried out in laboratory conditions. Samples
were taken at the indicated points three times: at 9 a.m., 2 p.m. and 7 p.m.

The analysis results of the samples taken at sampling site p.1 and p.2 were averaged
according to the indicators. The average values are shown in the Tables I and II. In the first
case (Table I), the following indicators were determined: pH, suspended solids, COD, BODs
of untreated wastewater, water after coagulation, as well as chlorinated coagulated water. In
the second case (Table II), the same indicators were determined for the untreated and water
after coagulation.

Reagents with the following doses were used for the study for coagulation: alumofloc 18 %
— 0.6 mL L'!; sodium hydroxide — 55 mg L'! and PAA flocculant — 2 mg L'!. The volume of
sediment after coagulation and settling for 2 h was 20 %.

For chlorination active chlorine — 42 mg L'! was used. The duration of settling after
coagulation and chlorination was 2 h. Coagulation was successful in both cases. In the water
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obtained after settling, in the first case suspended solids decreased from 127 to 15 mg L'! and
in the second — from 162 to 20 mg L-!. The results of the conducted analyses according to
average values are summarized in Tables I and II.

The dissolved oxygen concentration in both cases was close to zero (0-0.1 mg L), so
the oxidation of water impurities with the participation of dissolved oxygen was not con-
sidered.

The error, of the results of experimental measurements, was not higher than 5 %.

To increase the efficiency of removing pollutants from wastewater of a cardboard and
paper factory during primary sedimentation, it is possible to apply pre-reagent treatment of
wastewater with the help of a coagulant, for example alumofloc. This reagent forms colloidal
particles of aluminum hydroxide in water, capable of coagulation and forming flakes. Sus-
pended particles (cellulose fibers, paper particles, fillers, etc.) colloidal and dissolved organic
substances (hydrocarbons, fatty acids, efc.) contained in wastewater are adsorbed on the sur-
face of the flakes, thus forming aggregates that settle in sedimentation tanks. As a result of
coagulation, the concentration of suspended substances in wastewater and the concentration of
organic substances according to COD and BOD; indicators are reduced to a greater extent
than with simple settling.

In order to increase the efficiency of removal of organic substances from wastewater, the
chlorination was used for pretreatment. The action of active chlorine consists in the chemical
oxidation of organic substances, which are contained in large quantities in wastewater of the
cardboard and paper factory, namely aliphatic (alcohols, amines, acids, aldehydes, ketones,
etc.) and terpene hydrocarbons, aromatic hydrocarbons of the phenolic series, low molecular
weight alcohols, fatty acids, efc.

These substances are determined by COD and BODjs indicators. Moreover, most of these
substances are difficult to oxidize biologically (during wastewater treatment in aeration tanks),
so pretreatment is needed.

The purpose of oxidation is to decompose hard-to-oxidize substances into biodegradable
substances for microorganisms in the biological treatment. When oxidized with chlorine,
simpler compounds are formed. For example, acids or ketones are formed when alcohols are
oxidized and acids are formed when aldehydes are oxidized. The formed reaction products are
biologically degradable with the participation of active sludge of aeration tanks, which inc-
reases the efficiency of biological wastewater treatment. For example, when ketones are oxid-
ized with chlorine, mixtures of organic acids are formed, which are easily decomposed by
activated sludge microorganisms.

When ketones are oxidized, C—C bonds between the carbon atoms of the carbonyl group
and the carbon radical are broken with the formation, for example, of a mixture of formic,
acetic, propionic, or other biodegradable acids.

RESULTS AND DISCUSSION

Rows 5 to 10 of Tables I and II show the results of some calculations that
characterize the efficiency of wastewater treatment using the applied coagulation
and chlorination methods.

Studies of the wastewater treatment in the factory using the coagulation
method showed the following.

In a case of an industrial and sewage wastewater mixture (Table I) in the
mixture of wastewater from the inlet chamber of the wastewater treatment plant,
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after coagulation, BOD5 decreases by 40 % and COD by 30 %. The BODs/COD
ratio for the next biological treatment in the aeration tanks of the wastewater
treatment plant should be greater than 0.5. In this case, as the results showed,
coagulation worsened the ratio from 0.49 to 0.42.

TABLE I. Change in indicators of the mixture of industrial and sewage wastewater of the
cardboard and paper factory after coagulation and chlorination

Value
Ser. no Indicator Unit . After After coagulation
Initial . .
coagulation and chloration

1 pH - 6.3 7.1 7.25

2 Suspended solids mg L1 127 15 15

3 COD mgO, L1 3200 2240 1990

4 BOD; mgO, L1 1575 945 895

5 COD/BODs ratio - 2.03 2.37 2.22

6 BODs/COD ratio - 0.49 0.42 0.45

7 COD — BODs (“pure”  mgO,L! 1625 1295 1095

COD)

2 Decrease of the BODs  mg O, L"! 630 (40 %) 50 (43.18 %)
680 (43.17 %)

9 Decrease of the COD  mg O, L1 960 (30 %) 250 (37.82 %)
1210 (37.81 %)?

10 Decrease of “pure” COD  mg O, L1 330 (20.3 %) 200 (12.4 %)

530 (32.62 %)?
3Estimated differences in the values of the indicators of the untreated wastewater and water after coagulation
and chlorination

The difference between COD and BOD5 (“pure” COD) is:
3200 - 1575 =1625mg O, L1;
2240 - 945=1295mg O, L.

