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EDITORIAL

The most significant achievements in the field of natural sciences are reached
in joint collaboration, where important roles are taken by biology and chemistry.
Therefore publication of a Journal, displaying results of current studies in the field
of biology and chemistry, facilitates highlighting theoretical and practical issues and
distribution of scientific discoveries.

One of the basic goals of the Journal is to promote the extensive exchange of
information between the scientists from all over the world. We welcome publishing
original papers and materials of biological and chemical conferences, held in different
countries (by prior agreement, after the process of their subsequent selection).

Creation of International Journal of Biology and Chemistry is of great importance,
since scientists worldwide, including other continents, might publish their articles,
which will help to widen the geography of future collaboration.

The Journal aims to publish the results of the experimental and theoretical studies
in the field of biology, biotechnology, chemistry and chemical technology. Among
the emphasized subjects are: modern issues of technologies for organic synthesis;
scientific basis of the production of biologically active preparations; modern issues
of technologies for processing of raw materials; production of new materials
and technologies; study on chemical and physical properties and structure of oil
and coal; theoretical and practical issues in processing of hydrocarbons; modern
achievements in the field of nanotechnology; results of studies in various branches
of biology, chemistry and related technologies.

We hope to receive papers from the leading scientific centers, which are involved
in the application of the scientific principles of biological and chemical sciences
on practice and fundamental research, related to production of new materials,
technologies well ecological issues.



International Journal of Biology and Chemistry 19, Ne 1 (2026)

IRSTI 31.23.17:61.45.36

S.M. Adekenov!'” G , D.L. Savchenko' G , A. Syzdykova! G A

A. Amanzhan' G , A.N. Kuprijanov? G

'Research and Production Center “Phytochemistry”, Karaganda, Kazakhstan
?Kuzbass Botanical Garden Russian Federal State Research Center of Coal and Coal Chemistry,
Siberian Branch of the Russian Academy of Sciences, Kemerovo, Russia
*e-mail: arglabin@phyto.kz

SESQUITERPENE LACTONES OF PLANTS OF THE GENUS ACHILLEA L.

Abstract: Plants of the genus Achillea L. are considered promising sources of medicinal substances based
on essential oils, sesquiterpene lactones, and flavonoids. In the present work, the results of a search for ses-
quiterpene y-lactones in 13 Achillea species growing in Kazakhstan are summarized for the first time. The
distribution of sesquiterpene lactones among the sections of the genus Achillea L. and their classification
according to structural types are discussed. Based on chemical and biological screening, the presence of
sesquiterpene y-lactones was established in nine Achillea species. Three species —Achillea inundata Kondr.,
Achillea salicifolia Besser, and Achillea tianschanica Kupr. & Kulemin — were identified as promising
sources for the isolation and identification of sesquiterpene lactones. From Achillea nobilis L. and Achillea
micrantha Willd. 11 sesquiterpene lactones have been isolated, including 3 new compounds. The physico-
chemical characteristics of the isolated sesquiterpene lactones were determined, and their structures were
elucidated using IR, UV, '"H NMR, and '3C NMR spectroscopy. An analysis was carried out on the influ-
ence of extraction methods, fractionation of crude plant extracts, and purification procedures on the yield of
sesquiterpene lactones from Achillea species. Data on the biological activities of the isolated sesquiterpene
lactones were compiled and summarized, including antitumor, antitrypanosomal, antileishmanial, anthel-
mintic activities, and cytotoxicity. The biosynthetic pathways of sesquiterpene lactones in Achillea species
are discussed, along with the dynamics of their localization in different plant organs during various stages
of vegetation. It was established that sesquiterpene lactones from Achillea species may serve as renewable
starting materials for chemical modification and the synthesis of new compounds, representing potential
sources of novel antitumor and antiparasitic agents.

Keywords: Achillea L., sesquiterpene lactones, qualitative reaction, molecular structure, infrared spectros-
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copy, nuclear magnetic resonance, X-ray crystallographic analysis, biological activity.

Introduction

Plants, as renewable biological resources, rep-
resent a potential source of new natural compounds
with a wide range of pharmacological activities.
The genus Achillea L. comprises approximately 150
species distributed throughout the countries of the
Northern Hemisphere, with the greatest diversity oc-
curring in Europe, Central Asia, and North America
(Anderberg et al., 2007; Ehrendorfer et al., 2005). On
the territory of Kazakhstan, 19 species of the genus
Achillea L. occur: Sect. Filipendulinae (DC.) Afan.:
A. filipendulina Lam.; Sect. Micranthae Klok. &
Krytzka: A. micrantha Willd., A. arabica Kotschy;
Sect. Nobilia Klok. & Krytzka: 4. nobilis L.; Sect.
Millefolium (Mill.) Koch: 4. asiatica Serg., A. kupri-
Jjanovii Stepanov, A. sergievskiana Schaulo & Shma-
kov, A. inundata Kondr., A. kamelinii Kupr., A. mille-
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folium L., A. schmakovii Kupr., A. setacea Waldst. &
Kit., A. tianschanica Kupr. & Kulemin, 4. karata-
vica Kamelin, 4. stepposa Klokov & Krytzka, 4. %
kasakhstanica Kupr. & Alibekov; Sect. Ptarmica
(Mill.) Koch: 4. impatiens L., A. ledebourii Heimerl,
A. salicifolia Besser.

The results of chemical investigations indicate
that the aerial parts of Achillea L. species are a rich
source of sesquiterpene vy-lactones. According to
published data, a total of 103 sesquiterpene lactones
have been identified in 27 species of this genus, in-
cluding 79 guaianolides, 20 germacranolides, and 4
eudesmane-type lactones (Agatha et al., 2024; Alves
et al., 2018; Frey et al., 2024). These compounds
exhibit a broad range of biological activities, includ-
ing antiparasitic (Siilsen & Martino, 2018), antiviral
(Amen et al., 2025), antimicrobial (Ivanescu et al.,
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2015), anti-inflammatory (Ivanescu et al., 2015), and
antitumor effects (Laurella et al., 2022).

It is noteworthy that the overwhelming majority
of sesquiterpene lactones from Achillea L. species
are non-linear lactones. Their structures usually con-
tain epoxy-, keto-, acetoxy-, and hydroxyl groups.
Ten guaianolides bear a chlorine atom in their struc-
ture (Fraga, 2013). 23 of these compounds possess
an exocyclic methylene group conjugated with the
carbonyl group of the y-lactone moiety, indicat-
ing the potential of searching for new sesquiterpene
v-lactones as promising pharmacologically active
agents (Fraga, 2013).

Plants of section Millefolium (Mill.) Koch are
widely distributed on the territory of Kazakhstan
(Kupriyanov & Kulemin, 2023). The species of sec-
tion Millefolium (Mill.) Koch are the most chemi-
cally studied with respect to the content of sesqui-
terpene lactones. Thus, from Achillea millefolium
L., series Millefoliatae (DC.) Klok. & Krytzka, new
sesquiterpene lactones with unusual structures have
been isolated and described — 5 sesquiterpene di-
lactones and 12 guaianolides, including 9 halogen-
containing guaianolides exhibiting comparatively
high anti-inflammatory activity (Li et al., 2021; Li et
al., 2023a; Li et al., 2023b; Li et al., 2023c). From
Achillea millefolium L., a guaianolide with a perox-
ide bridge, a-peroxyachifolide, has been isolated,
which is a skin sensitizer (Strzgpek-Gomotka et al.,
2021). By methanol extraction of the aerial part of
Achillea millefolium L., three sesquiterpene lactones
of the psilostachyin type, containing, in addition to
the y-lactone ring, a d-lactone fragment, as well as a
guaianolide and a germacranolide, have been isolated
for the first time. Two guaianolides containing both y-
and o6-lactone rings exhibited antiproliferative activ-
ity towards HeLLa, MCF-7, and A-431 cells, while the
guaianolide achillinin A was active against the A549,
RERF-LC-kj, and QG-90 cell lines (Csupor-Loffler
etal., 2009; Yong et al., 2011). On the basis of terpe-
noids of the essential oil of Achillea millefolium L.,
a wound-healing and anti-inflammatory preparation,
Akhizan, has been developed (Kalinkina et al., 1993).
Australian researchers, by extraction with dichloro-
methane of the aerial part of Achillea aspleniifolia
Vent., series Asplenifoliae Klok. & Krytzka, isolated
a new pseudoguaianolide (Kasner et al., 1990). By
HPLC analysis of an ultrasound-assisted dichloro-
methane extract of Achillea collina (Wirtg.) Becker
ex Heimerl, the presence of five known guaiano-
lides was determined (Rothwangl-Wiltschnigg et al.,
2004). From Achillea asiatica Serg., three previously
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undescribed guaianolides were isolated (Glasl et al.,
2001). In Achillea setacea Waldst. & Kit., 20 sesqui-
terpene y-lactones have been detected, including an
unusual guaianolide with a peroxide bridge (Todor-
ova et al., 2000; Xue et al., 2025; Zitterl-Eglseer et
al., 1991).

Another currently investigated plant of this ge-
nus is Achillea alpina L. of section Ptarmica (Mill.)
Koch, series Lingulatae Botsch., from which 13 new
sesquiterpene lactones have been isolated — 5 ger-
macranolides, 6 guaianolides, and 2 dimeric guaiano-
lides (Xue et al., 2022; Xue et al., 2023). Among
them, a germacranolide and a guaianolide exhibit an-
tidiabetic activity, while a 1,10-seco-guaianolide and
a dimeric 1,10-seco-guaianolide show comparatively
high hypoglycemic activity (Xue et al., 2022; Xue
et al., 2023). From Achillea arabica Kotschy of sec-
tion Filipendulinae (DC.) Afan., a new guaianolide,
edremitin, has been isolated (Hanalp et al., 2022).
From Achillea ligustica All. of section Achillea a
new guaianolide, 3a-chloro-43,10B-dihydroxy1p,2(3-
epoxy-5a,7aH-guai-11(13)-en-12,60-olide, has been
isolated (Mahmoud et al., 2012). By methanol extrac-
tion of the aerial part of Achillea falcata L. of section
Babounya (DC.) Boiss., three known guaianolides
have been isolated, exhibiting comparatively high
cytotoxicity towards CT-116 colorectal cancer cells
(Tohme et al., 2013).

The analysis of the literature and patent material
for 2015-2025 on biologically active sesquiterpene
lactones of plants of the genus Achillea L. testifies to
the high potential of the above-mentioned taxon for
the development of new antitumor and antiparasitic
preparations.

The aim of this study was to search for potential
sources of original medicinal agents based on biolog-
ically active sesquiterpene lactones from plants of the
genus Achillea L.

Materials and methods

Plant material samples of Achillea L. species for
chemical study were collected during the budding
and flowering stages in different floristic regions of
Kazakhstan, including Almaty, East Kazakhstan,
Zhambyl, Ulytau, Karaganda, Turkistan, and Pav-
lodar regions. The collected herbarium specimens
were identified and deposited in the herbarium of the
Botanical Garden of the Research and Production
Center “Phytochemistry” (Karaganda, Kazakhstan)

(Table 1).
Table 1
Sites of raw material collection of the genus Achillea L. on the
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Kazakhstan territory

Ne Plant species

Collection site

Section Filipendulinae (DC.) Afan.,

1 Achillea filipendulina Lam.

Zhambyl region

Section Micranthae Klok. & Krytzka

2 Achillea arabica Kotschy

Turkistan region

3 Achillea micrantha Willd.

Ulytau region, Sarysu river valley

Section Nobilia Klok. & Krytzka

4 Achillea nobilis L.

Karaganda region, vicinity of Egindybulak village

Section Millefolium (Mill.) Koch

Achillea asiatica Serg.

Botanical Garden collection of JSC “RPC “Phytochemistry”

Achillea inundata Kondr.

Botanical Garden collection of JSC “RPC “Phytochemistry”

Achillea karatavica Kamelin Almaty region

Achillea millefolium L.

Karaganda region, Karkaraly mountains

O [0 ||| W

Achillea setacea Waldst. & Kit.

Pavlodar region, Bayanaul mountains

10 Achillea tianschanica Kupr. & Kulemin . .
Sairamsu river

Turkistan region, Sairam-Ugam National Park, slope and floodplain of the

Section Ptarmica (Mill.) Koch

11 Achillea impatiens L.

Karaganda region, Kyzylarai mountains

12 Achillea ledebourii Heimerl

East Kazakhstan region, vicinity of Ridder town

13 Achillea salicifolia Bess.

Karaganda region, Abay district

Introduction and cultivation studies of Achillea asiatica Serg. and Achillea inundata Kondr. were carried

out at the introduction plot of the Botanical Garden
of JSC “Research and Production Center Phytochem-
istry” (Karaganda, Republic of Kazakhstan). Her-
barium collections from this plot are deposited in the
Herbarium Fund of JSC “Research and Production
Center Phytochemistry”.

To screen plants for the presence of sesquiter-
pene lactones, total extractive substances were iso-
lated from the plant material. The obtained extracts
were analyzed by a qualitative terpenoid assay, in-
frared (IR) spectroscopy of the crude extract, and
chromatographic techniques, including thin-layer
chromatography (TLC) and high-performance liquid
chromatography (HPLC).

Total extractive substances were isolated from
plant materials by carbon dioxide extraction (CO,
extraction) using a USFE-5/2 supercritical fluid ex-
traction system (manufactured by LLC “Goro-En-
gineering”, Russia, under license from the Austrian
company “Natex”, Ternitz, Austria) at the following
conditions (applied to all plant samples): pressure
160 bar, temperature 60°C, and extraction time 240
min. The resulting extracts were subsequently sub-
jected to qualitative tests for terpenoids. Upon ad-
dition of a vanillin solution in sulfuric acid to the
powdered extractive fraction, the mixture developed
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a red-violet coloration, indicating the presence of
terpenoid compounds (Harborne, 1998). In samples
of extracts that gave a positive reaction for terpe-
noids, the presence of sesquiterpene lactones was
confirmed by IR spectroscopy through the absorption
band characteristic of the y-lactone carbonyl in the
1740-1800 cm™! region. The IR spectrum was re-
corded on an Avatar 360 ESP spectrometer (Thermo
Nicolet, USA) in KBr pellets. The extracts were ana-
lyzed by HPLC on a Hewlett Packard Agilent 1100
Series liquid chromatograph (USA) under isocratic
conditions using a mobile phase of acetonitrile—ace-
tic acid (50:50, v/v) at a flow rate of 0.5 mL-min'. A
stainless steel column (150 mm x 4.6 mm) packed
with Zorbax SB-C18 sorbent (5 um particle size) was
used at a column temperature of 20°C. The injection
volume was 20 pL. Detection was performed with a
UV detector at wavelengths of 254 and 289 nm. The
components were identified by comparison of their
retention times with reference samples of sesquiter-
penoids, the corresponding information on their con-
tent was obtained. Individual sesquiterpene lactones
were isolated from the total extractive substances by
liquid column chromatography on silica gel KSKG
(macroporous coarse-grained granular silica gel)
(Qingdao Shuoyuan Silica Gel Technology Co., Ltd.,
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China) at a sample-to-sorbent ratio of 1:20. The col-
umn was eluted with benzene, benzene—diethyl ether
mixtures (4:1, 1:1), diethyl ether, diethyl ether—ethyl
acetate mixtures (4:1, 1:1), ethyl acetate, or petro-
leum ether—ethyl acetate mixtures with increasing
content of the latter. The purity of the isolated com-
pounds was monitored by thin-layer chromatography
(TLC) and HPLC data.

For TLC, Silufol TLCP-AI A-UF plates manu-
factured by Imid (Krasnodar, Russia) were used with
a benzene—ethanol (9:1) solvent system. The sub-
stances were visualized by spraying the plates with
a 1% solution of vanillin in H,SO, and a saturated
solution of KMnO,. Reference standards of the com-
pounds were obtained from the Republican Bank of
Biologically Active Compounds (Karaganda, Repub-
lic of Kazakhstan) (State Pharmacopoeia of the Re-
public of Kazakhstan, 2014).

HPLC was performed on an Agilent 1100 Series
liquid chromatograph (USA) equipped with a Quat-
Pump GI1311A pump, a Rheodyne injection valve
with a 20 pL loop, a G1322A column holder, and
a G1314A ultraviolet (UV) detector. All analyses
used a Zorbax SB-C18 column (15 cm x 0.46 cm,
5 um particles; Agilent, Santa Clara, CA, USA) and
the following solvents: methanol, acetonitrile, and
water (analytical-grade reagents of purity > 99.9%,
supplied by Sigma-Aldrich (Merck-Millipore, USA).
The maximum UV absorption at 205 nm was pro-
cessed by ChemStation software (Agilent Technolo-
gies, USA).

Antiparasitic activity against extracellular forms
was assessed using a standardized microplate assay.
Parasite suspensions were adjusted to the appropri-
ate density and distributed into 96-well plates. Leish-
mania amazonensis promastigotes in the stationary
phase were diluted to 5x10° cells/well in phenol
red-free RPMI medium. Trypanosoma brucei bru-
cei bloodstream forms were diluted to 3.5x10% para-
sites/mL, and 200 puL aliquots were added per well.
Test compounds were dissolved in dimethyl sulfox-
ide (DMSO) and further diluted in the correspond-
ing culture medium to obtain final concentrations of
1, 10, and 50 pg/mL for Leishmania amazonensis,
and 0.1, 1, and 10 pg/mL for Trypanosoma brucei
brucei, in duplicate wells. The final DMSO concen-
tration did not affect parasite viability and was used
as a negative control. Following incubation (48 h at
24°C for Leishmania amazonensis; 72 h at 37 °C, 5%
CO, for Trypanosoma brucei brucei), parasite vi-
ability was quantified: for promastigotes, 50 uL of
XTT was added and incubated for 4 h at 24 °C, with
absorbance measured at 450 nm using a microplate
reader (Tecan); for bloodstream forms, parasites
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were counted directly using a Beckman Z2 Coulter
counter. The percentage of inhibition was calculated
for each compound at each concentration (Laurella
et al., 2023).

Trypanocidal activity against intracellular forms
of Trypanosoma cruzi was evaluated using a cell-
based infection assay. Vero cells (5x10° per well)
were infected with tissue culture-derived trypomas-
tigotes of the Trypanosoma cruzi Tulahuen strain ex-
pressing B-galactosidase (MOI: 10). Following over-
night incubation at 37°C, 5% CO,, non-internalized
parasites were removed by washing, and infected
cells were incubated with test compounds at 10 pg/
mL. After 5 days, cells were lysed with 1% Nonidet
P-40, and chlorophenol red-B-D-galactopyranoside
(CPRG) (100 pM) was added as a p-galactosidase
substrate. The plates were incubated for 4 h at 37°C,
and (-galactosidase activity was determined by mea-
suring absorbance at 570 nm. The percentage of inhi-
bition was calculated according to the following for-
mula: 100 — {[(absorbance of treated infected cells)
/ (absorbance of untreated infected cells)] x 100}
(Laurella et al., 2023).

Cytotoxicity was determined by the MTT meth-
od. Vero cells were seeded in flat-bottom 96-well
plates and cultivated at 37°C in an atmosphere of
5% CO, in the presence of the sesquiterpene lac-
tones of plants of the genus Achillea L. at a concen-
tration of 10 pg/mL or DMSO as a viability control
for 48 h. MTT was then added at a final concen-
tration of 0.6 pg/mL, and after 2 h of incubation
at 37°C, the formazan crystals were dissolved in
100 pL of isopropanol. Absorbance was measured
at 595 nm in a microplate reader (Rayto RT-6000).
Results were expressed as the percentage of cell vi-
ability: {(absorbance in the presence of compound)
/ (absorbance in the absence of compound)} x 100
(Borgo et al., 2023).

The in vivo anthelmintic activity of leucomisin
(18) was evaluated at the Kazakh Scientific Re-
search Veterinary Institute (Almaty, Kazakhstan)
in accordance with methodological guidelines for
determining the antiparasitic effects of pharmaco-
logical substances (Adekenov, 2023; Guidelines for
the Experimental (Preclinical) Investigation of New
Pharmacological Substances, 2000). Coproovoscopy
of the collected feces was carried out by the Darling
method using a digital microscope (Levenhuk D50
LNG, Levenhuk, Inc., USA/China). In accordance
with the study protocol, fecal samples were taken
from 20 sheepdogs to determine their initial helminth
infestation. As a result of the coprological examina-
tion, 10 of the 20 dogs (50%) proved to be infested
with various helminth species, with infestation inten-
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sity (hereinafter — II) ranging from 1 to 15 eggs. Of
the 10 infested dogs, eggs of Trichuris vulpis with
IT 1-15 were detected in 8 dogs (80%), and eggs
of Dipylidium caninum in 2 dogs (20%). No other
helminth species were detected in the feces of the
sheepdogs by coproovoscopy. Based on the coproo-
voscopy results, the helminth-infested dogs (10 dogs)
were divided into two experimental groups, 5 ani-
mals each. Dogs of the first group (5 animals) were
administered capsules with leucomisin (18) at a dose
of 150 mg (3 capsules) per 20-25 kg of body weight.
In the comparison group, dogs received the prepara-
tion “CesTremForte” (LLP “Kazakh Scientific Re-
search Veterinary Institute”, Kazakhstan) at a dose of
150 mg (2 tablets) per 20-25 kg of body weight. The
capsules with leucomisin (18) were administered as a
single dose. Coproovoscopy of each fecal sample be-
fore and after deworming of the dogs was carried out
twice. Four days after administration of the capsules
with leucomisin (18), coproovoscopy of the dogs’
feces was performed to determine the extens- and
intens-efficacy of the test sample (18).

Statistical analysis of the results was performed
using Statistica 8.0 software. The obtained data are

expressed as mean + standard error of the mean.
Ethical considerations

The study was conducted in accordance with the
decree of the Minister of Health of the Republic of
Kazakhstan No. KR DSM-181/2020 (November 4,
2020) and approved by the Local Bioethics Commis-
sion of the NJSC “Karaganda Medical University”
(Protocol No. 18, October 21, 2025) (Order of the
Minister of Healthcare of the Republic of Kazakh-
stan, 2020).

Results and discussion

The primary chemical screening of Achillea L.
plant species for sesquiterpene lactones comprises
qualitative reaction of total extractives for terpenoids,
infrared spectroscopy and screening for biological
activity. The results of the chemical evaluation and
the bioscreening of the total extractive substances

from Achillea L. species are presented in Table 2.
Table 2

Results of chemical and biological screening of plants of the
genus Achillea L. for the content of sesquiterpene lactones

Ne  Plant species

Qualitative reaction
for terpenoids

IR spectrum data of total
extractive substances, cm™!

Biological activity of total
extractive substances

Section Filipendulinae (DC.) Afan.

1 Achillea filipendulina Lam. -

1713 -

Section Micranthae Klok. & Krytzka

2 Achillea arabica Kotschy + 1767, 1759, 1731 -
. . . 1780, 1730, Antitumor, insecticidal,
3 Achillea micrantha Willd. + 1680, 1630 antifeedant

Section Nobilia Klok. & Krytzka

4 Achillea nobilis L. +

Growth-regulating, antitumor,

1770, 1720,1650 insecticidal

Section Millefolium (Mill.) Koch

5 Achillea asiatica Serg. + 1775, 1715, 1650 Growth-regulating
6  Achillea inundata Kondr. + 1745 -
7 Achillea karatavica Kamelin - 1739, 1712 -

Fungicidal, insecticidal,

8  Achillea millefolium L. + 1760, 1720, 1650 antitumor, antibacterial
9 Achillea setacea Waldst. & Kit. + 1770 Growth-regulating, antitumor
10 Achillea tianschanica Kupr. & Kulemin + 1750, 1640,1620 -

Section Ptarmica (Mill.) Koch

11 Achillea impatiens L. -

1722 Antitumor

12 Achillea ledebourii Heimerl -

1710 Growth-regulating

13 Achillea salicifolia Bess. +

1755, 1740, 1620 Antitumor

Based on the results of chemical screening, the absorption bands in the IR spectra of the total extractive
substances from yarrow species in the 1740-1800 cm™' region indicate the presence of sesquiterpene y-lactones

Int. j. biol. chem. (Online)
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in 9 species (69.23%) of the plants studied, which is
confirmed by the qualitative reaction for terpenoids
(Table 2). In addition, the total extractive substances
from Achillea millefolium L., Achillea micrantha
Willd., and Achillea nobilis L. exhibited growth-reg-
ulating, insecticidal, and antitumor activities.

According to the data of Table 2, among the thir-
teen plant species of the genus Achillea L. collected
on the territory of Kazakhstan for chemical investiga-
tion, the presence of sesquiterpene lactones was es-
tablished in 5 species (83.3%) of section Millefolium
(Mill.) Koch, in 2 species (100%) of section Micran-
thae Klok. & Krytzka, and in 1 species (33.3%) of
section Ptarmica (Mill.) Koch. Three species of the
genus Achillea L. — Achillea inundata Kondr., Ach-
illea salicifolia Besser, and Achillea tianschanica
Kupr. & Kulemin — are promising, previously unin-
vestigated objects for the isolation and identification
of sesquiterpene lactones.

OAc

“4)

2)

)

Sesquiterpene Lactones of Achillea L. of the
Flora of Kazakhstan

Achillea micrantha Willd. (small-flowered yar-
row) is a plant widely distributed in the territory of
Kazakhstan; it occurs on sands and sandy soils, more
rarely in steppe, pasture, and solonetzic meadows
from the forest-steppe to the desert zone (Flora of
Kazakhstan, 1966).

We have previously established that the aeri-
al parts of Achillea micrantha Willd. contain the
guaianolides achillin (1), artilesin (2), and grossmis-
in (3), as well as the germacranolides micranthin (4)

and achimicrin (5) (Barda et al., 2021).

Figure 1

The structure of Achillea micrantha Willd sesquiterpene
lactones (guaianolides achillin (1), artilesin (2), grossmisin (3),
germacranolides micranthin (4), achimicrin (5) and sintenin (6)

10AC

OAc

(6)

The quantitative yield of sesquiterpene lactones is provided by the method of extraction of the raw mate-
rial with hot water followed by recovery of the total substances from the aqueous extract with chloroform and
chromatographic separation of the total extractive substances on a silica gel column, which gives the yield
(per air-dry raw material weight) of achillin (1) — 0.05%, artilesin (2) — 0.003%, grossmisin (3) — 0.005%, mi-

cranthin (4) — 0.003%, and achimicrin (5) — 0.003%
(Barda et al., 2021).

A colorless crystalline substance of composition
C,H O, mp. 220-222 °C (from a diethyl ether—

197726 767
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chloroform mixture), [a] ** +15.5° (¢ 0.42; chloro-
form), M* 350, proved to be a new sesquiterpene lac-
tone and was named achimicrin (5).

The IR spectrum of (4) shows absorption bands
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characteristic of the y-lactone carbonyl (1770 cm™),
an ester group (1725, 1250 cm™), and a double bond
(1660 cm ™). The '"H NMR and *C NMR data and
their correlation with the literature (Natiq et al.,
1992) allowed the structure of a trans,trans-germa-
cradienolide of the 11,13-dihydrocostunolide series
to be proposed for molecule (4). Signal assignments
were made on the basis of comparative analysis of
two-dimensional '"H-"H and C—'"H NMR spectra.

In the '"H NMR spectrum (recorded in CDCL,),
a doublet at 1.24 ppm (3H, J = 7.7 Hz) reflects the
presence of a secondary methyl group in molecule
(4); broad singlets at 1.50 and 1.72 ppm (3H each)
correspond to two methyls at double bonds; and sin-
glets at 2.03 and 2.10 ppm (3H each) correspond
to two acetoxy groups. In the *C NMR spectrum,
5 quartets, 2 triplets, 7 doublets, and 5 singlets are
observed, indicating that molecule (4) contains five
methyl groups, two olefinic double bonds, and three
carbonyl groups.

The presence of double bonds in the carbocycle
is also confirmed by the signals of olefinic protons in
the '"H NMR spectrum (recorded in C,D,N): a broad
doublet at 4.06 ppm (1H, J= 9.5 Hz) and a doublet of
doublets of quartets at 5.24 ppm (1H, J=12,4.7, and
1 Hz). The triplet at 5.05 ppm (1H, J = 9.5 Hz) was
assigned to the lactone proton, while the doublets of
doublets at 5.18 ppm (1H, J = 10.5 and 5.6 Hz) and
at 5.12 ppm (1H, J = 10.5 and 2.7 Hz) were assigned
to gem-acyl protons. Upon decoupling of the Me-10
signal, the H-1 signal — a doublet of doublets of quar-
tets at 5.24 ppm — simplifies to a doublet of doublets,
while the H-2a signal — a broad doublet of doublets of
doublets at 2.56 ppm — simplifies to a doublet of dou-
blets of doublets. Moreover, H-2a is positioned such
that the C—H-2a bond is almost perpendicular to the
plane of the double bond, i.e. this proton is pseudo-
equatorial and has the a-configuration.

One of the acetyl groups in the achimicrin (5)
molecule is located at C-3, since the doublet of dou-
blets at 5.18 ppm assigned to H-3 has J = 10.5 and
5.6 Hz, characteristic of the H-3/H-2a and H-3/H-2b
couplings, respectively. The other acetoxy group is
located at C-9, as follows from the correlation of the
H-9 chemical shift in achimicrin (5) with that in sin-
tenin (6).

The signal of the gem-acyl proton H-9 — a
doublet of doublets at 5.12 ppm (J = 10.5 and 2.7
Hz) — simplifies, upon irradiation of H-8, to a dou-
blet with J = 4 Hz, which is fully consistent with
the presence of an axial H-9 proton whose signal
is split through coupling with axial and equatorial
vicinal H-8 protons. From Dreiding models it can
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be seen that, in the 1,5-trans,trans-germacradieno-
lide conformation of the carbocycle, i.e. when both
methyl groups have a syn-orientation and point
upward, the data obtained correlate with 3p3- and
9B-positions of the acetoxy function. According to
the studies of Randall et al., C-11 in the y-lactone
ring has the a-configuration if the C-13 chemical
shift in the *C NMR spectrum is observed in the
9.5-10 ppm range (Pregosin et al., 1972). Conse-
quently, the methyl group at C-11 in achimicrin
(5) is p-oriented, since the C-13 chemical shift is a
quartet at 10.80 ppm.

The proposed configuration of Me-11 is also con-
firmed by the H-11/H-7 coupling (J = 7.7 Hz), indi-
cating a pseudo-equatorial position of the proton at
C-11. Thus, on the basis of the data obtained, it can
be concluded that achimicrin (5) is an isomer of sin-
tenin (6) at C9-OAc and has the structure of 11R-3-
B,9B-diacetoxy-1,5-trans, trans-6p,7a(H)-germacra-
1(10),4(5)-dien-6,12-olide.

It has been determined that aqueous and ethano-
lic extracts of Achillea micrantha Willd. exhibit an-
timicrobial activity against Escherichia coli, Staph-
ylococcus aureus, and Pseudomonas aeruginosa
(Astafyeva et al., 2018).

Achillea nobilis L. (noble yarrow) is a perennial
plant whose range covers the steppe zone from the
Western Mediterranean to Western Siberia. In the
steppe part of Central Kazakhstan, it occurs on the
slopes of granite hills. In certain districts of Central
Kazakhstan, the exploitable reserve of noble yarrow
on an area of 3916 hectares amounts to 136.6 tons
(Flora of Kazakhstan, 1966).

From the aerial part of this plant, the flavonoids
cosmosiin, cynaroside, and apigenin-7-glucuronide
have been isolated and identified (Shevchenko et al.,
2025).

From the raw material of Achillea nobilis L., the
guaianolides anobin (7), chrysartemin A (8), canin
(9), estafiatin (10), and anolide (11), as well as the
germacranolide hanphyllin (12), have been isolated
(Adekenov et al., 1984; Kishkentayeva et al., 2020;
Turdybekov et al., 1994; Turmukhambetov et al.,

1999).

Figure 2

The structure of Achillea nobilis L. sesquiterpene lactones
(guaianolides anobin (7), chrysartemin A (8), canin (9), estafiatin
(10), and anolide (11), germacranolide hanphyllin (12)
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(10)

(11)

)

(12)

From the aerial part of Achillea nobilis L. collected at the flowering phase, by aqueous extraction followed
by chromatographic separation of the isolated total extractive compounds on a silica gel column, a colorless

H, O

crystalline substance of composition CH,0,,

etry), was isolated. On the basis of the investigation
of the physicochemical properties of the isolated sub-
stance and the comparison of the obtained constants
and spectral data with the literature (Shevchenko et
al., 2025), it was concluded that this compound dif-
fers from sesquiterpene lactones previously isolated
from the genus Achillea. It proved to be a new ses-
quiterpene lactone and was named anobin (7).
Anobin (7) is soluble in alkalis on heating, and
on acidification of the alkaline solution it precipi-
tates out. The IR spectrum shows absorption bands
characteristic of a hydroxyl group (3500 cm™), the
y-lactone carbonyl (1700 cm™), and a double bond
(1660 cm™). The hydroxyl groups of anobin (7) are
not acetylated by acetic anhydride in pyridine and
are not oxidized by chromic anhydride, i.e. they are
tertiary. In the '"H NMR spectrum of anobin (7), the
following signals are observed: singlets at 1.16 and
1.56 ppm (3H each) for tertiary methyls; weakly split
doublets at 3.23 and 3.44 ppm (1H each, J =2 Hz) for
protons of the epoxy group; a multiplet at 3.93 ppm
(1H) for H-7; a doublet of doublets at 4.38 ppm (1H,
J =12.4 and 9.5 Hz) for the lactone proton; a sin-
glet at 4.93 ppm (2H) for the protons of the hydrox-

Int. j. biol. chem. (Online)

m.p. 175.5-177.5°C (from ethanol), M* 280 (mass spectrom-

yl groups; and doublets at 5.28 and 6.10 ppm (1H
each, J= 2.4 Hz) for the protons of the exomethylene
group conjugated with the carbonyl. The doublet at
2.73 ppm (1H, J = 12.4 Hz) was assigned to H-5.

The fact that on dehydrogenation of anobin (7)
chamazulene is formed, together with the spin—spin
coupling constant of the protons of the exomethylene
group of the lactone ring in the '"H NMR spectrum,
leads to the conclusion that anobin (7) has either a
guaiane or a germacrane skeleton. Integration of the
signals of the '"H NMR spectrum reveals 20 hydrogen
atoms. With this number of protons and the presence
of an epoxide ring and two tertiary hydroxyl groups,
a monocyclic (germacrane) structure is excluded for
the compound under study. It can therefore be unam-
biguously stated that anobin (7) has a guaiane carbon
skeleton.

The splitting pattern of the lactone proton signal
in the '"H NMR spectrum indicates that the lactone
ring is fused at C6—C7, while the large coupling con-
stant of the H-6 and H-5 protons (J = 12.4 Hz) in-
dicates their mutual trans-disposition. Comparison
with the "H NMR spectrum of the structurally related
guaianolide canin (9) allows an a-orientation, rela-
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tive to the main carbon skeleton, to be proposed for
the epoxide ring and the hydroxyl groups of anobin
(7).

The intensity of the molecular ion peak of ano-
bin (7) at m/z 280 is low compared with the princi-
pal peaks in the mass spectrum, which is evidently
due to the relative instability of the guaiane skeleton,
enhanced by the presence of epoxy and hydroxyl
groups. The fragments at m/z 216, 246, 250, and 262
reflect the initial fragmentation of the molecular ion
through sequential elimination of methyls and hy-
droxyls. Loss of the neutral fragment CH,OH gives
the ion at m/z 216 and is followed by cleavage of
rings A and B, which is supported by the ion at m/z
123. An alternative pathway leading to the ion at m/z
123 is the elimination from M" of an H,O molecule
with participation of the hydroxyl at C-4 and local-
ization of the charge on the oxygen of the 2,3-epoxy
group, which initiates cleavage of rings B and C. This
process is enhanced by the presence of the OH group
at C-10. The peak at m/z 250 can be explained be-
cause of simultaneous loss of methyls geminal to the
hydroxyl groups, leading further to the ion at m/z 97.
Simultaneous loss of OH groups from M* gives rise
to the fragment at m/z 95.

Thus, on the basis of physicochemical constants,
spectral data (IR, 'H NMR, MS), and chemical trans-
formations, it was concluded that anobin (7) has the
structure and configuration of 20,3a-epoxy-4a,10a-
dihydroxy-5,7a(H),8p(H)-guai-11(13)-en-6,12-
olide.

On further elution of the column, after the isola-
tion of anobin (7), with benzene, with benzene—di-
ethyl ether mixtures (4:1, 1:1), and with diethyl ether,
four crystalline substances were obtained, three of
which were identified as anobin (7), the guaiane-
type sesquiterpene lactone estafiatin (10), and the
germacranolide hanphyllin (12). Estafiatin (10) and
hanphyllin (12) were isolated from noble yarrow for
the first time.

A colorless crystalline substance of composi-
tion C H, O, m.p. 167-169°C (from ethanol),
[a] ,** +52.9° (¢ 0.017; ethanol), proved to be a new
sesqui-terpene lactone and was named anolide (11).

The IR spectrum of (11) shows absorption bands
at 3550 (OH group), 1740 (y-lactone carbonyl conju-
gated with an exomethylene group), 1670, and 1640
cm! (C=C). The UV spectrum displays a maximum
at 204 nm (e 18 521), characteristic of an exocyclic
methylene in conjugation with the carbonyl of a
y-lactone ring.

The C NMR spectra of (11) recorded under
fully and partially decoupled (“off-resonance”) con-
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ditions show signals of 5 sp>-hybridized and 10 sp?-
hybridized carbon atoms, which is consistent with a
guaiane carbon skeleton for anolide (11).

The '"H NMR spectrum of (11) shows the follow-
ing proton signals: a methyl group geminal to the hy-
droxyl group — singlet at 1.49 ppm (3H); hydroxyl
protons — singlet at 2.08 ppm (2H); a gem-hydroxyl
proton — doublet at 3.92 ppm (1H, J = 3.5 Hz); the
lactone proton — doublet of doublets at 4.23 ppm (1H,
J=11.5 and 9.5 Hz); methylene protons — doublet at
4.92 ppm (2H, J = 3.5 Hz); and protons of the exocy-
clic methylene group conjugated with the y-lactone
carbonyl — doublets at 5.47 and 6.17 ppm (1H each,
J=3.5Hz).

The multiplicity of the lactone proton signal in-
dicates that the lactone ring is fused at the C6—C7
position, while the magnitude of J indicates its trans-
junction relative to the main carbon skeleton.

Acetylation of the substance afforded a monoac-
etate of composition C_H, O, m.p. 182-185°C. The
IR spectrum shows absorption bands at 3460 (OH
group), 1740 (CO of y-lactone), 1250 (ester group),
1665, and 1640 cm™!' (C=C). The 'H NMR spectrum
of the acetyl derivative of anolide shows signals of:
a methyl group geminal to the hydroxyl group — sin-
glet at 1.40 ppm (3H); a methyl group of the acetyl
moiety — singlet at 2.02 ppm (3H); the lactone pro-
ton — triplet at 4.24 ppm (1H, J =10 Hz); a gem-acyl
proton — a signal centered at 4.95 ppm; and protons
of the exocyclic methylene group conjugated with
the lactone carbonyl — doublets at 5.46 and 6.17 ppm
(1H each, J = 3.5 Hz). The acetylation results show
that the structure of anolide (11) contains two hy-
droxyl groups: one secondary and the other tertiary,
the latter being geminal to one of the methyl groups.

To establish the positions of the hydroxyl groups
in the structure of anolide (11), as well as the relative
configuration, an X-ray diffraction study of its mole-
cule was carried out (Figure 3). It was established that
ring A adopts an envelope conformation (see Figure
3). Atoms C-1, C-2, C-4, and C-5 are coplanar within
0.01 A (torsion angle C-4, C-5, C-1, C-2 = 1.98°).
Atom C-3 lies 0.09 A below this plane. Ring B has a
chair conformation. Atoms C-6, C-7, C-9, and C-10
are coplanar within 0.007 A. Atoms C-1, C-5, and
C-8 are displaced from the plane by 1.11-1.18 and
0.68 A, respectively. The lactone ring is in an enve-
lope conformation. Atoms C-6, C-11, and C-12 are
coplanar within 0.03 A. Atom C-7 is located 0.48 A
below the plane, while atoms C-13 and C-2 are 0.37
and 0.11 A above it, respectively. Rings A and B are
cis-fused, and rings B and C are frans-fused.
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Figure 3
The structure of anolide (11) molecule

Thus, on the basis of the studies performed,
it has been proved that anolide (11) has the struc-
ture and relative configuration of 3a,4p-dihydroxy-
1,5,70(H),6B(H)-guai-10(14),11(13)-dien-6,12-
olide.

Table 3
Content of sesquiterpene lactones in organs of Achillea nobilis L.

It was established that the quantitative yield
of sesquiterpene lactones from the aerial part of
Achillea nobilis L. is provided by aqueous extrac-
tion of the raw material: the yield of anobin (7) is
0.008% based on air-dry raw material, of estafiatin
(10) — 0.01%, of hanphyllin (12) — 0.007%, and of
anolide (11) — 0.01%. Whereas anobin (7) is isolated
from the raw material of Achillea nobilis L. by both
aqueous and chloroform extraction, anolide (11) is
recovered only by aqueous extraction followed by
chromatographic separation of the total substances
on a silica gel column (Astafyeva et al., 2018).

In studying the dynamics of localization of ses-
quiterpene lactones in individual organs of Achillea
nobilis L., it was established that estafiatin (10) and
hanphyllin (12) are invariable components in all or-
gans (Table 3).

Vegetation Plant orean Raw material, Total extractive Sesquiterpenc lactones  Content Content, % of air-
phase & g substances, g qurterp & dried raw material

Estafiatin (10) 2.21 0.11

Rosette Leaves 2100 107.0 -

Hanphyllin (12) 0.89 0.04

Estafiatin (10) 3.61 0.24

Leaves 1500 85.0 Hanphyllin (12) 0.22 0.01

Anobin (7) 0.16 0.01

Budding Estafiatin (10) 1.76 0.09

Hanphyllin (12) 0.08 0.01

Buds 2000 81.3 -

Anolide (11) 0.23 0.01

Anobin (7) 0.18 0.01

Estafiatin (10) 0.72 0.14

. Leaves 500 42.0 -
Flowering Anobin (7) 0.04 0.01
Flower heads 2000 47.0 Anolide (11) 0.52 0.03

On chromatographic separation of the total sub-
stances from plants harvested in the juvenile state, on
elution of the column with a benzene—diethyl ether
mixture (9:1), were isolated colorless needle-like
crystals of composition C ;H O,, m.p. 102-104°C
(from diethyl ether), identified as estafiatin (10). Its
yield was 0.11% of the air-dry raw material weight
(see Table 3). On elution of the column with a ben-

zene — diethyl ether mixture (1:1), colorless plate-like
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crystals were obtained with R 0.76 (diethyl ether).
After recrystallization from ethanol was obtained a
crystalline substance of composition C,;H, O,, m.p.
190 °C (decomposition), identified as hanphyllin
(12). Its yield was 0.04% of the air-dry raw material
weight (see Table 3).