The difference of “pure” COD of wastewater from the inlet chamber of the
wastewater treatment plant before and after coagulation is: 1625 — 1295 = 330
mg O, L1

The “pure” COD of wastewater (without taking into account its BODs) after
coagulation decreased by only 330 mg O, L1 or 20.3 %.

As a result of chlorination, the following indicators were obtained.

After coagulation and chlorination, BOD5 decreases by 43.18 % and COD —
by 37.82 %, in wastewater from the inlet chamber of the wastewater treatment
plant. Chlorination (separately, after coagulation) decreased BODs by 3.18 % and
COD by 7.82 %.

Chlorination, in comparison with coagulation, additionally reduced BOD5 by
5.3 % and COD by 11.17 %.
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The BODs/COD ratio in the case of using coagulation and chlorination
decreased from 0.49 to 0.45.
“Pure” COD (minus BODs) will be:
3200 — 1575 =1625 mg O, L1;
2240 — 945 =1295mg O, L1;
1990 — 895 = 1095 mg O, L1

TABLE II. Change in indicators of industrial wastewater cardboard and paper factory after
coagulation

Ser. no Indicator Unit — Value -
Initial ~ After coagulation

1 pH - 6.5 7.2

2 Suspended solids mg L 162 20

3 coD mgO, L-! 4480 3200

4 BOD; mgO, L! 1960 1034

5 COD/BOD:s ratio - 2.28 3.09

6 BODs/COD ratio - 0.43 0.32

7 BOD — COD;s (“pure” COD) mg O, L1 2520 2166

8 Decrease of the BOD; mg O, L! 926 (47.25 %)

9 Decrease of the COD mg 02 L} 1280 (28.58 %)

10 Decrease of the “pure” COD mg 02 L1 354 (14.05 %)

The difference of “pure” COD of wastewater from the inlet chamber of the

wastewater treatment plant before and after coagulation and chlorination will be:
1625 - 1095 =530 mg O, L1,

After coagulation and chlorination, the “pure” COD of wastewater (exclude-
ing its BODs) decreased by only 530 mg O, L1 or 32.62 %.

The difference between “pure” COD of wastewater from the inlet chamber
of the wastewater treatment plant before and after coagulation will be:

1625 —-1295 =330 mg O, L1,

The “pure” COD of wastewater (without taking into account its BODs) after
coagulation decreased by only 330 mg O, L1 or by 20.3 %.

The difference between the “pure” COD of wastewater from the inlet cham-
ber of the wastewater treatment plant between coagulated and chlorinated waste-
water will be:

1295 — 1095 = 200 mg O, L1

The “pure” COD of wastewater (excluding its BODs) between coagulated
and chlorinated wastewater decreased by only 200 mg O, L1 or 12.4 %.

In the case of production wastewater from a cardboard and paper factory
(Table 1), the BODs indicator after coagulation decreases by 47.25 % and the
COD by 28.58 %. In this case, coagulation decreases the BODs/COD ratio from
0.43 t0 0.32.
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“Pure” COD (minus BODs) will be:

4480 — 1960 = 2520 mg O, L1;
3200 — 1034 =2166 mg O, L1,

The difference of “pure” COD of industrial wastewater before and after
coagulation will be:

2520 - 2166 =354 mg O, L.

The “pure” COD (excluding BODs) decreased by only 354 mg O, L1 or
14.05 % after coagulation.

As can be seen from Tables I and II (rows 7 and 8), the coagulation and
settling allow a reduction of BODs in the first and second cases by 40 (Table I)
and 47.25 % (Table II) and COD by 30 % (Table I) and 28.58 % (Table II), res-
pectively. These indicators indirectly indicate percentages of organic pollutants
(according to BODs) and the total amount of organic matter (according to COD)
that are in wastewater in suspended and colloidal states. At the same time, it is
worth noting that coagulation reduces BOD5 more effectively than COD, which
indicates that most of the hard-to-oxidize compounds are dissolved.

CONCLUSION

As a result of studies of the coagulation process for the treatment of waste-
water from a cardboard and paper factory, a decrease in the indicators of sus-
pended solids, COD and BOD was obtained.

The BOD5/COD ratio was less than 0.5 and this must be taken into account
when adjusting the composition of wastewater (by changing the ratio of easily
and hard-oxidizing substances due to the detection and reduction of chemical
components coming from production).

It was determined that 60—70 % of organic substances, according to the COD
indicator, are in a dissolved state. During the coagulation of wastewater, the
efficiency of purification according to the BODs indicator was determined to be
40-47 %. It has been determined that as a result of chlorination, the maximum
reduction of “pure” COD is achieved; therefore, the possibility and expediency of
chlorination of water after the secondary settling tank in increased doses, should
be considered in the wastewater treatment technology of the cardboard and paper
factory.

It should be noted that the use of reagents in the doses adopted in the study is
unlikely to be economically justified, but it will be advisable to arrange an
oxidizer-biocoagulator in front of the primary settling tank, in which activated
sludge is used instead of reagents.
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HU3BO[J

E®UKACHOCT ®HU3UYKO-XEMHIJCKHUX METOJA Y [IPEYHUITRABAKY OTITADHHX BOJA
®ABPUKE KAPTOHA U ITAITUPA

LARYSA SABLII!, OLEKSANDR OBODOVYCH? u VITALII SYDORENKO?

'Department of Bioenergy, Bioinformatics and Environmental biotechnology, National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Prospect Beresteiskyi 37, 03056, Kyiv, Ukraine u
“Department of Heat and Mass Transfer in Disperse Systems, Institute of Engineering Thermophysics of NAS
of Ukraine, Akademika Bulakhovskoho 2, 03164 Kyiv, Ukraine

Cepxa pajia je mpoydyaBame mpeunirhaBama OTHagHUX Boza Gadpuke KapTOHA U Mamupa y
Khmelnytskyi pernony kopuurhemem (HHU3HYKO—XEMHjCKAX METOIQ, OFHOCHO Koaryjaudje u
oxcujauyje, kako oy ce nosehana epuKacHOCT yKkiamama OpraHCkux 3arahusava mpema COD u
BOD wvnpukatopuma. IIpennoxena je ynorpeda mMeTofa Koaryjaudje M XJIOpHCama Ipe duo-
JIOIIKOT TPETMaHa y aepaljMoOHUM pe3epBoapuma. Amymodiok 18 % je kopuurheH xao xoary-
naHT, PAA je xopuurheH xao (oKysaHT, a HATPUjyM-XUIPOKCH] je KopHLTheH Kao anKalin3u-
pajyhu peareHc. CTymuja je crmpoBeleHa Ha MELIABUHU HHOYCTPUjCKAX W KaHAIM3aLHUOHUX
oTnazguux Bogia ca COD 1 BODs — 3200 1 1575 mg L1, peiom, 1 Ha MHAYCTPHjCKUM OTMaIHUM
Bomama ca COD u BODs — 4480 u 1960 mg L1, pemom. Edext cmamema COD u BODs unmy-
KaTopa y IMPBOM C/y4ajy HakoH Koarynauuje dwnn cy 30 u 40 %, HakoH xyopHcawa — 37,82 u
43,18 %, penoM, a y Ipyrom Ciiy4ajy HakoH koarynauuje — 28,58 u 47,25 %, penom. Edextn
npeuyninhaBawka OTNAfHUX Boja M3 (adpuke KapTOHA W Hanupa MeTofama Koarynauuje u
okcumaudje omoryhuhe cMmameme KOHLEHTpallMje OpraHCKHUX Mmartepdja mpema COD u BOD
WHOMKaTOpUMa Ipe OMOOIIKOr TPeTMaHa y aepallMOHUM pe3epBoapyma U obesdemuhe nose-
hame edrxacHOCTH OHUOOIIKOT TPETMaHa.

(ITpumsbeno 6. neriembpa 2023, pesuanpano 25. janyapa, npuxsaheno 19. pedpyapa 2024)

REFERENCES

1. The Global Paper Packaging Market: Growth, Trends, Competitive Landscape and
Forecasts Report, Globe Newswire, Dublin, 2020

2. M. A. Hubbe, J. R. Metts, D. Hermosilla, M. A. Blanco, L. Yerushalmi, F. Haghighat, P.
Lindholm-Lehto, Z. Khodaparast, M. Kamali, A. Elliott, BioRes. 11 (2016) 7953
(https://doi.org/10.15376/biores.11.3.Hubbe)

3. O. Ashrafi, L. Yerushalmi, F. Haghighat, J. Environ. Manage. 158 (2015) 146
(https://doi.org/10.1016/j.jenvman.2015.05.010)

4. K. Eskelinen, H. Sérkka, N. A. Kurniawan, M. E. T. Sillanpai, Desalination 255 (2010)
179 (https://doi.org/10.1016/j.desal.2009.12.024)

5. N. Kishimoto, T. Nakagawa, H. Okada, H. Mizutani, J. Water Environ. Technol. 8 (2010)
99 (https://doi.org/10.2965/jwet.2010.99)