On chromatographic separation of the total ex-
tractive substances from leaves at the budding phase,

from the fraction obtained on elution of the column
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with a hexane—benzene mixture (1:1), estafiatin (10)
was isolated in a yield of 0.24%. On elution of the
column with benzene, hanphyllin (12) was isolated
in a yield of 0.01%, and on further elution with a
benzene—diethyl ether mixture (9:1), the new ses-
quiterpene lactone anobin (7) was obtained. Its yield
was 0.011% of the air-dry raw material weight (see
Table 3).

In the buds, the content of estafiatin (10) was
0.09%, of hanphyllin (12) — 0.004%, and of anobin
(7) — 0.009%. On elution of the column with a ben-
zene—diethyl ether mixture (1:1), plate-like crystals
with R 0.53 precipitated. After recrystallization from
ethanol, a colorless crystalline substance of composi-
tion C H, O,, m.p. 167-169 °C, was obtained, which
was identified as the new sesquiterpene lactone ano-
lide (11). The yield of anolide (11) was 0.01% based
on air-dry raw material (see Table 3).

From the leaf extract at the flowering phase, on
elution of the column with a benzene—diethyl ether
mixture (9:1), estafiatin (10) (0.14%) was isolated,
and on further elution of the column with a benzene—
diethyl ether mixture (1:1), anobin (7) was isolated in
a yield of 0.008% (see Table 3).

On chromatographic separation of the total ex-
tractive substances from the flower heads, crystals of

Figure 4
Proposed biosynthetic pathway of sesquiterpene lactones of Achillea nobilis L.

HOIm:
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anolide (11) were isolated in a yield of 0.03% (see
Table 3).

The biosynthesis of the new sesquiterpene lac-
tones anobin (7) and anolide (11) takes place at the
budding and flowering phases of the plant. The data
obtained on the localization of sesquiterpene lactones
in noble yarrow, together with their correlation with
literature data (Alvarez-Calero et al., 2021), allows
a possible pathway to be proposed for the formation
of the guaianolides estafiatin (10) and anolide (11)
through epoxidation and successive cyclization of
the germacranolide hanphyllin (12).

Since the hanphyllin (12) molecule belongs
structurally to the trans,trans-germacradienolides,
its epoxidation gives the 1B,10a-epoxy derivative;
subsequent opening of the oxirane ring in this struc-
ture leads to ridentin (13). Nucleophilic attack of
the 4,5-double bond at C-1 in molecule (13) brings
about a 1,5-cyclization and gives rise to cation (A);
hydroxylation at C-4 yields the 3p,4a-dihydroxy-
guaianolide (14), the subsequent dehydration of
which, with elimination of C3—OH, gives the estafia-
tin (10) molecule. Opening of the a-epoxide ring in
this molecule produces cation (B), and hydroxylation
of the C-4 cationic center leads to the formation of
anolide (11).
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It is known that the biosynthesis of terpenoids
proceeds via two different routes: the plastid non-
mevalonate pathway, also called the methylerythri-
tol-4-phosphate (MEP) pathway, which is respon-
sible for the formation of monoterpenes, diterpenes,
and tetraterpenes, and the cytosolic mevalonate
(MVA) pathway, which mainly drives the biosynthe-
sis of sesquiterpenes, triterpenes, and polyprenols.
In both pathways, isopentenyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) are syn-
thesized; these are considered universal precursors in
the biosynthesis of all terpenoids. Expression analy-
sis of the genes involved in terpenoid biosynthesis in
Achillea millefolium L. has shown that the DXR, LIS,
PAL, and CHS genes are highly expressed specifi-
cally in glandular trichomes, whereas the expression
of GPPS is ubiquitous (Fathi et al., 2019).

In plants, sesquiterpenes are formed with the par-
ticipation of sesquiterpene synthases and perform a
variety of ecological functions in higher plants, being
localized in flowers, leaves, rhizomes, and roots. In
a number of species of the family Asteraceae, ger-
macrenes play an important role in the biosynthesis
of various sesquiterpene derivatives, particularly
sesquiterpene lactones. The key cytosolic enzyme in
the biosynthesis of sesquiterpene lactones in Achil-
lea millefolium L. is germacrene-A synthase (GAS)
(Pazouki et al., 2015).

Analysis of the available literature data (Kupriya-
nov et al., 2023; Li et al., 2023¢; Strzepek-Gomotka
et al., 2021) indicates that Achillea millefolium L.
contains sesquiterpene lactones with unusual struc-
tures, namely 5 dilactones — millefolactones A-E;
3 sesquiterpene lactones of the psilostachyin type
bearing, in addition to the y-lactone ring, a -lactone

Figure 5
The derivatives of estafiatin (10) isolated from Achillea nobilis L.

fragment — paulitin, isopaulitin, and psilostachyin
C; 9 halogen-containing guaianolides — millefo-
lactones B -B,; and a guaianolide with a peroxide
bridge — a-peroxyachifolide — which is connected
with the specific features of sesquiterpenoid biosyn-
thesis in this species.

Thus, as a result of the chemical study of 13 spe-
cies of Achillea L. growing on the territory of Ka-
zakhstan have been isolated 11 sesquiterpene lactones
belonging to the guaianolides and germacranolides
(Adekenov et al., 1984; Barda et al., 2021; Dracin-
sky et al., 2012). New sesquiterpene lactones — achi-
micrin (5), anobin (7), and anolide (11) — have been
isolated and studied. The following compounds have
been identified for the first time: from A. millefolium
L. — 8-hydroxyachillin (grossmisin) (3); from 4. mi-
crantha Willd. — achillin (1), artilesin (2), and gross-
misin (3); from A. nobilis L. — estafiatin (10) and
hanphyllin (12).

Biological activity of sesquiterpene lactones
isolated from Achillea L. plants

Sesquiterpene lactones from plants of the genus
Achillea L. exhibit a wide spectrum of biological ac-
tivity (Nemeth & Bernath, 2008).

Among the derivatives of estafiatin (10) isolated
from Achillea nobilis L., comparatively high antitu-
mor activity is exhibited by 3-keto-4-methylene-es-
tafiatin (15), 3-keto-10(14)-epoxy-estafiatin (16), and
3-aceto-4-methylene-estafiatin (17), which inhibit
the growth of Pliss lymphosarcoma, Walker carcino-
sarcoma, sarcoma 45, alveolar liver cancer PC-1, and
sarcoma 180 by 68-90%, and of P-388 lymphocytic
leukemia and lymphoid leukemia (ILS by 62—-104%)
(Adekenov, 2022).

(3-keto-4-methylene-estafiatin (15), 3-keto-10(14)-epoxy-estafiatin (16), and 3-aceto-4-methylene-estafiatin (17)

(15) (16)
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Among the germacranolides studied for antitu-
mor activity, comparatively high activity is exhib-
ited by hanphyllin (12) isolated from Achillea no-
bilis L. This germacranolide inhibits the growth of
transplantable tumor strains — Guerin carcinoma,
Pliss lymphosarcoma, alveolar liver cancer, and Pliss
lymphosarcoma resistant to rubomycin (70-89% in-
hibition). In comparison with the analogue with the
same indication — colchamine, a preparation of plant
origin — the substances under study proved to be of
low toxicity: the maximum tolerated dose (MTD)
in chronic experiments is 20—70 mg/kg versus 1.0
mg/kg for colchamine (Siilsen & Martino, 2018).
In-depth study of the antitumor activity of 3-keto-

Table 4

4-methylene-estafiatin (15) and 3-keto-10(14)-ep-
oxy-estafiatin (16) is recommended. From Achillea
nobilis L., the guaianolides anobin (7), exhibiting
antitumor activity, and anolide (11), exhibiting acari-
cidal and insecticidal action, have also been isolated
(Adekenov et al., 1984).

In the investigation of the antiparasitic activity of
sesquiterpene lactones of plants of the genus Achillea
L. against bloodstream trypomastigotes of Trypano-
soma brucei brucei, amastigotes of Trypanosoma
cruzi, and promastigotes of Leishmania amazonen-
sis, a comparatively high antiparasitic activity has
been established for estafiatin (10) and anabasinyl-
estafiatin (20).

Activity of Achillea L. sesquiterpene lactones against Trypanosoma brucei brucei bloodstream trypomastigotes

Inhibition, % + SD

Compound

10 pg/mL 1 pg/mL 0.1 pg/mL
Achillin (1) 27.45+11.02 1.47 £0.01 NI
Grossmisin (3) 1.47 £0.55 NI NI
Estafiatin (10) 99.24 +£0.18 7291 +1.83 44,33 +1.83
Leucomisin (18) 471 £6.20 2.77 +£1.83 2.77 £0.02
Cytisinyl-estafiatin (19) 4.77 +3.67 NI NI
Anabasinyl-estafiatin (20) 99.31 £0.52 5.36+1.83 NI
Suramin 99.74 +£0.19 99.2 +0.31 29.4+1.83

Note: NI — No Inhibition

Figure 6

The derivatives of estafiatin (10) isolated from Achillea L. (leucomisin (18), cytisinyl-estafiatin

(19), anabasinyl-estafiatin (20)

Int. j. biol. chem. (Online)
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Table 5
Antiamastigote activity of Achillea L. sesquiterpene lactones
against Trypanosoma cruzi at 10 ug/mL

brucei, we determined their cytotoxicity at the same
concentration (Table 6).

It is important to note the comparatively high
percentage of viable cells observed for the anabasi-

Compound Inhibition, % nyl derivative of estafiatin (20), in comparison with
Achillin (1) 13.63+0.21 the parent estafiatin (10), which indicates a decrease
Grossmisin (3) 5.22+5.35 in the cytotoxicity of the sesquiterpene lactones as
Estafiatin (10) 9724+ 021 a result of Michael-type amination at position C-13.
Leucomisin (18) 15.37+3.18
Cytisinyl-estafiatin (19) 26.83 +£0.17 Table 6
Anabasinyl-estafiatin (20) 99.06 +0.31 Cytotoxicity of Achillea L. sesquiterpene lactones against Vero
Suramin 99.76+0.18 cells at 10 ug/mL
Compound Cell viability, %
Considering the comparatively high activity  Estafiatin (10) 3.15+5.46
of Achillea L. sesquiterpene lactones at 10 pg/mL  Anabasinyl-estafiatin (20) 25.72+0.13
against Trypanosoma cruzi and Trypanosoma brucei Suramin 992 + 0.55
Table 7
Activity of Achillea L. sesquiterpene lactones against Leishmania amazonensis promastigotes
Compound Inhibition, % = SD
50 pg/mL 10 pg/mL 1 pg/mL
Achillin (1) 35.14£7.90 30.51 £ 14.10 25.95+£4.76
Grossmisin (3) 40.49 £8.33 3492 +£0.03 31.84+0.14
Estafiatin (10) 98.68 +0.28 100 + 0.05 100 +£0.91
Leucomisin (18) 17.87 £4.54 11.80 +£4.28 8.09+7.13
Cytisinyl-estafiatin (19) 22.80+9.07 13.31£0.01 13.52+4.45
Anabasinyl-estafiatin (20) 100 +0.63 100 +1.20 17.39+£7.34
Amphotericin B 100.0+ 0.03 100.0+0.012 98.1+ 0.53

Based on the experimental data presented above,
it has been determined that Michael-type amina-
tion of estafiatin (10) at the C11=C13 exomethylene
group leads to a decrease in the antiparasitic activity
of its derivatives cytisinyl-estafiatin (19) and anab-
asinyl-estafiatin (20) against Trypanosoma brucei
brucei and promastigotes of Leishmania amazonen-
sis, as well as to a reduction in their cytotoxicity.

The guaianolide leucomisin (18) was isolated
from the aerial part of Achillea collina Becker, Achil-
lea filipendulina Lam., Achillea millefolium L., Ach-
illea santolina L., and Achillea sibirica Ledeb. (Ab-
del-Baki et al., 2025; Glasl et al., 2002; Kaneko et al.,
1971; Trendafilova et al., 2006) and determined on
dogs infested with the helminths Trichuris vulpis and
Dipylidium caninum. Based on the coproovoscopy
results, the helminth-infested dogs (10 dogs) were di-
vided into two experimental groups, 5 animals each.

Int. j. biol. chem. (Online)

Dogs of the first group (5 animals) were administered
capsules with leucomisin (18) at a dose of 150 mg (3
capsules) per 20-25 kg of body weight. In the com-
parison group, dogs received the preparation “Ces-
TremForte” at a dose of 150 mg (2 tablets) per 20-25
kg of body weight. The capsules with leucomisin
(18) were administered as a single dose. Coproovos-
copy of each fecal sample before and after deworm-
ing of the dogs was carried out twice. Four days after
administration of the capsules with leucomisin (18),
coproovoscopy of the dogs’ feces was performed to
determine the extens- and intens-efficacy of the test
sample (18). In all groups of animals, no side effects
from the application of the test sample (18) were
observed. As a result of the trials, no helminth eggs
were detected in the dogs dewormed with capsules
of leucomisin (18). Thus, the extens- and intens-ef-
ficacy of the capsules with leucomisin (18) is 100%
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against the helminths Trichuris vulpis and Dipylidi-
um caninum. The extens-efficacy and intens-efficacy
of the comparison preparation “CesTremForte” are
80% and 83.33%, respectively. According to the re-
sults of the experiments, it was established that the
extens-efficacy and intens-efficacy of capsules with
leucomisin (18) are higher than those of the compari-
son preparation “CesTremForte” by 20% and 16.6%,
respectively.

With a view to enhancing the water solubility of
leucomisin (18) and, accordingly, the bioavailabil-
ity of the pharmacologically active molecule in the
body, a solid-phase synthesis was carried out on the
basis of leucomisin (18) with disodium glycyrrhiz-
inate (Adekenov et al., 2026).

Conclusion

Plants of the genus Achillea L. can be regarded as
one of the promising taxa of the family Asteraceae as
a renewable source of sesquiterpene lactones exhibit-
ing antiparasitic and antitumor activity.

Based on the results of chemical screening of 13
species of plants of Achillea L. collected on the ter-
ritory of Kazakhstan, the content of sesquiterpene
lactones was confirmed in 9 (69.23%) of them. In
the plants of section Millefolium (Mill.) Koch, the
content of sesquiterpene lactones was determined
in 5 species (83.3%); in plants of section Micran-
thae Klok. & Krytzka, in 2 species (100%); and in
plants of section Ptarmica (Mill.) Koch, in 1 spe-
cies (33.3%). Three species of the genus Achillea
L. — Achillea inundata Kondr., Achillea salicifolia
Besser, and Achillea tianschanica Kupr. & Kule-
min — have been identified as promising, previously
uninvestigated objects for the isolation and identifi-
cation of sesquiterpene lactones.

The presence in Achillea millefolium L. of ses-
quiterpene lactones with unusual structures, namely
5 dilactones — millefolactones A—E; 3 sesquiterpene
lactones of the psilostachyin type bearing, in addition
to the y-lactone ring, a d-lactone fragment — paulitin,
isopaulitin, and psilostachyin C; 9 halogen-containing
guaianolides — millefolactones B —B,; and a guaiano-
lide with a peroxide bridge — a-peroxyachifolide — is
connected with the specific features of the biosyn-
thetic pathway in this species, the key cytosolic en-
zyme of which is germacrene-A synthase (GAS).

In Kazakhstan, the industrial reserves of the raw
material of Achillea nobilis L., a source of the phar-
macologically active estafiatin and hanphyllin, have
been determined.

From Achillea nobilis L. and Achillea micrantha
Willd. we have isolated 11 sesquiterpene lactones, in-

Int. j. biol. chem. (Online)

cluding 3 new compounds. We have determined the
physicochemical characteristics of the isolated ses-
quiterpene lactones and established their structures
by IR, UV, 'H NMR, and *C NMR spectroscopy.

The biosynthesis of sesquiterpene y-lactones in
Achillea nobilis L. is observed in flower heads, buds,
and leaves. Their biosynthesis is carried out by spe-
cialized chloroplasts in the bracts of the buds and
flower heads of the plant.

In the study of the dynamics of localization of
sesquiterpene lactones in the leaves, buds, and flower
heads of Achillea nobilis L., it has been established
that estafiatin can be regarded as the main marker
component for this species, since it is biosynthesized
throughout almost the entire vegetation cycle, and
quantitatively its content based on air-dry raw mate-
rial was determined in the leaves of Achillea nobi-
lis L. collected at the budding phase as 0.24%. The
biosynthesis of anobin and anolide is closely linked
to the development of the reproductive organs (buds
and flower heads) of Achillea nobilis L., whereas
hanphyllin is characteristic of the early developmen-
tal stages of the plant (rosette).

The quantitative yield of sesquiterpene lactones
from the raw material of Achillea micrantha Willd.
and Achillea nobilis L. is achieved by the methods
of aqueous and supercritical fluid carbon dioxide ex-
traction. By contrast, on chloroform extraction from
the aerial part of Achillea nobilis L., the guaianolide
anolide is not isolated, while estafiatin and hanphyl-
lin have practically low yields and anobin is detected
only in trace amounts, which indicates the compara-
tively low efficiency of this isolation method.

Based on the results of an in vitro study of ses-
quiterpene lactones of plants of the genus Achillea
L., comparatively high antiparasitic activity has been
determined for estafiatin and anabasinyl-estafiatin
against bloodstream trypomastigotes of 7rypanoso-
ma brucei brucei, amastigotes of Trypanosoma cruzi,
and promastigotes of Leishmania amazonensis. It has
been established that Michael-type amination of es-
tafiatin at the C11=C13 exomethylene group leads to
a reduction of the antiparasitic activity of anabasinyl-
estafiatin by approximately 6—13 times, and also re-
duces its cytotoxicity towards Vero cells by approxi-
mately 8 times.

Leucomisin, detected in 5 species of Achillea L.,
exhibits 100% extens- and intens-efficacy against the
helminths Trichuris vulpis and Dipylidium caninum.

Based on leucomisin and disodium glycyrrhiz-
inate, a solid dispersion has been synthesized whose
water solubility is increased 18-fold, with a corre-
sponding increase in the bioavailability of the phar-
macologically active substance.
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Estafiatin from Achillea nobilis L. is a renewable
starting material for the synthesis of new biologically
active compounds, including the compounds 3-keto-
4-methylene-estafiatin - and  3-keto-10(14)-epoxy-
estafiatin, which possess potential antitumor activity.
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LOW-FREQUENCY TRANSCRANIAL MAGNETIC STIMULATION
FOR ENHANCING COMMUNICATION IN CHILDREN WITH AUTISM
AND SPECIFIC LANGUAGE IMPAIRMENT

Abstract: To evaluate whether low-frequency transcranial magnetic stimulation (TMS) is associated with
improvement in speech-language function in children with autism spectrum disorder (ASD) and Specific
Language Impairment (SLI), a treatment response difference by stimulation frequency and cortical target
was assessed. This retrospective observational study analyzed clinical data from 131 children treated at
Neurolab Neurorehabilitation Center (Almaty, Kazakhstan), between April 3, 2023, and July 30, 2024.
The cohort included 58 children with ASD and 73 children with SLI. Speech-language function was rated
before and after treatment using a structured 10-point clinical scale. TMS was delivered to the bilateral
dorsolateral prefrontal cortex (DLPFC), with additional stimulation of Broca’s and/or Wernicke’s areas in
selected participants. Frequencies of 0.3 Hz, 0.5 Hz, and 1.0 Hz were analyzed. Each course consisted of
10 daily sessions. Across the total cohort, mean speech-language rating improved from 3.46 to 3.96 points,
with a mean improvement of 0.50 points. Improvement was greater in children with ASD than in children
with SLI (0.83 vs. 0.25 points). The strongest response was observed in the ASD subgroup treated at 1.0
Hz, where mean improvement reached 2.13 points. In an adjusted linear regression model, the ASD x 1.0
Hz interaction remained significant (coefficient=1.55, p=0.004), while number of treatment courses was
positively associated with improvement and motor delays were negatively associated with improvement.
Low-frequency TMS was associated with improvement in clinician-rated speech-language function, but
the effect was not uniform across stimulation protocols. The findings support the potential of TMS as
a protocol-sensitive neuromodulation approach and indicate the need for prospective studies comparing
stimulation parameters directly.

Keywords: transcranial magnetic stimulation, autism spectrum disorder, specific language impairment,
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low-frequency stimulation, speech development, neuromodulation.

Introduction

Human communication and socialization fun-
damentally rely on speech and language, which are
guided by complex neural mechanisms regulated by
functional networks in the central nervous system.
Excitability and plasticity of cortical regions within
these networks are considered to play a critical role
in fostering the development of effective communi-
cation skills (Nasios et al., 2019). In cases of delayed
speech development, such as in individuals with au-
tism spectrum disorder (ASD) or Specific Language
Impairment (SLI), they are disrupted, resulting in
adverse effects on socialization, cognitive develop-
ment, and quality of life. ASD is characterized by im-
pairments in social interaction and communication,
and by restricted or repetitive interests and behaviors.

© 2026 Al-Farabi Kazakh National University

A major challenge for children with ASD is speech
and language development delays, which can be dis-
played as delays in acquiring language skills or even
a complete absence of speech (Mottron & Bzdok,
2020). In contrast, SLI is an isolated speech impair-
ment with preserved cognitive and sensory functions.

Both conditions are the subjects of active research
aimed at understanding their neurophysiological bas-
es, developing effective support, and identifying po-
tential treatments. Studies have reported altered brain
oscillations, particularly in low-frequency and gam-
ma ranges, in individuals with both ASD and SLI.
These disruptions along with the atypical excitation/
inhibition signaling and connectivity are theorized to
impact the functional activity of cortical networks,
reducing the efficiency of language processing (Aru-
tiunian et al., 2024; Bruining et al., 2020; Kessler et
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al., 2016; Larson et al., 2023). In SLI and develop-
mental language disorder, current models emphasize
procedural and sequence learning, auditory discrimi-
nation, and broader functional network differences
(Doucet et al., 2025; Hsu & Bishop, 2014; Kujala &
Leminen, 2017; Ullman et al., 2020). Considering the
association of these disorders with altered cortical
excitability and impaired neuroplasticity, neuromod-
ulation methods such as transcranial magnetic stimu-
lation (TMS), which aim to stabilize excitability and
promote neuroplasticity, hold promise for improving
communication-related symptoms in these patients.

TMS is a non-invasive brain stimulation tech-
nique that uses magnetic fields to modulate neural
network activity. Repeated low-frequency applica-
tion of magnetic impulses (LF-TMS; <1 Hz pulses)
has been shown to suppress neuronal activity, reduce
hyperconnectivity in specific cortical regions, and
normalize brain signaling rhythms (Casanova et al.,
2020; Gao et al., 2022). In adult patients with post-
stroke aphasia, LF-TMS protocols have been shown
to promote speech fluency, comprehension, and writ-
ing skills (Yao et al., 2020). Its application in pedi-
atric populations opens new avenues for addressing
speech and language impairments, considering the
high plasticity of the developing brain (Bethlehem
et al., 2022). The recent migration of the technique
from academic to clinical practice has yielded abun-
dant data useful for establishing specific stimulation
protocols across various conditions (Scheper et al.,
2022). Of particular interest is low-frequency TMS
targeting the dorsolateral prefrontal cortex (DLPFC),
involved in cognitive and executive functions related
to language processes. LF-TMS reduces hyperactiv-
ity in gamma oscillations of children with ASD, im-
proves cognitive performance, and decreases stereo-
typical behaviors (Casanova et al., 2020; Casanova et
al., 2021). Improvements in nonverbal communica-
tion and language skills were also reported follow-
ing LF-TMS to the prefrontal cortex in children with
ASD (Tarhan et al., 2023). Several EEG markers of
cognitive control in underage participants with ASD
were normalized after six to twelve 1 Hz stimulation
sessions, along with the improvements in oddball
test performance (Sokhadze et al., 2018). One of the
challenges in making inferences with this protocol is
the wide array of conditions with described results,
including improvements in healthy participants’ per-
formances in language tasks (Noda, 2021; Quet al.,
2022).

Despite growing evidence for the application of
TMS in neurological and neurodevelopmental condi-
tions, its impact on speech development in ASD and
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SLI remains underexplored. Modeling neural circuits
in children, whose brains exhibit heightened plastic-
ity, offers unique opportunities to address speech im-
pairments. However, precise parameters for optimiz-
ing therapeutic outcomes have yet to be determined.
Given the complex relationship between cortical ex-
citability and speech development, we hypothesize
that LF-TMS (<1 Hz) will significantly improve
speech development in children with ASD compared
to other neurodevelopmental disorders. This hypoth-
esis is based on the unique neural characteristics of
ASD, such as increased cortical excitability and al-
tered neuroplasticity, which may facilitate a stronger
response to neuromodulation interventions. Previous
studies have shown that LF-TMS at 1 Hz targeting
the DLPFC can normalize cortical excitability and
reduce hyperconnectivity in prefrontal regions, im-
proving cognitive and behavioral outcomes (Hamil-
ton, 2026). Stimulation of the inferior frontal gyrus
(IFG), commonly referred to as Broca’s area, im-
proved general accuracy in semantic and phonologi-
cal, but not syntactic tasks or reaction times (Berent
etal., 2015). In cases of SLI, additional stimulation of
these areas may aid language acquisition. Studies on
aphasia recovery suggest that targeting speech-relat-
ed areas can improve language-related performance,
which may be effective for children with speech dis-
orders (Caulfield & Brown, 2022; Noda, 2021).

The primary objective of this study is to explore
the therapeutic potential of LF-TMS in children with
speech impairments, particularly those diagnosed
with ASD and SLI. We aim to assess whether LF-
TMS at 1 Hz yields greater improvements compared
to other stimulation frequencies and to determine
whether additional stimulation of speech-related
areas (Broca’s and Wernicke’s regions) enhances
communication. Additionally, the study investigates
variables such as delays in gross motor skills devel-
opment and the number of TMS sessions, which may
significantly influence therapeutic outcomes. Pre-
liminary data suggest that patients with ASD may
benefit most from 1 Hz stimulation, and factors such
as session frequency and motor delays are critical to
speech and language development.

Materials and methods

Data was collected from children who underwent
LF-TMS between April 3, 2023, and July 30, 2024.
The analyzed cohort included 131 children with
available pre- and post-treatment speech-language
assessments, including 58 children with ASD and 73
children with SLI. A total of 131 children aged 3 to
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12 years participated in the study, with a mean age
of 7.2 years (SD = 2.3). Participants were required to
have completed at least two courses of TMS therapy,
and all underwent comprehensive pre- and post-treat-
ment assessments of speech and language abilities.
Children with significant neurological comorbidities
unrelated to speech and language impairments were
excluded, while motor delays, when present, were
recorded for subgroup analysis. Baseline speech-
language impairment differed between diagnostic
groups. Children with ASD had lower baseline scores
than children with SLI (mean 2.57 vs. 4.16), indicat-
ing greater initial severity in the ASD subgroup. Sex-
based subgroup analysis was not performed because
sex/gender was not included as a structured variable
in the analysis dataset.

Magnetic pulses were delivered using the Neuro-
MS/D transcranial magnetic stimulator manufactured
by Neurosoft (Ivanovo, Russia). The equipment in-
cluded a figure-of-eight coil for precise targeting
of specific brain regions, including the dorsolateral
prefrontal cortex (DLPFC), Broca’s area, and Wer-
nicke’s area. Stimulation frequencies of 0.3 Hz, 0.5
Hz, and 1 Hz were utilized, with stimulation intensity
calibrated individually at 80% of each participant’s
resting motor threshold (RMT). All 131 participants
received DLPFC stimulation. In the structured data-
set, 92 participants received additional Broca’s area
stimulation, 33 received Wernicke’s area stimulation,
and 19 received combined Broca’s and Wernicke’s
area stimulation. Target combinations were distribut-
ed as follows: DLPFC only, n=25; DLPFC + Broca,
n=73; DLPFC + Wernicke, n=14; DLPFC + Broca +
Wernicke, n=19 Each treatment course consisted of
10 daily sessions. In the analyzed cohort, the number
of completed courses ranged from 2 to §.

To quantify severity and treatment progress, a
structured impairment scale was adapted from vali-
dated models, mapping clinician-reported observa-
tions to a numerical scale ranging from 1 (severe
impairment) to 10 (normal development). The scale
mapped clinician-reported observations, such as re-
sponse to name, use of simple words, and functional
communication, onto predefined score ranges. This
approach was used to standardize retrospective clini-
cal descriptions into an analyzable ordinal outcome,
consistent with previous work showing that clinician-
rated global scales can be useful for tracking social-
communication change in minimally verbal children
with ASD (Toolan et al., 2021). Collected data was
processed and analyzed using Pandas, Numpy, and
Statsmodels Python libraries in the Google Colab
environment. Linear regression models were applied
to investigate relationships between TMS parameters
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and speech and language outcomes. Interaction ef-
fects were evaluated using linear regression models
with interaction termsresults were visualized using
Matplotlib and Seaborn libraries.

Ethical Considerations

All procedures were approved by the Local Eth-
ical Committee of Al-Farabi Kazakh National Uni-
versity (Protocol No. IRB-A843, IRB00010790,
approval date: 23.02.2023), with written informed
consent obtained from caregivers before enroll-
ment.

Results and discussion

The final analysis included 131 children, the ASD
subgroup included 58 participants and the SLI sub-
group included 73 participants (Table 1) Across the
total cohort, mean speech-language rating improved
from 3.46 before treatment to 3.96 after treatment,
corresponding to a mean improvement of 0.50 points.
The paired pre/post comparison showed a statistically
significant overall improvement in speech-language
rating (paired t-test, t=-3.82, p=0.00021). Children
with ASD showed a larger mean improvement than
children with SLI (0.83 vs. 0.25 points), although
baseline severity also differed between groups. The
ASD subgroup had lower baseline speech-language
scores, suggesting greater initial impairment and a
larger potential range for observable improvement.
Among stimulation parameters, 1.0 Hz stimulation
was associated with the largest speech-language im-
provement in children with ASD. In the adjusted lin-
ear regression model, the ASD x 1.0 Hz interaction
remained significant (coefficient=1.55, p=0.004).
Assessments of children with ASD were higher in
vocabulary comprehension, speech fluency, and sen-
tence construction after a 1 Hz stimulation course,
regardless of additional stimulation sites. This aligns
with prior literature suggesting that 1 Hz Repetitive
Transcranial Magnetic Stimulation (rTMS) of DLP-
FC can normalize hyperactive cortical oscillations
and improve neuroplasticity in individuals with ASD
(Casanova et al., 2020; Casanova et al., 2021; Kes-
sler et al., 2016; Sokhadze et al., 2018; Tarhan et al.,
2023). Stimulation at lower impulse frequencies did
not show comparable effects in this dataset. This may
be explained by subgroup size and clinical heteroge-
neity, but it may also reflect the broader theoretical
problem of rTMS parameter selection. Recent re-
views emphasize that rTMS outcomes are shaped not
only by frequency, but by a wider parameter space
including intensity, pulse number, intersession inter-
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val, target engagement, and endogenous brain activ-
ity (Caulfield & Brown, 2022). Therefore, the present
results should not be read as proof that 1.0 Hz is uni-

versally optimal, but rather as evidence that the ASD
subgroup in this sample was more responsive to this
protocol (Figure 1).

Figure 1

Speech-language improvement by stimulation frequency in patients with SLI and ASD. Bars show mean
change in the structured speech-language rating from first to last visit; error bars show standard error
(SE). Sample sizes are shown on the figure. The largest mean improvement was observed in children with

ASD treated at 1.0 Hz
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This interpretation is also consistent with net-
work-level models of rTMS. Stimulation of DLPFC
may influence not only local cortical excitability, but
also distributed networks connected with executive,
salience, language, and sensorimotor functions. Sys-
tematic review evidence indicates that rTMS can al-
ter resting-state connectivity beyond the stimulated

Table 1
Cohort characteristics and speech-language severity by diagnosis

node, and that the classical low-frequency/high-fre-
quency excitability heuristic does not fully explain
distal network effects (Beynel et al., 2020). In this
context, the interaction between ASD diagnosis and
1.0 Hz stimulation may reflect a better fit between
the protocol and the functional network state of this
subgroup, rather than a simple frequency effect.

Diagnosis N Age, mean Age, SD Baseline score,  Final score, Improvement, Improvement,
mean mean mean SD
ASD 58 5.14 1.89 2.57 34 0.83 1.73
SLI 73 4.66 1.80 4.16 441 0.25 1.27

In the ASD subgroup, mean improvement was
0.38 points at 0.3 Hz, 0.31 points at 0.5 Hz, and
2.13 points at 1.0 Hz. In the SLI subgroup, mean im-
provement was -0.06 points at 0.3 Hz, 0.43 points at
0.5 Hz, and 0.13 points at 1.0 Hz (Table 2). Thus,
1.0 Hz appeared to be the most effective frequency
for children with ASD in this sample, whereas the

Int. j. biol. chem. (Online)

frequency-related pattern was less clear in SLI. The
small negative mean at 0.3 Hz in the SLI subgroup
should not be interpreted as proof of harm, but it is
consistent with the broader observation that poorly
matched or weakly justified stimulation parameters
may produce little benefit and, in individual cases,
even minor setbacks.
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Table 2
Speech-language improvement by frequency and diagnosis

Frquzncy, Diagnosis N Mean SD SE
0.3 ASD 16 0375 0.806  0.202
0.3 SLI 18 -0.056  0.998  0.235
0.5 ASD 26 0.308  0.928 0.182
0.5 SLI 40 0.425  1.152  0.182
1 ASD 16 2.125  2.604 0.651
1 SLI 15 0.133  1.767  0.456

Preexisting delays in motor abilities were associ-
ated with slower speech-language development (B =
-1.2028, p =0.014), consistent with the interconnect-
ed nature of motor and language development (Ham-
ilton, 2026). Integrating motor rehabilitation along-
side TMS may enhance outcomes for this subgroup.
Additionally, the number of TMS sessions was posi-
tively correlated with improvements in speech and
language abilities scores (p = 0.4748, p < 0.001),

Figure 2

which may support the theoretical cumulative effect
of intervention, or benefit from sustained rhythmic-
ity of the TMS course (Bethlehem et al., 2022). The
model accounted for the time passed between ses-
sions and measures.

Subset of patients with SLI that received LF-
TMS on Broca and Wernicke areas expressed better
language comprehension and production, with the in-
group effects (B=1.5176,p=0.004 and p =1.1497,p
=0.019), respectively. In the overall cohort, the largest
mean improvement was observed in children who re-
ceived DLPFC + Broca + Wernicke stimulation (0.84
points), followed by DLPFC + Broca stimulation (0.59
points), DLPFC-only stimulation (0.24 points), and
DLPFC + Wernicke stimulation (0.07 points). These
results are consistent with findings in aphasia patients,
in whom stimulation of these regions facilitated recov-
ery in language processing (Hamilton, 2026; Nasios et
al., 2019; Yao et al., 2020). However, this difference
has not shown to be statistically significant in between-
group analysis, as well as in the results of participants
from the ASD group (Figure 2).

Speech-language improvement by TMS stimulation target in SLI and ASD patients.

Bars show mean change in the structured speech-language rating from first to last visit; error bars
show standard error (SE). Sample sizes (n) are shown on the figure. Target-specific findings should be
interpreted cautiously because several subgroups were small.
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Patterns differed by diagnosis. In children with
ASD, DLPFC + Broca stimulation was associated
with the largest mean improvement (1.24 points),
followed by DLPFC + Broca + Wernicke stimulation
(1.00 point), DLPFC-only stimulation (0.55 points),
and DLPFC + Wernicke stimulation (0.00 points).
In children with SLI, the largest mean improvement
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DLPFC + Wernicke

n=7

m Specific Language Impairment (SLI)
m Autism Spectrum Disorder (ASD)

DLPFC + Broca + Wernicke

Stimulation target

was observed in the DLPFC + Broca + Wernicke
group (0.77 points), followed by DLPFC + Broca
(0.25 points), DLPFC + Wernicke (0.14 points), and
DLPFC-only stimulation (-1.00 point) (Table 3). Due
to the inequal distribution throughout target-by-diag-
nosis subgroups, these target-specific results should
be interpreted cautiously.
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Table 3
Speech-language improvement by stimulation target and diagnosis

Stimulation target Diagnosis N Mean SD SE

DLPFC + Broca ASD 25 1.24 1.99 0.40
DLPFC + Broca SLI 48 0.25 1.23 0.18
DLPFC + Broca + Wernicke ASD 6 1.00 0.89 0.37
DLPFC + Broca + Wernicke SLI 13 0.77 1.01 0.28
DLPFC + Wernicke ASD 0.00 1.72 0.66
DLPFC + Wernicke SLI 7 0.14 0.38 0.14
DLPFC only ASD 20 0.55 1.50 0.34
DLPFC only SLI 5 -1.00 2.24 1.00

The overall pre/post change was statistically sig-
nificant, but the magnitude and direction of improve-
ments varied across diagnostic, frequency, and target
subgroups. The adjusted linear model is summarized
visually in Figure 3. The strongest positive associa-
tion was observed for the ASD x 1.0 Hz interaction,
while motor delays were associated with lower im-
provement. The relatively large variability observed
in several subgroups should therefore be considered
part of the result rather than only a statistical limi-

Figure 3

tation. Brain stimulation effects are increasingly un-
derstood as state-dependent: the same external stim-
ulation can have different consequences depending
on ongoing oscillatory activity, connectivity, prior
neural activity, and individual neurodevelopmental
profile (Bergmann, 2018; Jannati et al., 2022). This
framework is compatible with our observation that
diagnosis, stimulation frequency, number of courses,
and motor delays jointly influenced speech-language
change.

Adjusted linear regression model of speech-language improvement.

Markers show regression coefficients in structured speech-language rating-score units, and horizontal
bars show 95% confidence intervals. Positive coefficients indicate greater improvement in the structured
speech-language rating. The model included diagnosis, stimulation frequency, ASD x 1.0 Hz interaction,

number of completed courses, and motor delays
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Conclusion

This study provides another argument for the
therapeutic potential of LF-TMS for improving
speech and language abilities in children with de-
velopmental delays. The analysis of the clinical
data demonstrates that children with both ASD
and SLI diagnoses may benefit from LF-TMS, but
the outcomes varied significantly between the two
populations. Practitioners are encouraged to rely on
diagnostic and neurophysiological profiles of their
patients to imply optimal individualized approaches
to support and treatment.

A significant improvement in speech and lan-
guage acquisition was observed in the ASD subset of
our sample after 1 Hz TMS on bilateral DLPFC. This
observation is consistent with both the literature and
clinical practice, as 1 Hz is the most common If-TMS
frequency, as well as the one yielding results more
consistently than sub-1 Hz protocols (Casanova et
al., 2020; Casanova et al., 2021; Qu et al., 2022). Al-
though the theoretical mechanism is hypothesised to
be the same across 1f-TMS protocols, our results sug-
gest that a more intrinsic difference may take place
instead of a capability to deliver more impulses. On
the other hand, improvements in various measures,
including speech and language metrics across differ-
ent disorders and in healthy subjects, may be due to
a mechanism non-specific to the condition (Kessler
et al., 2016; Qu et al., 2022). More research involv-
ing the registry of occilatory and cortical connectiv-
ity biomarkers across various stimulation paradigms
is highly encouraged. The additional stimulation of
the language network nodes yielded conservative, yet
noticeable enhancements of the treatment, especially
within the subset of patients with SLI. In contrast, If-
TMS, which focused only on the DLPFC, has shown
no observable effect in this subset of patients, under-
scoring the importance of considering the disorder’s
pathophysiology in the choice of protocol. Despite
minimal improvements, the differences in observa-
tions across TMS parameters may deem implementa-
tion of the method to support the treatment of isolated
language impairments a promising direction for fu-
ture research (Hamilton, 2016).

Network-level models of rTMS suggest that
stimulation effects may spread across connected re-
gions and interact with distributed language, execu-
tive, and sensorimotor systems (Beynel et al., 2020).
This framework may explain why a protocol that is
useful in one diagnostic subgroup can be weak or un-
stable in another. Delays in motor development, on
the other hand, were identified as a limiting factor

Int. j. biol. chem. (Online)

influencing observed improvements in both groups.
This finding is consistent with developmental and
network-based accounts of language acquisition, in
which motor development contributes to communi-
cative experience, gesture, interaction with objects
and people, and later speech-language development
(Iverson, 2010; Leonard & Hill, 2014; Skipper et al.,
2017). It is also consistent with evidence that speech
perception and language functions recruit distributed
motor-language networks rather than isolated classi-
cal language areas (Berent et al., 2015). From this
perspective, motor delay may reduce the readiness of
the broader motor-language system to benefit from
stimulation, and integrating motor rehabilitation
strategies with TMS may enhance therapeutic out-
comes.

This study takes advantage of the increased use
of TMS in clinical settings to explore possible im-
provements in current practices by analyzing existing
data. Apart from the confirmation of the establish-
ing protocol for support in ASD efficacy, the analysis
revealed apparent under-performance of the sub-1
Hz protocols as well as added to the scarce data on
application of TMS in SLI. We encourage clinical
practitioners to consider recent studies and diagnos-
tic profiles of patients in choice of the treatment and
stimulation parameters. Measuring and collecting
data would also be beneficial to establish standard-
ized supporting approaches to various conditions.
More controlled studies are needed to refine proto-
cols and establish magnetic stimulation as an effi-
cient tool for neurorehabilitation.
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GAMMA IRRADIATION-INDUCED VARIATION IN GRAIN PROTEIN
CONTENT AND DAYS FROM SOWING TO HEADING IN M; MUTANT LINES
OF SPRING WHEAT (CV. ERITROSPERMUM-35)

Abstract: Bread wheat (Triticum aestivum L.) is a major staple crop providing essential calories for human
diets. However, intensive breeding for yield has reduced genetic diversity for quality traits, including grain
protein content (GPC). Induced mutagenesis offers an effective strategy to broaden the genetic base and
generate novel alleles affecting agronomic traits. In this study, My mutant lines of the spring wheat cultivar
Eritrospermum-35 were developed through gamma irradiation at 100 Gy and 200 Gy. Lines were evaluated
for variation in GPC and days from sowing to heading under controlled greenhouse conditions. GPC was
measured using near-infrared reflectance spectroscopy (NIR), and allelic variation at the candidate gene
Eps-Am1 was analyzed using PCR-based markers. Substantial variation in GPC was observed. The 100
Gy lines showed GPC values ranging from 12.60% to 14.43% (mean 13.56 + 0.57%), whereas the 200
Gy lines had a mean GPC of 13.76 + 0.63%. Eleven mutant lines (37%) exhibited significantly higher
GPC (5.7-11.0%) than the parent. Importantly, the increase in GPC was not associated with a reduction
in thousand kernel weight; TKW values were higher in irradiated lines compared with the parent. Days
to heading differed between treatments: 100 Gy lines headed earlier, while 200 Gy lines showed delayed
heading. Molecular screening identified new alleles of Eps-A™1, with allele carriers generally exhibiting
earlier heading. Overall, gamma irradiation generated valuable genetic variation for improving grain
protein content and adaptive traits in spring wheat.