6. W. De los Santos Ramosa, T. Poznyaka, I. Chairez, I. Cordova, J. Hazard. Mater. 169
(2009) 428 (https://doi.org/10.1016/j.jhazmat.2009.03.152)

7. S. Kakkar, A. Malik, S. Gupta, J. Appl. Nat. Sci. 10 (2018) 695
(https://doi.org/10.31018/jans.v10i2.1769)

8. C.Ram, P. Rani, K.A. Gebru, Phys. Sci. Rev. 5 (2020) 8 (https://doi.org/10.1515/psr-
2019-0050)

9. P. Singh, A. Srivastava, Int. J. Pharm. Biol. Sci. 5 (2014) 773
(https://api.semanticscholar.org/CorpusID:98160371)

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.

WASTEWATER TREATMENT OF PAPER FACTORY 25 5

M. Cabrera, A. Zaki, in Biological Wastewater Treatment and Resource Recovery, F.
Robina, A. Zaki, Eds., InTech, Rijeka, 2017, p. 256 (https://doi.org/10.5772/62795)
A. Schnell, P. V. Hodson, P. Steel, H. Melcer, J. H. Carey, Water Res. 34 (2000) 501
(https://doi.org/10.1016/S0043-1354(99)00161-X)

C. W. Bryant, Water Sci. Technol. 62 (2010) 1248 (https://doi.org/10.2166/wst.2010.934)
C. V. Dubeski, R. M. Branion, K. V. Lo, J. Environ. Sci. Health 36 (2001) 1245
(https://doi.org/10.1081/ese-100104875)

M. Tielbaard, T. Wilson, E. Feldbaumer, W. Driessen, in Proceedings of TAPPI
International Environmental Conference (2002), TAPPI Press, Atlanta, GA, 2002, pp.
621-634

L. Habets, W. Driessen, Water Sci. Technol. 55 (2007) 223
(https://doi.org/10.2166/wst.2007.232)

N. B. Golub, M. V. Potapova, Yu. V. Karpenko, /BB 3 (2019) 96
(https://doi.org/10.20535/ibb.2019.3.2.166429)

N.B. Golub, M.V. Shinkarchuk, O.A. Kozlovets, B. V. Morgun, O. R. Lakhneko, A. I.
Stepanenko, M. V. Borisjuk, Water Air Soil Pollut. 231 (2020) 445
(https://doi.org/10.1007/s11270-020-04805-6)

R. Chhotu, R. Pushpa, G. A. Kibrom, M. G. M. Abrha, ,Phys. Sci. Rev. 5 (2020)
20190050 (https://doi.org/10.1515/psr-2019-0050)

M. A. Hubbe, J. R. Metts, D. Hermosilla, M. A. Blanco, L. Yerushalmi, F. Haghighat, P.
Lindholm — Lehto, Z. Khodaparast, M. Kamali, A. Elliott, BioRes. 11 (2016) 7953
(https://doi.org/10.15376/biores.11.3.hubbe)

S. R. Hassan, N. Q. Zaman, 1. Dahlan, Prep. Biochem. Biotechnol. 50 (2019) 234
https://doi.org/10.1080/10826068.2019.1692214).

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

(CC) 2025 Serbian Chemical Society.






Journal of
the Serbian
Chemical Society

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

J. Serb. Chem. Soc. 90 (2) 257-269 (2025) Original scientific paper
JSCS-5384 Published 10 November, 2024

Refinement technique for nanocellulose extraction from corn cobs as
a green material for environmental sustainability

ISMAIL IBRAHIM AL-KHATEEB!*, YUSRA M. AL-OBAIDI? and SABRI M. HUSSAIN?

! Dijlah University College, Baghdad, Irag and ?Chemistry Department, Science College,
Anbar University, Ramadi, Iraq

(Received 5 January, revised 15 January, accepted 21 May 2024)

Abstract: Corn cob and other types of agricultural biomass waste are abundant
and have several potential uses as renewable materials. A unique extraction
approach for producing nanocellulose materials with precise control, scalability
and promising practical applications has been presented. Nanocrystalline cel-
lulose was produced from corn cobs by mechanical treatment with ultrasonic
technology, room temperature extraction for 30 min and sulfuric acid concen-
trations ranging from 30 to 60 %. Nanocellulose has been effectively extracted
from maize cobs with comparatively high yields and crystallinities ranging from
63.55 to 71.76 %. The TEM data demonstrate the production of fiber nanopar-
ticles with a size range of 15.3-2.1 nm. Simultaneously, SEM results match TEM
findings. SEM pictures indicate smaller nanoparticles as sonication duration
rises, but particle size does not vary with acid content. XRD analysis indicates
an increase in the amount of crystalline cellulose in nanocellulose, demonstrating
a notable transformation of cellulose. Nanocellulose and cellulose had similar
FTIR spectra, distinct from the basic material of corn cobs. The FTIR analysis
showed that the NaOH and subsequent bleaching treatments eliminated most
hemicellulose and nearly all lignin throughout the conversion process. This work
introduces a method for extracting nanocellulose from corncob waste utilizing
standard ultrasonic technology under moderate conditions, at a cheap cost, in an
ecologically responsible manner, with a high yield while maintaining its integrity.