Keywords: gamma irradiation, grain protein content, days to heading, thousand kernel weight, spring
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wheat, Eps-A™1, mutation breeding.

Introduction

Bread wheat (7riticum aestivum L.) is a major ce-
real crop of global importance and plays a central role
in food and nutrition security (Shewry & Hey, 2015).
In many developing countries, wheat-based foods
dominate the diet, providing a substantial portion of
daily caloric intake as well as essential plant proteins
and micronutrients (Guzman et al., 2019). However,
wheat-based diets often lack sufficient protein qual-
ity and micronutrients, leading to “hidden hunger”
and contributing to malnutrition-related diseases and
impaired development (Bouis & Saltzman, 2016).

Grain protein content (GPC) represents a key
determinant of wheat grain quality, as it influences
both nutritional characteristics and processing per-
formance, particularly baking properties (Sun et al.,
2025). However, efforts to enhance GPC through

© 2026 Al-Farabi Kazakh National University

conventional breeding remain constrained by sub-
stantial environmental effects (Rybicki et al., 2016),
the well-documented inverse relationship between
protein concentration and grain yield, limited genetic
diversity in modern germplasm (Simmonds, 1995),
and the complex polygenic nature of this trait. To-
gether, these factors complicate the development
of high-protein wheat cultivars (Welch & Graham,
2004), and complex polygenic inheritance involving
genotype-by-environment interactions (Marcotuli et
al., 2025). These factors make selection for enhanced
grain protein particularly challenging (Shewry,
2009).

In addition to protein concentration, thousand
kernel weight (TKW) represents a key yield-related
trait reflecting grain size and overall productivity in
wheat. Improvement of grain protein content is fre-
quently associated with a potential trade-off with
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kernel weight and yield components. Therefore, si-
multaneous evaluation of GPC and TKW is essential
to determine whether enhanced protein levels are ac-
companied by unintended reductions in grain weight.

Adaptation to diverse or changing environments
requires flexible control of developmental traits such
as heading time (Kamran et al., 2014). In wheat,
heading time is primarily regulated by three genetic
systems: vernalization response mediated by VRN
genes (Allard et al., 2012), photoperiod sensitivity
controlled by PPD genes (Kitagawa et al., 2012),
and earliness per se (Eps) genes that fine-tune head-
ing independently of vernalization and photoperiod
(Ochagavia et al., 2019). Eps genes allow wheat to
synchronize reproductive development with favor-
able environmental windows, supporting yield stabil-
ity (Alvarez et al., 2016). Among these, the Eps-Am1
locus has been identified as an important determinant
of heading time, spike development, and yield com-
ponents (Appendino & Slafer, 2003). In the present
study, Eps-Am1 was selected as a candidate gene be-
cause it represents a well-characterized intrinsic ear-
liness locus regulating heading time independently
of vernalization and photoperiod pathways. Since the
experiments were conducted under controlled green-
house conditions minimizing environmental varia-
tion, differences in heading time were expected to re-
flect underlying genetic factors. Targeting Eps-Aml
allowed us to examine whether gamma irradiation
induced allelic variation at a major developmental
regulator associated with intrinsic earliness. Addi-
tional studies have shown that Eps genes contribute
significantly to local ecological adaptation (Horvath
et al., 2023; Zhang et al., 2022).

Induced mutagenesis is a powerful approach for
expanding genetic diversity by creating novel al-
leles not available in natural germplasm (Shu et al.,
2012). Both physical and chemical mutagens are
widely used to generate beneficial mutants for crop
improvement (Chaudhary et al., 2019). Gamma ir-
radiation, especially using a 60 Co source, is one of
the most effective and widely applied physical muta-
gens in plant breeding (Spencer-Lopes et al., 2018).
It has been responsible for developing numerous
improved crop varieties across the world, including
cereals (Ahloowalia et al., 2004). In wheat, gamma
irradiation has successfully increased variability in
agronomic traits (Kenzhebayeva et al., 2017), yield
components (Maree et al., 2025), grain micronutri-
ent content (Kenzhebayeva et al., 2018b), and grain
quality traits (Kenzhebayeva et al., 2013). The bio-
logical effects of gamma rays, including increased
mutation frequency and altered gene expression,
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have been well documented (Zulfigar et al., 2021).
Gamma-induced mutants are often screened in early
generations, and promising genotypes are advanced
for further evaluation (Tahir et al., 2023).

Several studies have also demonstrated increases
in protein content, gluten strength, and other quality
parameters in wheat mutants developed using gam-
ma irradiation (Koksel et al., 1998; von Well et al.,
2023). Mutation breeding continues to play an im-
portant role in wheat research, especially for traits
with limited natural variation (Holme et al., 2019).
Evaluation of mutant lines under diverse environ-
ments provides opportunities to identify novel al-
leles affecting grain quality and developmental traits
(Oury et al., 2000).

The local spring wheat cultivar Eritrospermum-35
is an important variety in Kazakhstan, but like many
modern cultivars, it has limited genetic variability for
some agronomic and quality traits. Previous research
in Kazakhstan has emphasized the need to expand
genetic diversity through modern breeding and mu-
tagenesis approaches (Kenzhebayeva et al., 2018a).
Studies on wheat adaptation in Central Asia further
highlight the importance of improving both nutri-
tional quality and resilience traits. Kazakhstan wheat
breeding programs continue to explore new genetic
sources for improving grain quality, stress tolerance,
and yield potential (Kenzhebayeva et al., 2022; Ken-
zhebayeva et al., 2015).

Recent advances in wheat genomics have provid-
ed new tools for understanding complex traits such
as protein content and flowering time (Song et al.,
2023). The use of molecular markers accelerates the
identification of key alleles and supports marker-as-
sisted selection in breeding programs (Appels et al.,
2018). Wheat genome research has shed light on the
structure and evolution of polyploid wheat, improv-
ing the efficiency of genetic analysis (Uauy et al.,
2006). Regulatory genes, including transcription fac-
tors influencing grain protein content, have also been
identified (Velu et al., 2018). Improving wheat nutri-
tional quality remains a global objective, particularly
in the context of food security challenges (Gupta et
al., 2020).

Biofortification through genetic and breeding ap-
proaches is recognized as a promising strategy to ad-
dress micronutrient deficiencies worldwide (Velu et
al., 2011). Wheat is a primary target for biofortifica-
tion due to its central role in human diets (Velu et al.,
2014). Enhancing grain zinc and iron concentrations,
along with improving protein quality, is essential for
combating hidden hunger. Wheat adaptation studies
in Kazakhstan further support the need for breeding
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nutritionally enhanced cultivars suited to local condi-
tion. Consequently, enhancing grain nutritional traits
continues to be a central objective of both interna-
tional and regional wheat improvement programs
(Wan Teng et al., 2022).

Therefore, the objective of this study was to eval-
uate gamma irradiation—induced variation in grain
protein content and heading time in Mg mutant lines
of spring wheat (cv. Eritrospermum-35), and to as-
sess allelic variation in the candidate gene Eps-A"1
associated with heading traits.

Materials and methods

Development of My mutant lines through gamma
irradiation. The experimental material included M
mutant lines obtained from the local spring bread
wheat cultivar Eritrospermum-35 (Triticum aestivum
L.). Dry seeds were exposed to gamma radiation at
doses of 100 and 200 Gy using a “60Co source at
the Kazakh Nuclear Centre in accordance with es-
tablished protocols for mutation induction in cereal
crops (Ahloowalia et al., 2004; Zhang et al., 2022).
The irradiated seeds were then sown to produce the
M, generation.

Subsequent generations (M,—M,) were cultivated
under field conditions at the Kazakh Research Insti-
tute of Agriculture and Plant Growing (Almaty, Ka-
zakhstan). Selection of superior plants was performed
mainly based on yield-related parameters, including
grain weight per plant (GWP) and grain weight per
main spike (GWS), in comparison with the non-irra-
diated parental cultivar grown under identical condi-
tions. Following harvest of the M5 generation, fifteen
lines from each radiation treatment (100 and 200 Gy)
were selected for further evaluation of grain protein
content, Thousand kernel weight and flowering time.
These mutant lines, together with the parental cul-
tivar Eritrospermum-35, were used for subsequent
analyses

Field and greenhouse experiments. To evaluate
yield performance and grain quality traits, the Ms
mutant lines together with the parental cultivar Er-
itrospermum-35 were cultivated in replicated field
trials. The experiment was conducted at the Insti-
tute for Cereal Crops Improvement, Department of
Molecular Biology and Ecology of Plants, Tel Aviv
University. A randomized design with three replica-
tions was applied. Each experimental unit consisted
of three rows (2 m in length and 1.2 m in width) with
20 cm spacing between rows and a planting density
of 30 seeds per row. Standard agronomic manage-
ment practices, including fertilization, weed control
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and plant protection, were applied according to local
recommendations. Flowering time assessment was
performed under controlled greenhouse conditions to
reduce environmental variation. Seeds were initially
germinated on moist filter paper, and four-day-old
seedlings were transferred to plastic pots (16 cm up-
per diameter, 12 cm lower diameter, 18 cm height)
containing 2 kg of soil substrate.

Plants were maintained at 23°C under a 16 h pho-
toperiod in a naturally illuminated greenhouse. Soil
moisture was maintained at approximately 70% of
field capacity. Thirty plants were grown per pot, and
each genotype was represented by three independent
biological replicates.

Grain protein content determination. The GPC
was measured on whole grains using near-infrared
reflectance (NIR) spectroscopy. For each M, line
and the Eritrospermum-35 parent, three subsamples
were analyzed using a ZX50 Portable Grain Analyz-
er (Zeltex, Hagerstown, MD, USA) with proprietary
calibration software. Each subsample consisted of 25
grains per line. Results are expressed as percentage
of protein in the grain on a mass basis. For the Eritro-
spermum-35 mutant population, summary statistics
(minimum, maximum, mean and standard deviation)
of GPC were calculated separately for the 100 Gy
and 200 Gy treatments. Superior high-protein lines
were identified using analysis of variance (ANOVA)
followed by pairwise comparisons.

Thousand kernel weight determination. Thou-
sand kernel weight (TKW) was determined accord-
ing to standard grain analysis procedures. For each
genotype, mature and healthy grains were randomly
selected after harvest, and measurements were per-
formed in three biological replicates. TKW values
were expressed in grams as mean =+ standard de-
viation (SD). All genotypes were grown under field
conditions during the same growing season and har-
vested at physiological maturity to ensure reliable
comparison of TKW values.

Molecular analysis of Eps-A™1. To investigate
the genetic basis of flowering time and the earli-
ness per se candidate gene Eps-A"1 was analyzed by
PCR. Total genomic DNA was extracted from young
leaf tissue of 10-day-old seedlings using a modified
CTAB method adapted from previously published
protocols and optimized according to Kenzhebaye-
va et al. (2016). DNA pellets were dried and resus-
pended in TE buffer, and DNA concentration was
determined using a Bio Photometer (Eppendorf AG,
Hamburg, Germany). For Eps-4™1, candidate gene-
specific primers Eps-A"1 -F (5’-CACATATCTG-
GCACCCACA-3’) and Eps-A"1 -R (3’-TGCTCAT-
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GAGTTTTCC-TCTGAA-5") (Eurofins Genomics,
Germany) were used to amplify a fragment of around
780 bp associated with the presence of the Eps-A"1
allele (Kenzhebayeva et al., 2016). PCR amplifica-
tion was performed under the following conditions:
initial denaturation at 95°C for 5 min; followed by 37
cycles of denaturation at 94°C for 30 s, annealing at
57°C for 30 s, and extension at 72°C for 30 s; with
a final extension at 72°C for 5 min. PCR products
were separated on 1% agarose gels and visualized
under UV light using a Gel Documentation System
(the ENDURO™ GDS, Labnet International, Inc).
The presence or absence of the diagnostic bands for
Eps-A"1 was recorded for each Eritrospermum-35
M, mutant line and the parent, and the frequency of
alleles in the mutant populations was compared be-
tween the 100 Gy and 200 Gy treatments.

Recording of heading time. Heading time was re-
corded in the greenhouse experiment as the number of
days from sowing to spike emergence (heading). Pots
were inspected every two days, and heading date was
defined as the day when spikes first emerged from the
flag leaf sheath. For each genotype, the mean head-
ing time (days from sowing) was calculated based
on three replicated pots. In addition, the number of
main spikes per pot at heading was recorded as an
indicator of tillering and reproductive development.
For Eritrospermum-35, summary statistics of head-
ing time (mean + standard deviation) were calculated
for the parent, the 100 Gy mutant lines, and the 200
Gy mutant lines.

Statistical analysis. All data were analyzed using
standard statistical procedures. The GPC data were
evaluated by one-way analysis of variance (ANOVA)
to test the effect of irradiation dose (parent vs 100 Gy
vs 200 Gy) within the Eritrospermum-35 background.
Coefficients of variation (CV, %) were calculated to
assess the relative variability of GPC in each group
of lines. Multiple comparisons of mutant lines with
the parent were performed using appropriate post hoc
tests (e.g. Dunnett’s test), and a significance level of
p < 0.05 was considered statistically significant. For
flowering time, mean values and standard deviations
were calculated for the parent and the 100 Gy and
200 Gy mutant populations. Differences between
means were interpreted considering the presence or
absence of Eps-A™1 alleles. Frequency distributions
and boxplots of GPC and flowering time are present-
ed to visualize the response of the parent and mutant
populations and to facilitate interpretation of irradia-
tion effects on the studied traits.
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Results and discussion

Gamma-Induced Variation in Grain Protein
Content of Eritospermum-35 Ms Mutant Line. The
population derived from the 100 Gy treatment dis-
played protein values between 5.60% and 14.43%,
with a mean of 13.56 £ 0.57% (n = 45). Lines ex-
posed to 200 Gy showed a marginally higher average
GPC (13.76 £ 0.63%). Compared with the parental
cultivar (13.27 + 0.31%), eleven mutant genotypes
(37%) demonstrated an increase in protein concen-
tration ranging from 5.7% to 11.0%.

Among the most promising high-protein geno-
types were lines 108(1), 118(3), 135(1), 156(1),
140(2), 149(2), 150(7), 152(5), 153(6), 153(7) and
153(8). The coefficient of variation for GPC in Er-
itrospermum-35 mutant lines was 4.2% for the 100
Gy population and 4.58% for the 200 Gy population,
indicating a moderate level of variability in GPC
within each Gy group. The boxplots (Figure 1. a, b)
clearly illustrate that both irradiation doses increased
the spread of GPC values relative to the parent, with
several outlier lines exceeding the parental mean by
more than one standard deviation.

Statistical evaluation using one-way ANOVA
demonstrated that irradiation dose significantly influ-
enced GPC levels (p < 0.05). Pairwise comparisons
indicated that both irradiated populations differed
from parental control, and irradiation explained a
considerable proportion of total phenotypic variation
in protein content (Figure 1).

Gamma irradiation induced substantial variation
in grain protein content (GPC) among M5 lines, con-
sistent with earlier findings that mutagenesis gener-
ates novel alleles affecting grain quality. Both 100
Gy and 200 Gy groups showed increased mean GPC
relative to the parent (Table 1). In addition to protein
content, thousand kernel weight (TKW) was evalu-
ated to assess the potential impact of irradiation on
grain size and yield-related traits. The mutant popu-
lations exhibited higher mean TKW values (47.19 +
8.54 g for 100 Gy and 48.68 + 5.95 g for 200 Gy)
compared with the parent cultivar (34.19 = 0.32 g).
Importantly, the increase in GPC was not accompa-
nied by a reduction in kernel weight, suggesting that
protein enhancement did not result in an evident yield
penalty. Analysis of variance indicated a significant
effect of irradiation dose on TKW (p < 0.05). These
results indicate that gamma irradiation generated fa-
vorable combinations of quality and agronomic traits
in the Eritrospermum-35 mutant lines.
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Figure 1

Grain protein content (GPC) distribution in the parental cultivar Eritrospermum-35 and in M, mutant lines generated afier exposure to
100 Gy and 200 Gy gamma irradiation (b) shows box-and-whisker plots representing median values, interquartile ranges and extreme

data points for each treatment group
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Table 1

Mean values (£ SD) of grain protein content (GPC) and thousand
kernel weight (TKW) in parental cultivar and M mutant lines of
Eritrospermum-35 developed under different gamma irradiation
doses

Grain protein

Genotype content, % on db TKW. ¢
Eritrospermum-35 1327031 34.19 0.32
(parent)

Eritrospermum-35

M, mutant lines 13.56 £0.57 47.19 £8.54
(100 Gy)

Eritrospermum-35

M, mutant lines 13.76 £ 0.63 48.68 +£5.95

(200 Gy)

Gamma irradiation induced substantial variation
in GPC among M5 lines, consistent with earlier find-
ings that mutagenesis generates novel alleles affect-
ing grain quality. Both 100 Gy and 200 Gy groups
showed increased mean GPC relative to the parent
(Table 1).

Variation in days to heading in Eritrosper-
mum-35 mutant lines. Days to heading showed clear
differences between the parental cultivar and the Er-
itrospermum-35 mutant populations (Table 2). The
parent exhibited a mean heading time of 106 + 8.13
days from sowing to spike emergence under green-
house conditions. The 100 Gy-treated M5 lines head-
ed substantially earlier, with a mean of 88 + 10.41

Int. j. biol. chem. (Online)
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days, corresponding to an advance of approximately
18 days relative to the parent. In contrast, the 200 Gy-
treated lines headed later, with a mean of 114 +5.45
days, about 8 days later than the parent.

Table 2

Days to heading (mean £ SD) in the parental cultivar and Ms
mutant lines of Eritrospermum-35 developed under different
gamma irradiation doses

Genotype Number of Days to heading
P lines (mean + SD)

Eritrospermum-35 | 106+ 8.13
(parent)
Eritrospermum-35
M, mutant lines 15 88+ 10,41
(100 Gy)
Eritrospermum-35
M, mutant lines 15 114 +5.45
(200 Gy)

Eritrospermum-35 mutants showed strong shifts
in days to heading. Early heading at 100 Gy aligns
with observations that moderate irradiation doses
often generate beneficial developmental mutations
(Chaudhary, 2019; von Well et al., 2023). In contrast,
delayed heading at 200 Gy corresponds to findings
that higher irradiation doses cause broader genomic
perturbations.

Molecular characterization of Eps-A™1 alleles.
Molecular analysis revealed differences in allelic
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composition at the Eps-A"1 locus between the parent
cultivar Eritrospermum-35 and its M, mutant lines.
For the Eps-A™1 candidate gene, a relatively high fre-
quency of the diagnostic PCR fragment was found in
the Eritrospermum-35 100 Gy-dose mutant lines. Sex
out of fifteen 100 Gy lines (66.7%) carried the Eps-

Figure 2

Am1 allele, including lines 105(1); 118(1); 118(2);
136(1); 140(3) and 232(1). In the 200 Gy mutant
lines, the Eps-A™1 allele was not present. These re-
sults indicate that 100 Gy dose was more efficient
than the 200 Gy dose in generating allelic variation
at Eps-A™1 in Eritrospermum-35 mutant populations.

Agarose gel electrophoresis of PCR amplification products of the Eps-Am1 gene.
M — 100 bp DNA ladder; lane 1 — Eritospermum-35 (parent); lanes 2-16 — Ms mutant lines (200 Gy) [105(1), 108(1), 113(1), 113(5),
118(1), 118(2), 118(3), 135(1), 136(1), 138(6), 140(2), 140(3), 140(4), 232(1) and 242(2)]

1000bp
~780b
500bp

100 bp

The frequency distribution of days to heading
(not shown) demonstrated a clear shift toward earlier
heading in the 100 Gy population and toward delayed
heading in the 200 Gy population. Lines carrying the
Eps-Aml allele tended to head 12-28 days earlier
than the parent, depending on genotype and irradia-
tion dose, confirming the contribution of this locus
to intrinsic earliness. The presence of early-heading
Eps-A™1 alleles, combined with enhanced GPC, sup-
ports their potential breeding value, especially in en-
vironments prone to heat and drought stress (Appen-
dino & Slafer, 2003).

Treatment of Eritrospermum-35 seeds with gam-
ma radiation at 100 and 200 Gy led to the formation of
M,-derived mutants characterized by substantial varia-
tion in both grain protein content and heading time.
These findings confirm that induced mutagenesis is
an effective strate Gy to broaden genetic variability
for important agronomic and quality traits in locally
adapted wheat varieties (Chaudhary et al., 2019).

An increased grain protein content was detected
in a considerable number of M, mutant lines, par-
ticularly within the 100 Gy and 200 Gy treatments,
compared with the parental cultivar. The occurrence
of these high-protein genotypes indicates that gamma
irradiation may have induced genetic alterations in-
fluencing nitrogen assimilation, remobilization effi-
ciency, or protein accumulation in the grain (Maree
et al., 2025). Although breeding for high GPC is of-
ten hampered by its negative correlation with yield,

Int. j. biol. chem. (Online)

the mutant lines in this study were selected from ear-
lier generations based on yield components, indicat-
ing that at least some of the high-protein lines may
maintain acceptable productivity.

The observed variation in days to heading among
Eritrospermum-35 mutant lines has important impli-
cations for adaptation and yield stability. Earlier head-
ing can help wheat escape terminal heat and drought
stress in continental climates, whereas slightly later
heading may be advantageous in cooler or more hu-
mid regions (Alvarez et al., 2016; Ochagavia et al.,
2019). The 100 Gy mutant population showed gener-
ally earlier heading than the parent, whereas the 200
Gy lines tended to head later, suggesting that differ-
ent sets of mutations affecting developmental regula-
tors were recovered in the two irradiated populations.
The molecular data suggest that allelic variation at
Eps-A™1 contributed to these differences. In partic-
ular, the higher frequency of the Eps-A™1 allele in
the 100 Gy population is consistent with the reduced
days to heading in these lines.

The Eps genes are believed to control intrinsic
earliness by affecting developmental rates after ver-
nalization and photoperiod requirements are satisfied
(Appendino & Slafer, 2003). Thus, the appearance of
novel Eps-A™1 alleles in the Eritrospermum-35 mu-
tant lines likely enabled fine-tuning of heading time
independently of external cues. The PCR products
observed in Figure 2 confirm that irradiation gener-
ated additional allelic variants at this locus.
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From a breeding perspective, the combination
of enhanced GPC, favorable heading time and nov-
el alleles at Eps-Aml makes the Eritrospermum-35
M; mutant lines valuable genetic resources. High-
protein, early-heading lines are particularly attractive
for regions where short growing seasons and climatic
stresses limit wheat productivity and quality. Such
lines could be used directly as mutant varieties after
agronomic evaluation or as donors in crossing pro-
grams to transfer desirable alleles into elite breeding
lines (von Well et al., 2023).

Overall, the study highlights the potential of
gamma irradiation and mutation breeding for im-
proving both grain quality and adaptation traits in
spring wheat. Further work should focus on (i) de-
tailed phenotypic characterization of the most prom-
ising mutant lines in multi-environment field tri-
als, (ii) fine mapping of the novel Eps-A™1 alleles
and (iii) integration of mutation-derived alleles into
marker-assisted selection schemes for spring wheat
improvement.

Conclusions

Gamma irradiation of Eritrospermum-35 seeds at
100 Gy and 200 Gy generated M, mutant lines ex-
hibiting significant variation in grain protein content
(GPC), thousand kernel weight (TKW), and flower-
ing time. A considerable proportion of mutant lines
showed GPC values 5.7-11.0% higher than the pa-
rental cultivar, demonstrating the effectiveness of in-
duced mutagenesis for improving wheat grain nutri-
tional quality.

Importantly, the increase in GPC was not ac-
companied by a reduction in grain weight. Both ir-
radiation treatments resulted in significantly high-
er mean TKW compared with the parent (34.19 +
0.32 g), reaching 47.19 + 8.54 g at 100 Gy and
48.08 + 5.95 g at 200 Gy. Analysis of variance
confirmed a significant effect of irradiation dose on
TKW, indicating favorable combinations of qual-
ity and yield-related traits. The 100 Gy population
headed earlier (88 + 10.41 days) than the parent
(106 + 8.13 days), whereas the 200 Gy population

headed later (114 + 5.45 days), suggesting dose-
dependent shifts in developmental timing. Molecu-
lar analysis revealed novel allelic variation at the
Eps-A™1 locus, with the 100 Gy treatment showing
greater allelic diversity. Lines carrying the Eps-
A™1 allele tended to head 12-28 days earlier than
the parental genotype.

Overall, M, mutant lines combining enhanced
GPC, increased TKW, modified days to heading,
and favorable allelic variation represent promising
material for breeding high-quality and well-adapted
spring wheat cultivars for Kazakhstan and similar en-
vironments.
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EFFECT OF CADMIUM CHLORIDE
ON THE CARDIAC MUSCLE ULTRASTRUCTURE OF RATS

Abstract: Cadmium is a heavy metal and environmental pollutant that plays a significant role in
the development of cardiovascular diseases. Chronic exposure to low concentrations of cadmium in
experimental animals leads to various biochemical and pathophysiological changes, such as increased
blood pressure, accelerated formation of cholesterol plaques in arterial walls, conduction disturbances in
the heart, and reduced contractile function of the myocardium. This study aimed to evaluate ultrastructural
changes in the heart muscle of rats poisoned with cadmium chloride, as well as to determine the extent of
recovery of these changes after cadmium exposure was discontinued. Wistar rats weighing 180 — 200 grams
were administered cadmium chloride orally at a dose of 1.5 mg/kg daily. The poisoning lasted for 10 weeks.
After the cadmium administration was stopped, heart tissue samples were collected on the first day, one
week, and two weeks later for analysis. Following cadmium administration, ultrastructural examination of
the cardiac muscle fibers revealed an increased number of mitochondria with significant cristac damage.
The number of myofibrils and myofilaments was reduced. Z-discs were partially displaced, and A and I
bands were poorly distinguishable. Intercalated discs were irregularly positioned, and the sarcolemma was
damaged. Two weeks after cadmium withdrawal, these structural changes were partially reduced. Thus,
exposure to cadmium chloride is associated with ultrastructural alterations in the heart that may underline
physiological dysfunctions, and it is suggested that these changes are partially reversible after the cessation

https://doi.org/10.26577/1JBCh20261914

of cadmium exposure.

Keywords: cadmium chloride, cardiac muscle, ultrastructure, myofibrils, myofilaments, rat.

Introduction

Cadmium (Cd) — is a ubiquitous, non-essential,
toxic metal that has harmful effects on the environ-
ment and human health upon exposure. These effects
have been the focus of research for several decades.
Cd occurs naturally in ore form. Its release into the
environment from natural or anthropogenic sources
can lead to contamination of soil and food products.
Although acute Cd intoxication is now rare due to
international regulations, people are continuously ex-
posed to low levels of Cd, primarily through food and
water consumption, cigarette smoke, polluted air, and
occupational contact (Jarup & Hazards, 2003). Once
absorbed, Cd is not effectively eliminated and thus
accumulates in the human body over a lifetime, with
a long biological half-life of 15-30 years (Thevenod
& Lee, 2013). Cd mainly accumulates in the kidneys,
liver, and lungs. However, with chronic exposure,
Cd can also accumulate in other parts of the body,
including the heart, aorta, bones and intestines (Tai,

© 2026 Al-Farabi Kazakh National University

et al., 2022b), leading to various diseases. Cadmium
toxicity causes kidney problems (tubular and glomer-
ular damage), osteomalacia, osteoporosis, testicular
dysfunction, and cancer (Honda et al., 2003).
Furthermore, epidemiological studies have dem-
onstrated a link between Cd exposure and the risk of
cardiovascular diseases, such as heart failure, stroke,
myocardial infarction, and diseases of the coronary
and peripheral arteries (Barregard et al., 2016; Deer-
ing etal., 2018; Everett & Frithsen, 2008; Peters et al.,
2010; Satarug et al., 2010; Tellez-Plaza et al., 2013;
Tinkov et al., 2018). For example, Tellez-Plaza et al.
(2013), reported an increased risk of ischemic heart
disease (hazard ratio [HR]: 1.22; 95% confidence in-
terval [CI]: 1.08-1.38), stroke (HR: 1.75; 95% CI:
1.17-2.59), and heart failure (HR: 1.39; 95% CI:
1.01-1.94) in individuals exposed to high Cd levels
(80th vs. 20th percentile of urinary Cd concentration)
(Tellez-Plaza et al., 2013). Additionally, Barregard et
al. (2016) compared individuals with the highest and
lowest quartiles of blood Cd levels and found that
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those in the highest quartile had an increased risk of
acute coronary events (HR: 1.8; 95% CI: 1.2-2.7)
and stroke (HR: 1.9; 95% CI: 1.3-2.9) (Barregard et
al., 2016). In the aforementioned studies, the asso-
ciation between Cd exposure and cardiovascular risk
was consistent among never-smokers; therefore, this
link cannot be entirely attributed to the confounding
effects of smoking. As a major toxin in cigarettes, Cd
may partially mediate the pro-atherosclerotic effects
of smoking. Mediation analysis showed that Cd con-
tributed to approximately 50% of the total increase in
cardiovascular risk among current smokers (Anders-
son et al., 2018; Li et al., 2019).

Despite epidemiological data linking Cd expo-
sure to cardiovascular risk, the underlying mecha-
nisms remain unclear. Cd induces cell apoptosis and
tissue damage by causing DNA damage, oxidative
stress, mitochondrial injury, and endoplasmic retic-
ulum stress (Genchi et al., 2020). The toxic effects
of Cd on cardiomyocytes, vascular endothelial cells,
and smooth muscle cells have been described both
in vivo (animal studies) and in vitro (Ghosh & In-
dra, 2018; Messner et al., 2016; Shen et al., 2018;
Washington et al., 2006). In the present study, we
investigated the toxicity of Cd in the cardiovascu-
lar system of mice, evaluating its impact on baseline
hemodynamics, cardiac function, and histology and
ultrastructure of cardiac and arterial tissues. Matrix
metalloproteinases (MMPs) influence heart failure
and atherosclerosis by regulating extracellular matrix
(ECM) turnover (Johnson, 2017; Olejarz et al., 2020;
Spinale et al., 2013). Therefore, we further examined
the effect of cadmium on the expression of cardiac
and arterial MMPs, particularly MMP-2, MMP-9,
and MMP-14, and their significance in cardiovascu-
lar diseases.

Ozturk et al. (2009) in his research, the systemic
hemodynamics induced by acute and chronic cadmi-
um (Cd?*") intoxication in the cardiovascular system
of rats using thoracic electrical bioimpedance were
examined and the acute and chronic effects of Cd*" in-
toxication on the activities of antioxidant enzymes
and malondialdehyde (MDA) were compared. Also,
in this study, ultrastructural changes in the heart and
aorta of rats were evaluated. Thirty-eight male Wistar
albino rats were randomly divided into control, acute,
and chronic groups. Chronic group was administered
by oral gavage an aqueous solution of CdCl, for 60
days, at dose of 15 mg Cd*/kg/day. Acute group
was administered by oral gavage an aqueous solu-
tion of CdCl, with a single dose of 15mg Cd*'/kg.
Cadmium increased the stroke volume and cardiac
output of rats in the chronic group but did not change
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the heart rate significantly. Antioxidant enzymes ac-
tivities and MDA level significantly increased in the
chronic group. In ultrastructural examination, there
were widespread degenerative changes in heart mus-
cle cells of the chronic group but endothelial cells
and smooth muscle cells in the aorta tissue samples
had normal morphological features in all groups.
All of the findings indicate that Cd** toxication can
cause deformation in heart muscle cells due to an in-
crease in free radicals and lipid peroxidation. Also,
this study has confirmed that a long-term-Cd*" expo-
sure increased stroke volume (SV) and cardiac output
(CO) but did not change the heart rate (HR).

The novelty of the study lies in demonstrating
that subchronic cadmium exposure induces a mito-
chondria-driven structural destabilization of cardio-
myocytes, resulting in sarcomeric disorganization
secondary to impaired bioenergetic support. The
observed mitochondrial — sarcomeric dissociation
represents a morphological substrate of toxic car-
diomyopathy, highlighting disruption of the energet-
ic — mechanical continuum in myocardial tissue. By
incorporating post — exposure recovery intervals, the
study further establishes that toxic myocardial injury
is a dynamic and partially reversible process, redefin-
ing cadmium cardiotoxicity as a structurally phased
pathology rather than a static degenerative condition.

This study aimed to evaluate the effects of sub-
chronic cadmium chloride exposure on the ultra-
structure of the rat myocardium and to determine
whether these alterations are reversible during a post-
exposure recovery period.

Materials and methods

The experimental animals were Wistar white rats
that had been bred for several generations in the univer-
sity laboratory to ensure genetic homogeneity. Healthy
male rats weighing 180-200 grams were used in the
study. The animals were divided into two groups: a
control group (6 rats) and an experimental group, sub-
divided into three time points with 6 rats each. Rats in
the experimental group were administered cadmium
chloride orally at a dose of 1.5 mg/kg of body weight,
dissolved in 0.2 ml 0.9% physiological saline, daily
for 10 weeks. The control group received 0.2 ml of
0.9% NaCl solution orally on the same schedule. After
completing cadmium administration, rats from the ex-
perimental group were euthanized at three time points:
on the first day, 1 week, and 2 weeks after cessation
of cadmium exposure (6 animals per time point). The
left ventricular myocardium was collected from all
animals for analysis (Table 1).
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The experimental animals were male Wistar al-
bino rats obtained from the animal vivarium at the
B. Atchabarov Institute of Fundamental and Applied
Medicine (Almaty, Kazakhstan). Healthy rats aged
3-4 months, weighing 180-200 g, were used in the
study. The animals were bred under controlled condi-
tions over several generations to ensure genetic ho-
mogeneity and the reproducibility of experimental
results.

Animals were maintained under standard vi-
varium conditions: ambient temperature 22 + 2°C,
relative humidity 50-60%, and a 12 h light/12 h dark
cycle. Ventilation was provided by a supply and ex-
haust system with controlled air quality. The animals
were housed under barrier system conditions (“clean/
dirty zones”). Rats were kept in polycarbonate cag-
es (approximately 40 x 25 x 20 cm), with no more
than 6 animals per cage. Animals were fed a standard
pelleted diet, with free access to water (ad libitum).
The animals were divided into two groups: a control
group (6 rats) and an experimental group, subdivided
into three time points with 6 rats each. Rats in the
experimental group were administered cadmium
chloride (CdCl,) orally at a dose of 1.5 mg/kg body
weight, dissolved in 0.2 mL of 0.9% physiological
saline, once daily for 10 weeks. Animals in the con-
trol group received 0.2 mL of 0.9% NaCl solution
orally according to the same schedule. After comple-
tion of cadmium administration, animals from the
experimental group were euthanized at three time
points: on day 1, 1 week, and 2 weeks after cessa-
tion of cadmium exposure (n = 6 per time point). The
left ventricular myocardium was collected from all
animals for subsequent analysis. The selected dose
of cadmium chloride (1.5 mg/kg body weight) cor-
responds to a subchronic exposure level commonly
used in recent experimental studies to induce organ-
specific toxicity without excessive mortality. Sub-
chronic cadmium exposure has been shown to cause
cardiotoxic effects, including impaired myocardial
contractility and altered hemodynamic parameters
associated with oxidative stress and molecular dam-
age (Protsenko et al., 2020).

Experimental data indicate that doses in the range
of approximately 1-2 mg/kg/day produce consistent
morphological and functional alterations in tissues
while maintaining animal viability, which is essential
for studying both injury progression and recovery.
Similar dosing regimens (e.g., ~2 mg/kg CdCl;) have
been successfully used in recent studies to induce
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oxidative stress and structural tissue damage under
subchronic conditions (Hu et al., 2024).

Higher doses (=5 mg/kg) are associated with se-
vere toxicity and pronounced tissue damage, limiting
their suitability for long-term experimental models
(Razooqi et al., 2924).

Therefore, the selected dose of 1.5 mg/kg repre-
sents a biologically relevant and methodologically
justified model of chronic cadmium intoxication.

The duration of cadmium administration (10
weeks) was selected to induce stable chronic in-
toxication and ensure sufficient accumulation of the
toxicant in tissues. Cadmium is characterized by cu-
mulative properties and a long biological half-life;
therefore, prolonged exposure is required to produce
consistent morphological and ultrastructural altera-
tions.

Post-exposure time points (day 1, 1 week, and 2
weeks after cessation) were included to evaluate the
dynamics of tissue injury and recovery following
withdrawal of the toxic agent. This design allows as-
sessment of both the persistence and potential revers-
ibility of cadmium-induced myocardial damage.

Euthanasia was performed under deep general
anesthesia using Ketamine (80—-100 mg/kg) and Xy-
lazine (10 mg/kg), administered intraperitoneally.
Adequate depth of anesthesia was confirmed by the
absence of pain reflex and corneal reflex. Follow-
ing induction of surgical anesthesia, euthanasia was
completed by decapitation.

All procedures were carried out in accordance
with international guidelines for the care and use of
laboratory animals and were approved by the local
ethics committee (Table 1).

Table 1
Experimental animal group

.. Number of Cadmium
Group Condition .
animals dose, mg/kg
control no treatment 6 -
Ist day.post- 6 15
cadmium
experiment ! week’post- 6 1.5
cadmium
2 weeks post- 6 15

cadmium
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Immediately after excision, myocardial tissue
samples (~1 mm?) were fixed at 4°C in 0.1 M Mil-
lonig’s phosphate buffer (pH 7.2) containing 2%
glutaraldehyde and 2.5% paraformaldehyde (Sig-
ma-Aldrich, USA). Post-fixation was performed in
1% osmium tetroxide at 4 °C for 2 hours (Electron
Microscopy Sciences, USA). The specimens were
dehydrated in graded ethanol and acetone (Merck,
Germany) and embedded in Epon-812 resin. Ultra-
thin sections (70—80 nm) were prepared using an AK-
VIII ultramicrotome, positioned on copper grids, and
stained with 2% uranyl acetate and lead citrate (0.04
M). The samples were processed at the Atchabarov
Research Institute of Fundamental and Applied Med-
icine (Almaty, Kazakhstan).

Ultrastructural analysis was performed using a
Hitachi H-600 transmission electron microscope (Ja-
pan) at 80 kV at the Kazakh Research Institute of On-
cology and Radiology (Almaty, Kazakhstan).

Cadmium chloride (CdCl,, >99% purity, analyti-
cal grade) was obtained from a certified supplier of
chemical reagents in the Republic of Kazakhstan,
Lab Time (product code 79037, CAS No. 10108-64-
2). A sterile 0.9% sodium chloride solution (physi-
ological saline, pharmaceutical grade) was purchased
from a licensed pharmaceutical manufacturer by Ke-
lun-Kazpharm, Kazakhstan. All reagents used in the
study were of analytical or pharmaceutical grade and
complied with relevant quality standards. Solutions
were prepared under standard laboratory conditions
in accordance with established protocols.

Ethical considerations

All experimental procedures involving animals
were approved by the Local Ethics Committee of
Asfendiyarov Kazakh National Medical University
(Protocol No. 38 dated 28.01.2026) and were con-
ducted in accordance with international guidelines
for the care and use of laboratory animals.

All procedures were carried out in accordance
with the Order of the Ministry of Health of the Re-
public of Kazakhstan dated December 11, 2020,
Ne. Ministry of Health of the Republic of Kazakh-
stan-248/2020. The movement of personnel and ma-
terials was ensured through sanitary airlocks with the
mandatory use of personal protective equipment. To
prevent bacterial contamination, cleaning procedures,
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feeding, and animal care were performed strictly in
accordance with the established regulations.

Housing and care of laboratory animals were
organized according to barrier system principles,
with strict separation of “clean” and “dirty” flows.
The maintenance, care, and use of laboratory ani-
mals were conducted based on the following regula-
tory documents: the sanitary rules approved by the
Order of the Ministry of Health of the Republic of
Kazakhstan dated December 25, 2020, No. Ministry
of Health of the Republic of Kazakhstan-331/2020;
generally accepted international guidelines for
working with laboratory animals (GLP, Guide for
the Care and Use of Laboratory Animals); and the
internal standard operating procedures (SOPs) of
the vivarium.

Results and discussion

Electron microscope findings of the control white
mouse myocardial cells. The nucleus and nucleus of
the spindle type are clearly observed and the nuclear
membrane of the double membrane was easily ob-
served. Myofibril was distributed in large numbers
and between the myofibril, the circumferential pri-
vates were distributed bearing the privates (Figure
la). Myofibrils were clearly separated by sarcomere
due to the limit of the Z-line and I band (1), A band
and H band were observed. Some T tubules were
also observed. M lines were observed in the center of
eradication. myofilaments were arranged regularly at
regular intervals and sharpened at each root (Figure
1b).

Electron microscopic findings of white rat car-
diomyocytes in the experimental group in the myo-
cardium of white rats sacrificed on the first day after
daily administration of cadmium for 10 weeks, most
of the myofibrils were shrunk or reduced, and the
sarcoplasmic reticulum was proliferated between the
myofibrils, but some of the sarcoplasmic reticulum
was damaged or reduced (Figure 2a). The Z lines of
the root fibers show an irregular arrangement and
the myofibrils are reduced or damaged. Distinctions
between bands and bands were rarely observed. The
structure of the sarcoplasmic reticulum (interdisc)
was observed to be irregular and the fascicle (in the
sarcolemma) was observed to have disconnected
phases (Figure 2b).
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Figure 1

Electron micrographs of cardiac muscle fibers in control rat (a) X 8000 and (b) X 20000)

Round oval nucleus (N) of a cardiac cell is clearly seen. Numerous myofibrils (m) and myofilaments are clearly
arranged. A few mitochondria (M) are located at interfibrillar region and adjacent nucleus. In myofibril, Z-line,
A-band, I-band and H-line showed their fine structures.

Mitochondria contains numerous cristae.

Figure 2

Electron micrographs of rat cardiac muscle fibers at 1*' day after cadmium chloride administration of 10 weeks (a) X
8000 and (b) X 20000)

The number of mitochondria (M) is increased, and their cristae are severely damaged. Consequently, cardiac
myofibrils (My) are decreased, and few myofilaments (mf) are observed. The Z-discs show irregular structures and
are partially dislocated. Additionally, irregularly arranged intercalated discs (Ic) and a disrupted sarcolemma are

visible.

In the cardiomyocytes of white rats treated with  of sarcolemmal plates is disrupted, and some of the
cadmium 10 for a week and recovered after 1 week, = myofilaments are lost, and the loss of private bodies
the number of myofibrils is significantly reduced, nu-  and the loss of A and h bands are also observed (Fig-
merous private bodies are observed, the connection  ure 3a, 3b).
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Figure 3

Electron micrographs of rat cardiac muscle fibers at | week after cadmium chloride administration of 10 weeks (a) X
8000 and (b) X 20000)

Few myofibrils (My) are seen, and mitochondria (M) are increased in numbers. Mitochondria lost a lot of cristae.
Mpyofilaments (mf) are reduced and A-bands and I-bands are not clearly defined. Z-disc are partly observed.

Sarcolemma (SI) are segregated from myofibrils (Mf).

In the cardiomyocytes of white rats treated

with cadmium 10 for a week and recovered after 2

weeks, the number of myofibrils is similar to that of

Figure 4

the control group, but the number of private bodies
is slightly increased, and the myofilaments are also
recovered.

Electron micrographs of rat cardiac muscle fibers at 2 weeks after cadmium chloride administration of 10 weeks (a)

X 8000 and (b) X 20000)

The myofibrils(mf) of cardiac muscle fibers were increased in numbers. Mitochondria (M) are reduced in number
similar to control rat mitochondria. Z-disc, I-band and A-band are seen.

Cadmium is a heavy metal widely used for indus-
trial purposes, and in recent years, due to the devel-
opment of industry in the world, an increase in intake
through air pollution, smoking, drinking water and
food has been reported.

The results of a study by Reda A. Ali et al. (2024),
showed that exposure to various low doses of Cd in
chick embryos affects key stages of myocardial de-
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velopment, which may predispose offspring to car-
diovascular disease in the future. This study showed
that exposure to Cd caused inflammation of embry-
onic cardiomyocytes, thickening and hyperplasia of
the heart muscle. In addition, Cd causes underdevel-
opment of the heart, as well as microstructural and
histopathological damage, which is reflected in a
decrease in the efficiency of the heart. The cardio-
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toxic effects of Cd on the structure and function of
the heart depend on the dose (Reda et al., 2024).

Yu-Ting Tai et al. (2022a) demonstrated the suc-
cessful establishment of a mouse model of chronic
cadmium (Cd) accumulation. Cadmium deposition
was detected in multiple tissues, including the spine,
femur, aorta, heart, kidneys, lungs, liver, intestines,
serum, and urine, confirming systemic distribution
following prolonged exposure. The authors reported
that Cd accumulation in the kidneys and aorta reached
near-saturation levels in the higher-dose group. In
addition, calcium concentrations in bone and kidney
tissues decreased with increasing Cd exposure, indi-
cating direct toxic effects on mineralized tissues. Al-
though no significant changes in body weight, blood
pressure, or heart rate were observed, histological
examination revealed pronounced structural altera-
tions in cardiac tissue. These findings suggest that Cd
accumulation plays an important role in mediating
pathophysiological changes, particularly in the heart
and skeletal system (Tai et al., 2022a).

Shing-Hsien Chou et al. (2023) showed
epidemiological studies have reported an associa-
tion between chronic cadmium (Cd) exposure and
increased cardiovascular risk; however, their causal
relationship remains unclear. The aim of this study
is to explore the effects of Cd exposure on the car-
diac and arterial systems in mice. According to the
concentration of cadmium chloride in drinking wa-
ter, male mice were randomly divided into control
and low-dose and high-dose Cd exposure groups.
The intervention duration was 12 weeks. In cardiac
tissues, Cd exposure led to focal necrosis, myofibril
disarray, perivascular and interstitial fibrosis, and dis-
organized sarcomere structures. Cd also induced the
apoptosis of cardiomyocytes and increased the ex-
pression levels of matrix metalloproteinase (MMP)-2
and MMP-14 in cardiac tissues. In the arterial tissues,
Cd exposure damaged the intimal and medial layers
of the aorta. Cd further reduced the viability of aor-
tic smooth muscle cells in vitro. This study provides
evidence for the Cd-induced damage of the cardio-
vascular system, which may contribute to various
cardiovascular diseases (Chou et al., 2023).

Sepulchro Mulher et al. (2024) demonstrated that
cadmium, a widespread environmental heavy metal,
acts not only as a cardiovascular risk factor but also
as a potential metalloestrogen capable of inducing
sex-dependent vascular effects. Using isolated aortic
preparations from female Wistar rats, the authors in-
vestigated the in vitro effects of cadmium chloride
(CdCl,, 5 uM) on vascular reactivity. Exposure to
CdCl,; resulted in structural damage to the vascular
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endothelium, increased production and release of
reactive oxygen species (O), reduced the involve-
ment of potassium (K*) channels, and enhanced ac-
tivation of the angiotensin II pathway in response to
phenylephrine. In addition, estrogen receptor alpha
(ERa) was found to modulate vascular reactivity in
the presence of cadmium, supporting the hypothesis
that cadmium may function as a metalloestrogen. The
study concluded that cadmium exposure promotes
endothelial injury and oxidative stress in the isolated
aorta of female rats, potentially contributing to the
development of vasculopathies (Sepulchro Mulher et
al., 2024).

Rossi et al. (2024) reported that chronic cadmi-
um exposure is associated with vascular alterations
and increased arterial pressure; however, the short-
term cardiovascular effects remain insufficiently
characterized. In their experimental study, Wistar
rats were exposed to cadmium chloride (CdCl,) at
a concentration of 100 mg/L in drinking water for
7 days, which corresponds to an approximate daily
intake of ~10-15 mg/kg body weight, depending on
fluid consumption. The authors demonstrated that,
despite relatively low plasma cadmium levels, the
exposed animals exhibited elevated systolic blood
pressure and enhanced vascular contractility in re-
sponse to phenylephrine. Endothelium removal and
nitric oxide synthase (NOS) inhibition increased
contractile responses in both control and cadmium-
treated groups. In the aorta of cadmium-exposed
rats, increased phosphorylation of endothelial nitric
oxide synthase (eNOS, Ser1177) and elevated basal
nitric oxide production were observed. Furthermore,
cadmium exposure was associated with decreased
catalase expression and increased basal hydrogen
peroxide (H,0O,) release. Catalase incubation attenu-
ated the enhanced contractile response. In vessels
pre-contracted with phenylephrine, cadmium-treated
rats showed impaired endothelium-dependent (ace-
tylcholine-induced) and endothelium-independent
(sodium nitroprusside-induced) relaxation. However,
responses to sodium nitroprusside were comparable
between groups when pre-contraction was induced
by KCI. These findings indicate that even short-term
cadmium exposure can induce early alterations in
vascular function and blood pressure regulation, po-
tentially mediated by impaired antioxidant defense
and increased H,O, bioavailability.

El Bakary et al. (2025) reported that exposure
to cadmium (Cd) induces pronounced cardiotoxic
effects, primarily mediated by oxidative stress and
inflammatory responses. In their experimental study,
male albino rats were divided into five groups (con-
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trol, Cd, Cd+R, Cd+RES, and Cd+RES+R). Cadmi-
um chloride was administered intraperitoneally at a
dose of 2 mg/kg body weight, five times per week
for six consecutive weeks. Resveratrol (50 mg/kg/
day) was administered for 35 days, starting from the
second week of cadmium exposure, and low-dose
gamma radiation (0.75 Gy) was applied at the end of
the experimental period. The authors demonstrated
that cadmium exposure significantly increased serum
levels of cardiac injury markers, including creatine
kinase-MB (CK-MB), troponin I, and lactate de-
hydrogenase (LDH), along with alterations in lipid
profile parameters. Moreover, a marked downregula-
tion of key metabolic and antioxidant regulators was
observed in cardiac tissue, including AMP-activated
protein kinase (AMPK), Sirtuin 1 (SIRT1), nuclear
factor erythroid 2-related factor 2 (NRF2), and sup-
pressor of cytokine signaling 3 (SOCS3). Notably,
resveratrol exerted a protective effect by modulating
AMPK-mediated signaling pathways and attenuat-
ing oxidative stress and inflammatory responses in
cadmium-treated animals.

Raktim et al. (2026) reported that cadmium in-
duces cardiotoxicity even at low doses through en-
docrine disruption and oxidative stress. This inves-
tigation assessed age-related susceptibility in female
albino rats by comparing pre-pubertal (30-day-old)
and post-pubertal (60-day-old) animals that were
administered CdCl, at a dosage of 5.12 mg/kg body
weight per day via oral gavage for 15 days. Despite
greater Cd accumulation in pre-pubertal rats, post-
pubertal animals exhibited heightened cardiac injury.
This paradox correlated with impaired induction of
metallothionein (MT), enhanced glutathione and vi-
tamin C depletion, and reduced enzymic antioxidants
(SOD, CAT, GPx). Concomitantly, altered adrenal
function with increased corticosterone (CORT) and
reduced estradiol (E2) reflected differential hypotha-
lamic—pituitary—adrenal (HPA) axis responsiveness,
further compromising antioxidant defenses. Bio-
markers of cardiac function confirmed this vulnera-
bility: increased serum CK-MB and troponin I, elec-
trocardiographic (ECG) abnormalities (ST elevation,
QT prolongation, tachycardia), and larger infarct
volume. Collectively, these findings demonstrate
that post-pubertal susceptibility is driven by reduced
MT inducibility and HPA axis—mediated endocrine
dysregulation, which amplify oxidative injury and
structural remodeling of ventricular myocardium.
From a translational standpoint, our findings identify
adolescence and early adulthood as critical windows
during which females exhibit heightened vulnerabil-
ity to environmental CdCl, exposure. Variations in
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metallothionein (MT) expression capacity and es-
tradiol levels may serve as informative biomarkers
for predicting individual susceptibility. These results
also suggest the potential value of targeted interven-
tions such as MT induction, antioxidant therapy, or
modulation of hormonal pathways, that merit further
investigation. Collectively, the study emphasizes the
urgent need for stricter regulation of cadmium expo-
sure, particularly among peripubertal populations, to
reduce lifelong cardiovascular risk.

Xiao et al. (2026) demonstrated that cadmium
(Cd*") exposure exacerbates atherosclerotic lesions
through endothelial dysfunction. In their study, a
positive correlation was observed between cadmium
levels and atherosclerotic plaque burden in human
vascular samples. In vivo experiments using apoli-
poprotein E-deficient (ApoE™/7) mice fed a high-fat
diet showed that cadmium chloride (CdCl;) exposure
led to a dose-dependent increase in atherosclerotic
plaque formation. Histological analysis revealed
enhanced lipid deposition within the vascular wall,
as confirmed by Oil Red O staining, along with in-
creased signs of vascular inflammation. Similarly,
in zebrafish models, cadmium exposure intensified
high-fat diet-induced vascular lipid accumulation
and inflammatory changes. These findings indicate
that cadmium contributes to the progression of ath-
erosclerosis by promoting structural and histopatho-
logical alterations in the vascular wall.

During the experimental period, no mortality was
observed in either the control or cadmium-treated
groups. All animals completed the study according to
the experimental protocol; therefore, the final sample
size remained unchanged (control: n = 6; cadmium-
treated: n = 18, with n = 6 per time point). Histologi-
cal examination revealed no significant differences
in the morphology of small arteries, capillaries, or
cardiomyocytes between the cadmium-treated and
control groups. However, pronounced ultrastructural
alterations were observed in the sarcoplasmic reticu-
lum (SR) of papillary muscle cardiomyocytes in the
cadmium-treated animals. These changes were char-
acterized by dilatation of the SR cisternae, reflected
by an increased intermembrane distance, as well as
disruption of junctional complexes. Such structural
damage to the SR may impair intracellular calcium
handling and, consequently, affect myocardial elec-
trical conductivity and contractile function. In ad-
dition, an increase in electron density of the SR in
the interventricular septum was observed, suggest-
ing alterations in ionic homeostasis and intercellular
signaling. These findings support the hypothesis that
cadmium exposure may interfere with cell-to-cell
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electrical coupling in myocardial tissue. Minor dif-
ferences in the degree of SR electron density reported
across studies are unlikely to be solely attributable to
variations in cadmium dose or duration of exposure.

Subchronic exposure to cadmium for 10 weeks
induced degenerative alterations in myocardial myo-
fibrils and myofilaments, suggesting that sarcoplas-
mic reticulum dysfunction may impair cardiac con-
tractility and electrical conduction. Notably, partial
attenuation of these ultrastructural changes was
observed after cessation of cadmium administra-
tion (1 day, 1 and 2 weeks), indicating a degree of
reversibility. However, these findings should be in-
terpreted with caution, as the extent of structural re-
covery requires further confirmation by quantitative
morphometric analysis and additional ultrastructural
evidence. These results highlight the need for further
studies aimed at elucidating the mechanisms of cad-
mium-induced myocardial injury and potential strat-
egies for its prevention.

Conclusion

The present study confirms that long-term oral
administration of cadmium chloride at a dose of 1.5
mg/kg causes notable degenerative changes in the
ultrastructure of myocardial tissue in Wistar albino
rats. Morphological alterations were evident as early
as one day after the exposure period ended. These
included shrinkage and partial loss of myofibrils,
disorganization of Z-lines, disappearance of A and I
bands, disconnection of the sarcoplasmic reticulum,
and proliferation of electron-dense (private) bodies
between the myofibrils. Such damage indicates im-
paired structural integrity and potential compromise
of cardiac function.

Interestingly, one week after cadmium with-
drawal, the myocardial structure remained abnormal,
although some signs of improvement were noted.
However, two weeks post-exposure, most of the
structural features of the myocardium were restored
to a state resembling normal tissue, suggesting that
the cadmium-induced damage is, to a significant ex-
tent, reversible if exposure is discontinued in time.

These findings suggest that cadmium has a direct
toxic effect on myocardial ultrastructure, but the myo-
cardium also possesses a certain regenerative capacity.
This highlights the importance of early detection and
removal of cadmium exposure to prevent long-term or
irreversible cardiac damage. Further studies are rec-
ommended to explore the molecular mechanisms of
this recovery and its impact on heart function.
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THE ADVANTAGES AND LIMITATIONS OF HUMAN LIVER MODELS
IN IN VITRO TOXICOLOGY STUDY

Abstract: This review collects and analyses information about modern liver models used in toxicological
studies from 2015 to January 2026. Currently, human liver models are increasingly being improved and
various approaches being explored, including the selection of different cell types and advanced cultivation
methods, to more accurately simulate the in vivo liver environment to replace animal models. These new
methods are increasing the complexity of in vitro systems. However, the complex liver models currently
available are not yet a complete replacement for animal models and does not have all the characteristics of
the liver. Since many models undergo phenotypic changes during prolonged cultivation, this limits their
suitability for long-term studies of repeated administration toxicity. Moreover, they have limited suitabil-
ity, lack of vascularization, labour demanding and expensive. However, compared to early 2D hepatocyte
cultures, these modern systems demonstrate significantly improved prediction accuracy and physiological
relevance. With continued development, it may be possible to create models capable of tracking the occur-
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rence, progression, and potential reversibility of liver drug toxicity.
Keywords: liver cells, HepG2, HepaRG, 2D culture, 3D culture, toxicology.

Introduction

The liver is the central organ for the metabolism
and transformation of xenobiotics and is therefore a
major focus of toxicological research. The toxico-
logical effect of drugs is one of the main reasons for
drug elimination during development (Guengerich,
2011). Moreover, proper liver models are also used
to study mechanism of action of different environ-
mental pollutions (Baratzhanova et al., 2025). This
highlights the need for reliable preclinical models ca-
pable of predicting hepatotoxicity. Although animal
models have traditionally been used to assess safety,
interspecies differences and ethical considerations
have stimulated the development of human-relevant
in vitro systems (Poh & Stanslas, 2024).

The use of human cell culture systems makes it
possible to study human metabolism and physiology,
which are difficult to accurately reproduce in in vivo
studies (Philippeos et al., 2012). Cell culture mimics
the reaction of target tissue cells in the human body

© 2026 Al-Farabi Kazakh National University

in response to chemicals. However, there are impor-
tant differences between systems of whole organisms
and isolated cellular systems regarding the types and
complexity of toxic effects that can be measured. In
animal studies, toxicity assessment often focuses on
one or two critical endpoints that appear first when
the dose of a xenobiotic is increased. Although such
models provide valuable systemic information, they
may not reflect the full range of biological reactions
occurring in the body, and some effects may go un-
noticed during experimental observation. In contrast,
cell culture models allow the assessment of specific
cellular and molecular mechanisms of toxicity. Nev-
ertheless, the results obtained in vitro require care-
ful verification of compliance with the in vivo data
obtained in humans to confirm their physiological
significance.

In vitro systems are particularly advantageous
for screening purposes because localized toxicity can
be assessed more quickly under controlled exposure
conditions. In addition, cellular toxicity data can be
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compared with calculated in vivo exposure levels to
improve risk assessment. The other advantage of cell
culture models is the relative homogeneity of the cell
population, which reduces variability resulting from
genetic and environmental factors. This makes pos-
sible to manipulate genes and molecular pathways.
It allows generation of data with high reproducibility
and consistency, which cannot be guaranteed when
studying entire organ systems (Segeritz & Vallier,
2017).

Nowadays, significant progress has been made
in the development and application of cellular sys-
tems, which has led to the stability and functionality
of liver models. An important and main criteria for
evaluating liver models in fundamental or pharmaco-
logical studies is their ability to perform basic liver
functions and maintain appropriate metabolic path-
ways. As mentioned above, liver plays a central role
in the metabolism of endogenous substrates and ex-
ogenous compounds, the regulation of homeostasis
of amino acids, carbohydrates and lipids, the synthe-
sis of plasma proteins such as albumin and transfer-
rin, as well as in the activation of inflammatory and
immune responses after damage caused by diseases,
drugs or toxic effects (Zeilinger et al., 2016).

Hepatocytes are generally considered to be meta-
bolically adequate models for in vitro assessment of
hepatotoxicity. They are increasingly being used in
studies on xenobiotic toxicity, including genotoxic
effects (Guo et al., 2020). Over the past decades,
liver modelling has progressed from traditional two-
dimensional (2D) hepatocyte cultures to more ad-
vanced three-dimensional (3D) systems, including
spheroids, organoids, extracellular matrix 3D mod-
els, and organs on a chip. These models aim to more
accurately reproduce the structural and functional
complexity of the human liver. However, increasing
the complexity of the model does not always lead to
improved predictive characteristics, and cultivation
conditions, endpoints, and applications vary signifi-
cantly (Fukunaga & Takebe, 2025).

Given this rapid development of liver modelling
technologies and their growing role in toxicological
assessment, it is necessary to conduct a comprehen-
sive analysis of the available models and their ap-
plications. The purpose of this review study is to
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systematically examine existing in vitro human liver
models used in toxicology, summarize their advan-
tages and limitations, and identify gaps that need to
be addressed to increase their predictive value re-
garding the toxicity of xenobiotics to the liver.

Data collection method

This scoping review was conducted to map exist-
ing and new literature on hepatocyte models which
can be used in toxicology studies. A comprehen-
sive literature search was conducted through online
library sources in PubMed, Science Direct, Web of
Science from 2015 to January 2026. The specific
search criteria for Science Direct and Web of Science
was (“2D liver cells” OR “3D liver cells” OR “liver
cell” OR “HepG2” OR “HepaRG” OR “PHH liver
cell” OR “HuH-7 “) AND (“toxicology research” OR
“ drug discovery”). For PubMed search criteria was
(“Primary human hepatocytes” OR “HepG2” OR
“HepaRG” OR “HuH-7" OR “Fa2N-4") AND (toxi-
colog™ OR toxico™ OR “toxicity” OR “toxic effects”
OR “toxic response”). Key words such as “2D hepa-
tocyte models”, “3D hepatocyte models”, “toxicol-
ogy research on liver cells”, etc. were used.

Reference list of included studies was manually
screened to identify other relevant articles. Included
articles were describing or evaluating hepatocyte-
based models used in toxicology studies. Only stud-
ies published in English were included. The results
were summarized in a descriptive form. Hepatocyte
models were classified according to their structur-
al complexity (2D, 3D, organoids, etc). Research
trends, advantages, limitations, and gaps in the litera-
ture were summarized in Tables and Figures.

Results

The database search yielded 518 articles in Web
of Science and 4761 articles for Science Direct, and
1424 for PubMed. Search depending on liver cell
types was also performed and showed that among
three databases article concerning usage of HepG2 in
toxicological studies was predominant (Fig.1). After
removing duplicate, articles were screened by title
and abstract.
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Figure 1

Literature search results for human liver cell publications across three databases

(from January 2015 to January 2026)
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2D cultures

Primary human hepatocytes (PHH) isolated
from the liver have morphological and biochemical
characteristics that are most similar to the original
tissue (Segeritz & Vallier, 2017). Such cells are con-
sidered the gold standard for the creation of human-
appropriate models for the cultivation of liver cells in
vitro. They recreate the functionality of the liver as in
vivo, and provide fairly accurate results in pharmaco-
logical and toxicological studies in vitro. Also, these
cells allow analysing a wide range of genetic poly-
morphisms, since they are derived from an individual
donor. However, this fact also complicates model
standardization due to interindividual variability and
alterations induced during isolation procedure. In ad-
dition, the limited availability and complex logistical
requirements associated with PHH cells prevent their
large-scale application (Shulman & Nahmias, 2013;
Zeilinger et al., 2016). The characteristics of the do-
nor, including age, liver fat content and pre-existing
liver damage, as well as procedural factors such as
tissue conditions and transportation time, significant-
ly affect cell viability (Richert et al., 2004). Immedi-
ately after tissue extraction, hepatocytes become very
sensitive to ischemic damage and quickly lose their
viability. Regardless of preservation method there is
usually a significant decrease in the activity of en-
zymes that metabolize phase I and phase II drugs
(Godoy et al., 2013; Kammerer & Kiipper, 2018).
These disadvantages makes them also expensive to
use (Van den Hof et al., 2014).

Int. j. biol. chem. (Online)

Several approaches have been proposed to over-
come the limited cell viability of PHH (Castell et al.,
20006). One such strategy involves cellular immortali-
sation. Immortalized cell lines are characterized by
their ability to proliferate indefinitely in vitro, over-
coming normal replicative senescence. This state is
usually achieved through genetic modifications such
as ectopic expression of telomerase reverse transcrip-
tase (hTERT) or introduction of viral oncogenes that
suppress key cell cycle regulators (e.g., pS3 and Rb),
or by culturing tissues derived from tumours.

Viral oncogene introduction. Transformed Hu-
man Liver Epithelial-2 cells (THLE-2), derived from
healthy human liver, were immortalized by the intro-
duction of the simian virus 40 large T antigen (SV40)
(Pfeifer et al., 1993). Yalda Soltanpour et al. in their
study analysed the expression of 96 representative
genes involved in drug absorption, distribution, me-
tabolism, and excretion of drugs (ADME) in THLE-2
cells. These genes encode various transporters, phase
I and II drug-metabolizing enzymes, and nuclear hor-
mone receptors (Table 1). During their study, it was
shown that the expression of most genes was absent
or at a low level, with the exception of some cyto-
chrome P450 (CYP) genes, CYP2C9 and CYP3A4
(Soltanpour et al., 2012).

Other human hepatocytes immortalised by trans-
fection with SV40 are Fa2N-4 cells. They were de-
rived from a 12-year-old female donor. These cells
show ability to induce CYP344, CYP2C9, CYP1A2,
UGTIA, and MDR1 mRNA in response to known in-

International Journal of Biology and Chemistry 19, Ne 1 (2026)



54 The advantages and limitations of human liver models in in vitro toxicology study

ducers similar to PHH. Moreover, this induction also
can be noticed at the enzyme activity level (Mills et
al., 2004). Youdim et al. confirmed that Fa2N-4 cells
are suitable model for evaluation of P450 induction
using cocktail approach (Youdim et al., 2007). More-
over, they are easily available and can be grown in
culture as needed for experimental use, unlike freshly
isolated human hepatocytes, whose availability de-
pends on access to suitable donor liver tissue (Mills
et al., 2004). Hariparsad et al. showed that the ex-
pression of PXR and AhR is similar between Fa2N-
4 cells and human hepatocytes, but CAR and some
hepatic uptake transporters, the organic anion-trans-
porting polypeptides, were significantly reduced in
this cell line compared to primary cells (Hariparsad
et al., 2008).

Hepatocarcenoma cell lines. Considerable ef-
forts were made to develop reliable cell models of
human liver cells that would show a fairly accurate
prediction of results after exposure to genotoxic
chemicals for effective screening. As a result, several
models of human hepatocarcinoma cell cultures were
created, which are used in toxicological studies, like
HepG2 (Knasmiiller et al., 2004), HepaRG (Mandon
et al., 2019), HuH-7 (Nakabayashi et al., 1982), etc
(Table 1). Cells obtained from liver tumour tissue
have been widely used as models for toxicological
studies in vitro. These cell lines have good availabil-
ity, high ability to proliferate and stable metabolism.
However, the high potential for proliferation of these
cells usually leads to the loss of differentiated func-
tions. Because of this, for toxicological studies, it is
necessary to take into account the specific functional
characteristics of the cell lines (Zeilinger et al., 2016).

HepG?2 cell line, derived from hepatocellular car-
cinoma, was obtained from a 15-year-old Caucasian
male diagnosed with hepatoblastoma. This cell line
has been extensively characterised and retains a num-
ber of functional properties of normal hepatocytes
(Roe et al., 1993). HepG2 cells are cheap and easy
to cultivate, and over the years, a significant amount
of experimental data has been accumulated, allowing
for the creation of an extensive reference database
(Figure 1) (Misik et al., 2019). Moreover, HepG2
cells are less technically demanding than PHH and
demonstrate superior experimental reproducibility
(Ramirez et al., 2018). However, there have been still
some reports of showing interlaboratory variability,
as well as inconsistency in the reproducibility of ex-
periments with individual compounds (Waldherr et
al., 2018).

These cells express a wide range of CYP en-
zymes; However, both mRNA and protein levels are
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generally lower than those observed in normal hepa-
tocytes. In addition, they are also capable of perform-
ing second-phase metabolic reactions, including glu-
tathione conjugation as well as glucuronidation and
sulfation reactions (Donato et al., 2008). Notably,
HepG?2 cells exhibit relatively high levels of antioxi-
dant enzymes and intracellular glutathione compared
to many other human cell lines. Similar metabolic
responses to dioxin and dibenzofurans have been
reported in HepG2 and PHH (Dehn et al., 2005). In
addition, transcriptomic analysis showed that HepG2
cells exhibit increased expression of genes involved
in DNA, RNA, and protein metabolism, as well as
cell cycle-related processes compared to HepaRG
and PHH cells (Jennen et al., 2010).

HepG?2 cells have been shown to be suitable for
cytotoxicity screening by assessing reactive oxygen
species (ROS) formation, glutathione depletion, and
loss of membrane integrity (Schoonen et al., 2005).
In addition, comparable modulation of gene expres-
sion profiles was observed in both PHH and HepG2
cells after exposure to the hepatotoxic compound tro-
vafloxacin (Liguori et al., 2008). Magkoufopoulou et
al. further showed that the integration of transcrip-
tome analysis with the Ames test improves the predic-
tion of genotoxic potential in vitro (Magkoufopoulou
et al., 2012). Moreover, transcriptomic profiling of
HepG2 cells exposed to toxic substances allowed the
development of an in vitro screening test for phos-
pholipidosis (Sawada et al., 2005). Van den Hof et
al. applied gene expression analysis in HepG2 cells
to classify chemical compounds according to their
hepatotoxic properties (Van den Hof et al., 2014).

HepG?2 often used as well to study human Apo-
lipoprotein-B100 metabolism because they secretes
predominately higher density Apolipoprotein-B100
-containing particles and low density lipoproteins,
unlike normal human liver, which secretes Apolipo-
protein-B100 mainly associated with VLDL particles
(Meex et al., 2011). In the study of Meex et al., they
showed that HepG2 cells are more efficient in lipi-
dation of apoB100 than Huh-7 cells. Compared to
PHH, HepG?2 cells has defect in assembly of hepatic
VLDL. Tsai et al. showed that through inhibition of
the overactive ras-MEK-ERK pathway this defect
can be corrected (Tsai et al., 2007).

HepG2 cells also wildly used model to predict
mitochondrial dysfunction and hepatotoxicity (Berg-
er et al., 2016; Kamalian et al., 2015; Ramirez et al.,
2018; Stanley & Wolf, 2022). Unlike many mamma-
lian cells, HepG2 cells exhibit metabolic flexibility,
allowing them to switch between glycolysis and oxi-
dative phosphorylation to sustain proliferation, even
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under low-oxygen conditions. This capacity to rely
on glycolysis can render them less sensitive to mito-
chondrial toxicants (Marroquin et al., 2007). How-
ever, Kamalian et al. demonstrated that HepG2 cells
subjected to acute glucose deprivation become more
dependent on mitochondrial respiration and therefore
represent a suitable model for detecting mitochon-
drial toxicity. The combined assessment of ATP lev-
els and cytotoxicity in both metabolic states provides
a more comprehensive evaluation of the underlying
mechanisms of toxicity (Kamalian et al., 2015).
Huh-7 cells is a well-differentiated and charac-
terized in vitro model of hepatocellular carcinoma
(HCC) that is widely used in metabolic research. The
cell line was isolated in 1982 from 57-year-old man
with highly differentiated HCC and was proposed as
an alternative to PHH and HepG2 cells (Nakabayashi
et al., 1982). Huh-7 cells are often used to evaluate
the efficacy and metabolism of anticancer drugs that
affect the liver. For example, Huh-7 cells have prov-
en valuable for studying drug distribution in the liver
mediated by transporter proteins and for studying in-
teractions with proteins associated with multidrug re-
sistance (Jouan et al., 2016; Malinen et al., 2019). In
addition, Huh-7 cells have also been effectively used
in toxicity studies and are capable of bioactivating
certain compounds, including acetaminophen, which
leads to the formation of the hepatotoxic metabo-
lite N-acetyl-p-benzoquinone imine (Nelson et al.,
2015). Jouan et al. showed that Huh-7 cells exhibit
significant activity of the multidrug-resistant pro-
tein (MRP), which probably reflects the expression
of several liver MRPs, including MRP2. However,
these cells lack the functional activity of key uptake
transporters such as organic anion-transporting poly-
peptides, sodium-taurocholate co-transporting poly-
peptide, and organic cation transporter 1, as well as
tubular transporters including P-glycoprotein and
breast cancer resistance protein (Jouan et al., 2016).
Huh-7 cells have several distinctive features. In
particular, they are homozygous for the null CY-
P3AS5*3 null allele, indicating that the metabolism of
CYP3 substrates is mediated exclusively by CYP3A4
(Dorr et al., 2017). Another characteristic is that
Huh-7 cells secreted more Apolipoprotein-B100 than
HepG2 cells did, according to the mass data (normal-
ized to cell protein) (Meex et al., 2011). HuH-7 cells
are also highly susceptible to the hepatitis C virus
(HCV) which make them perfect model to study HCV
(Lohmann et al., 1999). However, genomic analyses
revealed significant chromosomal abnormalities in
Huh-7 cells, including changes affecting all chromo-
somes and extensive loss of heterozygosity covering
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approximately 55.3% of the genome, consistent with
the presence of numerous homozygous variants iden-
tified by sequencing (Kasai et al., 2018).

HepaRG cell line was derived from the liver tu-
mour of a patient with chronic hepatitis C and mac-
ronodular cirrhosis (Marion et al., 2010). In culture,
HepaRG cells typically differentiate into a mixed
population of hepatocyte-like cells and cholangio-
cyte-like cells (Aninat et al., 2006). These cells retain
the ability to express a wide range of liver-specific
genes involved in carbohydrate, bile acid, and lipid
metabolism, as well as in xenobiotic detoxification
processes (Guo et al., 2020). HepaRG cells express
key drug transporters such as ATP-binding cassettes
(ABCs), nuclear receptors (e.g., CAR and PXR),
CYP enzymes, phase II conjugating enzymes, and
functional proteins such as albumin, transferrin, al-
dolase B, as well as various apical and tubular pro-
teins (Zheng et al., 2021). It is important to note that
differentiated HepaRG cells are considered one of
the most comparable in vifro liver models to PHH
(Cerec et al., 2007).

It was shown that genes located in 7" chromo-
some are highly expressed in HepaRG cells in com-
parison to PHH due to extra copy of this chromo-
some (Hart et al., 2010). Complex proteomic and
secretomic analyses have shown that HepaRG cells
have functional mitochondria and retain the ability to
secrete hepatokines (Tascher et al., 2019). Compared
to HepG2 cells, HepaRG cells exhibit higher activity
of CYP enzymes and phase Il conjugation enzymes.
The differences in expression levels in the major
drug-response gene families, such as CYPs, AL-
DHs, ADHs, NATs, FMOs, GSTs, UGTs, SULTsS,
ABCBs, ABCCs, ABCGs, and SLCOs showed that
HepG2 and PHH were have much larger differences
than the differences between HepaRG and PHH for
most genes (Hart et al., 2010). In addition, HepaRG
cells have been shown to be more sensitive to de-
tecting DNA damage caused by xenobiotics, which
confirms their suitability for genotoxicity assessment
(Guo et al., 2020; Seo et al., 2019, 2020).

However, HepaRG cells less sensitive in de-
tecting some direct- and indirect acting genotoxic
carcinogens, such as cadmium chloride, etoposide,
2-amino-3-methylimidazo, and 2,4-diaminotoluene
(Mandon et al., 2019; Misik et al., 2019). Another
limitation of this cells are their expansivity, scarce,
and recurrence in higher levels of maintenance (Do-
nato et al., 2013).

HepaRG cells are highly proliferative, they can
differentiate toward hepatocytic and biliary linecage
and into functional hepatocytes in vivo. Moreover,
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probably due to their tumour origin, HepaRG cells
have the potential to transdifferentiate through a he-
patic bipotent progenitor (Cerec et al., 2007). It was
also shown that HepaRG cells have higher galactose/
sorbitol elimination rates and albumin production in
comparison to PHH, however urea production was
not observed. As well CYP expression was found
to be more stable over cultivation in HepaRG cells
(Liibberstedt et al., 2011).

Human Induced pluripotent stem cells (iP-
SCs). Recently human iPSCs became popular a re-
newable starting material for generating primary cell
types, as they enable the recapitulation of human
tissue from a sustainable source (Gracey & Lampe,

Table 1
Overview of 2D liver cells used in toxicology studies

2025). In liver research, most teams focus on differ-
entiating iPSCs into hepatocyte-like cells (HLC) that
will replicate the metabolic activity of PHH. Multiple
studies have demonstrated the applicability of HLC
in drug metabolism studies, toxicity screening and
modelling of specific liver diseases (Dao Thi et al.,
2020; Donowitz et al., 2020; Gémez-Lechon & To-
losa, 2016; Mann, 2015; Matsui et al., 2020). Never-
theless, full maturation and restoration of HLC meta-
bolic activity to adult levels remains a challenge, and
none of the existing protocols for differentiating iP-
SCs into HLCs can produce cells that fully replicate
the phenotype of adult human liver (Graffmann et al.,
2022).

Models Advantages Disadvantages Application References

PHH + Functionality of the liver ~— Limited availability e Hepatotoxicity (Parmentier et al., 2018;
as in vivo — Instability of the e DILI prediction Segeritz & Vallier, 2017;
+ Diversity in genetic phenotype o Inter-individual Shulman & Nahmias,
polymorphisms — Short time cultivation variability test 2013; Zeilinger et al.,

— Higher Cost 2016)

THLE-2 + Non-tumorigenic — Expression of ADME e Oxidative stress (Sefried et al., 2018; Shah
+ Expression of CYP2C9 genes is absent or in low e inflammatory responses et al., 2014; Soltanpour
and CYP3A4 genes level e Cytotoxic assays etal., 2012; Sahin et al.,
+ Stable cell culture — Low receptor abundance 2024)

Fa2N-4 + Consistent and — Low basal level of CAR e Cocktail approach (Mills et al., 2004;
reproducible nuclear receptor and some e Pathway-Specific Ramboer et al., 2015;

+ Express ADME genes like enzymes such as CYP1A2, Toxicological Studies Youdim et al., 2007)
PHH CYPI1A1, CYP2D6,
+ Higher mRNA level of CYP2EI1, UGTI1AI,
MDRI1 UGT1AG6 etc
— Incapable of metabolizing
compounds
HepG2 + Easy handling and low — Low CYPs expression e Cytotoxic assays (Donato et al., 2008;
cost compared to PHH e Pathway-Specific Jennen et al., 2010;
+ Stable growth — Tumour-Derived Toxicological Studies Kamalian et al., 2015;
+ Active phase II Phenotype e ROS formation assays ~ Magkoufopoulou et al.,
metabolism enzymes — Altered lipid metabolism e Transcriptomic profiling 2012; Meex et al., 2011;
+ High antioxidant capacity — Interlaboratory variability e Mitochondrial toxicity =~ Misik et al., 2019; Ramirez
+ Metabolic specificity screening et al., 2018; Sawada et
e Genotoxicity prediction  al., 2005; Schoonen et al.,
(combined with Ames’s 2005; Stanley & Wolf,
test) 2022; Waldherr et al.,
e Phospholipidosis 2018)
screening
HuH-7 + High susceptibility to — Tumor-Derived e Drug Transport and (Jouan et al., 2016;

hepatitis C virus
+ Higher ability to secrete

Phenotype
— Genomic Instability

lipoproteins — Altered CYPs expression
+ Capable of bioactivating ~ compared to PHH
acetaminophen

+ Significant activity of the
multidrug-resistant protein

Multidrug Resistance
Studies
e studying HCV biology

Lohmann et al., 1999;
Malinen et al., 2019;
Marroquin et al. 2007;
Nelson et al., 2015;
Sawada et al., 2005)
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Continuation of the table

Models Advantages Disadvantages

Application References

HepaRG + High similarity to PHH
+ High expression and
inducibility of CYPs

+ Functional Phase I1
Enzymes and Transporters
+ Mixed population

of hepatocytes and
cholangiocytes

— Higher Cost in

— Less sensitive in

carcinogens

— Complex and time-
consuming differentiation

comparison to HepG2

detecting some direct-
and indirect genotoxic

e Hepatotoxicity

e DILI prediction

e Metabolism and
biotransformation of
xenobiotics

o Genotoxicity prediction
e Oxidative stress assays
e Detection of drug-
induced mitochondrial
toxicity

(Aninat et al., 2006; Cerec
etal., 2007; Guo et al.,
2020; Hart et al., 2010;
Mandon et al., 2019; Misik
etal., 2019; Seo et al.,
2019, 2020; Tascher et al.,
2019; Zheng et al., 2021)

3D cultures

The 3D cellular model combines the advantages
of conventional 2D cultivation models, such as lower
labour intensity, fever ethically debates compared to
live animal models, which makes 3D culture more
powerful and widely used in vitro model. Currently,
3D models are widely used in fields such as biology,
medicine, and pharmacy (Brancato et al., 2020). In
addition, 3D culture can also provide a good cellu-
lar microenvironment that resembles the real internal
conditions of the human body (Fig.2), and thus re-
spond more realistically to environmental pollution
(S. Yang et al., 2021; H. Wang et al., 2023).

Spherical hepatic culture. As mentioned before,
PHH in 2D monolayer culture rapidly de-differentiate
and lose hepatocyte-specific functions. To overcome
this issue PHH can be cultured as 3D spheroids. It
was shown that this 3D culture can be maintained for
longer time in comparison to 2D PHH and produce
albumin and urea. It was found that in comparison to
2D PHH the level of expression of proteins involv-
ing in drug ADME and catalytic activities of CYPs
enzymes, were significantly higher in 3D spher-
oid cultures (Bell et al., 2018). Moreover, they can
form a functional network of bile channels extend-
ing from the surface to the inside of the spheroids
after 3-4 weeks of cultivation (Tostoes et al., 2012).
PHH spheroids can also be obtained using bioreac-
tors (Mueller et al., 2011). However, there are some
limitations connected to 3D PHH spheroids such as
inability to control spheroids” size, difficulty in sus-
pension of them in medium and its replacement.

Except PHH spheroids nowadays several 3D
HepaRG models were obtained, which can mimic in
vivo like microenvironments. In comparison to 2D
HepaRG they show improved differentiation, func-
tionality and longevity (Darnell et al., 2012; Gun-
ness et al., 2013; Leite et al., 2012). There are as well
HepG2 spheroids that actively used as biosensor-like
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cell based system to evaluate genotoxicity (Stampar
et al., 2022). Compared to 2D HepG2 cells, 3D
HepG2 spheroids showed time-dependent decrease
in cell proliferation, increased liver function specific-
ity and demonstrated strong physiological relevance
in terms of the expression of liver marker genes and
metabolic enzymes (Stampar et al., 2020).

3D hepatic organoids. Organoids are 3D self-
organised cells derived mostly from stem cells that
mimic tissues and organs by recreating their basic
functions on a small scale through cell-cell and cell-
matrix interaction (Lancaster & Knoblich, 2014).
They allow modelling human diseases to evaluate
therapeutic strategies. For instance, Ramli et al. de-
veloped liver organoid with gene expression signa-
ture of nonalcoholic steatohepatitis, destruction of
the bile duct network and ductal reactions (Ramli
et al., 2020). Another model is CFTR-mutant chol-
angiocyte organoids, which were used to study the
patient-specific response to CFTR modulators in pa-
tients with cystic fibrosis (Sampaziotis et al., 2021).
De Crignis et al. generated transgenic organoids to
model hepatitis B and C virus infections, which can
enables drug screening and identification of cancer-
related gene signatures in hepatitis B-infected tissues
obtained from patients (De Crignis et al., 2021).

Organoids are also widely used in the assess-
ment of drug toxicity, drug development, and phar-
macological research. For example, Bronsard et al.
obtained 3D multi-cell-type liver organoids using
different cell cultures such as primary human mac-
rophages, HepaRG, and hepatic-stellate-cell-derived
LX-2 cells to model drug-induced liver injury (Bron-
sard et al., 2024). Another example is the human liver
organoid model developed by Wu et al. which has
successfully model liver fibrogenesis after stimula-
tion of TGF-B or LPS and has demonstrated applica-
tion in screening of antifibrotic drugs and drug safety
testing (Wu et al., 2023).
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Extracellular matrix 3D models. The under-
standing that the interaction of cells with the extracel-
lular matrix (ECM) affects the morphology, function
of cells, as well as their therapeutic response has in-
fluenced the development of other types of 3D mod-
els that are embedded in the matrix. For example, re-
searchers from Italy have presented a hybrid alginate
and ECM hydrogel for creating 3D in vitro models
of the liver called Hep3Gel to reproduce the chemi-
cal and mechanical behaviour of the liver with the
possibility of adapting its shape to various production
technologies. The viscoelastic properties of Hep3Gel
were adjusted considering the available knowledge
about liver biomechanics, which made it possible to
reproduce the properties of a physiological organ. In
addition, this model can be used as a bioink for 3D
printing (Guagliano et al., 2023).

Another example of ECM use a method that
makes it possible to isolate and further use the main
types of human liver cells from cryopreserved mate-
rial which was developed by Belgium team (Alevra
Sarika et al., 2020). Calitz et al. showed that com-
position of ECM can influence on HCC behaviour
and increase liver stiffness (Calitz et al., 2023). There
are some studies which applied hepatic spheroids of
PHH or HepaRG cells into collogen I ECM (Rose
et al., 2021, 2022). Liao et al. showed that HepaRG
spheroids embedded with collagen accelerate dif-
ferentiation of cells compared to spheroids grown in
suspension (Liao et al., 2022). However, most of the
ECM are made from animal origin hydrogels which
can create ethical issues and limit its use in human
toxicity testing. Another option is synthetic hydro-
gels, which have reproducible quality, lower immu-
nogenicity, greater mechanical strength, and are eas-
ily modifiable. However, they are less biologically
active and lack viscoelasticity (Ye et al., 2019). One
of the examples of synthetic hydrogen is HepMat gel
developed by Kumar er al. a fully defined polyeth-
ylene glycol-based synthetic hydrogel functionalized
to support co-culture of pluripotent stem cell derived
hepatocyte- and non-parenchymal cellular -like cells.
This system can model the key molecular and func-
tional features of fatty acid-induced inflammation,
TGFp-induced liver fibrosis better than monocultures
(Kumar et al., 2021).