Keywords: acid-hydrolysis; isolation; nano; sonication.

INTRODUCTION

Cellulose is the most abundant polymer in most plant biomasses.! Regardless,
cellulose has numerous beneficial properties, such as being renewable, recyclable,
eco-friendly, inexpensive and with many mechanical powers.2 Leftovers from
plants like corn cobs, rice straw, etc., have been selected for manufacturing
cellulose nanoparticles.3 Nanocellulose (NC) is one of the most durable and rigid
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organic molecules. It has a very large surface area, is hydrophilic and is adjustable
to surface activation. Among the new materials to emerge this century, nanocel-
luloses (NC) and their derivatives have several promising uses in areas such as
membrane technology, composites, healthcare, functional additives, water
purification and industrial implementations.#~13 Pollution by chemical compounds
is a global environmental concern based on the magnitude of the negative impact
they have on the environment, plants and human health.!4

Corn cobs from corn production are non-edible agricultural residues that can
be utilized to produce green fuel and chemicals. The demand for corn grain will
increase as the population increases, resulting in the increase in corn cobs.!5

Corn cobs are a rich source of cellulose with a range of 2845 % and hemi-
cellulose of about 38.78 %, but they also contain an adequate quantity of lignin
(9.4 %).12,16 Meanwhile, corn cob cellulose has a hydrophilic feature due to the
presence of hydroxyl groups in each polymer module.!2 There may be advantages
to the presence of lignin in lignocellulose nanofibrils — as residues in cellulose and
nanocellulose packages — such as its potential antioxidant and UV absorption pro-
perties.!7

This research seeks to highlight the novel approach employed in our previous
study, which effectively minimizes the need for labor and financial resources,
intending to utilize it for the extraction of nanocellulose from an alternative crop.
Furthermore, we emphasize the significance of producing cellulose from agricul-
tural byproducts, such as maize, to help preserve the environment.

EXPERIMENTAL
Samples and reagents

The plant material was sourced from Turkey and included cobs of Zea mays subsp. Mays
L. The corncobs were initially washed with distilled water, followed by vacuum filtration to
collect water. The samples were allowed to air dry at a temperature of 25 °C before being further
dried at 100 °C using an oven with a suction system for 48 h. Once pulverized, the substance
was enclosed in a plastic container for preservation.

We obtained analytical-grade sulfuric acid, sodium hydroxide and sodium hypochlorite
from Sigma—Aldrich.

Preparations of nanocellulose from corn cobs

Reducing acid concentrations, eliminating dialysis and utilizing the freeze-drying process
improve the hydrolysis method for NC preparations when compared to methods suggested by
other researchers.!® The dried corn cob powder was bleached at 80 °C for 4 h with 0.1% sodium
hypochlorite. The bleached fiber is washed and filtered with purified water before being dried.
A bleached fiber of ten grams comes from the bleaching phase and remains hydrolyzed in 100
mL of sulfuric acid at numerous meditations (30, 40, 50 and 60 %) using an energetic exciting.
In order to terminate the reaction, deionized water was mixed with the solution of 100 mL and
the pH was adjusted to 7 through 1 % NaOH. A postponement is collected, filtered and sonicated
through ultra-sonication (UP400S) for different durations of time (30, 60, 120 min). The NC
fibers are then dried, converted to powder and stored for future use.
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Characterization of nanocellulose

In order to determine the characteristics of NC, the following equipment was utilized.

Transmission electron microscope (TEM). A FEI technical G2 Split Biotic transmission
electron microscope at 120 kV was used to examine the surface morphology required for the
synthesis of nanofiber and nanoparticles prepared from corn cobs.

Field emission scanning electron microscope (FEI-SEM). The morphologies and diameter
of NC particles and fibers prepared from corn cobs were examined using FEI SEM (model
Quanta 200FEG), configured to operate at (120 kV) at various magnification levels.

The X-Ray diffraction. X-ray diffraction was assessed using Micro Max 007HF DW. The
diffracted power of the CuKa radiation (4 =0.154 nm, 45 kV and 45 mA) was evaluated in the
26@range from 50 to 70°; the maximum power was 1.2 kW.

Following Eq. (1),'8 the empirical crystallinity index (Crl) was determined. The formula
for calculating the crystallinity index is as follows:

Cr[:mgM (1)
Iroo

At a 26 angle of approximately 22.5°, the greatest peak intensity is denoted by Ipg,
whereas I,;,, represents the lowest diffraction at a 26 angle of around 18°.