The other method that can be related to ECM is
collagen-based sandwich culture, where PHH cul-
tured between two layers of collogen gel. Sandwich
culture is better replicates the in vivo liver microen-
vironment and preserves key liver functions, includ-
ing albumin and urea secretion, CYP activity, liver
polarity, and bile duct formation in comparison to
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2D cells (Dunn et al., 1989; Keemink et al., 2015).
Consequently, this system is widely used for studies
of drug clearance and polarity-dependent processes
such as endocytosis (Treijtel et al., 2004; Zeigerer et
al., 2017). Despite these advantages, sandwich cul-
tures prone to cholestasis due to changes in bile me-
tabolism, which limits their long-term preservation
(Swift et al., 2010).

3D bioprinting. Currently, 3D printing is a wide-
ly popular field and has expanded its applications in
regenerative medicine, tissue engineering, and drug
screening. This technology allows to construct com-
plex 3D structures which contains multiple cell types
and biomaterials. Using this technology researcher
can control of the mechanical and biological charac-
teristics of 3D structures with high resolution along
three dimensions. Using special bio-inks, it is pos-
sible to precisely tune the response or activity of cells
to mimic the in vitro environment (Ma et al., 2018).
There are various methods for 3D bioprinting such
as extrusion-based bioprinting, inkjet-based bioprint-
ing, acoustic bioprinting, laser-based bioprinting, at
photopolymerization bioprinting (VPB) and magnet-
ic bioprinting (Matai et al., 2020; Shukla et al., 2022)

Extrusion-based bioprinting allows the printing
of the main components of liver units, while requir-
ing only a simple and easily installed experimental
setup. For applications involving microvessels, high-
resolution DLP technology can be used to produce
more complex matrices with excellent resolution. For
3D liver bioprinting bioinks contains hydrogels and
different cells such as hepatic parenchymal cells (he-
patocytes) and liver nonparenchymal cells (hepatic
stellate cells, hepatic sinusoidal endothelial cells, and
Kupffer cells) (W. Li et al., 2023). This technology
was already used to mimic different diseases such as
hepatocellular carcinoma (Xie et al., 2021) and fibro-
sis (van Grunsven, 2017). 3D bioprinter liver also
can be applied in organ regeneration (Y. Yang et al.,
2023) and drug screening (J.-Z. Wang et al., 2018).
One of the latest bioprinted liver tissue on the basis
of functional hepatocyte organoids derived from hu-
man chemically induced pluripotent stem cells was
constructed by Li ef al., 2025. They showed that this
model significantly reduced liver damage, inflamma-
tion, and fibrosis, while promoting liver regeneration
and expression of biological functions in mice with
acute chronic liver failure caused by CCl,, as well
as Fah -/- mice (G. Li et al., 2025). Another recently
developed method is a 3D model of the human liver
made of a disc-shaped structure from a mixture of
PHH cells and collagen-1 placed in a highly perme-
able support medium made of polyethylene glycol
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(PEG) microgels. This method has proven to be ac-
curate, precise, and scalable. One hundred tissues
can be produced per hour with a variability and error
in diameter of about 4%. Histological and immuno-
histochemical evaluation showed self-organisation,
cell cohesion, and expression of key markers in the
liver (Subramaniam et al., 2025). Bioprinting repre-
sents a promising approach for use in liver toxicity
testing, drug development, and organ regeneration.
However, a number of challenges remain, including
the manufacture of perfused vascular networks that
play an important role in liver function, the accurate
reproduction of the complex liver microenvironment,
and the limited effectiveness of currently available
bioinks (W. Li et al., 2023).

Organ-on-chip. The liver on a chip recreates the
real conditions of liver functioning in an in vitro en-
vironment, such as a constant flow of blood and bile.
With the help of this technology, a continuous flow of
nutrient medium passes through microchannels, which
delivers nutrients, oxygen and removes metabolic
products (Ehrlich et al., 2019). Thanks to this flow, the
liver cells on the chip retain their specialization better,
metabolize drugs more actively, synthesize albumin
and urea, and react correctly to toxic substances.

Liver in chip mostly used in disease modelling.
For example, Gori et al. presented liver-on-chip in
vitro models of human Non-alcoholic fatty liver
disease, which enables higher hepatic cell viability,
minimal oxidative stress and gradual and lower intra-
cellular lipid accumulation (Gori et al., 2016). Hou
et al. developed integrated Biomimetic Array Chip
which is co-culture model that simultaneously evalu-

Figure 2

ates anti-cancer efficacy and liver toxicity by inte-
grating 3D models of liver and tumour tissues, which
improves the accuracy of drug screening at early
stages (Hou et al., 2020). Another study tested if liv-
er-in-chip reliably detects toxicity of known hepato-
toxin Diglycolic acid. They showed that this method
allows reliable detect the hepatotoxicity with high
sensitivity, low variability and improved physiologi-
cal significance compared to traditional PHH multi-
well plate format, which confirms its potential use in
the regulatory assessment of drug safety (Eckstrum
et al., 2020). Recent study also demonstrated the use
of liver-on-chip for liver metabolism study and for
genotoxicity assay to detect both direct and metaboli-
cally activated DNA damage, providing a promising,
animal-free tool for early drug safety testing (Kopp
et al., 2024). It was even shown that liver on-chip
can model in some extend gut-liver interaction. This
study demonstrated a multiorgan-on-a-chip platform
that combines the human microbial-crosstalk gut-on-
chip and the Dynamic42 liver-on-chip platform. This
platform captures the influence of gut microbes on
human drug metabolism, exemplified by E. coli con-
verting irinotecan metabolites back into toxic forms.
This is offering a human-relevant tool for studying
microbiome-drug interactions and improving drug
safety prediction (Lucchetti et al., 2024). Despite
their advantages, liver-on-a-chip models still face
several limitations. Their manufacture is a time-con-
suming and expensive process, and the accuracy and
reproducibility of chips largely depend on the choice
of materials and methods used in their creation (Liu
et al., 2024).

3D culture methods and their disadvantages (ECM — extracellular matrix)

{ 3D liver cells

chip
— Size variability — Complex protocols |— Less biologically | — Manufactures of — Complex protocols
— Limited nutrition | — Lack of active perfused vascular — Lack of
vascularization - Lackof networks vascularization
vascularization — Limited
— Create ethical effectiveness of
issues bioinks

Spheroid

Physiological relevance n—
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Conclusion

This review compiles and analyses informa-
tion on modern liver models used in toxicological
research. Currently, human liver models are being
increasingly refined and various approaches are be-
ing explored, including the selection of different cell
types and advanced culture techniques, with the aim
of more accurately modelling the conditions of liver
function in vivo to replace animal liver models.

Both 2D and 3D liver models play critical role
in toxicology studies. Traditional 2D cultures remain
widely used due to their simplicity, cost-effective-
ness, reproducibility. They provide valuable insights
into basic cellular mechanisms, toxicity testing and
early stage of drug development. However, their
inability to accurately reproduce the complex pro-
cesses of native liver tissues limit their physiological
relevance.

In contrast, modern in vitro liver models have sig-
nificantly advanced toxicological studies by provid-
ing more physiologically relevant systems than early
2D hepatocyte cultures. The 3D cell models combine
the advantages of conventional 2D cultivation mod-
els, such as lower labour intensity and the absence of
ethical issues compared to live animal models, which
makes the 3D culture a more powerful and widely
used in vitro model. The use of various cell types and
sophisticated cultivation methods has improved the
prediction of the compounds’ effects on the liver.
However, problems such as phenotypic drift during
long-term cultivation, limited suitability, lack of vas-
cularization, etc., still limit their full-fledged use as
an alternative to animal models. Despite these limita-
tions, the continuous improvement of these models
promises to provide more accurate tools for studying
the occurrence, progression, and potential reversibil-

ity of hepatotoxicity. This will contribute to a saf-
er and more effective assessment of chemicals and
drugs in preclinical toxicology.

Acknowledgements

This research was funded by the Science Com-
mittee of the Ministry of Science and Higher Edu-
cation of the Republic of Kazakhstan, grant number
AP26199563 “Study the mechanisms of toxicity of
various classes of organochlorine pesticides”.

Conflict of interest

All authors are aware of the article’s content and
declare no conflict of interest.

Author contributions

Nailya P. Kabysheva: Conceptualization, Investi-
gation, Writing — Original Draft

Ozada Khamdiyeva: Writing — Review & Editing

Lyazzat Tenelbayeva: Formal Analysis, Visual-
ization

Gulshat Koishekenova: Writing — Review & Ed-
iting

Nazym K. Altynova: Writing — Review & Edit-
ing

Leyla B. Djansugurova: Conceptualization, Writ-
ing — Review & Editing

Erika D. Djangalina: Project Administration,
Funding Acquisition, Writing — Review & Editing

Céline Cakir-Kiefer: Conceptualization, Method-
ology, Investigation, Writing — Review & Editing

Gulminyam S. Baratzhanova: Supervision, Con-
ceptualization, Methodology, Investigation, Visual-
ization, Writing — Review & Editing

References

1. Alevra Sarika, N., Payen, V. L., Fléron, M., Ravau, J., Brusa, D., Najimi, M., De Pauw, E., Eppe, G., Mazzucchelli, G., So-
kal, E. M., des Ricux, A., & El Taghdouini, A. (2020). Human Liver-Derived Extracellular Matrix for the Culture of Distinct Human
Primary Liver Cells. Cells, 9(6), 1357. https://doi.org/10.3390/cells9061357

2. Aninat, C., Piton, A., Glaise, D., Le Charpentier, T., Langouét, S., Morel, F., Guguen-Guillouzo, C., & Guillouzo, A. (2006).
Expression of cytochromes P450, conjugating enzymes and nuclear receptors in human hepatoma HepaRG cells. Drug Metabolism and

Disposition, 34(1), 75-83. https://doi.org/10.1124/dmd.105.006759

3. Baratzhanova, G., El Sheikh Saad, H., Fournier, A., Huguet, M., Joubert, O., Paul, A., Djansugurova, L., & Cakir-Kiefer, C.
(2025). Comparison of the impact of chlordecone and its metabolite chlordecol on genes involved in pesticide metabolism in HepG2
cell line. Environmental Toxicology and Pharmacology, 116, 104701. https://doi.org/10.1016/j.etap.2025.104701

4. Bell, C. C., Dankers, A. C. A., Lauschke, V. M., Sison-Young, R., Jenkins, R., Rowe, C., Goldring, C. E., Park, K., Regan, S.
L., Walker, T., Schofield, C., Baze, A., Foster, A. J., Williams, D. P., van de Ven, A. W. M., Jacobs, F., van Houdt, J., Lahteenméki, T.,
Snoeys, J., ... Ingelman-Sundberg, M. (2018). Comparison of Hepatic 2D Sandwich Cultures and 3D Spheroids for Long-term Toxic-
ity Applications: A Multicenter Study. Toxicological Sciences, 162(2), 655-666. https://doi.org/10.1093/toxsci/kfx289

Int. j. biol. chem. (Online)

International Journal of Biology and Chemistry 19, Ne 1 (2026)



N. Kabysheva et al. 61

5. Berger, B., Donzelli, M., Maseneni, S., Boess, F., Roth, A., Krdhenbiihl, S., & Haschke, M. (2016). Comparison of Liver
Cell Models Using the Basel Phenotyping Cocktail. Frontiers in Pharmacology, 7. https://doi.org/10.3389/fphar.2016.00443

6.  Brancato, V., Oliveira, J. M., Correlo, V. M., Reis, R. L., & Kundu, S. C. (2020). Could 3D models of cancer enhance drug
screening? Biomaterials, 232, 119744. https://doi.org/10.1016/j.biomaterials.2019.119744

7. Bronsard, J., Savary, C., Massart, J., Viel, R., Moutaux, L., Catheline, D., Rioux, V., Clement, B., Corlu, A., Fromenty, B.,
& Ferron, P. J. (2024). 3D multi-cell-type liver organoids: A new model of non-alcoholic fatty liver disease for drug safety assess-
ments. Toxicology in Vitro: An International Journal Published in Association with BIBRA, 94, 105728. https://doi.org/10.1016/].
tiv.2023.105728

8. Calitz, C., Rosenquist, J., Degerstedt, O., Khaled, J., Kopsida, M., Fryknés, M., Lennernis, H., Samanta, A., & Heindryckx,
F. (2023). Influence of extracellular matrix composition on tumour cell behaviour in a biomimetic in vitro model for hepatocellular
carcinoma. Scientific Reports, 13(1), 748. https://doi.org/10.1038/s41598-023-27997-3

9. Castell, J. V., Jover, R., Martnez-Jimnez, C. P., & Gmez-Lechn, M. J. (2006). Hepatocyte cell lines: Their use, scope
and limitations in drug metabolism studies. Expert Opinion on Drug Metabolism & Toxicology, 2(2), 183-212. https://doi.
org/10.1517/17425255.2.2.183

10. Cerec, V., Glaise, D., Garnier, D., Morosan, S., Turlin, B., Drenou, B., Gripon, P., Kremsdorf, D., Guguen-Guillouzo, C., &
Corlu, A. (2007). Transdifferentiation of hepatocyte-like cells from the human hepatoma HepaRG cell line through bipotent progenitor.
Hepatology, 45(4), 957-967. https://doi.org/10.1002/hep.21536

11. Dao Thi, V. L., Wu, X., Belote, R. L., Andreo, U., Takacs, C. N., Fernandez, J. P., Vale-Silva, L. A., Prallet, S., Decker, C.
C., Fu, R. M., Qu, B., Uryu, K., Molina, H., Saeced, M., Steinmann, E., Urban, S., Singaraja, R. R., Schneider, W. M., Simon, S. M.,
& Rice, C. M. (2020). Stem cell-derived polarized hepatocytes. Nature Communications, 11(1), 1677. https://doi.org/10.1038/s41467-
020-15337-2

12. Darnell, M., Ulvestad, M., Ellis, E., Weidolf, L., & Andersson, T. B. (2012). In vitro evaluation of major in vivo drug meta-
bolic pathways using primary human hepatocytes and HepaRG cells in suspension and a dynamic three-dimensional bioreactor system.
The Journal of Pharmacology and Experimental Therapeutics, 343(1), 134—144. https://doi.org/10.1124/jpet.112.195834

13. De Crignis, E., Hossain, T., Romal, S., Carofiglio, F., Moulos, P., Khalid, M. M., Rao, S., Bazrafshan, A., Verstegen, M. M.,
Pourfarzad, F., Koutsothanassis, C., Gehart, H., Kan, T. W., Palstra, R.-J., Boucher, C., [Jzermans, J. N., Huch, M., Boj, S. F., Vries,
R., ... Mahmoudi, T. (2021). Application of human liver organoids as a patient-derived primary model for HBV infection and related
hepatocellular carcinoma. eLife, 10, ¢60747. https://doi.org/10.7554/eLife.60747

14. Dehn, P. F., Allen-Mocherie, S., Karek, J., & Thenappan, A. (2005). Organochlorine insecticides: Impacts on human HepG2
cytochrome P4501A, 2B activities and glutathione levels. Toxicology in Vitro, 19(2),261-273. https://doi.org/10.1016/j.tiv.2004.10.002

15. Donato, M. T., Jover, R., & Gémez-Lechén, M. J. (2013). Hepatic cell lines for drug hepatotoxicity testing: Limitations
and strategies to upgrade their metabolic competence by gene engineering. Current Drug Metabolism, 14(9), 946—-968. https://doi.
org/10.2174/1389200211314090002

16. Donato, M. T., Lahoz, A., Castell, J. V., & Gomez-Lechon, M. J. (2008). Cell lines: A tool for in vitro drug metabolism stud-
ies. Current Drug Metabolism, 9(1), 1-11. https://doi.org/10.2174/138920008783331086

17. Donowitz, M., Turner, J. R., Verkman, A. S., & Zachos, N. C. (2020). Current and potential future applications of human
stem cell models in drug development. The Journal of Clinical Investigation, 130(7), 3342-3344. https://doi.org/10.1172/JCI1138645

18. Dorr, C. R., Remmel, R. P., Muthusamy, A., Fisher, J., Moriarity, B. S., Yasuda, K., Wu, B., Guan, W., Schuetz, E. G.,
Oetting, W. S., Jacobson, P. A., & Israni, A. K. (2017). CRISPR/Cas9 Genetic Modification of CYP3AS5 *3 in HuH-7 Human Hepato-
cyte Cell Line Leads to Cell Lines with Increased Midazolam and Tacrolimus Metabolism. Drug Metabolism and Disposition, 45(8),
957-965. https://doi.org/10.1124/dmd.117.076307

19. Dunn, J. C., Yarmush, M. L., Koebe, H. G., & Tompkins, R. G. (1989). Hepatocyte function and extracellular matrix geom-
etry: Long-term culture in a sandwich configuration. FASEB Journal: Official Publication of the Federation of American Societies for
Experimental Biology, 3(2), 174—177. https://doi.org/10.1096/fasebj.3.2.2914628

20. Eckstrum, K., Striz, A., Ferguson, M., Zhao, Y., Welch, B., Solomotis, N., Olejnik, N., & Sprando, R. (2020). Utilization of
a model hepatotoxic compound, diglycolic acid, to evaluate liver Organ-Chip performance and in vitro to in vivo concordance. Food
and Chemical Toxicology: An International Journal Published for the British Industrial Biological Research Association, 146, 111850.
https://doi.org/10.1016/j.fct.2020.111850

21. Ehrlich, A., Duche, D., Ouedraogo, G., & Nahmias, Y. (2019). Challenges and Opportunities in the Design of Liver-on-Chip
Microdevices. An. Rev. of Biomed. Engineering, 21, 219-239. https://doi.org/10.1146/annurev-bioeng-060418-052305

22. Fukunaga, I., & Takebe, T. (2025). In vitro liver models for toxicological research. Drug Metabolism and Pharmacokinetics,
62, 101478. https://doi.org/10.1016/j.dmpk.2025.101478

23. Godoy, P., Hewitt, N. J., Albrecht, U., Andersen, M. E., Ansari, N., Bhattacharya, S., Bode, J. G., Bolleyn, J., Borner, C.,
Bottger, J., Bracuning, A., Budinsky, R. A., Burkhardt, B., Cameron, N. R., Camussi, G., Cho, C.-S., Choi, Y.-J., Craig Rowlands, J.,
Dahmen, U., ... Hengstler, J. G. (2013). Recent advances in 2D and 3D in vitro systems using primary hepatocytes, alternative hepa-
tocyte sources and non-parenchymal liver cells and their use in investigating mechanisms of hepatotoxicity, cell signaling and ADME.
Archives of Toxicology, 87(8), 1315—1530. https://doi.org/10.1007/s00204-013-1078-5

24. Gomez-Lechon, M. J., & Tolosa, L. (2016). Human hepatocytes derived from pluripotent stem cells: A promising cell model
for drug hepatotoxicity screening. Archives of Toxicology, 90(9), 2049-2061. https://doi.org/10.1007/s00204-016-1756-1

25. Gori, M., Simonelli, M. C., Giannitelli, S. M., Businaro, L., Trombetta, M., & Rainer, A. (2016). Investigating Nonal-
coholic Fatty Liver Disease in a Liver-on-a-Chip Microfluidic Device. PloS One, 11(7), €0159729. https://doi.org/10.1371/journal.
pone.0159729

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



62 The advantages and limitations of human liver models in in vitro toxicology study

26. Gracey, E. G., & Lampe, J. N. (2025). Novel emerging cell and organoid systems for the study of drug metabolism and toxic-
ity in humans. Drug Metabolism and Disposition, 53(12), 100188. https://doi.org/10.1016/j.dmd.2025.100188

27. Graffmann, N., Scherer, B., & Adjaye, J. (2022). In vitro differentiation of pluripotent stem cells into hepatocyte like cells —
Basic principles and current progress. Stem Cell Research, 61, 102763. https://doi.org/10.1016/j.scr.2022.102763

28. Guagliano, G., Volpini, C., Sardelli, L., Bloise, N., Briatico-Vangosa, F., Cornaglia, A. L., Dotti, S., Villa, R., Visai, L., &
Petrini, P. (2023). Hep3Gel: A Shape-Shifting Extracellular Matrix-Based, Three-Dimensional Liver Model Adaptable to Different
Culture Systems. ACS Biomaterials Science & Engineering, 9(1), 211-229. https://doi.org/10.1021/acsbiomaterials.2c01226

29. Guengerich, F. P. (2011). Mechanisms of Drug Toxicity and Relevance to Pharmaceutical Development. Drug Metabolism
and Pharmacokinetics, 26(1), 3—14. https://doi.org/10.2133/dmpk.dmpk-10-rv-062

30. Gunness, P., Mueller, D., Shevchenko, V., Heinzle, E., Ingelman-Sundberg, M., & Noor, F. (2013). 3D organotypic cultures
of human HepaRG cells: A tool for in vitro toxicity studies. Toxicological Sciences: An Official Journal of the Society of Toxicology,
133(1), 67-78. https://doi.org/10.1093/toxsci/kft021

31. Guo, X., Seo, J.-E., Petibone, D., Tryndyak, V., Lee, U. J., Zhou, T., Robison, T. W., & Mei, N. (2020). Performance of
HepaRG and HepG2 cells in the high-throughput micronucleus assay for in vitro genotoxicity assessment. Journal of Toxicology and
Environmental Health, Part A, 83(21-22), 702—717. https://doi.org/10.1080/15287394.2020.1822972

32. Hariparsad, N., Carr, B. A., Evers, R., & Chu, X. (2008). Comparison of immortalized Fa2N-4 cells and human hepato-
cytes as in vitro models for cytochrome P450 induction. Drug Metabolism and Disposition: The Biological Fate of Chemicals, 36(6),
1046-1055. https://doi.org/10.1124/dmd.108.020677

33. Hart, S. N,, Li, Y., Nakamoto, K., Subileau, E., Steen, D., & Zhong, X. (2010). A Comparison of Whole Genome Gene Ex-
pression Profiles of HepaRG Cells and HepG2 Cells to Primary Human Hepatocytes and Human Liver Tissues. Drug Metabolism and
Disposition, 38(6), 988—994. https://doi.org/10.1124/dmd.109.031831

34. Hou, Y., Ai, X., Zhao, L., Gao, Z., Wang, Y., Lu, Y., Tu, P., & Jiang, Y. (2020). An integrated biomimetic array chip for
high-throughput co-culture of liver and tumor microtissues for advanced anticancer bioactivity screening. Lab on a Chip, 20(14),
2482-2494. https://doi.org/10.1039/d01c00288g

35. Jennen, D. G. J., Magkoufopoulou, C., Ketelslegers, H. B., van Herwijnen, M. H. M., Kleinjans, J. C. S., & van Delft, J. H.
M. (2010). Comparison of HepG2 and HepaRG by whole-genome gene expression analysis for the purpose of chemical hazard identi-
fication. Toxicological Sciences: An Official Journal of the Society of Toxicology, 115(1), 66—79. https://doi.org/10.1093/toxsci/kfq026

36. Jouan, E., Vée, M. L., Denizot, C., Parmentier, Y., & Fardel, O. (2016). Drug Transporter Expression and Activity in Human
Hepatoma HuH-7 Cells. Pharmaceutics, 9(1). https://doi.org/10.3390/pharmaceutics9010003

37. Kamalian, L., Chadwick, A. E., Bayliss, M., French, N. S., Monshouwer, M., Snoeys, J., & Park, B. K. (2015). The utility
of HepG2 cells to identify direct mitochondrial dysfunction in the absence of cell death. Toxicology in Vitro, 29(4), 732—740. https://
doi.org/10.1016/j.tiv.2015.02.011

38. Kammerer, S., & Kiipper, J.-H. (2018). Human hepatocyte systems for in vitro toxicology analysis. Journal of Cellular
Biotechnology, 3(2), 85-93. https://doi.org/10.3233/JCB-179012

39. Kasai, F., Hirayama, N., Ozawa, M., Satoh, M., & Kohara, A. (2018). HuH-7 reference genome profile: Complex karyotype
composed of massive loss of heterozygosity. Human Cell, 31(3), 261-267. https://doi.org/10.1007/s13577-018-0212-3

40. Keemink, J., Oorts, M., & Annaert, P. (2015). Primary Hepatocytes in Sandwich Culture. Methods in Molecular Biology,
1250, 175-188. https://doi.org/10.1007/978-1-4939-2074-7 12

41. Knasmiiller, S., Mersch-Sundermann, V., Kevekordes, S., Darroudi, F., Huber, W. W., Hoelzl, C., Bichler, J., & Majer, B. J.
(2004). Use of human-derived liver cell lines for the detection of environmental and dietary genotoxicants; current state of knowledge.
Toxicology, 198(1-3), 315-328. https://doi.org/10.1016/j.tox.2004.02.008

42. Kopp, B., Khawam, A., Di Perna, K., Lenart, D., Vinette, M., Silva, R., Zanoni, T. B., Rore, C., Guenigault, G., Richardson,
E., Kostrzewski, T., Boswell, A., Van, P., Valentine lii, C., Salk, J., & Hamel, A. (2024). Liver-on-chip model and application in pre-
dictive genotoxicity and mutagenicity of drugs. Mutation Research. Genetic Toxicology and Environmental Mutagenesis, 896, 503762.
https://doi.org/10.1016/j.mrgentox.2024.503762

43. Kumar, M., Toprakhisar, B., Van Haele, M., Antoranz, A., Boon, R., Chesnais, F., De Smedt, J., Tricot, T., Idoype, T. L.,
Canella, M., Tilliole, P., De Boeck, J., Bajaj, M., Ranga, A., Bosisio, F. M., Roskams, T., van Grunsven, L. A., & Verfaillie, C. M.
(2021). A fully defined matrix to support a pluripotent stem cell derived multi-cell-liver steatohepatitis and fibrosis model. Biomateri-
als, 276, 121006. https://doi.org/10.1016/j.biomaterials.2021.121006

44. Lancaster, M. A., & Knoblich, J. A. (2014). Organogenesis in a dish: Modeling development and disease using organoid
technologies. Science, 345(6194), 1247125. https://doi.org/10.1126/science.1247125

45. Leite, S. B., Wilk-Zasadna, 1., Zaldivar, J. M., Airola, E., Reis-Fernandes, M. A., Mennecozzi, M., Guguen-Guillouzo, C.,
Chesne, C., Guillou, C., Alves, P. M., & Coecke, S. (2012). Three-dimensional HepaRG model as an attractive tool for toxicity test-
ing. Toxicological Sciences: An Official Journal of the Society of Toxicology, 130(1), 106—116. https://doi.org/10.1093/toxsci/kfs232

46. Li, G., He,J., Shi, J., Li, X., Liu, L., Ge, X., Chen, W., Jia, J., Wang, J., Yin, M., Sakai, Y., Sun, W., Deng, H., & Pang, Y.
(2025). Bioprinting functional hepatocyte organoids derived from human chemically induced pluripotent stem cells to treat liver fail-
ure. Gut, 74(7), 1150—-1164. https://doi.org/10.1136/gutjnl-2024-333885

47. Li, W, Liu, Z., Tang, F., Jiang, H., Zhou, Z., Hao, X., & Zhang, J. M. (2023). Application of 3D Bioprinting in Liver Dis-
eases. Micromachines, 14(8), 1648. https://doi.org/10.3390/mi14081648

48. Liao, F.-C., Wang, Y.-K., Cheng, M.-Y., & Tu, T.-Y. (2022). A Preliminary Investigation of Embedding In Vitro Hep-
aRG Spheroids into Recombinant Human Collagen Type I for the Promotion of Liver Differentiation. Polymers, 14(9). https://doi.
org/10.3390/polym14091923

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



N. Kabysheva et al. 63

49. Liguori, M. J., Blomme, E. A. G., & Waring, J. F. (2008). Trovafloxacin-induced gene expression changes in liver-derived
in vitro systems: Comparison of primary human hepatocytes to HepG2 cells. Drug Metabolism and Disposition: The Biological Fate
of Chemicals, 36(2), 223-233. https://doi.org/10.1124/dmd.107.017608

50. Liu,J, Du, Y., Xiao, X., Tan, D., He, Y., & Qin, L. (2024). Construction of in vitro liver-on-a-chip models and application
progress. BioMedical Engineering OnLine, 23(1), 33. https://doi.org/10.1186/s12938-024-01226-y

51. Lohmann, V., Kérner, F., Koch, J., Herian, U., Theilmann, L., & Bartenschlager, R. (1999). Replication of subgenomic hepa-
titis C virus RNAs in a hepatoma cell line. Science (New York, N.Y.), 285(5424), 110-113. https://doi.org/10.1126/science.285.5424.110

52. Liibberstedt, M., Miiller-Vieira, U., Mayer, M., Biemel, K. M., Knospel, F., Knobeloch, D., Niissler, A. K., Gerlach, J. C.,
& Zeilinger, K. (2011). HepaRG human hepatic cell line utility as a surrogate for primary human hepatocytes in drug metabolism as-
sessment in vitro. Journal of Pharmacological and Toxicological Methods, 63(1), 59—68. https://doi.org/10.1016/j.vascn.2010.04.013

53. Lucchetti, M., Aina, K. O., Grandmougin, L., Jager, C., Pérez Escriva, P., Letellier, E., Mosig, A. S., & Wilmes, P. (2024).
An Organ-on-Chip Platform for Simulating Drug Metabolism Along the Gut-Liver Axis. Advanced Healthcare Materials, 13(20),
€2303943. https://doi.org/10.1002/adhm.202303943

54. Ma, X,, Liu, J., Zhu, W., Tang, M., Lawrence, N., Yu, C., Gou, M., & Chen, S. (2018). 3D bioprinting of functional tissue
models for personalized drug screening and in vitro disease modeling. Advanced Drug Delivery Reviews, 132, 235-251. https://doi.
org/10.1016/j.addr.2018.06.011

55.  Magkoufopoulou, C., Claessen, S. M. H., Tsamou, M., Jennen, D. G. J., Kleinjans, J. C. S., & van Delft, J. H. M. (2012).
A transcriptomics-based in vitro assay for predicting chemical genotoxicity in vivo. Carcinogenesis, 33(7), 1421-1429. https://doi.
org/10.1093/carcin/bgs182

56. Malinen, M. M., Ito, K., Kang, H. E., Honkakoski, P., & Brouwer, K. L. R. (2019). Protein expression and function of or-
ganic anion transporters in short-term and long-term cultures of Huh7 human hepatoma cells. European Journal of Pharmaceutical
Sciences, 130, 186—195. https://doi.org/10.1016/j.jps.2019.01.022

57. Mandon, M., Huet, S., Dubreil, E., Fessard, V., & Le Hégarat, L. (2019). Three-dimensional HepaRG spheroids as a liver
model to study human genotoxicity in vitro with the single cell gel electrophoresis assay. Scientific Reports, 9(1), Article 1. https://doi.
org/10.1038/s41598-019-47114-7

58. Mann, D. A. (2015). Human induced pluripotent stem cell-derived hepatocytes for toxicology testing. Expert Opinion on
Drug Metabolism & Toxicology, 11(1), 1-5. https://doi.org/10.1517/17425255.2015.981523

59. Marion, M.-J., Hantz, O., & Durantel, D. (2010). The HepaRG Cell Line: Biological Properties and Relevance as a Tool for
Cell Biology, Drug Metabolism, and Virology Studies. In P. Maurel (Ed.), Hepatocytes (Vol. 640, pp. 261-272). Humana Press. https://
doi.org/10.1007/978-1-60761-688-7 13

60. Marroquin, L. D., Hynes, J., Dykens, J. A., Jamieson, J. D., & Will, Y. (2007). Circumventing the Crabtree Effect: Replac-
ing Media Glucose with Galactose Increases Susceptibility of HepG2 Cells to Mitochondrial Toxicants. Toxicological Sciences, 97(2),
539-547. https://doi.org/10.1093/toxsci/kfm052

61. Matai, [., Kaur, G., Seyedsalehi, A., McClinton, A., & Laurencin, C. T. (2020). Progress in 3D bioprinting technology for
tissue/organ regenerative engineering. Biomaterials, 226, 119536. https://doi.org/10.1016/j.biomaterials.2019.119536

62. Matsui, T., Miyamoto, N., Saito, F., & Shinozawa, T. (2020). Molecular Profiling of Human Induced Pluripotent Stem Cell-
Derived Cells and their Application for Drug Safety Study. Current Pharmaceutical Biotechnology, 21(9), 807—828. https://doi.org/
10.2174/1389201021666200422090952

63. Meex, S. J. R., Andreo, U., Sparks, J. D., & Fisher, E. A. (2011). Huh-7 or HepG2 cells: Which is the better model for
studying human apolipoprotein-B100 assembly and secretion?. Journal of Lipid Research, 52(1), 152—158. https://doi.org/10.1194/
jlr.D008888

64. Mills, J. B., Rose, K. A., Sadagopan, N., Sahi, J., & de Morais, S. M. F. (2004). Induction of Drug Metabolism Enzymes and
MDRI1 Using a Novel Human Hepatocyte Cell Line. The Journal of Pharmacology and Experimental Therapeutics, 309(1), 303-309.
https://doi.org/10.1124/jpet.103.061713

65. Misik, M., Nersesyan, A., Ropek, N., Huber, W. W., Haslinger, E., & Knasmueller, S. (2019). Use of human derived liver
cells for the detection of genotoxins in comet assays. Mutation Research. Genetic Toxicology and Environmental Mutagenesis, 845,
402995. https://doi.org/10.1016/j.mrgentox.2018.12.003

66. Mueller, D., Tascher, G., Miiller-Vieira, U., Knobeloch, D., Nuessler, A. K., Zeilinger, K., Heinzle, E., & Noor, F. (2011).
In-depth physiological characterization of primary human hepatocytes in a 3D hollow-fiber bioreactor. Journal of Tissue Engineering
and Regenerative Medicine, 5(8), €207—¢218. https://doi.org/10.1002/term.418

67. Nakabayashi, H., Taketa, K., Miyano, K., Yamane, T., & Sato, J. (1982). Growth of human hepatoma cells lines with dif-
ferentiated functions in chemically defined medium. Cancer Research, 42(9), 3858-3863.

68. Nelson, L. J., Navarro, M., Treskes, P., Samuel, K., Tura-Ceide, O., Morley, S. D., Hayes, P. C., & Plevris, J. N. (2015).
Acetaminophen cytotoxicity is ameliorated in a human liver organotypic co-culture model. Scientific Reports, 5(1), 17455. https://doi.
org/10.1038/srep17455

69. Parmentier, C., Hendriks, D. F. G., Heyd, B., Bachellier, P., Ingelman-Sundberg, M., & Richert, L. (2018). Inter-individual
differences in the susceptibility of primary human hepatocytes towards drug-induced cholestasis are compound and time dependent.
Toxicology Letters, 295, 187-194. https://doi.org/10.1016/j.toxlet.2018.06.1069

70. Pfeifer, A. M., Cole, K. E., Smoot, D. T., Weston, A., Groopman, J. D., Shields, P. G., Vignaud, J. M., Juillerat, M., Lipsky,
M. M., & Trump, B. F. (1993). Simian virus 40 large tumor antigen-immortalized normal human liver epithelial cells express hepa-
tocyte characteristics and metabolize chemical carcinogens. Proceedings of the National Academy of Sciences, 90(11), 5123-5127.
https://doi.org/10.1073/pnas.90.11.5123

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



64 The advantages and limitations of human liver models in in vitro toxicology study

71. Philippeos, C., Hughes, R. D., Dhawan, A., & Mitry, R. R. (2012). Introduction to Cell Culture. In R. R. Mitry & R. D.
Hughes (Eds), Human Cell Culture Protocols (Vol. 806, pp. 1-13). Humana Press. https://doi.org/10.1007/978-1-61779-367-7 1

72. Poh, W. T., & Stanslas, J. (2024). The new paradigm in animal testing — “3Rs alternatives”. Regulatory Toxicology and
Pharmacology, 153, 105705. https://doi.org/10.1016/j.yrtph.2024.105705

73. Ramboer, E., Vanhaecke, T., Rogiers, V., & Vinken, M. (2015). Immortalized human hepatic cell lines for in vitro testing
and research purposes. Methods in Molecular Biology (Clifton, N.J.), 1250, 53—76. https://doi.org/10.1007/978-1-4939-2074-7 4

74. Ramirez, T., Strigun, A., Verlohner, A., Huener, H.-A., Peter, E., Herold, M., Bordag, N., Mellert, W., Walk, T., Spitzer, M.,
Jiang, X., Sperber, S., Hofmann, T., Hartung, T., Kamp, H., & van Ravenzwaay, B. (2018). Prediction of liver toxicity and mode of ac-
tion using metabolomics in vitro in HepG2 cells. Archives of Toxicology, 92(2), 893-906. https://doi.org/10.1007/s00204-017-2079-6

75. Ramli, M. N. B,, Lim, Y. S., Koe, C. T., Demircioglu, D., Tng, W., Gonzales, K. A. U., Tan, C. P., Szczerbinska, 1., Liang,
H., Soe, E. L., Lu, Z., Ariyachet, C., Yu, K. M., Koh, S. H., Yaw, L. P., Jumat, N. H. B., Lim, J. S. Y., Wright, G., Shabbir, A., ... Chan,
Y.-S. (2020). Human Pluripotent Stem Cell-Derived Organoids as Models of Liver Disease. Gastroenterology, 159(4), 1471-1486.¢e12.
https://doi.org/10.1053/j.gastr0.2020.06.010

76. Richert, L., Alexandre, E., Lloyd, T., Orr, S., Viollon-Abadie, C., Patel, R., Kingston, S., Berry, D., Dennison, A., Heyd, B.,
Mantion, G., & Jaeck, D. (2004). Tissue collection, transport and isolation procedures required to optimize human hepatocyte isolation
from waste liver surgical resections. A multilaboratory study. Liver International, 24(4), 371-378. https://doi.org/10.1111/j.1478-
3231.2004.0930.x

77. Roe, A. L., Snawder, J. E., Benson, R. W., Roberts, D. W., & Casciano, D. A. (1993). HepG2 cells: An in vitro model for
P450-dependent metabolism of acetaminophen. Biochemical and Biophysical Research Communications, 190(1), 15-19. https://doi.
org/10.1006/bbrc.1993.1003

78. Rose, S., Cuvellier, M., Ezan, F., Carteret, J., Bruyére, A., Legagneux, V., Nesslany, F., Baffet, G., & Langouét, S. (2022).
DMSO-free highly differentiated HepaRG spheroids for chronic toxicity, liver functions and genotoxicity studies. Archives of Toxicol-
ogy, 96(1), 243-258. https://doi.org/10.1007/s00204-021-03178-x

79. Rose, S., Ezan, F., Cuvellier, M., Bruyére, A., Legagneux, V., Langouét, S., & Baffet, G. (2021). Generation of proliferating
human adult hepatocytes using optimized 3D culture conditions. Scientific Reports, 11(1), 515. https://doi.org/10.1038/s41598-020-
80019-4

80. Sahin, S., Azarkan, S. Y., & Tiirksoy, V. A. (2024). Evaluation of the effect of cannabidiol on the THLE-2 liver cell line
exposed to lead. The Science of the Total Environment, 923, 170901. https://doi.org/10.1016/].scitotenv.2024.170901

81. Sampaziotis, F., Muraro, D., Tysoe, O. C., Sawiak, S., Beach, T. E., Godfrey, E. M., Upponi, S. S., Brevini, T., Wesley,
B. T., Garcia-Bernardo, J., Mahbubani, K., Canu, G., Gieseck, R., Berntsen, N. L., Mulcahy, V. L., Crick, K., Fear, C., Robinson,
S., Swift, L., ... Vallier, L. (2021). Cholangiocyte organoids can repair bile ducts after transplantation in the human liver. Science,
371(6531), 839-846. https://doi.org/10.1126/science.aaz6964

82. Sawada, H., Takami, K., & Asahi, S. (2005). A toxicogenomic approach to drug-induced phospholipidosis: Analysis of its
induction mechanism and establishment of a novel in vitro screening system. Toxicological Sciences: An Official Journal of the Society
of Toxicology, 83(2), 282-292. https://doi.org/10.1093/toxsci/kth264

83. Schoonen, W. G. E. J., Westerink, W. M. A., de Roos, J. A. D. M., & Débiton, E. (2005). Cytotoxic effects of 100 reference
compounds on Hep G2 and HeLa cells and of 60 compounds on ECC-1 and CHO cells. I mechanistic assays on ROS, glutathione
depletion and calcein uptake. Toxicology in Vitro, 19(4), 505-516. https://doi.org/10.1016/j.tiv.2005.01.003

84. Sefried, S., Haring, H.-U., Weigert, C., & Eckstein, S. S. (2018). Suitability of hepatocyte cell lines HepG2, AML12 and
THLE-2 for investigation of insulin signalling and hepatokine gene expression. Open Biology, 8(10), 180147. https://doi.org/10.1098/
rsob.180147

85.  Segeritz, C.-P., & Vallier, L. (2017). Cell Culture. In Basic Science Methods for Clinical Researchers (pp. 151-172). https://
doi.org/10.1016/B978-0-12-803077-6.00009-6

86. Seo, J.-E., Tryndyak, V., Wu, Q., Dreval, K., Pogribny, 1., Bryant, M., Zhou, T., Robison, T. W., Mei, N., & Guo, X. (2019).
Quantitative comparison of in vitro genotoxicity between metabolically competent HepaRG cells and HepG2 cells using the high-
throughput high-content CometChip assay. Archives of Toxicology, 93(5), 1433—1448. https://doi.org/10.1007/s00204-019-02406-9

87. Seo,J.-E., Wu, Q., Bryant, M., Ren, L., Shi, Q., Robison, T. W., Mei, N., Manjanatha, M. G., & Guo, X. (2020). Performance
of high-throughput CometChip assay using primary human hepatocytes: A comparison of DNA damage responses with in vitro human
hepatoma cell lines. Archives of Toxicology, 94(6), 2207-2224. https://doi.org/10.1007/s00204-020-02736-z

88. Shah, F., Louise-May, S., & Greene, N. (2014). Chemotypes sensitivity and predictivity of in vivo outcomes for cyto-
toxic assays in THLE and HepG2 cell lines. Bioorganic & Medicinal Chemistry Letters, 24(12), 2753-2757. https://doi.org/10.1016/].
bmcl.2014.04.039

89. Shukla, P., Yeleswarapu, S., Heinrich, M. A., Prakash, J., & Pati, F. (2022). Mimicking tumor microenvironment by 3D
bioprinting: 3D cancer modeling. Biofabrication, 14(3). https://doi.org/10.1088/1758-5090/ac6d11

90. Shulman, M., & Nahmias, Y. (2013). Long-term culture and coculture of primary rat and human hepatocytes. Methods in
Molecular Biology (Clifton, N.J.), 945, 287-302. https://doi.org/10.1007/978-1-62703-125-7 17

91. Soltanpour, Y., Hilgendorf, C., Ahlstrém, M. M., Foster, A. J., Kenna, J. G., Petersen, A., & Ungell, A.-L. (2012). Charac-
terization of THLE-cytochrome P450 (P450) cell lines: Gene expression background and relationship to P450-enzyme activity. Drug
Metabolism and Disposition: The Biological Fate of Chemicals, 40(11), 2054-2058. https://doi.org/10.1124/dmd.112.045815

92. Stampar, M., Breznik, B., Filipi¢, M., & Zegura, B. (2020). Characterization of In Vitro 3D Cell Model Developed from
Human Hepatocellular Carcinoma (HepG2) Cell Line. Cells, 9(12), 2557. https://doi.org/10.3390/cells9122557

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



N. Kabysheva et al. 65

93.  Stampar, M., Zabkar, S., Filipi¢, M., & Zegura, B. (2022). HepG2 spheroids as a biosensor-like cell-based system for (geno)
toxicity assessment. Chemosphere, 291, 132805. https://doi.org/10.1016/j.chemosphere.2021.132805

94. Stanley, L. A., & Wolf, C. R. (2022). Through a glass, darkly? HepaRG and HepG2 cells as models of human phase I drug
metabolism. Drug Metabolism Reviews, 54(1), 46-62. https://doi.org/10.1080/03602532.2022.2039688

95. Subramaniam, V., Abrahan, C., Higgins, B. R., Chisolm, S. J., Sweeney, B., Duraivel, S., Balzano-Nogueira, L., Monjure,
T., Wang, C.-Y., Palmer, G. D., & Angelini, T. E. (2025). A functional human liver tissue model: 3D bioprinted co-culture discoids.
Biomaterials Advances, 173, 214288. https://doi.org/10.1016/j.bioadv.2025.214288

96. Swift, B., Pfeifer, N. D., & Brouwer, K. L. R. (2010). Sandwich-cultured hepatocytes: An in vitro model to evalu-
ate hepatobiliary transporter-based drug interactions and hepatotoxicity. Drug Metabolism Reviews, 42(3), 446—471. https://doi.
org/10.3109/03602530903491881

97. Tascher, G., Burban, A., Camus, S., Plumel, M., Chanon, S., Le Guevel, R., Shevchenko, V., Van Dorsselaer, A., Lefai, E.,
Guguen-Guillouzo, C., & Bertile, F. (2019). In-Depth Proteome Analysis Highlights HepaRG Cells as a Versatile Cell System Sur-
rogate for Primary Human Hepatocytes. Cells, 8(2), 192. https://doi.org/10.3390/cells8020192

98. Tostdes, R. M., Leite, S. B., Serra, M., Jensen, J., Bjorquist, P., Carrondo, M. J. T., Brito, C., & Alves, P. M. (2012). Hu-
man liver cell spheroids in extended perfusion bioreactor culture for repeated-dose drug testing. Hepatology (Baltimore, Md.), 55(4),
1227-1236. https://doi.org/10.1002/hep.24760

99. Treijtel, N., Barendregt, A., Freidig, A. P., Blaauboer, B. J., & van Eijkeren, J. C. H. (2004). Modeling the in vitro intrinsic
clearance of the slowly metabolized compound tolbutamide determined in sandwich-cultured rat hepatocytes. Drug Metabolism and
Disposition: The Biological Fate of Chemicals, 32(8), 884—891. https://doi.org/10.1124/dmd.32.8.884

100. Tsai, J., Qiu, W., Kohen-Avramoglu, R., & Adeli, K. (2007). MEK-ERK inhibition corrects the defect in VLDL assembly in
HepG2 cells: Potential role of ERK in VLDL-ApoB100 particle assembly. Arteriosclerosis, Thrombosis, and Vascular Biology, 27(1),
211-218. https://doi.org/10.1161/01.ATV.0000249861.80471.96

101. Van den Hof, W. F. P. M., Coonen, M. L. J., van Herwijnen, M., Brauers, K., Wodzig, W. K. W. H., van Delft, J. H. M., &
Kleinjans, J. C. S. (2014). Classification of Hepatotoxicants Using HepG2 Cells: A Proof of Principle Study. Chemical Research in
Toxicology, 27(3), 433—442. https://doi.org/10.1021/tx4004165

102. van Grunsven, L. A. (2017). 3D in vitro models of liver fibrosis. Advanced Drug Delivery Reviews, 121, 133—146. https://
doi.org/10.1016/j.addr.2017.07.004

103. Waldherr, M., Misik, M., Ferk, F., Tomc, J., Zegura, B., Filipi¢, M., Mikulits, W., Mai, S., Haas, O., Huber, W. W, Hasling-
er, E., & Knasmiiller, S. (2018). Use of HuH6 and other human-derived hepatoma lines for the detection of genotoxins: A new hope for
laboratory animals? Archives of Toxicology, 92(2), 921-934. https://doi.org/10.1007/s00204-017-2109-4

104. Wang, H., Xu, T., & Yin, D. (2023). Emerging trends in the methodology of environmental toxicology: 3D cell culture and
its applications. Science of The Total Environment, 857, 159501. https://doi.org/10.1016/j.scitotenv.2022.159501

105. Wang, J.-Z., Xiong, N.-Y., Zhao, L.-Z., Hu, J.-T., Kong, D.-C., & Yuan, J.-Y. (2018). Review fantastic medical implica-
tions of 3D-printing in liver surgeries, liver regeneration, liver transplantation and drug hepatotoxicity testing: A review. International
Journal of Surgery, 56, 1-6. https://doi.org/10.1016/j.ijsu.2018.06.004

106. Wu, X., Jiang, D., Yang, Y., Li, S., & Ding, Q. (2023). Modeling drug-induced liver injury and screening for anti-hepato-
fibrotic compounds using human PSC-derived organoids. Cell Regeneration, 12(1), 6. https://doi.org/10.1186/s13619-022-00148-1

107. Xie, F., Sun, L., Pang, Y., Xu, G., Jin, B., Xu, H., Lu, X., Xu, Y., Du, S., Wang, Y., Feng, S., Sang, X., Zhong, S., Wang, X.,
Sun, W., Zhao, H., Zhang, H., Yang, H., Huang, P., & Mao, Y. (2021). Three-dimensional bio-printing of primary human hepatocel-
lular carcinoma for personalized medicine. Biomaterials, 265, 120416. https://doi.org/10.1016/j.biomaterials.2020.120416

108. Yang, S., Chen, Z., Cheng, Y., Liu, T., Lihong Yin, Pu, Y., & Liang, G. (2021). Environmental toxicology wars: Organ-
on-a-chip for assessing the toxicity of environmental pollutants. Environmental Pollution, 268, 115861. https://doi.org/10.1016/j.en-
vpol.2020.115861

109. Yang, Y., Yu, Z., Lu, X., Dai, J., Zhou, C., Yan, J., Wang, L., Wang, Z., & Zang, J. (2023). Minimally invasive bioprinting
for in situ liver regeneration. Bioactive Materials, 26, 465—477. https://doi.org/10.1016/j.bioactmat.2023.03.011

110. Ye, S., Boeter, J. W. B., Penning, L. C., Spee, B., & Schneeberger, K. (2019). Hydrogels for Liver Tissue Engineering. Bio-
engineering, 6(3), 59. https://doi.org/10.3390/bioengineering6030059

111. Youdim, K. A., Tyman, C. A., Jones, B. C., & Hyland, R. (2007). Induction of Cytochrome P450: Assessment in an Immor-
talized Human Hepatocyte Cell Line (Fa2N4) Using a Novel Higher Throughput Cocktail Assay. Drug Metabolism and Disposition,
35(2), 275-282. https://doi.org/10.1124/dmd.106.012864

112. Zeigerer, A., Wuttke, A., Marsico, G., Seifert, S., Kalaidzidis, Y., & Zerial, M. (2017). Functional properties of hepato-
cytes in vitro are correlated with cell polarity maintenance. Experimental Cell Research, 350(1), 242-252. https://doi.org/10.1016/].
yexcr.2016.11.027

113. Zeilinger, K., Freyer, N., Damm, G., Seehofer, D., & Knospel, F. (2016). Cell sources for in vitro human liver cell culture
models. Experimental Biology and Medicine, 241(15), 1684—1698. https://doi.org/10.1177/1535370216657448

114. Zheng, P., Xu, Y., Ren, Z., Wang, Z., Wang, S., Xiong, J., Zhang, H., & Jiang, H. (2021). Toxic Prediction of Pyrrolizidine
Alkaloids and Structure-Dependent Induction of Apoptosis in HepaRG Cells. Oxidative Medicine and Cellular Longevity, 2021, 1-12.
https://doi.org/10.1155/2021/8822304

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



66 The advantages and limitations of human liver models in in vitro toxicology study

Information about the authors:

Nailya Kabysheva — Candidate of Biological Sciences, Head of the Laboratory of Experimental Mutagenesis, Institute of Genetics
and Physiology (Almaty, Kazakhstan, e-mail: nailya.kabysheva@gmail.com).

Ozada Khamdiyeva — Senior Researcher, Laboratory of Experimental Mutagenesis, Institute of Genetics and Physiology (Almaty,
Kazakhstan, e-mail: azadahamdieva@gmail.com).

Lyazzat Tenelbayeva — Junior Researcher, Laboratory of Experimental Mutagenesis, Institute of Genetics and Physiology (Al-
maty, Kazakhstan, e-mail: tenelbayevalyazzat@gmail.com).

Gulshat Koishekenova — Researcher, Laboratory of Experimental Mutagenesis, Institute of Genetics and Physiology (Almaty,
Kazakhstan, e-mail: ms.gulshat7@mail.ru).

Nazym Altynova — PhD, Head of the Laboratory of Population Genetics, Institute of Genetics and Physiology (Almaty, Kazakh-
stan, e-mail: naz10.79@mail.ru).

Leyla Djansugurova — Candidate of Biological Sciences, Head of the Center for Paleogenetics and Ethnogenomics, Professor,
Academician of MAIN, Institute of Genetics and Physiology, Al-Farabi Kazakh National University (Almaty, Kazakhstan, e-mail:
leylad@mail.ru).

Erika Djangalina — Candidate of Biological Sciences, Assistant Professor, Leading researcher, Institute of Genetics and Physiol-
ogy (Almaty, Kazakhstan, e-mail: djangalina@rambler.ru).

Céline Cakir-Kiefer — Professor, Head of the Master’s Programme in Nutrition and Food Science, University of Lorraine, Faculty
of Science and Technology, Animal and Agroecosystems Laboratory (L24) (UR 200515254N, ex-URAFPA), Ecole Nationale Supéri-
eure d’Agronomie et des Industries Alimentaires (Vandeeuvre-lés-Nancy Cedex, France, e-mail: celine.cakir@univ-lorraine.fr).

Gulminyam Baratzhanova — PhD, Senior Researcher, Laboratory of Experimental Mutagenesis, Institute of Genetics and Physiol-
ogy (Almaty, Kazakhstan, e-mail: baratzhanova.gulminyam@gmail.com,).

Received 02 March 2026,

received in revised form 24 June 2026;
accepted 26 June 2026

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



International Journal of Biology and Chemistry 19, Ne 1 (2026)

IRSTI 34.27.51; 34.31.15

H. Khosravi® ' | A. Otadi' ™ , H. Etesami? ' , H. Alikhani* &

!Soil and Water Research Institute, Agricultural Research, Education and Extension Organization, Karaj, Iran
2University of Tehran, Karaj, Iran
*e-mail: hkhosravi@areeo.ac.ir

PLANT GROWTH-PROMOTING RHIZOBACTERIA INOCULATION
MITIGATES DROUGHT STRESS AND ENHANCES GROWTH
AND NUTRIENT UPTAKE IN WHEAT

Abstract: Drought is one of the most critical environmental constraints limiting wheat productivity world-
wide, especially under organic and low-input agricultural systems where synthetic fertilizers are restricted.
Microbial inoculants, particularly plant growth-promoting rhizobacteria (PGPR), offer a sustainable strat-
egy for enhancing plant tolerance to water deficit by improving physiological performance and nutrient ac-
quisition. In this study, germinated seeds of the wheat cultivar ‘Rakhshan’ were inoculated with eight PGPR
strains — Azotobacter chroococcum (Aztod78), A. salinestris (Aztod74), Azospirillum lipoferum (A443),
Pseudomonas sp. (P196 and P241), Pseudomonas fluorescens (P187), Pseudomonas putida (P186), and
Bacillus subtilis (B271). The experiment was conducted under greenhouse conditions using a completely
randomized factorial design. Drought stress was applied at three moisture levels corresponding to 100%,
60%, and 40% of field capacity (FC), and soil moisture was maintained throughout the 100-day growth pe-
riod. Measured traits included grain, shoot, and root dry weights; plant height; spike length; grain nitrogen,
phosphorus, and potassium concentrations. As expected, increasing drought severity markedly reduced all
growth and nutrient parameters. However, PGPR inoculation substantially mitigated these declines, dem-
onstrating the capacity of specific bacterial strains to counteract drought-induced physiological limitations.
Among the tested inoculants, Pseudomonas fluorescens P187 consistently exhibited the strongest positive
effects. Under moderate drought, P187 increased grain dry weight by approximately 95%, and under severe
drought it enhanced shoot and root dry weights by approximately 75% compared with the uninoculated
control. P187 also improved macronutrient accumulation, outperforming all other strains across nitrogen,
phosphorus, and potassium contents. Pseudomonas sp. P196 ranked second, showing notable but com-
paratively lower improvements. Overall, the findings identify P187 and to a lesser extent P196 as highly
promising PGPR candidates for developing microbial biofertilizers aimed at enhancing drought resilience
and nutrient use efficiency in wheat. These strains warrant further evaluation under field conditions and in
multi-strain or consortium-based formulations to maximize their agronomic potential.

Keywords: biofertilizers, drought, inoculation, stress mitigation, water deficit, wheat.
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Introduction

Drought stress is one of the most critical limiting
factors affecting plant growth and crop productivity
worldwide (Kuwayama et al., 2019). Iran, located
between latitudes 25° and 38°N, lies within arid and
semi-arid climatic zones and has recently experi-
enced a significant decline in precipitation along with
an increased frequency of drought events. As a sub-
stantial portion of the country’s water resources is al-
located to agriculture, this sector is the most severely
impacted by drought (Yazdandoost, 2016; Yousefi et
al., 2024).

A promising and environmentally sustainable
strategy for mitigating drought stress in agriculture

© 2026 Al-Farabi Kazakh National University

is the application of microbial inoculants containing
plant growth-promoting rhizobacteria (PGPR) (Ali &
Glick, 2025). Representative genera of PGPR include
Azotobacter, Pseudomonas, Bacillus, and Azospiril-
lum (Shah et al., 2021). These bacteria enhance plant
drought tolerance primarily by promoting root devel-
opment through phytohormone production, facilitat-
ing biological nitrogen (N;) fixation, mediating iron
uptake via siderophores, and solubilizing insoluble
phosphate compounds in the soil. Additional mecha-
nisms include the production of exopolysaccharides
(EPS) and the enzyme ACC deaminase, both of which
contribute to drought stress alleviation (Ali & Glick,
2025; Khosravi, 2019; Khosravi & Mahmoudi, 2013;
Khosravi et al., 2024; Shirinbayan et al., 2019).
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Wheat bread is a major source of caloric intake
in Iranian households and plays a fundamental role
in the national diet (Abdi et al., 2016). Currently,
approximately 58% of Iran’s cultivated land is dedi-
cated to wheat production (Center for Statistics, In-
formation Technology, and Communications, 2024).
Given wheat’s strategic importance, extensive culti-
vation area, and the increasing occurrence of drought
and water scarcity, the adoption of biotechnology-
based approaches such as microbial inoculants is es-
sential for promoting sustainable agricultural devel-
opment.

This study aimed to evaluate the effects of inocu-
lating wheat with selected native PGPR strains under
different soil moisture regimes and drought stress
levels. The ultimate objective is to develop effective
microbial formulations that enhance wheat resilience
to drought stress and improve crop performance un-
der water-limited conditions.

Table 1

Material and methods

Bacterial selection and inoculum preparation

In this study, the bacterial strains Azotobacter
chroococcum Aztod78, Azotobacter salinestris
Aztod74, Azospirillum lipoferum A443, Bacillus
subtilis B271, Pseudomonas sp. P241, Pseudomo-
nas sp. P196, Pseudomonas putida P186, and Pseu-
domonas fluorescens P187 were used to prepare the
inoculants for the greenhouse experiments. These
strains were selected from a collection of 63 isolates
maintained in the microbial collection of the Soil and
Water Research Institute (SWRI) (https://gcm.wdcem.
org/cc?wdecmnumber=891). They were originally
isolated from cultivated soils across Iran and had
previously been screened for plant growth-promoting
traits. The plant growth-promoting characteristics of
the selected bacterial strains used in this study are
summarized in Table 1 (Khosravi et al., 2025).

Characteristics of the selected plant growth-promoting bacteria (Khosravi et al., 2025)

Z g S g 3
s w38 28 3% 3g 5z Eszf 2 5
52 EEF %% 8% 22 BE 5§ <3
s Pg= s EE Ef 22 3 E= 52
Bacterial strain oz 982 o2 3 Z2E& =27 = £35 ]
o) =2 =2 % £ 3 9 o = 252 S
< % §% £g& £% &% E°7% 2
kst 20 L+ S = -
= o =
pgmL! g'L' halo/colony diameter ratio
Azospirillum lipoferum A443 2490 3420 4035 16.67 2959  0.00 1.90 1.42
Azotobacter chroococcum Azto478 27.89 27.06 17.27 5.33 7.33 4.79 0.00 0.00
Azotobacter salinestris Azto474 40.67 11.16 17.35 5.37 5.92 0.70 0.00 0.00
Pseudomonas putida P186 8.00  274.18 46.51 22.33 15.86  5.21 3.55 2.33
Pseudomonas fluorescens P187 4390 33431 7478 1431 13.79 538 3.77 1.92
Pseudomonas sp. P241 4493 21415 4855 1438 1645 592 3.88 1.66

To prepare the inoculate, a loopful of each puri-
fied single colony grown on agar plates was trans-
ferred into a 100 mL Erlenmeyer flask containing
the appropriate selective medium. The flasks were
incubated at 30°C for 72 hours on a Rotary Shaker
Incubator (AG CH, Infors, Switzerland). The fol-
lowing media were used for bacterial cultivation:
Winogradsky medium for Azotobacter, RC medium
for Azospirillum, Bacillus agar medium for Bacillus,
and King’s B medium for Pseudomonas (Himedia,
India).

Int. j. biol. chem. (Online)

Soil and water testing used for greenhouse cul-
tivation

The soil samples used in this study were col-
lected from the top 20 cm of a field at the Central
Research Station of the SWRI (Karaj, Iran). Soil and
water analyses were subsequently performed at the
institute’s Chemistry, Physics, and Fertilizer Tech-
nology Laboratory to determine the physicochemi-
cal properties of the samples. Total nitrogen (N)
content was measured using the Kjeldahl method,
available potassium (K) was extracted using 1N am-
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monium acetate, and available phosphorus (P,Os)
was determined using the Olsen method (Sparks et
al., 2020). Micronutrients (Zn, Fe, Cu, and Mn) were
extracted using the DTPA method and quantified by
atomic absorption spectrophotometry (Novaspec I,
Pharmacia, Sweden). Electrical conductivity (EC)
was determined using a conductivity meter (4510,
Jenway, UK), while pH was measured with a pH
meter (691, Metrohm, Switzerland). Organic carbon
content in the soil saturation extract was determined
using the Walkley—Black method (Standard volu-
metric titration method) (Sparks et al., 2020). Soil
calcium carbonate equivalent was determined using
the Total Neutralizing Value (TNV) method based on
acid neutralization, following standard soil chemical
procedures (Sparks et al., 2020). Soil texture com-
ponents — sand, silt, and clay — were determined us-
ing the Bouyoucos hydrometer method, and the soil
texture class was identified using the soil texture tri-
angle. Field capacity (FC) was measured using the
pressure plate method at 0.3 bar, and the permanent
wilting point (PWP) was determined at 15 bars using
the same technique (Soil moisture Equipment Corp)
(Dane & Topp, 2020).

Irrigation water samples were collected follow-
ing standard hydrochemical sampling procedures
in pre-cleaned, acid-washed polyethylene bottles
to avoid contamination. Samples were immediately
transported to the laboratory and stored at 4°C prior
to analysis to preserve their chemical integrity.

Soluble cations (Na*, Ca?*, Mg?*, and K*) were
determined after filtration of samples through 0.45
pm membrane filters. Sodium and potassium con-
centrations were measured using flame photometry
(PFP7, Jenway, Germany), while calcium and mag-
nesium were determined by atomic absorption spec-
trophotometry (Novaspec II, Pharmacia, Sweden),
following standard methods used in soil and irriga-
tion water studies (Sparks et al., 2020).

Soluble anions (CI7, SO4*", and NO3™) were
analyzed using standard colorimetric and titrimetric
methods, in accordance with established soil science
laboratory procedures (Sparks et al., 2020).

The sodium adsorption ratio (SAR) was calculat-
ed based on soluble cation concentrations expressed
in meq L™ using the following equation: SAR = Na*
/N ((Ca* + Mg?*) / 2) (Sparks et al., 2020).

Plastic pots measuring 23 ¢cm in height and 29 cm
in top diameter, each equipped with drainage holes,
were used in the experiment. Each pot was filled with
10 kg of soil sieved through a 5 mm mesh. Based on
the soil analysis results, nitrogen deficiency was cor-
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rected through split applications at three key growth
stages: one week after planting, during stem elonga-
tion, and at heading.

Experimental design

The experiment was conducted in the greenhouse
of the Central Research Station of the SWRI, Karaj,
Iran, using a factorial arrangement based on a com-
pletely randomized design (CRD) with three repli-
cations. Treatments included two factors: drought
stress and bacterial inoculation.

Drought stress was applied at three levels:

- DO (non-stress): soil moisture maintained at
100-80% of field capacity (FC), corresponding to ir-
rigation at 20% moisture depletion;

- D1 (moderate stress): soil moisture maintained
at 60% of FC, corresponding to 40% depletion;

- D2 (severe stress): soil moisture maintained at
40% of FC, corresponding to 60% depletion.

The inoculation factor consisted of nine levels:
a non-inoculated control (B0) and inoculation with
the bacterial strains A443, B271, Azto474, Azto478,
P186, P187, P196, and P241. Inoculation was per-
formed at sowing by applying 1 mL of bacterial sus-
pension to each seed, with a concentration of approx-
imately 1.5 x 107 cells mL™".

Planting, growth conditions, and harvesting

Four pre-germinated seeds of the wheat culti-
var ‘Rakhshan’, provided by the Seed and Plant Im-
provement Institute (Karaj, Iran) were sown in each
pot. One week after sowing, seedlings were thinned
to maintain two plants per pot. The greenhouse was
kept under a 12-hour photo period, with temperatures
ranging from 20 to 30°C, for 100 consecutive days.

At the end of the experiment, the plants were har-
vested, and the following traits were measured: grain
dry weight, shoot dry weight, root dry weight, plant
height, spike length, and the percentage concentra-
tions of nitrogen (N), phosphorus (P), and potassium
(K) in dry grains. To determine grain N, P, and K
contents, oven-dried grain samples were ground and
digested using an H,SO,—H,0, acid mixture. Total
nitrogen was quantified using the Kjeldahl method,
phosphorus was measured colorimetrically with a
spectrophotometer, and potassium was determined
by flame photometry (Sparks et al., 2020). All nu-
trient concentrations were expressed as percentages
(%).

Data was analyzed using DSAASTAT.XLS soft-
ware (Version 2010.5.04). A one-way ANOVA was
used to determine treatment effects, and mean com-
parisons were performed using the least significant
difference (LSD) test at the 5% significance level.
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Results and discussion

Soil and water test results. The physical and
chemical properties of the soil used for greenhouse
cultivation are presented in Table 2.

The characteristics of the irrigation water are
shown in Table 3.

Effect of inoculation treatments and drought
stress on growth plant indices. The results of the
analysis of variance (ANOVA) for the effects of dif-
ferent treatments and drought stress on wheat growth
indices are presented in Table 4.

Table 2
Physical and chemical properties of the soil

Comparison of mean values showed that un-
der non-stress conditions (D0), all bacterial treat-
ments significantly increased grain dry weight
compared to the uninoculated control (B0), with
the highest value observed for inoculation with
strain P187. Under moderate drought stress (D1),
strain P187 again exhibited the highest grain dry
weight, showing a 95% increase relative to the
control. However, under severe drought stress
(D2), inoculation did not result in a significant
enhancement of grain dry weight compared to the
control (Figure 1).

O N8~
> =] L mES > a9 n . " N 5
5 = = =0 £ g s . @) T Q o = o) % ‘=
Texture I §o S 3 ZE . E = M ~ . Al N S & =
S z &<
% dSm™ % mg-kg™!
Sandy
Clay 28 46 26 0.65 14.5 1825 1193 7.78 144 0.065 285 126 121 121 1.8 546
Loam
Table 3
Chemical properties of irrigation water
+ + 2+ 2+ Ca*/ - 2+ +
EC, H SAR, K, Na’, Ca?, Mg*, Mot CI, SO*, NO,’,
dS'm™ P meq’ L'  mmolL' mmol'L!" mmolL' mmolL" g *, mmolL" mmolL' mmolL"
mmol-L
0.42 7.92 1.8 0.015 1.87 0.84 0.24 3.54 0.17 0.69 0.31
Table 4
Variance analysis of inoculation and drought stress on various growth indices (mean square)
SOV af G;?H;ltdry/ Sl;(i)o}:tdr}; R;o;ilry / Plant Spike Nitrogen  Phosphorous Potassium
T weight, gf - weight, g weight, g height, cm length, cm  content, % content, %  content, %
pot pot pot
Inoculation 45.25™ 72.20™ 10.70™ 13.13" 10.43™ 3.20™ 0.0014™ 0.07"
Drought stress 2 49291  1130.12"  32.11" 156.94™ 37.28" 11.89"™ 0.0142™ 0.09"
1 *
Inoculation 16 1091" 1427 170" 243" 0.53" 0.33" 0.0006" 0.01"
Drought stress
Error 54 4.12 3.10 0.40 1.11 0.29 0.00019 0.00 0.001
CV, % 15.98 8.24 7.80 242 7.11 15.78 3.82 3.42

Note: * significant at p < 0.05; ™" significant at p < 0.01
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Figure 1
Effect of inoculation and drought stress on grain dry weight
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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With increasing drought severity, shoot dry
weight decreased significantly in most treatments.
Under D2 conditions, shoot dry weight was reduced
by 47% compared with D0. Inoculation with all bac-
terial strains under DO and D1 significantly increased

Figure 2

shoot dry weight relative to the uninoculated control
(B0). Under D2 conditions, all strains except B271
enhanced shoot dry weight, with the highest value
recorded for strain P187, which resulted in a 75% in-
crease compared with the control (Figure 2).

Effect of inoculation and drought stress on shoot dry weight
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Inoculation

An increase in drought stress was associated
with a reduction in root dry weight. Under severe
stress (D2), the lowest root dry weight was ob-
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served in the B0 treatment. Under both D1 and D2
conditions, all inoculated treatments significantly
increased root dry weight relative to the control
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(BO), with strains P187 and P196 showing the most
pronounced effects. Under D1, P187 increased root
weight by approximately 75% compared to the con-
trol (Figure 3)

Plant height decreased across all treatments with
increasing drought stress. In the uninoculated con-

Figure 3

trol (B0), plant height under D2 was reduced by 17%
compared to DO. Inoculation under D2 had a signifi-
cant effect, as all treated groups showed considerable
increases in plant height relative to the control, with
strains Azto474 and P187 producing the tallest plants
(Figure 4).

Effect of inoculation and drought stress on root dry weight
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Figure 4
Effect of inoculation and drought stress on plant height
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Under D1 conditions, the most significant in- moderate stress (D1), only inoculation with strain
creases in spike length were observed for strains  P187 resulted in a significant increase in nitrogen
P196 and P187. However, under D2, inoculation did  content compared to the control. Under severe stress
not significantly affect spike length (Figure 5). (D2), strains P187, P196, and B271 significantly

Mean comparisons revealed that drought stress  increased nitrogen content, with P187 showing the
led to a reduction in grain nitrogen content. Under  highest value (Figure 6).

Figure 5

Effect of inoculation and drought stress on spike length
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Figure 6
Effect of inoculation and drought stress on nitrogen content in plants
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Analysis of mean values indicated that drought
stress reduced grain phosphorus content. Under D1,
only strain P187 caused a significant increase in phos-
phorus levels. Under D2, all treatments except P196
significantly increased phosphorus content compared
to the control, with strain P187 showing the greatest
enhancement (Figure 7).

Figure 7

Drought stress also led to a reduction in grain
potassium content. Under DI, inoculation with
strains P196, P187, and P186 significantly in-
creased potassium levels compared to the control.
Under D2, strains P196 and P187 significantly el-
evated potassium content relative to the control
(Figure 8).

Effect of inoculation and drought stress on phosphorous content in plants
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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Figure 8
Effect of inoculation and drought stress on potassium content in plants
(DO: no stress, D1: 60% of field capacity, D2: 40% of field capacity)
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The results demonstrated that drought stress, at
both moderate (D1) and severe (D2) levels, signifi-
cantly reduced wheat growth indices and the con-
centrations of nitrogen (N), phosphorus (P), and
potassium (K) in grains. However, inoculation with
selected bacterial strains mitigated these adverse ef-
fects by enhancing several growth parameters and
nutrient concentrations under drought conditions
(Figures 1-8).

Among the tested strains, Pseudomonas fluore-
scens P187 led to a significant increase in grain dry
weight under moderate drought stress (D1) compared
to the uninoculated control (Figure 1). This finding is
consistent with previous studies reporting that inocu-
lation with plant growth-promoting rhizobacteria im-
proves wheat yield under drought conditions (Creus
et al., 2004). Pseudomonas spp. has been shown to
enhance grain yield in both irrigated and water-limit-
ed environments (Chandra et al., 2019).

Shoot dry weight also increased significantly at
both drought levels following inoculation with all
strains, P187 showing the highest mean values (Fig-
ure 2). These observations align with earlier reports
demonstrating the beneficial effects of Pseudomonas
on straw biomass (Chandra et al., 2019) and of Bacil-
lus and Azospirillum on shoot biomass under drought
stress (Kasim et al., 2013).

Similarly, root dry weight was significantly im-
proved under both D1 and D2 conditions across all
treatments, P187 again producing the greatest in-
crease (Figure 3). The role of Azospirillum in pro-
moting root biomass under drought has been well-
documented. Enhanced root development under
stress is particularly important for improving water
and nutrient uptake, thereby supporting overall plant
growth (Agami et al., 2014).

Drought stress led to a reduction of plant height,
but inoculation significantly mitigated this effect, es-
pecially under severe drought (D2) (Figure 4). This
result is consistent with prior findings indicating that
PGPR can enhance plant height under stress condi-
tions (Kasim et al., 2013).

Although spike length declined with increasing
drought severity, significant improvement due to in-
oculation was observed only under moderate stress
(D1), with strains P187 and P196 producing the
longest spikes (Figure 5). These findings agree with
earlier studies showing that PGPR can enhance spike
length under water-deficient conditions (Chandra et
al., 2019). Additionally, Azospirillum lipoferum was
previously reported to increase spike length under
60% evapotranspiration (ETc) relative to 100% ETc
(Agami et al., 2014).

Int. j. biol. chem. (Online)

Drought stress also decreased grain macronutri-
ent concentrations, but inoculation partially offset
this reduction (Figures 6-8). Under moderate drought
(D1), only strain P187 significantly improved nitro-
gen and phosphorus levels, and it showed the stron-
gest effect under severe stress (D2) as well. A similar
trend was noted for potassium content (Figure 8).
These outcomes are supported by prior research in-
dicating that PGPR can improve N, P, and K con-
centrations in grains under drought stress (Chandra
et al., 2019). Likewise, inoculation with Azotobacter
has been shown to enhance macronutrient uptake in
maize grown under drought conditions in greenhouse
trials (Shirinbayan et al., 2019).

PGPR enhance plant growth through several
mechanisms, including the production of phytohor-
mones (e.g., auxins), biological nitrogen fixation,
solubilization of insoluble phosphates, siderophore
release, silicate decomposition, and mobilization of
essential nutrients such as potassium (Khosravi et al.,
2024). The bacterial strains used in the present study
were previously screened and characterized based on
these functional traits (Khosravi et al., 2025).

Previous research has also demonstrated that
bacterial inoculation can mitigate drought-induced
damage and increase wheat stress tolerance via both
direct mechanisms (e.g., hormone production) and
indirect mechanisms (e.g., improved nutrient avail-
ability) (Kasim et al., 2013).

Interestingly, although Azofobacter strains
(Azto478 and Azto474) and Azospirillum (A443) are
known nitrogen (N,) fixers, they did not significantly
influence grain nitrogen content. In contrast, Pseudo-
monas fluorescens P187, which lacks nitrogen-fixing
ability, significantly enhanced nitrogen content under
all moisture conditions (D0, D1, and D2) compared
to the control (Figure 6). This suggests that mecha-
nisms other than nitrogen fixation — likely involving
plant growth-promoting activities such as enhanced
root development — are responsible for the observed
improvements in nitrogen uptake. Laboratory analy-
ses have confirmed that P187 exhibits superior traits,
including indole-3-acetic acid (IAA) production,
phosphate solubilization, and exopolysaccharide
secretion (Khosravi et al., 2025). Similar enhance-
ments were observed for phosphorus and potassium
concentrations, further underscoring the effective-
ness of this strain (Figures 7 and 8). These results are
consistent with other reports highlighting the central
role of microbial growth-promoting traits in improv-
ing root and shoot development and, subsequently,
nutrient accumulation in plants (Ahmed & Hasnain,
2014; Alaskar & Al-Shwaiman, 2023; Cakmakg1 et
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al., 2020; Grover et al., 2021; Pantoja-Guerra et al.,
2023).

Conclusion

This study provides clear evidence that inocu-
lating wheat with selected PGPR strains, including
Azotobacter, Azospirillum, Bacillus, and Pseudomo-
nas, can significantly enhance plant performance un-
der drought stress, both in terms of growth attributes
and macronutrient acquisition. Among all evaluated
strains, Pseudomonas fluorescens P187 consistently
produced the strongest positive responses across
multiple growth and nutrient parameters, indicating
substantial drought-mitigating potential. The perfor-
mance of Pseudomonas sp. P196, although slightly
lower, further supports the superior adaptability and
functional versatility of Pseudomonas species in
water-limited environments. These results collec-
tively highlight the value of exploring multi-strain
or consortium-based inoculation strategies in future
research, as such formulations may broaden the func-
tional spectrum and yield more stable improvements
under variable field conditions.

A particularly noteworthy finding is the marked
increase in grain nitrogen content in plants inoculated
with P187, despite the strain’s lack of nitrogen-fix-
ing ability. This suggests that indirect mechanisms
such as stimulation of root system architecture, en-
hancement of rhizosphere nutrient mobilization, or
modulation of hormone-mediated nutrient uptake
pathways may play a central role in improving ni-
trogen assimilation under drought. In contrast, clas-
sical nitrogen-fixing PGPR such as Azotobacter and
Azospirillum did not produce comparable effects, in-
dicating that nitrogen fixation alone is insufficient to
guarantee improved N accumulation when plants are
exposed to moisture stress.

Overall, these observations emphasize the need
to adopt a mechanism-oriented and trait-based per-

spective when selecting bacterial inoculants for
wheat drought tolerance. Considering attributes
such as phytohormone production, siderophore
release, osmotic-adjustment facilitation, and nu-
trient-mobilization capacity will be essential for
developing reliable PGPR-based bioformulations
aimed at strengthening crop resilience and main-
taining yield stability under increasingly frequent
drought events.
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THE RATIO OF BOREAL AND STEPPE FLORISTIC ELEMENTS
IN PHYTOCOENOSES INVOLVING POPULUS ALBA, P NIGRA, P. TREMULA
AND P. x CANESCENS IN THE ZHAIYK RIVER FLOODPLAIN

Abstract: The article presents the results of a comprehensive ecological, phytocoenotic, and floristic study
of forest communities involving representatives of the genus Populus L. in the Ural River valley within
Western Kazakhstan. The research was conducted in 2024-2026 across steppe, semi-desert, and desert
zones. Based on 26 geobotanical releves, a syntaxonomic analysis of floodplain and ravine forests was car-
ried out, encompassing various elements of floodplain relief and moisture gradients. Four populations of
the genus Populus were identified and characterized, represented by the species Populus alba L., Populus
nigra L., Populus canescens (Aiton) Sm., and Populus tremula L. The studied phytocoenoses are char-
acterized by pronounced vertical stratification, high floristic diversity, and a mosaic vegetation structure
determined by differences in soil and hydrological conditions. The total number of vascular plant species
within the communities ranges from 16-55. Species of the family Salicaceae plays a leading role in form-
ing the coenotic core, while the herb layer is mainly represented by members of Poaceae, Asteraceae, and
Fabaceae. Chorological analysis revealed the predominance of boreal forest and Eurasian floristic elements,
with a significant contribution of steppe and Pontic species, reflecting the ecotonal nature of the region’s
floodplain forests. An expansion of the ecological-coenotic amplitude of certain species was observed
under changing hydrological conditions, particularly within the desert zone.The obtained data supplement
existing knowledge on the structure, floristic composition, and geographical distribution of poplar forests
in Western Kazakhstan and are important for the monitoring and conservation of floodplain ecosystems.
Keywords: Populus, floodplain forests, phytocoenoses, floristic structure, boreal and steppe elements,
Zhaiyk river.
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Introduction

The genus Populus L. comprises deciduous
forest-forming tree species belonging to the family
Salicaceae (Mirbel). and plays an important role in
the formation of floodplain and riparian forest eco-
systems. In Western Kazakhstan, representatives of
the genus Populus L. are mainly confined to the val-
ley of the region’s principal hydrological feature: the
Zhaiyk river and are distributed along both its right
and left banks over a stretch of approximately 700
km (Chibilev et al., 2023).

Within the study area, plantations of the genus
Populus L. are represented by species belonging to
two sections. Section Leuce Duby includes white and

© 2026 Al-Farabi Kazakh National University

aspen-like poplars and is subdivided into two subsec-
tions. Subsection Albidae Dode comprises Populus
alba L., occupying an area of 10,334.2 ha, and Pop-
ulus canescens (Aiton) Sm., distributed over 8 ha.
Subsection Trepidae Dode is represented by Populus
tremula L., whose plantations cover 1,334 ha (Ana-
toliy et al., 2025).

Section Aigeiros Lunell, which includes black
poplar forms, is represented by Populus nigra L.,
whose plantations occupy 16,667.7 ha (Klimov &
Proshkin, 2024). This species is one of the princi-
pal forest-forming components of the Zhaiyk River
floodplain ecosystems and plays a significant role in
bank stabilization, regulation of the hydrological re-
gime, and maintenance of biodiversity.

Int. j. biol. chem. (Online)
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Within the floodplain, the channel, near-channel,
central, and terrace-adjacent zones are distinguished,
differing in relief morphology, hydrological regime,
and vegetation cover. The indigenous (upland) banks
are mainly represented by zonal steppe communities
formed by feather-grass and Artemisia lerchiana for-
mations (Figure 1).

The river floodplain is characterized by the de-
velopment of azonal vegetation complexes, includ-
ing floodplain forests and meadow communities. In
the northern part of the valley, the average width
of the floodplain is 12—13 km, locally increasing to
16 — 18 km, whereas southward it gradually narrows
to 3—5 km (Khlyustov et al., 2019).

Morphologically, the floodplain has a flat-ridged
relief formed by alternating ridges, interridge depres-
sions, low-lying depressions, lakes, and oxbow chan-
nels.

The near-channel part of the floodplain, 200 —400
m wide, is characterized by the predominance of ar-

Figure 1
Forest phytocoenoses of the Zhaiyk river valley, June, 2025

boreal phytocoenoses represented by white willow
Salix alba and black poplar communities.

The central floodplain occupies the largest area,
features a weakly expressed ridged relief, and ranges
in width from 4 to 12 km. The terrace-adjacent flood-
plain forms a strip 1-2 km wide, locally narrowing to
400 — 500 m, and is predominantly overgrown with
shrub vegetation.

The Trans-Ural — Turgai (West Kazakhstan)
subprovince has not always been regarded as an
independent unit and, in some literature sources,
was included either within the Volga—Ural and Mu-
godzhar-Turgai subprovinces or within the Trans-
Volga—West Kazakhstan subprovince (Petrenko et
al., 1998).

The western boundary of the subprovince runs
along the marginal part of the Southern Urals and the
Ural River valley, corresponding to the boundary of
the moderately continental climate, and extends east-
ward to the Turgai Plateau.

The relief of the Trans — Ural -Turgai Province
is predominantly flat. In its southern part, the mar-
ginal areas of the Mugodzhar Hills are located, with
a maximum elevation of 657 m above sea level. In
the eastern part, north of the Zhaiyk River, plains
composed of alluvial and deluvial deposits prevail,
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with absolute elevations ranging from 450 to 300
m, whereas in the southern part the Pre-Ural Plateau
is distinguished, with elevations from 450 to 100 m
(Viktorov, 1951). In recent years, within the field of
botanical geography, during the study of arid and
subarid territories of the Palearctic and the vegetation
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cover of the Eurasian steppe zone, E.M. Lavrenko de-
veloped a botanical-geographical regionalization and
established the latitudinal and longitudinal boundar-
ies of steppe territories (Lavrenko, 1979).

The Pre-Ural Plateau is characterized by a diver-
sity of parent materials: in addition to loamy deluvial
deposits, chalk formations, Cretaceous sandy rocks,
and saline clays are widespread. In combination with
varied microrelief conditions, this determines the
considerable diversity of vegetation cover.

LN. Safronova subdivided the Pre-Ural Plateau
into two subzonal types of dry sod-grass steppes
formed on dark chestnut and chestnut soils (Safron-
ova, 2002). The northern dry steppes on dark chest-
nut soils are characterized by the dominance of Stipa
lessingiana and Festuca valesiaca, sometimes with
a notable presence of Stipa capillata. The forb layer
is mainly represented by xerophytic species such as
Tanacetum achilleifolium, Serratula dissecta, and
Crinitaria tatarica (Mirkin et al., 2015).

The aim of this article is to provide a detailed
ecological-phytocoenotic and floristic characteriza-
tion of the poplar forests of the Zhaiyk River, studied
in its middle and lower reaches within the western
region of Kazakhstan, as well as to identify their
syntaxonomic diversity, structure, species composi-
tion, and geographical-ecological features under the
conditions of steppe, semi-desert and desert natural
zones.