Fourier transform infrared (FTIR) spectroscopy. FTIR (models Vertex 70 and Hyperion
scan optical microscopes) was used to characterize the structure and functional groups that were
present in all samples. FTIR spectra were generated from KBr pellets, which were made by
mixing KBr powder and samples homogeneously in a mass ratio of 99:1 by scanning within the
range of 1400400 cm!,

RESULTS AND DISCUSSION
TEM images

The sonication and hydrolysis treatment of HySO4 prepared from corn cobs
led to the production of nanocellulose as nanorod-like and spherical nanoparticles,
which were specified by applying various morphological techniques for
nanomaterials.

The TEM images showed a rod-like shape with an average diameter of 38.5—
74 nm. However, very interesting nanoparticles with a diameter of 2—17 nm were
indicated in Fig. 1 for a sample sonicated for 120 min and 30 % H,>SO4. Increasing
the concentration of acid to 40 % with an ultrasonic treatment of 120 min led to
the production of nanoparticles with a non-uniform shape and a diameter of 11-70
nm. The result in Fig. 2 clarifies the aggregation of nanoparticles with an average
diameter of 42.3 nm for 120 min of sonication and 50 % acid. Aspherical nano-
particles with an average diameter of 2540 nm was obtained for sonication for
120 min with 60 % acid (Fig. 3).

After analyzing nanocellulose using transmission electron microscopy (TEM),
it has been shown that the treatment, including 30 % H>SO4 for 120 min, is more
favorable compared to other methods. This finding is distinct from previously
published research. The research findings indicate that nanocellulose, ranging in
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size from 8.3 to 17 nm, was produced from rice husk.!® On the other hand, a
dendritic structure was formed from cotton, which was used as a plant source.20

[———y g

Fig. 2. TEM images of nanocellulose prepared by corn cobs sonicate for 120 min at 50 % acid.

SEM micrographs

SEM images of unsonicated samples of corn cobs were reviewed in Fig. 4.
The surface of natural fibers demonstrates microscale fibers and microstructures.
A sample sonicated for 30 min with 30 % acid comprises nanostructure fibers with
an average diameter of 25 to 40 nm, accompanied by large amorphous regions.
Increasing the sonication time to 60 min led to the detection of nano whiskers with
an average diameter of 17—32 nm. The amorphous zones approximately vanished
except for a few regions (Fig. 5). A sonicated sample for 120 min and 30 % acid
proved long nano whiskers with an average diameter between 16 and 27 nm. These
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i 200 NM

Fig. 3. TEM images of nanocellulose prepared by corn cobs sonicate for 120 min at 60 % acid.

Fig. 4. SEM image for corn cobs.

// D2="22am

-
LTI L IR R Tig. 5. SEM image of nanocellulose prepared by
SEMHV: 10.0 kV  |Date(m/diy): 06/1015 500 nm . . .
corn cobs sonicate for 60 min at 30 % acid.
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whiskers are separated into complex, smaller sub-whiskers. Amorphous regions
disappeared completely, as illustrated in Fig. 6. The sonication process of 30 min
with 40 % acid led to the incorporation of condensed and fine nano-web-like tiny
fibers with an average diameter of 27 nm, as indicated in Fig. 7. When the sonic-
ation time increased to 60 min, it was observed that nanofiber structures originated
with a 35 nm average diameter. With a sonication time of 120 min, it was verified
that separated nanofibers arise with an average diameter of 38 nm. With 30 min of
sonication and 50 % acid, the nanostructures that appeared in the samples consisted
of a nanonetwork with a 56 nm average diameter. While sonication time reached
60 min and 50 % acid, the results showed nanofibers with an average diameter of
42 nm.

Fig. 6. SEM image of nanocellulose prepared by
corn cobs sonicate for 120 min at 30 % acid.

Fig. 7. SEM image of nanocellulose prepared by
corn cobs sonicate for 30 min at 40 % acid.

It was indicated that branched nanofibers occurred at 120 min of sonication
time and 50 % acid with an average diameter of 31 nm (Fig. 8). With 30 min of
sonication time and 60 % acid, the results indicated a 34.5 nm average diameter.
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When the sonication time reached 60 min with 60 % acid, the results revealed nano
whiskers with an average diameter of 32 nm. Finally, at 120 min of sonication time
and 60 % acid, a network of nanofibers existed in the sample with 46 nm average
diameters (Fig. 9). SEM findings reflected a disappearance of amorphous regions
from nanocellulose patterns.

/M:ﬁSnm

D2 =34 nm

\\ D3=38nm

EEPCy  Fig. 8. SEM image of nanocellulose prepared
by corn cobs sonicate 120 min at 50 % acid.