Materials and methods

During the period from May 2024 to April 2026,
a total of 26 geobotanical relevés were conducted
in floodplain and ravine forests, and the resulting
data were subsequently classified according to syn-
taxonomic principles. The size of the sampling plots
was determined according to the homogeneity and
structure of the community and measured 20 x 20
m. Species abundance was assessed using the Braun-
Blanquet scale (Martynenko et al., 2008). In the syn-
optic table of syntaxa, species constancy is presented
using an equal-interval scale with the following con-
stancy classes: 1 — 1-20%; 2 — 21-40%; 3 — 41-60%,;
4 — 61-80%; 5 — 81-100%. Species constancy within
communities was evaluated using a five-point scale:
1-1-20%; 1T — 21-40%; 111 — 41-60%; IV — 61-80%;
V —81-100% (Ermakov & Martynenko, 2022).

The syntaxonomic analysis was performed
in accordance with the generally accepted prin-
ciples of ecological-floristic classification. The Lat-
in names of plant species follow the checklist by
M.M.Fartushinam (Chekalin & Fartushina, 2014)
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and were harmonized with the requirements of the
International Code of Phytosociological Nomencla-
ture (Theurillat et al., 2021).

Taxonomic identification of plants was carried
out using fundamental floristic sources, including
Flora of Kazakhstan (Pavlov, 1960), Key to Plants
of Central Asia (Novikov, et al., 2018), as well as
the generalizing works of V.V. Ivanov (Darbaeva et
al., 2011). Species nomenclature is presented in ac-
cordance with current data from the international da-
tabase Plants of the World Online (POWO) and the
electronic resource Plantarium (http://www.ipni.org;
https://powo.science.kew.org; https://www.plantari-
um.ru/).

In the geographical regionalization of the vegeta-
tion cover of the study area, the monograph by E.M.
Lavrenko “Steppes of Eurasia” (Lavrenko, 1991)
served as the theoretical basis. To analyze the steppe
zones and classify the plant communities of Western
Kazakhstan, we integrated data from I.N. Safronova
article (2002) and were guided by the general provi-
sions of R.V. Kamelin (2012). The geographical re-
gionalization of floodplain forests in the desert and
semi-desert zones was carried out using data from the
monograph Akzhigitova et al. (2003).

Field research was conducted across the West
Kazakhstan Region within various natural zones. In
the Terekty District, on the lands of the Chagan For-
estry (village of Kabyltobe), floodplain forest com-
munities of the first population were studied: twelve
geobotanical relevés were carried out across exten-
sive plots during the period from late April to late
May (51°15.711" N, 51°54.173" E) at an absolute ele-
vation of 5 m above sea level. The second population
comprises four geobotanical relevés of ravine forests,
completed in early May and mid-July (51°21.238" N,
51°56.512" E) at an elevation of 41 m above sea level.

In the semi-desert zone of the region, within
the Baiterek District (village of Bogatskoye), the
third population was investigated: five geobotani-
cal releves were established during early spring and
early autumn at sites with coordinates 50°4020" N,
51°0824" E and 51°05'73" N, 51°14'41" E, at abso-
lute elevations of 45-46 m above sea level.

In the southern part of the region, within the des-
ert zone, fieldwork was conducted on the territory of
the Taipak Forestry, where the fourth population was
studied: five geobotanical releves were carried out
during the summer period, following the recession of
floodwaters, at coordinates 49°09'64" N, 51°32'50"
E and 49°09'422" N, 51°33'185" E, absolute relief
elevations in this area reach — 6 m above sea level
(Figure 2).
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Figure 2

Map of the sampling locations of the described plant communities

50°45'
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012,525 50 75 100

Results and discussion

In Western Kazakhstan, within the Zhaiyk River
valley, four populations of the genus Populus were
identified. An ecological and phytocoenotic survey
of plant communities involving species of the genus
Populus was conducted, which made it possible to
characterize their environmental conditions and com-
munity structure (Table 1).

The studied phytocoenoses are confined to flood-
plain and above-floodplain sites located within the
steppe, semi-desert, and desert zones. Geobotanical

Int. j. biol. chem. (Online)

51°50'

50°50

49°45'

51'50"

relevés were carried out on 20 m? sample plots, in ac-
cordance with standard requirements for the study of
tree — shrub and herbaceous communities. Absolute
elevations range from — 6 to 46 m, reflecting both
floodplain depressions and elevated terraces.

The soil cover is represented mainly by forest-
meadow alluvial soils, dark chestnut meadow soils,
and sandy soils, which determine the high mosaic
structure of the vegetation cover and the diversity of
ecological plant groups.

In all described communities, a clearly expressed
vertical structure is observed:

International Journal of Biology and Chemistry 19, Ne 1 (2026)
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Tree layer (t1). Dominated by species of the fam-
ily Salicaceae, primarily Populus alba, Populus nig-
ra, and Populus canescens; less frequently Populus
tremula and Salix alba. The average height of the tree
stand ranges from 12.5 to 22 m, indicating mature
and middle-aged plantations.

Shrub and subshrub layers (s1, ss1). Developed
unevenly. The most common species include Rubus
caesius, Prunus spinosa, Euonymus verrucosus, as
well as halophytic and xerophytic subshrubs such as
Artemisia marschalliana and Atriplex cana.

Herb layer (h1). Characterized by high floristic
diversity and plays a key role in forming the total
projective cover. Total projective cover varies from
40 to 75%, reflecting differences in community clo-
sure, moisture, and light conditions.

The number of species in the communities rang-
es from 16 to 30, which is typical for floodplain and
transitional ecosystems. The highest species rich-
ness was recorded in communities involving Populus
tremula and Aegopodium podagraria, where favor-
able mesophytic conditions are formed.

In the herb layer, representatives of the follow-
ing families dominate: Poaceae: Bromopsis inermis,
Calamagrostis epigeios, Poa pratensis; Asteraceae:
Inula britannica, Artemisia vulgaris, Achillea mille-
folium; Fabaceae: Glycyrrhiza glabra, Melilotus al-
bus, Medicago falcata; Cyperaceae: Carex vulpina,
Carex acuta.

The presence of Fabaceae species indicates in-
creased soil trophicity and their capacity for biologi-
cal nitrogen fixation.

Ecological and phytocoenotic interpretation
based on the constancy scale shows that most species
belong to class I (1-33%), reflecting the high dyna-
mism and mosaic structure of the vegetation cover
(Golovanov et al., 2025). Species of constancy class
1T (Populus alba, Populus nigra, Salix alba) form
the coenotic core of the communities and determine
their physiognomic appearance.

The first population was identified in the Ter-
ekti District, within the Chagan Forestry, compart-
ment Ne4 (GPS: N 51°19.758', E 051°54.208"), at
an elevation of 5 m above sea level. Geographi-
cally, this population is confined to a ravine-gully
system originating from the Pre-Ural Plateau and
transitioning into the central floodplain. The mi-
croclimatic conditions of forests with Populus ca-
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nescens create favorable conditions for its growth
on alluvial-meadow soils (GBIF Backbone Tax-
onomy, 2026).

The plant community of the first population
is represented by a mixed tree — shrub — herb phy-
tocoenosis. The most widespread formations are:
Populus canescens — Convallaria majalis, Populus
alba — Carex vulpina, Populus nigra — Rubus cae-
Sius.

The tree layer is formed by Populus canescens,
Populus tremula, Fraxinus Americana and Ulmus
laevis.

The understory (second layer) includes shrub
species such as Rhamnus cathartica, Rosa cinnamo-
mea and Prunus spinosa.

The third layer is formed by the subshrub Rubus
caesius.

The herbaceous cover (fourth layer) is distin-
guished by high species diversity and includes Fes-
tuca ovina, Lathyrus tuberosus, Convallaria majalis,
Aristolochia clematitis, Carex vulpina, Artemisia
vulgaris, Chelidonium majus, Veronica longifolia,
Medicago falcata, Trifolium montanum, Cichorium
intybus, Euphorbia seguieriana, Bromus inermis,
Conyza canadensis, Elytrigia repens and other spe-
cies.

The phytocoenosis is characterized by pro-
nounced vertical stratification and high heterogeneity
of the herb layer, which is typical of floodplain forest
ecosystems with well-developed microrelief and op-
timal moisture conditions.

The floristic composition of the herb layer shows
considerable taxonomic diversity. The largest num-
ber of species belongs to the family Asteraceae — 8
species 14.5%. The second position in terms of spe-
cies richness is occupied by Fabaceae — 5 species
11.9%. The third place belongs to Poaceae, repre-
sented by 4 species 7.2%.

Several families are represented by single spe-
cies, including Aristolochiaceae, Cyperaceae, Papav-
eraceae, Convallariaceae, Euphorbiaceae, Polygona-
ceae, Ranunculaceae, and Scrophulariaceae.

Overall, within the central floodplain, the first
population includes 55 species of vascular plants be-
longing to 20 families and 41 genera, indicating high
floristic richness of the studied phytocoenosis.

In the flora of the investigated community, 11
geographical elements were identified (Table 2).
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Figure 3
Association of the central floodplain
Populus x canescens — Convallaria majalis, April, 2025

Table 2
Distribution of plant species by geographical ranges for the first
population

Range grou Floral elements Number % of the
g¢ group of species total number
40 72.7

Eurasian 11 20.3
Euro-Siberian 8 14.8

Boreal forest
European 9 16.6
Holarctic 5 9
East European 1 1.8

11 20.3

Pontic 3 5.5
Anmgnt 3 55
Mediterranean

Steppe
Mediterranean 4 7.2
Pontic—Trans-
Volga— 1 1.8
Kazakhstan

Adventive 4 7.4

ruderal ]

(Pluriregional) North American 4 7.4

Total 55 100
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Among the geographical elements of the first
population, Eurasian species predominate (11 spe-
cies; 20.3%), including Prunus spinosa, Rhamnus
cathartica, Rosa cinnamomea, and Bromopsis iner-
mis. The Euro-Siberian element comprises 8 species
(14.8%); Rubus caesius, Chelidonium majus, Festu-
ca valesiaca. The Holarctic element (5 species; 9%)
includes Bidens tripartita, Artemisia vulgaris, and
Cichorium intybus. These groups belong to the Bo-
real chorological group.

The Mediterranean element (4 species; 7.2%) in-
cludes Populus alba and Convallaria majalis, while
the Ancient Mediterranean element (3 species; 5.5%)
is represented by Medicago falcata and Lactuca ta-
tarica. The Pontic element (3 species; 5.5%) includes
Euphorbia seguieriana and Polygonum aviculare.
Steppe species account for 11 species (20.3%) and
are well developed along forest edges.

Weedy or adventive species are few (4 species;
7.4%), including Fraxinus americana, Conyza ca-
nadensis, and Acer negundo.

In the second population, the studied phytocoe-
nosis is represented by a ravine deciduous forest of
the forest-steppe zone, confined to the bottoms and
slopes of gullies. The community develops under
conditions of increased moisture and a moderated

International Journal of Biology and Chemistry 19, Ne 1 (2026)



R.K. Anatoliy et al. 91

microclimate typical of depressed relief forms. The
vegetation cover belongs to the association Populus
tremula — Aegopodium podagraria and is located at
51°21.238' N, 51°56.512" E, at an absolute elevation
of 41 m above sea level.

Within this phytocoenosis, 30 species of vascu-
lar plants were recorded, belonging to the division
Magnoliophyta (angiosperms), represented by two
classes — Magnoliopsida (dicotyledons) and Liliop-
sida (monocotyledons). Dicotyledonous plants pre-
dominate, which is typical of ravine forest communi-
ties of the forest-steppe zone.

The flora of the phytocoenosis includes 14 fami-
lies and 27 genera, indicating relatively high taxonom-
ic diversity and stability of the vegetation cover under
dissected relief and increased moisture conditions.

The most represented families are: Rosace-
ae — 6 species (20%): Cerasus fruticosa, Spiraea
hypericifolia, Amygdalus nana, Rosa canina, Cra-
taegus ambigua, Fragaria vesca, Asteraceae — 4 spe-
cies (13.3%): Inula helenium, Hieracium echioides,
Lactuca serriola, Arctium lappa, Poaceae — 3 species
(10%): Bromopsis inermis, Poa pratensis, Melica al-
tissima, Apiaceae — 2 species (6.6%): Sium latifoli-
um, Aegopodium podagraria; Salicaceae — 2 species
(6.6%): Populus tremula, Populus alba.

The tree layer is composed of deciduous spe-
cies, with an average tree height of about 12,5 m.
The dominant species is Populus tremula, forming

Figure 4
Ravine forest phytocoenoses of Populus tremula, June, 2025

the basis of the association. The layer also includes
Populus alba, Fraxinus americana, Acer negundo,
and Betula pendula. The canopy closure is moder-
ate, allowing sufficient light penetration to the lower
layers.

The shrub layer is well developed but hetero-
geneous. It is mainly represented by species of the
family Rosaceae and steppe elements: Cerasus fru-
ticosa, Spiraea hypericifolia, Amygdalus nana, Rosa
canina, Crataegus ambigua, as well as Lonicera ta-
tarica. Shrubs form a sparse understory, especially
pronounced on gully slopes and forest edges.

The herbaceous layer is the richest in species com-
position and exhibits a mosaic structure. The domi-
nant species is Adegopodium podagraria, forming a
dense ground cover. Grasses and sedges (Bromopsis
inermis, Poa pratensis, Carex melanostachya) are
widely represented, along with forest, meadow and
edge forbs (Convallaria majalis, Galium boreale,
Inula helenium, Fragaria vesca). The presence of
ruderal and adventive species indicates moderate an-
thropogenic impact.

A total of 30 species of vascular plants belong-
ing to various floristic—geographical elements were
identified within the phytocoenosis.

Analysis of the distribution of species by range
groups makes it possible to assess the origin of the
flora and the ecological specificity of the community
(Table 3).
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Table 3
Distribution of plants by geographical ranges in the second
population

Range group  Floral elements Number % of the total
of species number
Boreal forest 20 66.6
Eurasian 8 26.6
Euro-Siberian 5 16.6
European 2 6.6
Holarctic 5 16.6
Steppe 8 26.6
Pontic 5 16.6
Mediterranean 2 6.6
Lower Volga | 33
Adventive ruderal 2 6.6
(Pluriregional) North 1 33
American
Canada 1 33
Total 30 100

The boreal forest geo-element is the most widely
represented, comprising 20 species (66.6% of the to-
tal flora). Within this group, the following are dis-
tinguished: Eurasian elements 8 species (26.6%):
Populus tremula, Bromopsis inermis, Carex mela-
nostachya, Melica altissima, Rosa canina, Galium
boreale, Euro-Siberian elements 5 species (16.6%):
Sium latifolium, Inula helenium, Betula pendula, Ae-
gopodium podagraria, Holarctic elements 5 species
(16.6%): Poa pratensis, Arctium lappa, Fragaria
vesca, European elements 2 species (6.6%): Conval-
laria majalis, Leonurus cardiaca.

The high proportion of boreal species indicates
the forest character of the phytocoenosis and its con-
nection with moderately moist growing conditions
typical of ravine forests.The steppe geo-element
is represented by 8 species (26.6% of the flora),
including:Pontic species 5 (16.6%): Cerasus fruti-
cosa, Spiraea hypericifolia, Amygdalus nana, Hi-
eracium echioides, Cytisus borysthenicus, Mediter-
ranean species; 2 (6.6%): Lactuca serriola, Populus
alba;Lower Volga element; 1 (3.3%): Crataegus am-
bigua.The significant share of steppe and Pontic spe-
cies reflects the ecotonal character of ravine forests
formed within the forest-steppe zone and influenced
by adjacent steppe communities.The adventive (plu-
riregional) ruderal group includes 2 species (6.6%)
North American element — Acer negundo (3.3%), Ca-
nadian element — Fraxinus americana (3.3%).
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The presence of adventive species indicates an-
thropogenic influence and a certain degree of trans-
formation of the natural vegetation cover.

Thus, the chorological analysis shows that the
flora of the Populus tremula — Aegopodium podag-
raria phytocoenosis is characterized by dominance
of boreal forest geo-elements significant participa-
tion of steppe and Pontic species, presence of adven-
tive elements.

This confirms the forest-steppe, ecotonal nature
of the ravine forest formed at the junction of forest
and steppe floristic complexes, under moderate an-
thropogenic influence.

The first and second populations are confined
to the North Caspian region, within the physical-
geographical province of the Koshim-Zhaiyk steppe
district of the Caspian — Turanian country. This ter-
ritory covers the steppe zone of the upper course of
the Zhaiyk River.

The boreal forest geo-element is the most widely
represented and includes 20 species, accounting for
66.6% of the total number of species. Within this
group the following elements predominate: Eurasian
elements — 8 species (26.6%): Populus tremula,
Bromopsis inermis, Carex melanostachya, Melica
altissima, Rosa canina, Galium boreale. Euro-Sibe-
rian elements 5 species (16.6%) — Sium latifolium,
Inula helenium, Betula pendula, Aegopodium podag-
raria, Sium latifolium. Holarctic elements 5 species
(16.6%): Poa pratensis, Arctium lappa, Fragaria
vesca. European elements 2 species (6.6%): Conval-
laria majalis, Leonurus cardiaca.

The high proportion of boreal species indicates
the forest character of the phytocoenosis and its as-
sociation with moderately humid growing conditions
typical of ravine forests.

The steppe geo-element is represented by 8 spe-
cies, which corresponds to 26.6% of the flora. The
following elements are distinguished within it: Pon-
tic species 5 (16.6%) — Cerasus fruticosa, Spiraea
hypericifolia, Amygdalus nana, Hieracium echioides,
Cytisus borysthenicus. Mediterranean species — 2
(6.6%): Lactuca serriola, Populus alba. Lower Vol-
ga element — 1 (3.3%): Crataegus ambigua.

The third population was identified at the bound-
ary of the semi-desert zone, near the village of Bo-
gatsk (GPS: N 50°39.282, E 051°08.578"), in com-
partment No. 49 of the Ural Forestry. At an elevation
of 46 m above sea level, forest formations involving
Populus alba and Populus nigra were studied under
conditions of the central floodplain.

The third population is located in the Zhayik
River valley and belongs to the semi-desert arid

International Journal of Biology and Chemistry 19, Ne 1 (2026)



R.K. Anatoliy et al. 93

zone extending for approximately 200 km. Annual
precipitation is relatively low (210 — 260 mm), with
most of it falling during the warm season and largely
evaporating. In winter, snow cover does not exceed
20 — 30 cm, strong winds redistribute snow, causing
its accumulation in depressions. This results in in-
sufficient spring soil moisture, leading to changes in
vegetation cover.

Within the third population, the dominant com-
munity types are: Populus alba — Aristolochia clema-
titis, Populus nigra — Glycyrrhiza glabra.

The tree layer of the floodplain forest is formed
by Populus alba, Populus nigra, Salix alba, Acer ne-
gundo and Ulmus pumila.

Figure 5
Association of the semi-desert zone Populus alba — Glycyrrhiza glabra, June, 2025

The shrub layer is represented by Rhamnus ca-
thartica, Elaeagnus commutata and Rosa cinnamo-
mea.

Over the past two years, spring flooding in the
central floodplain lasting 45-50 days has promoted
the active development of the herbaceous layer,
which spreads intensively across the surface soil ho-
rizons. The most widespread species is Glycyrrhiza
glabra, whose annual shoot length has doubled under
these conditions.

Within the studied area of the central flood-
plain, the flora is represented by three range
groups and comprises 10 geographical elements
(Table 4).

Table 4

Distribution of plant species by geographical ranges for the third population

Range group Floral elements

Number of species % of the total number

40 74
Eurasian 14 259
Euro-Siberian 5 9.2
Boreal forest
European 16.6
Holarctic 12 22.2
Boreal 1 1.8

Int. j. biol. chem. (Online)

International Journal of Biology and Chemistry 19, Ne 1 (2026)



94 The ratio of boreal and steppe floristic elements in phytocoenoses involving Populus alba, P nigra, P. tremula...

Continuation of the table

Range group Floral elements Number of species % of the total number
11 21.8
Pontic 4 7.4
Steppe . .
Ancient Mediterranean 5 9.2
Mediterranean 2 3.6
) 3 5.5
Adve.ntw-e ruderal American 1 1.8
(Pluriregional)
Pluriregional 2 3.6
Total 54 100

For the third population, the flora is distributed
among the following geographical elements:

Boreal forest group Eurasian element (14 spe-
cies; 25.9%): Rhamnus cathartica, Inula salicina,
Hylotelephium triphyllum, Thalictrum flavum, Bro-
mopsis inermis, Eryngium planum. Holarctic element
(12 species; 22.2%): Artemisia marschalliana, Arte-
misia prasina, Sonchus arvensis, Cichorium intybus,
Polygonum aviculare, Persicaria amphibia, Silene
vulgaris. European element (9 species; 16.6%): Ul-
mus laevis, Asparagus officinalis, Mentha aquatica,
Tripleurospermum inodorum, Solanum dulcamara,
Leonurus cardiaca, Salix alba, Iris pseudacorus.
Euro-Siberian element (5 species; 9.2%): Gratiola
officinalis, Euphorbia palustris, Senecio erucifolius,
Rumex confertus, Veronica longifolia.

Steppe group Ancient Mediterranean element
(5 species; 9.2%): Lactuca tatarica, Atriplex cana,
Atriplex micrantha, Allium lineare, Glycyrrhiza gla-
bra.Pontic element (4 species; 7.4%): Phlomoides
tuberosa, Salvia pratensis, Limonium gmelinii. Medi-
terranean element (2 species; 3.6%): Plantago lan-
ceolata, Populus alba.

Adventive (ruderal) group Pluriregional ele-
ments: Setaria glauca, Convolvulus arvensis.Ameri-
can element (1 species; 1.8%): Xanthium spinosum.

The flora of the third population is diverse and
includes 38 species belonging to 16 families and 25
genera. The dominant families are:Asteraceae — 13
species 26.5%; Fabaceac — 9 species 18.3%; Po-
lygonaceae — 6 species 12.2%; Cyperaceae and Poa-
ceae — 5 species each 10.2%; Salicaceae — 3 species
6.1%. Other families (Scrophulariaceae, Lythraceae,
Rhamnaceae, Elaeagnaceae, Solanaceae) are repre-
sented by single species about 2% each.

The fourth population is located within a forest
massif in the desert zone near the village of Taipak,
at the extreme boundary of the middle course of the
Ural River. The site is situated in compartment Nel10
(GPS: N 49°05.714', E 051°56.493"), where Populus
nigra and Populus alba occur. The absolute elevation
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of the territory is 6 m relative to sea level. Despite its
proximity to the central floodplain, soils are predomi-
nantly clayey and loose sandy.

This population belongs to the desert zone. The
main forest-forming phytocoenotic groups are rep-
resented by Populus nigra — Melilotus albus com-
munities, and locally by small patches of Populus
alba — Rubus caesius.

During the study, particular attention was drawn
to the fact that following strong floods in recent years
within the desert zone, in the central floodplain Ru-
bus caesius began to grow together with representa-
tives of the genus Populus. This indicates a notice-
able expansion of the species’ range and a possible
shift in its ecological-coenotic preferences.

Such co-occurrence may also suggest restructur-
ing of plant communities in floodplain areas of the
desert zone, likely associated with changes in the
hydrological regime and increased habitat moisture
following flooding events.

The analysis of life forms revealed that perennial
polycarpic plants predominate in the population — 34
species 89.4%. Perennial forest species are charac-
terized by a long growing season and the ability to
renew shoots annually.

Annual monocarpic plants account for 4 species
10.5% and include Thlaspi arvense, Capsella bursa-
pastoris, Silene dichotoma, Conyza canadensis, and
Bidens tripartita which grow in floodplain forests
mainly during spring and summer.

In maintaining the stability of forest plant com-
munities, the dominant role among herbaceous spe-
cies is played by representatives of the following
families: Poaceae — 4 species 10.2% — Bromus iner-
mis, Elytrigia repens, Festuca rubra, Calamagrostis
epigeios, Fabaceae — 4 species 10.2% — Melilotus al-
bus, Vicia cracca, Lathyrus pisiformis, Alhagi pseu-
dalhagi, Asteraceae — 8 species 20.5%: Taraxacum
officinale, Lactuca tatarica, Conyza canadensis,
Bidens tripartita, Cichorium intybus, Artemisia vul-
garis, Inula germanica.
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Representatives of Polygonaceae — 2 species
5.1% — Rumex confertus, Polygonum aviculare as
well as single species from Scrophulariaceae — Dod-
artia orientalis, Cannabaceae — Cannabis sativa,
Lamiaceae — Marrubium vulgare and Plantagina-
ceae — Plantago media were recorded, together ac-
counting for approximately 2.5%.

Figure 6
Community of the central floodplain in the desert zone
Populus nigra — Melilotus albus, June, 2025

In the shrub layer, unlike the first, second, and
third populations, Tamarix laxa was recorded.

Within the desert zone, in comparison with the
other studied populations, a dominance of steppe-
type geographical ranges was established. As a re-
sult, 13 geographical elements characteristic of the
region were identified within this territory (Table 5).

Table 5

Distribution of plant species by geographical ranges for the fourth population

Range group Floral elements Number of species % of the total number
21 55.2
Eurasian 11 28.9
Boreal forest Euro-Siberian 13.1
European 7.8
Holarctic 52
13 34.2
Pontic 1 2.6
Ancient Mediterranean 8 21
Steppe Mediterranean 1 2.6
Asian 1 2.6
Central Asian 1 2.6
Caspian 1 2.6
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Continuation of the table

Range group Floral elements Number of species % of the total number
4 10.5
Adventive ruderal North American 2 5.2
(Pluriregional) American 1 2.6
Pluriregional 1 2.6
Total 38 100

Within the flora of the fourth population, the bo-
real forest group of ranges is dominated by Eurasian
species — 11 species (28.9%), including Populus
nigra, Carex acuta, Carex melanostachya, Glycyr-
rhiza aspera and Melilotus albus. The Euro-Siberian
element comprises 5 species 13.1%, such as Rubus
caesius, Centaurea scabiosa, Linaria vulgaris and
Rumex confertus. European elements account for
3 species 7.8% — Salix alba, Leonurus cardiaca,
Stachys palustris, Lotus corniculatus. The Holarctic
element includes 2 species 5.2%: Polygonum avicu-
lare and Sonchus arvensis.

In the steppe group of ranges, the most significant
is the Ancient Mediterranean element, represented
by 8 species 21%. Eremopyrum orientale, Allium
lineare, Glycyrrhiza glabra, Medicago falcata, Al-
hagi pseudalhagi, Atriplex cana, Bassia prostrata,
Tamarix ramosissima. Other range elements are
represented by single species: Asian element — Can-
nabis sativa (1 species; 2.6%); Mediterranean ele-
ment — Populus alba (1 species; 2.6%), Central Asian
element — Dodartia orientalis (1 species; 2.6%),
Caspian element — Artemisia lercheana (1 species;
2.6%).

The adventive ruderal group includes spe-
cies of various origins: North American ele-
ment — 2 species (5.2%): Acer negundo, Elaeagnus
commutata;American element — Xanthium spinosum
(1 species; 2.6%), Pluriregional element — Convolvu-
lus arvensis (1 species; 2.6%). Overall, the territory
where the fourth population is located belongs to the
Saharo — Gobian floristic region, the Irano — Turanian
subregion, the North Turanian province and the Cas-
pian lowland subprovince. This is confirmed by the
predominance of steppe and Ancient Mediterranean
floristic elements within the flora.

According to Darbaeva & Chukalina (2011),
communities dominated by Populus nigra and Pop-
ulus alba prevailed in the floodplain poplar forests
of the middle reaches of the Zhaiyk River; however,
their floristic composition was presented in a gener-
alized form, without differentiation by natural zone.
The present study, based on 26 geobotanical relevés
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conducted along a gradient from steppe to desert,
documents changes that have occurred in these com-
munities: an expansion of the ecological — coenotic
amplitude of several species — in particular, Rubus
caesius and Melilotus albus — previoussly unrecord-
ed in the desert zone, as well as intensified develop-
ment of Glycyrrhiza glabra in the semi-desert zone
under the influence of increased spring flood events
in recent years. The obtained data thus reflect the dy-
namics of floristic composition against the backdrop
of shifting hydrological conditions.

The influence of latitudinal zonation on the spe-
cies composition of phytocoenoses is analyzed in de-
tail in the chorological section of the present study. It
was established that from north to south — from the
steppe to the desert zone — the proportion of boreal-
forest floristic elements consistently decreases: from
72.7% 1in the first population (steppe zone) to 55.2%
in the fourth population (desert zone). Concurrently,
the share of steppe and Ancient Mediterranean ele-
ments increases from 20.3% to 34.2%. Species ab-
sent from northern populations — including Tamarix
ramosissima, Bassia prostrata, Alhagi pseudalhagi,
Dodartia orientalis and Artemisia lercheana — were
recorded exclusively in the desert zone. These find-
ings confirm the ecotonal character of the region’s
floodplain forests, which develop at the interface of
boreal and arid floristic complexes.

Comparison with Russian data was conducted
with reference to studies carried out in adjacent ter-
ritories. The closest floristic analogues are the flood-
plain poplar forests of the Ural River valley on the
Russian side (Orenburg Region), described by Chi-
bilev et al. (2023), as well as investigations of the
chalk uplands of the Sub-Ural region Golovanov &
Yamalov (2025). The chorological structure of the
flora of the Zhaiyk floodplain communities is broadly
consistent with data reported for the Russian sector
of the basin, with Eurasian and Holarctic elements
of the boreal group predominating and a substantial
contribution of Pontic and Ancient Mediterranean
species. At the same time, the Kazakhstani sector is
distinguished by a markedly higher proportion of arid
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floristic elements — Caspian, Central Asian, and Irano
-Turanian — reflecting the more pronounced aridiza-
tion of the climate in the southward direction and un-
derscoring the significance of the studied communi-
ties as refugia of boreal flora within an arid landscape
matrix.

Conclusion

As aresult of the comprehensive ecological-phy-
tocoenotic and floristic study of the floodplain and
ravine forests of the Zhaiyk River within the west-
ern region Kazakhstan, four populations of the genus
Populus L. were identified and characterized, repre-
sented by the species Populus alba, Populus nigra,
Populus tremula, and Populus canescens. The stud-
ied populations are distributed along a latitudinal gra-
dient of natural zones — from steppe to desert — which
determines significant differences in their floristic
composition, phytocoenotic structure, and ecological
growing conditions.

Based on 26 geobotanical relevés, eight plant
associations were distinguished: Populus canes-
cens — Convallaria majalis, Populus alba — Carex
vulpina, Populus nigra — Rubus caesius, Popu-
lus tremula — Aegopodium podagraria, Populus
alba — Glycyrrhiza glabra, Populus nigra — Bromop-
sis inermis, Populus nigra — Melilotus albus, Populus
nigra — Pseudosophora alopecuroides.

The phytocoenoses are characterized by pro-
nounced vertical stratification, high floristic diversity,
and a mosaic vegetation structure. The total number
of vascular plant species in individual communities
ranges from 16 to 55.

Chorological analysis showed that boreal forest
floristic elements (Eurasian, Euro-Siberian, Europe-
an, and Holarctic) dominate in all four populations.
At the same time, a clear geographical pattern was
revealed: from north to south — from the steppe to the
desert zone — the proportion of boreal species consis-
tently decreases (from 72.7% in the first population
to 55.2% in the fourth), whereas the share of steppe
and Ancient Mediterranean elements increases (from

20.3% to 34.2%). This confirms the ecotonal charac-
ter of the region’s floodplain forests, formed at the
junction of boreal and arid floristic complexes.

In the desert zone, an expansion of the ecologi-
cal-coenotic amplitude of several species was re-
corded under the influence of changes in the hydro-
logical regime. In particular, following strong floods
in recent years, Rubus caesius began to spread within
the central floodplain together with representatives of
the genus Populus, indicating restructuring of plant
community structure. The significant development
of Glycyrrhiza glabra in the semi-desert zone also
points to increased spring moisture in floodplain hab-
itats.

It should also be noted that Melilotus albus was
newly recorded in the desert zone after the passage of
floodwaters. This finding may indicate an expansion
of the species’ ecological amplitude and its capacity
to colonize extreme environments.

The obtained data substantially supplement ex-
isting knowledge on the structure, floristic composi-
tion, and geographical distribution of poplar forests
in Western Kazakhstan
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SYNTHESIS AND HEMATOPOIESIS-STIMULATING ACTIVITY
OF NEW IMIDAZOLYL-CONTAINING
PHOSPHONATE INCLUSION COMPLEXES

Abstract: A series of novel imidazole-containing a-aminophosponate derivatives were synthesized based
on 1-(3-aminopropyl)imidazole using the absolute benzene under the one-pot, three-component Kabachnik—
Fields reaction. The hematopoiesis-stimulating activity was evaluated for the compounds 7CD-12BCD.
The structure of the obtained compounds was confirmed using nuclear magnetic resonance (NMR) spec-
troscopy, infrared spectroscopy (IR), and elemental analysis. All tested compounds were B-cyclodextrin
inclusion complexes of dialkyl(3-(1H-imidazol-1-yl)propylamino)(fluoro- and trifluoromethylphenyl)
methyl)phosphonates to enhance aqueous solubility, improve bioavailability, and modulate the pharma-
cokinetic profile of the phosphonates. Among the tested derivatives, compounds 7BCD, 83CD, 108CD,
and 11BCD exhibited low hematopoiesis-stimulating activity, whereas 9BCD and 12BCD demonstrated
a moderate stimulatory effect on leukopoiesis. Biological evalution in a cyclophosphamide-induced pan-
cytopenia model revealed that several complexes exhibit hematopoietic properties. Notably, 9BCD and
12BCD moderately stimulated leukopoiesis at a level comparable to methyluracil, significantly restoring
the total leukocyte and lymphocyte counts and normalizing the Harkavy index. Despite their positive ef-
fects on leukopoiesis, compounds 9BCD and 12BCD showed limited influence on erythropoiesis and throm-
bopoiesis. In contrast, other derivatives (7BCD, §CD, 11BCD) did not exhibit stimulatory activity and, in
some cases, even suppressed hematopoietic parameters. Taken together, these findings indicate that com-
plexes of B-cyclodextrin with imidazole-containing a-aminophosphonates — particularly the complex of
dimethyl(((3-(1 H-imidazol-1-yl)propyl)amino)(4-fluorophenyl)methyl)phosphonate with B-cyclodextrin
(9BCD) and complex of dimethyl ((3-(1H-imidazol-1-yl)propylamino)(4-(trifluoromethylphenyl)-methyl)
phosphonate with B-cyclodextrin (12BCD) — represent promising scaffolds for the development of novel
modulators of hematopoiesis. The observed biological activity may be associated with the presence of
electron-withdrawing substituents (fluoro- and trifluoromethyl groups) and the imidazole fragment, which
can contribute to intermolecular interactions with biological targets and participate in hydrogen bonding,
facilitating binding to enzyme active sites, while the phosphonate moiety provides enhanced metabolic sta-
bility. Overall, these holdings suggest the potential of certain phosphonate derivatives, particularly 98CD
and 12BCD, as possible candidates for the further development of immunomodulating agents.

Keywords: hematopoiesis-stimulating activity; phosphonate derivatives; p-cyclodextrin inclusion com-
plexes of dialkyl ((3-(1H-imidazol-1-yl)propylamino) (fluoro- and trifluoromethylphenyl)methyl)phospho-
nate.

Introduction by autoimmune diseases, chemotherapy, infections,

or toxic exposures — often require pharmacological

The need for effective and safe immunomodula-  correction (El-Badry etal.,2025; Gholami etal., 2023;
tory and leukopoiesis-stimulating agents remains one ~ Regina et al., 2025; Strzelec et al., 2023; Zhang et al.,
of the pressing challenges in modern pharmaceutical ~ 2025). The most common conditions associated with
science. Disorders of hematopoiesis — whether caused  the acquired form of leukopoiesis deficiency, requir-
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ing mandatory treatment for systemic infections, in-
clude: sepsis, purulent meningitis, etc.; chronic bron-
chitis with frequent relapses, concomitant with ENT
conditions (purulent sinusitis, otitis media, lymph-
adenitis) resistant to standard treatments and with
a history of pneumonia; recurrent pneumonia and
bronchopleuropneumonia; bronchiectasis; chronic
bacterial infections of the skin and subcutaneous tis-
sue (pyoderma, furunculosis, abscesses, phlegmon,
septic granuloma, recurrent paraproctitis in adults);
chronic mycoses of the skin and mucous membranes,
candidiasis, parasitic infections; recurrent aphthous
stomatitis, concomitant with an increased incidence
of acute viral respiratory infections. Recurrent her-
pesvirus infections of various sites; gastrointestinal
conditions with chronic diarrhea of unknown etiolo-
gy, intestinal dysbiosis; lymphadenopathy, recurrent
lymphadenitis. Persistent low-grade fever and fever
of unclear origin. However, the therapeutic options
currently available to clinicians are limited (Bahrami
et al., 2020; Cabafiero-Navalon et al., 2024; Guber-
natorova et al., 2021; Zaman & Toth, 2013).

Existing leukocytosis-inducing drugs include
small molecules such as levamisole and high-mo-
lecular immunomodulators such as polyoxidonium
(Gago et al., 2025; Ikeda et al., 2025; Tavakol et al.,
2022; Wang et al., 2014). Despite their established
clinical use, these agents possess significant limita-
tions: a narrow activity spectrum, variable efficacy,
adverse side effects, and limited applicability in
long-term therapy. Therefore, the search for new
low-toxicity compounds capable of safely stimulat-
ing hematopoiesis remains highly relevant.

Phosphonate derivatives represent a promising
class of small molecules with significant immuno-
tropic potential. Their unique chemical structure en-
sures high metabolic stability, resistance to enzymatic
degradation, and strong binding interactions (Groaz
& De Jonghe, 2021; Kre¢merova et al., 2022). These
features allow phosphonates to exhibit a wide range
of biological activities, including anti-inflammatory,
antitumor, and immunomodulatory effects. Structur-
al modification of the phosphonate scaffold provides
opportunities for targeted regulation of immune re-
sponses and the design of compounds with improved
pharmacological profiles.

In aim of the present study to synthesize the di-
alkyl  ((3-(1H-imidazol-1-yl)propylamino)(fluoro-
and trifluoromethylphenyl)methyl)phosphonates and
their inclusion complexes with B-cyclodextrin and
evaluate their potential as myelostimulators to acti-
vation of hematopoiesis.

Int. j. biol. chem. (Online)

Materials and methods

All used chemicals (analytical grade) were pur-
chased from Sigma Chemical Co. (Sigma-Aldrich
Chemie Gmbh, Steinheim, Germany) and were
used without further purification. These chemicals
are as follows: benzene (CH_>98%), 1-(3-amino-
propyl)imidazole (CH, N.>97%), 2-fluorobenzal-
dehyde (FCH,CHO>97%), 3-fluorobenzaldehyde
(FC,H,CHO>97%), 4-fluorobenzaldehyde (FCH-
,CHO>97%), 2-(trifluoromethyl)benzaldehyde (CF-
,C.H,CHO>98%), 3-(trifluoromethyl)benzaldehyde
(CF,C,H,CHO=98%), 4-(trifluoromethyl)benzalde-
hyde (CF,C,H,CHO>98%).

The course of the reaction and the purity of the
compounds was monitored using TLC (by ALO,, II
degrees). Infrared spectra were recorded using a Ni-
colet 5700 spectrometer (Thermo Fisher Scientific,
USA) on tablets containing potassium bromide that
were sealed between potassium bromide plates. 'H
and *C nuclear magnetic resonance (NMR) spectra
of the chemicals under study, dissolved in deuterated
chloroform or dimethyl sulfoxide, were recorded us-
ing a JEOL JNM-ECA400 NMR spectrometer (JEOL
Ltd, Japan) operating at 400 megahertz (MHz) for
hydrogen nuclei. Tetramethylsilane (TMS) was used
as an internal standard.

Synthesis dimethyl (((3-(1H-imidazol-1-yl)pro-
pyl)amino)(2-fluorophenyl)methyl)-phosphonate (1).
A three-neck conical flask with a flat bottom and
equipped with a Dean-Stark trap and reflux condenser
was filled with 2.1 mL (0.018 mol of 1-(3-amino-
propyl)imidazole and 185 mL of absolute benzene.
Then 1.9 mL (0.018 mol) of 2-fluorobenzaldehyde
and 1.7 mL (0.018 mol) of dimethyl phosphite were
added successively. The reaction mixture is boiled
with constant stirring for 63 h. After the reaction had
completed, the solvent was removed and the resulting
oily liquid was washed several times with hot hex-
ane. This process yielded 3.71 grams of the desired
product, dimethyl (((3-(1H-imidazol-1-yl)propyl)
amino)(2-fluorophenyl)methyl)phosphonate, in the
form of colorless crystals. Yield 3.71 g (62 %), R,
= 0.14 (hexane:chloroform — 1:3), Tm = 83-86 °C.
C,,H, FN,O,P, calculated, %: C 52.78; H 6.20; F 5.57;
N 12.31; O 14.06; P 9.07. C H, FN.O,P, found, %:
C 52.76; H 6.17; F 5.59; N 12.34; P 9.05. IR spectra,
cm': 1044 (C-N); 1211 (P=0); 1044 (C-F). 'H NMR
(400 MHz, DMSO-d,), 3, ppm: 2.19 (2H, m, J = 2.67
Hz, NCH,CH,CH,N), 3.08-3.10, 3.85 (4H, t, ] = 2.67
Hz, NCH,CH,CH,N), 3.63 (6H, s, POCH,), 4.72 (s,
1H, CH), 6.92-7.45 (3H, m, J = 3.40, 1.86, 1.15 Hz,
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CH, ), 7.12-7.63 (4H, d, J = 7.84, 7.41, 1.52 Hz, J
= 8.35, 1.52, 0.55 Hz, CH,_ ). "C NMR (100 MHz,
DMSO-d,), 3, ppm: 26.55 (NCH,CH,CH,N), 47.22-
47.37 (NCH,CH,CH,N), 53.51 (POCH,), 58.37 (CH),
116.11-162.13 (CH, ), 120.45-136.33 (CH, ).

Synthesis of diethyl (((3-(1H-imidazol-1-yl)pro-
pyl)amino)(3-fluorophenyl)methyl)-phosphonate  (2)
is carried out in a similar way. Yield 3.85 g (58 %),
R, = 0.19 (hexane:chloroform — 1:3), Tm = 40-43 °C.
C,H,,FN,O,P, calculated, %: C 55.28; H 6.82; F 5.14;
N 11.38; O 12.99; P 8.39. C,_H,.FN,O,P, found, %:
C 55.26; H 6.80; F 5.11, N 11.36; P 8.42. IR spec-
tra, cm™: 1039 (C-N); 1238 (P=0); 1039 (C-F). 'H
NMR (400 MHz, DMSO-d,), 6, ppm: 1.15 (6H, t, J
=7.02, 7.00 Hz, POCH,CH,), 2.19 (2H, m, J = 2.67
Hz, NCH,CH,CHN), 3.08-3.10, 3.85 (4H, t, 2.67
Hz, NCH,CH,CH.N), 3.90-3.97 (6H, q, J = 7.02 Hz,
POCH,CH,), 4.46 (1H, s, CH), 6.92-7.45 3H, m, ] =
3.40,1.87 Hz,J=3.40, 1.87 Hz, CH, ), 6.72-7.31 (4H,
s,J=8.09,1.57,1.25 Hz, ] =8.03, 1.25, 1.22 Hz, CH-
wen- C NMR (100 MHz, DMSO-d,), 6, ppm: 16.45
(POCH,CH,), 26.55 (NCH,CH,CH,N), 47.22-47.37
(NCH,CH,CH,N), 60.59 (CH), 63.10 (POCH,CH,),
115.32-163.99 (CH, ), 120.45-136.33 (CH, ).