D1=32nm

P 2 D2=30 nm
¥ g
X‘\\ v ” D4 =36 nm

- 'vi :?‘ D3 =29 nm
\- ’l ,-A

CITCITESIN S NN REREN RS Fig. 9. SEM image of nanocellulose prepared
SEM HV: 10.0kV  Date(m/dly): 05/27/15| 500 nm . . .
- by corn cobs sonicate 120 min at 60 % acid.

The SEM results reveal that the diameters of nanocellulose vary based on the
plant source and extraction process. The diameters are generally lower when
derived from corn cobs than when derived from cotton.20-21

X-Ray diffraction

To evaluate the crystallinity index and percentage of crystallin, the X-ray
diffraction crystallinity index and the percentage of crystallin in untreated corn
cobs and NC derived from corn cobs (Figs. 10 and 11). The NC specimens
demonstrated three peaks at 26 18, 22 and 34°. The findings demonstrate that the

percentage of crystalline material rose from 46.68 % in the untreated samples to
71.76 % when the amount of acid was injected and the duration of sonication was
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increased (Table I). These findings exhibit a comparatively elevated level in com-
parison to the findings of other studies.22
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Fig. 10. X-ray diffraction pattern of untreated corn cobs.
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Fig. 11. X-ray diffraction patterns comparisons of nanocellulose prepared from corn cobs at
different sonication time (30, 60 and 120 min) at 30 % acid.

The micro-jet produced by ultrasonic cavitation broke down the cellulose
surfaces and fibrillations were acquired; therefore, the surface expanse increased,
accelerating the oxidization response?3 because of the mechanical potential
required under ultrasonic strength for the insolvent to crystallize the configuration
of the thin layer of cellulose tissue better than internal celluloses and reducing the
crystallinity index. Furthermore, the confined tremendousness temperatures and
compression circumstances (5000 K and 500 atm) with an aggressing shockwave
established by cavitation may set up in the step downcast of the crystallized
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arrangement of cellulose.2* The deflection peak located at 26 22.5° for the sample
that exhibited an advanced crystallinity index demonstrated that it remained strong
and had enormous values compared to the peaks created by others. This nano-
crystal forms the base of the nano whiskers web that increases the rheology and
elasticity of nanocellulose. These interpretations point out preferable crystalline
fields and are assured by the increase in the crystallinity index.23

TABLE I. Crystallinity percentages and crystallinity indexes of nanocellulose at different acid
concentrations and sonication times

Acid. % Treatmerslgnication, in Crystallinity index Crystallinity, %
- Unsonicated sample 65.22 46.68
30 30 51.26 67.23
60 51.44 67.31
120 51.23 67.22
40 30 58.49 70.67
60 54.55 68.75
120 53.74 68.37
50 30 59.18 71.01
60 60.64 71.76
120 58.06 70.45
60 30 56.09 69.49
60 50.37 66.83
120 42.65 63.55
FTIR Determinations

FTIR spectroscopic analysis assessed the absorption frequencies to categorize
the arranged NC. The robust comprehensive range from 3400 to 3300 cm! is
assigned to O—H extending,2® while the peaks nearby are 2900 cm~! allocated to
C—H extending vibrations. This peak is reduced in concentration (Figs. 12 and 13)
compared to that in non-sonicated raw substance varieties. The carbonyls assemble
absorption peaks were noticed at 1650 cm™!; at the same time, the peaks at 1730
cm! in the range referred to C=0 extending of the acetyl chain with uranid esters
series of hemicelluloses or to esters connection of carboxylic groups in lignans and
hemicellulose.27-28

At the same time, the peaks of 1280 cm~! belong to the C—O stretch of aryls
set in lignan;2° this peak completely vanished from the spectra of synthesized NC.
This outcome proposed that all hemicelluloses and lignans be extracted from NC,
particularly with the highest level of acid absorption and sonicate times. Addition-
ally, the highest points at 1431, 1373 and 1317 cm! are correlated with the twisty
vibration of the —CHj, C—H and C-O sets of the perfumed circle, respectively. This
peak is seen in Fig. 13. The peak positioned at 1031 to 1162.9 cm™! qualified for
the distortion of the C—H shocking vibrations and the C—O—C pyranoses minimum
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circle.30:31 Lastly, the peak of absorbances detected at 896 cm™! is allocated to the
identical C—O—C extending at (I-4)-glycosidic linkage that becomes less intense
for NC varieties matched to the unsolicited samples.32
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Fig. 12. FTIR Spectrum of corn cobs raw material.
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Fig. 13. FTIR variety patterns comparisons of nanocellulose prepared from corn cobs at

different sonification time (30, 60 and 120 min) at 30 % acid.

Following the completion of this procedure, both hemicellulose and lignin
were eliminated, which supports the notion that the current approach is quite
beneficial for the extraction of nanocellulose.

CONCLUSION

This paper has effectively demonstrated, for the first time, the use of the
sonication technique coupled with the hydrolysis method in synthesizing cellulose
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nanoparticles. The results specify that the X-ray diffraction, TEM, SEM and FTIR
spectroscopy methods assure the formation of cellulose nanoparticles by this
technology. Though the preferable outcomes under sonication's usage come from
the remediation of 30 % acid sonicate for 120 min, these approaches designate that
cellulose nanoparticles have a worthy prospect in the future for manufacturing
purposes and corrective objectives. The FTIR analysis showed that the NaOH and
subsequent bleaching treatments eliminated most hemicellulose and nearly all
lignin throughout the conversion process. Though cellulose nanoparticles of hon-
estly definite dimension result from this procedure, the precise cause of the mod-
ifications in the size of nanoparticles synthesized using corn cobs addressed under
the two different conditions studied here (sonication time and acid concentration)
must be further inspected.

HU3BO[J

YHAITPEHEHA TEXHUKA EKCTPAKIMJE HAHOLEJIYJIO3E U3 OKJIACAKA KYKYPY3A
KAO 3EJIEHOT MATEPUJAJIA 3A EKOJIOIIKY OOPXKHBOCT

ISMAIL IBRAHIM AL-KHATEEB!, YUSRA M. AL-OBAIDI? 1 SABRI M. HUSSAIN?

'Dijlah University College, Baghdad, Iraq u >Chemistry Department, Science College, Anbar University,
Ramadi, Iraq

Oxiacak KyKypysa, kao ¥ Jpyra oTlafjHa IoJboIpuBpeSHa friomaca Cy IPUCYTHHU y BETUKO]
KOJIMYMHH U UMajy 3Ha4yajHy NOTEeHLHja/IHy IPUMEHY kao 0OHOB/BMBY MaTepHjanu. IIpencrasmbeH
j€e jemuHCTBEH MIPUCTYI €KCTPAKLHjH 3a TPOU3BOIBY HaHOLENTYJI03HUX MaTepHjaia ca IPELU3HOM
KOHTpOJIOM, ckanaduinHourhy u odehaBajyhum mpaktiyHuM npumeHamMa. HanoxpucranHa nemy-
71032 je jodujeHa U3 okacaka KyKypy3a MeTOIOM Koja YKbYUyje MeXaHU4IKy o0pany yiaTpasByd-
HOM TEXHOJIOTHjOM U eKCTpaKLHjy Ha coOHOj TemniepaTypH y Tpajawy of 30 min U mpy KOHILIEeH-
TpalLMju CyMIIOpHE KUcenuHe y pacnioHy of 30 no 60 %. Hanouesnynosa je edHKkacHO eKCcTpaxo-
BaHa M3 OKJIacaka KyKypys3a y peJaTUBHO BUCOKHMM IPUHOCHMMA U Ca CTENEHOM KPUCTaIMHHUY-
HOCTH y pacnony ox 63,55 no 71,76 %. TEM nopanu nokasyjy na ce nodujajy HaHoyecTuue y
00NIMKY BlakaHa, Ca PaClOHOM BenuuuHa of 15,3 go 2,1 nm. SEM pesynratv oprosapajy TEM
Hanasuma. SEM cimuke ykasyjy ia ce Matbe HaHOUeCTHIle 100ujajy ca moBehameM Tpajama yaTpa-
3By4He o0pafie, oK BeJIMYMHA YeCTHLa HE BapHUpa ca IPOMEHOM cafpxkaja kucenune. XRD ana-
nu3a ykasyje Ha noBehame KOJIMYKMHE KpHCTalIHE LIelysI03€ y HaHOLeNy/I03H, okasyjyhu 3Ha-
yajHy TpaHcdopmauujy uenynose. Hanouenymnosa u uenymnosa cy umaine ciuuse FTIR cnektpe,
KOjH Cy C€ pa3lHMKOBaJIM Off OCHOBHOT MaTepHjasa U3 okacaka Kykypysa. FTIR ananusa je moka-
3ana na cy NaOH v HakHaIHU TpETMaHU Oe/bera eTMMHUHHCAIH BehuHy XeMHUllenynos3e 1 CKOpo
CaB JINTHHUH TOKOM Tpolieca KoHBep3Hje. OBaj pa mpukasyje MeTomy eKCTpaKiiije HaHOLIemyJio3e
U3 OTNafHUX OKJIacaka KyKypysa, y3 NPUMEHy CTaHAapIHE YJITpasByyHE TEXHOJIOTHje MOf
YMEPEHUM yCII0BUMA, 110 jedTUHOj LIEHH Ha €KOJIOLIKH O[TOBOPaH HauuH, Ca BUCOKUM ITPUHOCOM
Y3 OUyBamle HHTEIPUTETA HAHOLIETYI03€.

(ITpumrbeHo 5. jaHyapa, peBuaupaHo 15. janyapa, mpuxsaheHo 21. Maja 2024)
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