Synthesis of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(4-fluorophenyl)methyl)-phosphonate
(3) is carried out in a similar way. Yield 2.25 g (38
%), R, = 0.27 (hexane:chloroform — 1:3), n *=1,526.
CH, FN,O.P, calculated, %: C 52.78; H 6.20; F
5.57;N 12.31;0 14.06; P 9.07. C _H, FN.O,P, found,
%: C52.81; H6.18; F 5.55; N 12.34; P 9.10. IR spec-
tra, cm™: 1054 (C-N); 1220 (P=0); 1054 (C-F). 'H
NMR (400 MHz, DMSO-d,), 6, ppm: 2.19 (2H, m, J
=2.67 Hz, NCH,CH,CH)N), 3.08-3.10, 3.85 (4H, t,
J =2.67 Hz, NCH,CH,CH,N), 3.63 (s, 6H, POCH,),
447 (s, 1H, CH), 6.92-7.45 3H, m, J = 3.40, 1.86
Hz, J = 3.40, 1.15 Hz, CH_ ), 7.19-7.34 (4H, s, J =
8.40, 1.18, 0.55 Hz, J = 8.40, 1.18, 0.55 Hz, CH-
ven)- C NMR (100 MHz, DMSO-d,), 8, ppm: 26.55
(NCH,CH,CH,N), 47.22-47.37 (NCH,CH,CH,N),
53.51 (POCH,), 60.70 (CH), 115.48-163.81 (CH, ),
120.45-136.33 (CH, ).

Synthesis of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(2-(trifluoromethyl)phenyl)methyl)
phosphonate (4) is carried out in a similar way. Yield
4.93 g (79 %), R, = 0.32 (hexane:chloroform — 1:3),
n *=1,520. C, H, F N.O,P, calculated, %: C 49.11;
H 5.41; F 14.56; N 10.74; P 7.92. C H, F,N.O,P,
found, %: C 49.12; H 5.39; F 14.54, N 10.72; P 7.89.
IR spectra, cm: 1035 (C-N); 1166 (P=0); 1314 (C-
F). 'HNMR (400 MHz, CDCl,), 8, ppm: 2.19 (2H, m,
J=2.67 Hz, NCH,CH,CH,N), 3.08-3.10, 3.85 (4H, t,
J =2.67 Hz, NCH,CH,CH,N), 3.63 (6H, s, POCH,),
4.13 (1H, s, CH), 6.92-7.45 3H, m, J = 3.40, 1.87
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Hz, J = 3.40, 1.15 Hz, CH_ ), 7.47-7.93 (4H, s, J =
791, 7.39, 1.93 Hz, J = 7.59, 7.39, 1.60 Hz, CH-
) € NMR (100 MHz, CDCl,), 8, ppm: 26.55
(NCH,CH,CH,N), 47.22-47.37 (NCH,CH,CH,N),
53.51 (POCH,), 58.51 (CH), 125.98-132.77 (CH, ),
120.45-136.33 (CH, ).

Synthesis of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(3-(trifluoromethyl)phenyl)methyl)
phosphonate (5) is carried out in a similar way. Yield
5.1 g (82%), R, = 0.27 (hexane:chloroform — 1:3),
n *=1,517. C, H, F.N.O.P, calculated, %: C 49.11;
H 5.41; F 14.56; N 10.74; P 7.92. C, H, F,N,O,P,
found, %: C 49.07; H 5.43; F 14.58; N 10.77; P 7.95.
IR spectra, cm™: 1030 (C-N); 1166 (P=0); 1329 (C-
F). 'HNMR (400 MHz, CDCl,), 8, ppm: 2.19 (2H, m,
J=2.67 Hz, NCH,CH,CH,N), 3.08-3.10, 3.85 (4H, t,
J =2.67 Hz, NCH,CH,CH,N), 3.63 (6H, s, POCH,),
4.40 (1H, s, CH), 6.92-7.45 (3H, m, J = 3.40, 1.87
Hz, J = 3.40, 1.15 Hz, CH_ ), 7.05-8.05 (4H, s, J =
7.71, 7.56, 0.45 Hz, J = 7.56, 1.52, 1.23 Hz, CH-
o) € NMR (100 MHz, CDCl,), 8, ppm: 26.55
(NCH,CH,CH,N), 47.22-47.37 (NCH,CH,CH,N),
53.51 (POCH,), 62.25 (CH), 126.04-131.62 (CH, ),
120.45-136.33 (CH, ).

Synthesis of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(4-(trifluoromethyl)phenyl)methyl)
phosphonate (6) is carried out in a similar way. Yield
5.68 g (91 %), R, = 0.30 (hexane:chloroform — 1:3),
n *=1,517. C, H, F.N.O.P, calculated, %: C 49.11;
H 5.41; F 14.56; N 10.74; P 7.92. C H, F,N,O,P,
found, %: C 49.08; H 5.40; F 14.59; N 10.76; P 7.90.
IR spectra, cm™: 1038 (C-N); 1161 (P=0); 1314 (C-
F). 'HNMR (400 MHz, CDCl,), 8, ppm: 2.19 (2H, m,
J=2.67 Hz, NCH,CH,CH,N), 3.08-3.10, 3.85 (4H, t,
J =2.67 Hz, NCH,CH,CH,N), 3.63 (6H, s, POCH,),
4.47(1H,s,CH), 6.92-7.45 (3H, m, J =3.40, 1.87 Hz,
J=3.40, 1.15 Hz, CH, ), 7.61-7.72 (4H, s, J = 8.49,
1.92,0.48 Hz, CH,_ ). "C NMR (100 MHz, CDCL,),
9, ppm: 26.55 (NCH,CH,CH,N), 47.22-47.37 (NCH-
,CH,CH,N), 53.51 (POCH,), 60.70 (CH), 126.75-
140.49 (CH,_, ), 120.45-136.33 (CH, ).

The complex of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(2-fluorophenyl)methyl)-phosphonate
with [-cyclodextrin (T1BCD). Hot solutions of 0.4 g
(0.001 mol) of dimethyl (((3-(1H-imidazol-1-yl)pro-
pyDamino) (2-fluorophenyl) methyl) phosphonate
(1) were mixed in 25 mL of ethyl alcohol and 1.13
g (0.001 mol) of B-cyclodextrin in 40 mL of distilled
water. The mixture was placed in a drying chamber,
and ethanol and water were evaporated at a tempera-
ture of 50-55 °C. Dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino) (2-fluorophenyl) methyl)phospho-
nate and [-cyclodextrin inclusion complex were
obtained as a white powder. Yield 2.23 g (91 %).
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C,,H, FN,O P, calculated, %: C 46.36; H 6.17; F
1.29; N 2.85; P 2.09. C_H, FN.O, P, found, %: C
46.39; H 6.19; F 1.32; N 2.87; P 2.06.

The complex of diethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(3-fluorophenyl)methyl)-phosphonate
with p-cyclodextrin (8CD) is carried out in a simi-
lar way. Yield 1.74 g (86 %). C,,;H, ,FN,O,.P, calcu-
lated, %: C 47.09; H 6.32; F 1.26; N 2.79; P 2.06.
C,H,,FN.O P, found, %: C 47.12; H 6.27; F 1.29;
N 2.77; P 2.09.

The complex of dimethyl (((3-(1H-imidazol-1-yl)
propyl)amino)(4-fluorophenyl)methyl)-phosphonate
with f-cyclodextrin (9BCD) is carried out in a simi-
lar way. Yield 4.32 g (98 %). C_H, FN,O,,P, calcu-
lated, %: C 46.36; H 6.17; F 1.29; N 2.85; P 2.09.
C,H, FN,O P, found, %: C 46.33; H 6.21; F 1.31;
N 2.84; P 2.07.

The complex of dimethyl (((3-(1H-imidazol-
1-yl)propyl)amino)(2-(trifluoromethyl)phenyl))
methyl)phosphonate with [-cyclodextrin (10BCD) is
carried out in a similar way. Yield 7.24 g (93 %).
C,H, F.N,O,.P, calculated, %: C 45.63; H 5.97; F
3.74; N 2.75; P 2.03. C,H, F.N.O, P, found, %: C
45.67; H5.95;F3.77; N 2.78; P 2.01.

The complex of dimethyl (((3-(1H-imidazol-
1-yl)propyl)amino)(3-(trifluoromethyl)phenyl))
methyl)phosphonate with p-cyclodextrin (11BCD)
is carried out in a similar way. Yield 7.2 g (92 %).
C,H, F.N.O,.P, calculated, %: C 45.63; H 5.97; F
3.74; N 2.75; P 2.03. C, ;H, F.N.O, P, found, %: C
45.66; H5.99; F 3.76; N 2.72; P 2.06.

The complex of dimethyl (((3-(1H-imidazol-
1-yl)propyl)amino)(4-(trifluoromethyl)phenyl))
methyl)phosphonate with S-cyclodextrin (12CD) is
carried out in a similar way. Yield 7.27 g (93 %).
C,H, F.N,O,P, calculated, %: C 45.63; H 5.97; F
3.74; N 2.75; P 2.03. C, ;H, F.N,O,.P, found, %: C
45.61; H5.96; F 3.72; N 2.72; P 2.05.

Hematopoietic-stimulating activity. The experi-
mental group included female white rats aged two
and three months weighing 220-280 g, 24 individu-
als. The difference in groups compared to the initial
body weight did not exceed 10%. The animals were
obtained simultaneously from the same nursery, the
biological clinic of the Faculty of biology and bio-
technology of the Al-Farabi Kazakh National Uni-
versity. Before and during the experiment, control
and experimental animals were kept under the same
standard conditions, 6 individuals per cage. Animals
were divided into the following groups: untreated
(UT), placebo (PL), control (MU), experimental (6
groups). Eachgroup consisted of 6 rats. Hematopoi-
esis was inhibited by administration of the cytostatic
cyclophosphamide (Baxter Oncology GmbH, Baxter
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Healthcare Corporation, Deerfield, IL 60015 USA,
Made in Italy, Product of Germany). On days 1%, 3¢
and 5" of the experiment, animals in groups PL, MU
and experimental groups received an intramuscular
injection of 3% sodium cyclophosphamide solution
at a dose of 30 mg/kg (solvent: isotonic sodium chlo-
ride solution). The average volume of the adminis-
tered drug was 0.2-0.24 ml. Then, on the 6™, 7" and 8™
days of the experiment, at 9:00 a.m., the newly syn-
thesized compounds were injected into the animals of
the experimental groups respectively (the compounds
were dissolved in saline solution, administered intra-
muscularly at a dose of 10 mg/kg, in a volume of
0.2-0.25 ml (1% solution)), the control group (MU)
animals were injected with 6-methyluracil (dissolved
in saline solution, administered intramuscularly at a
dose of 10 mg/kg, in a volume of 0.2-0.25 ml (1% so-
lution)), animals of the placebo group (PL) were in-
jected with a saline solution of 0.2-0.25 ml. Animals
in the intact group did not receive any treatment.. In
preclinical studies of newly synthesized compounds,
an intermittent regimen of administration every other
day is widely used, including a limited number of
injections (for example, three doses), which reduces
cumulative toxicity and provides a more accurate as-
sessment of pharmacological activity in vivo (Liao
et al., 2022).0On the 15th day of the experiment (7
days after the last injection), at 9:00 AM animals
were anesthetized under light anesthesia induced by
intraperitoneal administration of ketamine/xylazine
(91 mg/kg ketamine and 9.1 mg/kg xylazine), which
corresponds to commonly used anesthetic regimens
in rats (Wellington et al., 2013) blood was collected
from the occipital sinuses of the rats into VF-052SDK
hematology tubes (2 ml, Terumo Venosafe,Ukraine)
containing 3.9 mg K2-EDTA The feed was removed
from the feeders 12 hours before blood sampling.
Blood analyses were performed using a MicroCC-20
Plus animal hematological analyzer (High Technol-
ogy Inc, China). The device was configured to de-
termine the following cell categories: WBC — total
number of leukocytes (x10°/L), LYM — absolute
number of lymphocytes (x10°/L); MON — abso-
lute number of monocytes (x10°/L); NEU — abso-
lute number of neutrophils (x10°/L); EO — absolute
number of eosinophils (x10°/L); BAS — absolute
number of basophils (x10°/L); LYM — comparative
lymphocytic index (%); MON — comparative index
of monocytes (%); NEU — comparative neutrophil
index (%); EO — comparative index of eosinophils
(%); BAS — comparative basophilic index (%),
RBC - total value of erythrocytes (red blood cells)
(x10'¥/L); HGB — hemoglobin (g/L); HCT — hema-
tocrit (%); MCV — average volume of erythrocytes
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(fL); MCH — average hemoglobin content HGB/RBC
(pg); MCHC — average concentration of hemoglobin
in erythrocytes HGB/HCT (g/L); RDW-cv — relative
width of red blood cell distribution by volume (coef-
ficient of variation) (%); RDW-sd — relative width of
red blood cell distribution by volume) (fL); PLT — to-
tal platelet volume (x10°/L); PCT — thrombocrit vol-
ume (%); MPV — average platelet volume (fL). Blood
smears were prepared for repeat cytological exami-
nation to determine the number of leukocytes. These
smears were stained with Giemsa grade and counted
under a Leica microscope (Wetzlar, Germany) (at
7x100 magnification), 100 cells were dipped into
each sample. The relative number of each cell type
was then converted to an absolute value.

Statistical data processing. The data obtained
were processed by mathematical statistics methods
using Microsoft Excel and the “Statistica 6.0” soft-
ware. The data are presented as an average value (M)
+ standard deviation (SD) (n=6 mice/group). We
used one-way (single factor) ANOVA (analysis of
variance) to determine a statistically significant dif-
ference, and the values were considered reliable at
p<0.05 and F>Fecrit.

Ethical considerations

The study was conducted in accordance with the
decree of the Minister of Health of the Republic of
Kazakhstan No. KR DSM-181/2020 (November 04,
2020) and approved by the Local Ethics Commision
of Asfendiyarov Kazakh National University (Proto-
col No0.470, June 10, 2022) (Order of the Minister of
Healthcare of the Republic of Kazakhstan, 2020).

Figure 1
Synthesis of new systems with imidazole fragment

O p_OAIk
1o F<OAIk
=N_C H 0
S 3
v \NHZ H
16
3
1,78CD Alk=CHy; R, Rﬁ Rﬁ H
2,83CD Alk=C,Hy; R ;
3,98CD Alk= CHy; R F RERH
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Results and discussion

Synthesis of compounds. Based on initial re-
search (Baktybayeva et al., 2026; Kaldybayeva et
al., 2022), it has been demonstrated that the incor-
poration of an imidazole group into a system may
provide beneficial biological effects. Additionally,
ionic liquids containing an imidazole ring may have
potential applications in the fields of agrochemistry
and agriculture (Ten et al., 2020). The combination
of two chemical compounds, phosphonates and im-
idazoles, has the potential to generate hybrid mol-
ecules that may exhibit positive effects. These ef-
fects include the promotion of the formation of new
compounds with potential applications in the fields
of medicine, agriculture, and corrosion inhibition
(Kaldybayeva et al., 2020). The complexation of
these compounds with medical polymers has been
shown to increase their solubility (Seilkhanov et al.,
2024). As a result, aminophosphonate derivatives
have been developed based on 1-(3-aminopropyl)
imidazole and novel complexes with B-cyclodextrin
(BCD),

The reaction of 1-(3-aminopropyl)imidaz-
ole with o-,m-,p-fluorobenzaldehyde and o-,m-,p-
(trifluoromethyl)benzaldehyde in the presence of
dimethyl- and diethylphosphite under the conditions
of the one-pot, three-component Kabachnik—Fields
reaction in benzene at temperatures between 70 and
80°C, using a Dean—Stark trap for the removal of
water from the reaction mixture by distillation of its
azeotrope with benzene, resulted in the formation of
a-aminophosphonate products with yields ranging
from 58 to 91% (Figure 1, Table 1).

7BCD 123CD

R,~CF.R =R =H
CFRRH
=CF’,R'=R=H
31 2

4,103CD Alk= CHy;
5,113CD Alk=CH;; R,
6, 125CD Alk= CH;; R,

International Journal of Biology and Chemistry 19, Ne 1 (2026)



104 Synthesis and hematopoiesis-stimulating activity of new imidazolyl-containing phosphonate inclusion complexes

Table 1
Physical and chemical characteristics of aminophosphonates 1-6

Caleulated IR spectra, cm™ 0
Com- - 1d % R * found, % pectia, toa 'C/ .
pounds ’ f n * (lig.)
C H C C-N P=0 P-C C-F
52.78 6.20
1 62 0,14 52.76 6.17 1618 1044 1211 762 1044 83-86
55.28 6.82
2 58 0,19 55.26 6.80 1621 1039 1238 805 1039 40-43
52.78 6.20 .
3 38 0,27 52.81 6.18 1607 1054 1220 763 1054 1,526
49.11 5.41 .
4 79 0,32 29,12 539 1578 1035 1166 770 1314 1,520
49.11 541 «
5 82 0,27 49.07 5.43 1509 1030 1166 741 1329 1,517
49.11 5.41 .
6 91 0,30 49.08 5.40 1558 1038 1161 773 1314 1,517

The IR spectra of the oa-aminophosphonate
compounds 1-6 exhibit signals corresponding to
the C-N bond at 1030-1054 ¢cm™, the P=0O bond at
1161-1238 cm™ and the C-F bond at 1039-1054 and
1314-1329 cm™ respectively. In the *C NMR spec-
trum, the carbon atoms of the propyl group (C-6-8)
appear at 26.55 and 47.22-47.37 ppm. The carbon
atoms belonging to the imidazole ring are resonated
at 120.45-136.33 ppm, while the aromatic carbon
atoms are observed at 115.32-163.99, and 125.98—
140.49 ppm respectively. The tertiary carbon atom is
located at 58.37—60.70 ppm, while the carbon atoms
from the methoxy and ethoxy groups are recorded at
16.45 and 53.51-63.10 ppm respectively.

In the '"H NMR spectra of compounds 1-6, imid-
azole protons were observed as single-proton peaks
at 6.92, 7.03, and 7.45 ppm. Aromatic protons from
the phenyl ring were detected as single-proton dou-
blets in a range between 6.72 and 8.05 ppm. Protons
from the methylene group of the propyl group (H-6,
H-7, and H-8) were observed as multiplets between
2.19 and 3.11 ppm. Proton H-10 appeared as a dou-
blet between 4.13 and 4.72 ppm. Methoxy and eth-
oxy protons were detected at 1.15 ppm and 3.63 ppm,
respectively.

The reaction products 1-6 were soluble only in
organic solvents. Complexes 7PCD-12BCD with
B-CD were obtained as solids and studied for myelo-
stimulating activity, which includes stimulation of
erythropoiesis, leukopoiesis and thrombocytopoiesis.

Hematopoietic-stimulating activity. The intact
group of animals had leukocyte, platelet, and red
blood cell counts within normal limits for obviously

Int. j. biol. chem. (Online)

healthy animals. The total erythrocytes count was
(7.5+0.9) - 102 /L of blood, with a hemoglobin level
(140.70 £+ 8.90) g/L. The average amount of hemo-
globin in red blood cells was (350.60 + 14.28) g/L
of blood. Hematocrit value and mean corpuscular
volume were (21.21 £ 7.79)% and (82.6 + 0.23) fi,
respectively, within the normal range.

Platelet counts. The total platelet count, mean
platelet volume, and platelet crit were (660.0+=12.2)
‘10°/L of blood, (7.90+0.10) fl, and (0.44+0.01)%,
respectively, which were also within normal limits.

Leukocyte count. The total leukocyte count was
(12.10+0.80) - 10%/L of blood which was within the
normal range. In the leukogram, the relative lympho-
cyte count, relative granulocyte count, and relative
monocyte count were (63.72+1.1) %, (30.0+0.8) %,
and (6.28+0.1)%, respectively. The normal absolute
values of lymphocytes, granulocytes and monocytes
were (7.71£0.10) - 10%/1 of blood, (3.63+0.01) - 10%/1
of blood, (0.76+0.01) - 10°/1 of blood, respectively.

The introduction of the cytostatic cyclophospha-
mide resulted in a 2.0-2.6-fold decrease in all pe-
ripheral blood parameters. The red blood cell count
decreased 1.52-fold to (4.67+0.1) - 10'2 /L of blood,
with a 1.54-fold decrease in the hemoglobin level to
(96.60+10.00) g/L of blood. The average hemoglobin
concentration in the red blood cell mass decreased in-
significantly to (342.50+6.50) g/L of blood, the hema-
tocrit and the average corpuscular volume decreased
to (28.1+£0.47)% and (50.00+11.30) fl, respectively. It
is the erythrocytes that primarily make up the volume
of formed elements of the blood, and the decrease
in the hematocrit reflected a decrease in the volume
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of erythrocytes to the volume of blood plasma. The
platelet mass showed a significant decrease in the
platelet count by 6.34 times to (70.50+23.33) - 10°/L
of blood. The average platelet volume and platelet
crit decreased by 1.34 and 1.6 times to (5.28+2.00) fl
and (0.05+0.03)%, respectively.

Significant changes in absolute and relative leu-
kocyte counts were observed in placebo group. The
total leukocyte count decreased by 5.10 times to
(3,83£0,73) - 10°/L of blood. A leftward shift in the
leukogram occurred, with a decrease in agranulocyte
leukocytes, specifically lymphocytes, and an increase
in the relative granulocyte count. Absolute counts de-
creased more significantly than relative counts. The
absolute lymphocyte count decreased to (2.22+0.90)
- 10°/L of blood, a 6.88-fold decrease, while the ab-
solute granulocyte count decreased to (1.44+0.13) -
10°/L of blood, a 5.85-fold decrease.

Thus, we observed a decrease in the proliferative
activity of erythropoiesis, thrombocytopoiesis, and
leukopoiesis in experimental groups.

Reduction of erythrocytes, leukocytes and plate-
lets with cyclophosphamide in an experiment with
mice due to its pronounced anti-cytotoxic and mar-
row-suppressive effects. Cyclophosphamide is wide-
ly used in preclinical studies as a standard model of
induced myelosuppression and immunodeficiency
in experimental animals (Sharata et al., 2026). Cy-
clophosphamide is a prodrug that is activated in the
liver and produces cytotoxic metabolites, includ-
ing the phosphoramide mustard. These compounds
stimulate DNA alkylation and form interlinked net-
works within and between cells, thereby disrupting
transcription and copying, as well as inducing cell
cycle arrest and controlled cell death. Experimental
studies in mice have shown that cyclophosphamide
mainly affects rapidly growing bone marrow cells,
thereby inhibiting hematopoiesis and changing the
bone marrow microenvironment (Sun et al., 2025).
This is accompanied by a significant decrease in the
number of cells in the blood and the development
of hemocytopenia, including anemia, leukemia and
thrombocytopenia. Therefore, the use of cyclophos-
phamide in experimental models allows replicating
cytotoxic stimulation by inhibiting the proliferation
of hematopoietic cells, which makes it a suitable tool
for studying the processes of hemotoxic action and
evaluating potential protective or therapeutic agents
(Gao et al., 2025).

Furthermore, against the background of erythro-
poiesis, thrombocytopoiesis, and leukopenia, experi-
mental newly synthesized compounds were admin-
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istered intramuscularly to stimulate erythropoiesis,
thrombopoiesis, and leukopoiesis.

Next, against a background of pancytopenia,
the test compounds of the BCD-complexes series
were administered: 7BCD-12BCD. Among the com-
pounds studied, 7BCD, 8BCD, and 11BCD not only
showed a hematopoietic-stimulating effect, but even
inhibited the hematopoietic system, as blood counts
in these experimental groups were lower than in
the placebo group. Therefore, 9BCD, 10BCD, and
12BCD exhibit hematopoietic activity comparable
to that of methyluracil as the parent drug. 98CD and
12BCD exhibited similar hematopoietic activity.
Both compounds exhibited moderate leukopoiesis-
stimulating activity without affecting the Harkavi
index. The total leukocyte count in the 9BCD and
12BCD injection groups was (7.09+7.40) - 10°/L
blood, which was slightly higher than the MU blood
group count (5.20+0.80) - 10%/L blood, but signifi-
cantly exceeded the PL group count by 3.22 times
(3.84+0.93) - 10°/L blood. The Harkavi index reflects
the body’s recovery process after stress. During the
experiment, it demonstrated rapid hematopoiesis
recovery without disrupting the lymphocyte-to-
granulocyte ratio. In rats, the relative lymphocyte
count prevails over the relative neutrophil count. It
is due to this ratio that the adaptive immune system
of rodents is more reactive than that of other animal
species. The relative lymphocyte index of the blood
in the group with compounds 9BCD and 12CD was
(91.16+91.27)%, significantly exceeding the values
of the intact group of animals (63.72+1.10)%, being
at the upper limit of the norm, which indicated a
significant increase in lymphocyte values. The ab-
solute indices of peripheral blood lymphocytes in
the group receiving compounds 9CD and 12BCD
were also high and amounted to (6,73+ 2,27)-10%/1
of blood, which exceeded the indices of the MU
group (3,32+ 0,04)-109/1 of blood by 2.88 times
(p<0.01), the indices of the PL group (2.22+0.90)
- 10°/1 of blood by 4.17 times, and the UT group
(7.71£0.10)-10°%/1 of blood by 1.20 times.

Compound 9BCD did not exhibit erythropoiesis-
stimulating activity. The total erythrocyte count was
(4.61£0.2) - 10"%/L of blood, lower than the UT group
count (7.50 = 0.9) - 10'%/L. Hemoglobin levels were
also low (89.50 + 4.2) g/L, close to placebo group
and lower than those in the UT and MU groups. The
mean hemoglobin concentration in erythrocyte mass,
hematocrit, and mean corpuscular volume corre-
sponded to those in the placebo group and were lower
than those in the intact and control groups.
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The compound 9BCD showed moderate platelet-
stimulating activity.The total trombocyte count was
(397,0£18,9)-10°/L of blood. This indicator was low-
er than the UT group (670,00 £14,20)-10°/L blood
and the MU group (518.25 + 19.90) -10°/L blood.
The platelet crit, platelet distribution width, and
mean platelet count in the blood were also low. Thus,
compound 9BCD had low thrombopoiesis-stimulat-
ing activity.

Compound 12BCD slightly exceeded compound
9BCD in erythro- and thrombopoiesis-stimulating ac-
tivity. The total erythrocyte count was (5.14 £ 0.01)
- 10'*/L blood and was at the level of the MU group.
The hemoglobin level was low (89.00 + 2.67) g/L
and was close to the blood values of animals of the
PL group and inferior to the blood values of animals
of the UT group and MU group. The values of the av-
erage concentration of hemoglobin in the erythrocyte
mass, the hematocrit index, and the average volume
of erythrocytes corresponded to the blood values of
the animals in the PL group were lower than in the
UT and MU groups. The level of platelet-stimulat-
ing activity of compound 12BCD was low. The total
platelet index was (309.5 + 48.33) -10%1 of blood.
This indicator was lower than the value of the UT
group (660.00 £ 12.20) -10%1 of blood and the MU
group (518.25 +19.90) -10%/1 of blood. The values of
thrombocrit, platelet distribution width and average
platelet index in the blood were also low. Thus, com-
pound 12BCD had low thrombocytopoiesis-stimulat-
ing activity. The observed effects are likely due to the
effects of the compound on redox homeostasis and
cytokine-mediated signaling pathways that regulate
hematopoietic cell proliferation and differentiation.
In general, phosphonates are characterized by a range
of biological activities, including antioxidant and im-
munomodulatory properties (Cui & Ju, 2025).

The obtained results indicate the presence of
strong structural and functional dependence and con-
firm the possibility of directed synthesis of phosphate
derivatives with selective influence on various foci of
hematopoiesis (KreCmerova et al., 2022).

Conclusion

A series of o-aminophosphonate compounds
were synthesized through a one-pot reaction involv-
ing 1-(3-aminopropyl)imidazole, fluoro- or triflu-
oromethyl-substituted benzaldehydes, and dialkyl
phosphite under azeotropic drying conditions using
benzene as the solvent. The target compounds were

Int. j. biol. chem. (Online)

obtained with yields ranging from 58% to 91%. Spec-
troscopic analysis (IR, 'H and *C NMR) confirmed
the anticipated structures, revealing the presence of
characteristic signals for C—N, P=0, and C-F groups,
as well as for the imidazole, aromatic, alkoxy, and
propyl moieties. The a-aminophosphonates were
converted into B-cyclodextrin inclusion complexes
(7BCD-12BCD) to improve solubility, enabling bio-
logical evaluation.

Biological testing demonstrated that several com-
plexes exhibited hematopoiesis-stimulating proper-
ties in a cyclophosphamide-induced pancytopenia
model. Among them, 9BCD and 12BCD showed the
most promising activity, producing moderate stimu-
lation of leukopoiesis comparable to methyluracil,
with significant recovery of total leukocyte and lym-
phocyte counts and restoration of the Harkavi index.
However, their effects on erythro- and thrombopoi-
esis were limited. Other derivatives (7pCD, 8BCD,
11BCD) did not exhibit stimulatory effects and fur-
ther suppressed hematopoietic parameters.

Overall, the data indicate that B-cyclodextrin
complexes of imidazole-containing a-amino phos-
phonates, particularly 9BCD and 12BCD, represent
promising skeletons for the development of novel
small-molecule hematopoietic system modulators.
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CHEMICAL FUNCTIONALIZATION OF PALM FIBERS
FOR IMPROVED DYE ADSORPTION:
SUSTAINABILITY AND EFFICIENCY

Abstract: The potential of chemically modified palm fibres (CMPF) as effective, economical, and eco-
friendly sorbents for wastewater treatment — more specifically, for dye removal — is highlighted in this
study. Two adsorbents were produced from palm fibres: acid-base treated palm fibres (A-BTPF), treated
with H,SO, and NaOH, and CMPF, treated with CS,. The addition of xanthate and aldehyde functional
groups to CMPF, which enhanced its adsorption ability, was validated by FT-IR analysis. Adsorption be-
havior was assessed for neutral red (NR) and methyl green (MQG) dyes under varying pH, contact time, ad-
sorbent dose, initial dye concentration, and temperature. Both adsorbents demonstrated significant removal
efficiencies, with maximum adsorption of NR at pH 4 and MG at pH 10. The enhanced adsorption of MG
at basic pH is consistent with the adsorbent’s pH,,. value of 9.0. Adsorption data were best described by
the Langmuir isotherm model, with maximum adsorption capacities of 19.88 mg/g for NR and 7.45 mg/g
for MG, and correlation values of 0.9935 and 0.9869, respectively. Kinetic investigations showed that ad-
sorption followed a pseudo-second-order model (R*=0.9988 for NR and 0.9989 for MG). Thermodynamic
analysis confirmed that the process was spontaneous and endothermic (negative AG® and positive AH®
values). CMPF exhibited superior adsorption efficiency and capacity compared to A-BTPF, demonstrating
its suitability as a high-performance, sustainable biosorbent for wastewater treatment. Given its low cost,
abundance, and enhanced adsorption performance, CMPF has strong potential for industrial-scale applica-
tions, particularly in textile, pharmaceutical, and dye-producing industries, offering a green alternative to
conventional adsorbents in water purification.

Keywords: Biosorption, Xanthated palm fiber, Dye removal, Wastewater treatment, Adsorption isotherms,
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Adsorption kinetics.

Introduction

The textile, food, cosmetics, and paper industries
release large amounts of dyes into the environment
annually, which can prove harmful to ecosystems
and human health. An estimated 10—15% of the more
than 1,000 tonnes of commercially available colours
used in the textile industry alone end up in waste-
water systems, largely untreated (Al-Saeedi et al.,
2023; Elsherif, Yaghi, 2017; Ibrahim et al., 2021).
About 60-70% of the world’s dye output, which
surpasses 700,000 tonnes per year, is composed of
azo dyes, which are highly preferred because of their
ease of synthesis and stability (Djama et al., 2023;
Pietrzyk et al., 2023). Synthetic dyes have complex,
durable structures that resist biodegradation, persist-

© 2026 Al-Farabi Kazakh National University

ing in aquatic environments. Their stability threatens
ecosystems and human health by depleting oxygen,
harming aquatic life, and causing mutagenic and car-
cinogenic effects (Alkherraz et al., 2023; Alshorifi et
al., 2022; Elsherif et al., 2019). Commonly used dyes
like Rhodamine B, methyl green, methylene blue
(MB), neutral red, Congo red, and Reactive Black-5
can be anionic, neutral, or cationic (Alardhi et al.,
2023; El-Shafie et al., 2023). Their persistent dis-
charge — particularly from textile wastewater — threat-
ens human health and the environment, challenging
conventional water treatment methods (El-Hashani et
al., 2018b). These toxic, non-biodegradable dyes dis-
rupt microbial ecosystems and, with prolonged expo-
sure, may cause cancer or skin irritation in humans
(El-Hashani et al., 2018a; Fito et al., 2023).
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The growing global emphasis on advanced waste-
water treatment underscores the urgent need for ef-
fective industrial dye waste management (Hammad et
al., 2024; Harouache et al., 2024; Tenev et al., 2023).
Despite various existing methods — such as mem-
brane separation (Elsherif et al., 2014a; Huang et al.,
2024), adsorption (Alkherraz et al., 2020b; Islam et
al., 2024; Mati¢ et al., 2024; Olusegun et al., 2023),
photocatalytic oxidation (Zhou et al., 2024), electro-
chemical techniques (Bibikov et al., 2024; Elsherif
et al., 2014b), biopolymer sorption (Lakshmi et al.,
2024), and biodegradation (Nasiri et al., 2023) — wa-
ter pollution remains a critical environmental chal-
lenge (Rashid et al., 2021). Among these, adsorption
stands out for its efficiency, cost-effectiveness, ease
of implementation, and versatility in removing di-
verse pollutants (Alkherraz et al., 2020a).

Activated carbon is widely used for adsorption
due to its high surface area and capacity, but its high
cost limits large-scale applications (Devi et al., 2023;
Sghiouri Idrissi et al., 2024). Researchers are explor-
ing low-cost alternatives like biosorbents derived
from natural materials, including coffee grounds,
cellulose, and algae (Elsherif et al., 2022). Carbon-
ized coffee grounds show promise for removing pol-
lutants like bisphenol A due to their porous structure
(Elsherif et al., 2018a; Memetova et al., 2023), while
cellulose and algal biomass effectively adsorb heavy
metals (e.g., Pb, Cd, Zn) (Li et al., 2021). Microalgae,
with their large surface area, can capture diverse con-
taminants (Wang et al., 2021). Agricultural wastes
(e.g., rice husks, sugarcane bagasse, pine leaves)
achieve >90% removal efficiency for dyes (methy-
lene blue, reactive orange, rhodamine B) at 5-300
mg/L concentrations, proving viable as activated car-
bon substitutes (Elsherif et al., 2018b; Gutiérrez et
al., 2021; Hamedi et al., 2023; Sanou et al., 2024).

Researchers continue exploring sustainable, low-
cost adsorbents with favorable surface properties and

Figure 1

regeneration potential for large-scale water treat-
ment. Palm trees, abundant in tropical regions like
the Middle East, offer promising solutions. Libya
alone hosts ~20 million palms across 23,000 hect-
ares, yielding over 20 kg of dry residues per tree an-
nually (Racchi & Camussi, 2018). Palm fiber’s high
functional group density (especially from southern
Libya) enhances its adsorption capacity, making it
an eco-friendly biosorbent (Geddeda & Abdassalam,
2010). Modified date palm residues have demon-
strated effective removal of heavy metals and dyes
(Din et al., 2024; Melliti et al., 2021; Rambabu et al.,
2021), positioning them as sustainable alternatives
for industrial wastewater treatment.

This study evaluates sustainable, bio-based sor-
bents from palm fibres for dye removal in water
treatment. We compare the adsorption performance
of Acid-Base Treated Palm Fibres (A-BTPF) and
Chemically Modified Palm Fibres (CMPF), prepared
via H,SO4,/NaOH and CS, treatments respectively.
FTIR confirmed C-S group formation in CMPF, en-
hancing adsorption capacity. Batch experiments ana-
lyzed removal efficiency under varying conditions
(pH, temperature, dose, contact time, concentration).
Adsorption mechanisms were characterized through
kinetic, isotherm, and thermodynamic studies. Re-
sults demonstrate CMPF’s superior performance as
an eco-friendly alternative to conventional sorbents.

Materials and methods

Neutral Red (NR), Methyl Green (MG), sodium
hydroxide, hydrochloric acid, sulphuric acid, and
carbon disulphide were among the analytical-grade
chemical reagents that were purchased from Merck
Darmstadt, Germany. They were used without any
additional purification. Figure 1 shows both the NR
and MG dyes’ chemical structures. Double-distilled
water was utilized to prepare all solutions.

Structure of dyes: (a) methyl green (b) neutral red (Al-Saeedi et al., 2023, Ibrahim et al., 2021)
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Preparation of adsorbent materials: Palm fibers
were sourced from Galu City, southern Libya. The
fibers were initially cut into 1 cm segments, followed
by thorough washing with double-distilled water
(DDW) to eliminate impurities. Subsequent drying at
150 £ 2°C for 48 hours and cooling to room tempera-
ture were performed.

To prepare the first adsorbent material, the dried
fibers were ground and sieved to obtain particles
smaller than 75 um and this material is designed as
dry palm fiber powder (DPFP). A 50 g sample of this
powder was subjected to acid treatment using 100 ml
of 4 M H,SO, for 60 minutes, followed by overnight
incubation. This acid treatment facilitates ring-open-
ing reactions, as reported by Homagai et al. (2010).
After being acid-treated, the material was cleaned
with DDW to remove any remaining excess acid, and
then dried at 70 + 2°C. Lastly, 200 ml of 4 M NaOH
solution was added to 25 g of the acid-treated pow-
der, agitated for 60 minutes, and then left overnight.
The resulting product, labelled as Acid-Base Treated
Palm Fibers (A-BTPF), was filtered, washed, and
dried at 70 £+ 2°C.

To prepare the second adsorbent material, the
previously obtained A-BTPF was further treated
with 25 ml of CS, stirred for 3 hours, and allowed to
stand overnight. The resulting product was filtered,
washed, and dried at 70 £ 2°C. This chemically
modified material, labelled as Chemically Modified
Palm Fibers (CMPF), was employed as an adsorbent.
The synthetic procedure for CMPF was adapted from
Pathania et al., 2017.

Characterization of adsorbent materials: FT-IR
spectroscopy of the DPFP, A-BTPF, and CMPF ad-
sorbents was carried out using an FT-IR Spectrom-
eter fitted with a universal ATR sample attachment
from PerkinElmer.

The Point of Zero Charge (pH,,.) is the pH at
which the net surface charge of the adsorbent be-
comes neutral, meaning the positive and negative sur-
face charges are balanced. This property indicates the
acidic or basic nature of the adsorbent surface. Below
the pHpzc, the surface carries a positive charge, while
above it, the surface is negatively charged.

The Madadgar et al. (2023) method was used to
determine the pH_ . In six Erlenmeyer flasks, 50 mL
of a 0.01 M NaCl solution and 0.15 g of the biosor-
bent was mixed. The proper amounts of HCl or NaOH
were added to each mixture to adjust its pH down to
2,4, 6,8, 10, and 12. Each mixture was shaken for
24 hours at room temperature before its final pH was
determined. The pH  was identified as the point of
intersection of a plot that showed the change in final
pH vs beginning pH.

Int. j. biol. chem. (Online)

Dyes adsorption efficiency and capacity: The
adsorption behavior of methylene green and neutral
red onto both A-BTPF and CMPF adsorbent materi-
als was examined and assessed by determining the
adsorption efficiency (%E) and adsorption capacity
(Q,) using the following equations (Elsherif et. al.,
2017):

= LG eV ()
M
0%E = Co= S, 100 @)
]

where V is the solution’s volume in L; M is the mass
of the adsorbent material in g; Q_ is the amount of ad-
sorbed dye in mg/g; C_ is the initial dye concentration
in mg/L; and C_ is the equilibrium dye concentration
in mg/L. UV-Vis spectrophotometry (Molecular Ab-
sorption Spectrophotometer 6305 from JENWAY)
was used to measure the dyes concentrations both
before and after adsorption. In an aqueous solution
with defined initial and equilibrium concentrations, a
decline in adsorption was observed at 540 nm for NR
and at 640 nm for MG. A calibration curve was used
to convert the adsorption to concentration.

Adsorption experiments: Batch adsorption stud-
ies evaluated NR and MG dye removal using A-BT-
PF and CMPF, examining key parameters (contact
time, adsorbent dose, pH, initial concentration, tem-
perature) as outlined in Table 1. Each trial combined
a fixed adsorbent mass with 50 mL dye solution in
100 mL Erlenmeyer flasks, agitated at 150 rpm in a
water bath shaker. pH adjustments used HCl/NaOH
solutions. After reaching equilibrium, samples were
filtered and analyzed via UV-Vis spectrophotometry
at X to determine residual dye concentrations, en-
abling calculation of removal efficiency and adsorp-
tion capacity.

Table 1
Operating Condition Variations for Adsorption Experiments

Investigated parameter Variation range

Reaction time (min) 15-90
2.0-7.0%
pH 2.0-12.0%*
Adsorbent mass (g) 0.02-0.14
_ *
Initial dye concentration (ppm) 491(5) B ;852*
Temperature (K) 298 -318

*for NR dye, **for MG dye
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Equilibrium isotherms and kinetic investigations:
The adsorption of NR and MG onto CMPF was
analyzed using linear isotherm and kinetic models
(Table 2) for initial concentrations (9-18 mg/L) and

Table 2

contact times (15-90 min). These models, with their
equations and parameters, helped identify the adsorp-
tion mechanism and determine the best-fitting model
for our system.

Equations and Parameters of Isotherm and Kinetic Models (Alkherraz et al., 2023; Dural et al., 2011; Elsherif et al., 2019; Elsherif et

al., 2020; Hammad et al., 2024)

Isotherms Models

Model Linear equation No. Parameters
Q, (mg/g): adsorption capacity
. 1 1 1 C_ (mg/L): Equilibrium concentration
Langmuir E - a t bQ,.C. 3) b (L/mg): Langmuir constant
Q,, (mg/g): Maximal adsorption capacity
1 K, (mg/g (L/mg)1/n): Freundlich adsorption
Freundlich log Q.= log Kg + —log C. 4) constants
n n: Empirical constant
. _ B, (J/mol): Temkin adsorption constant
Temkin Q. = BylnKr+ BrlnC, ©) K., (L/mg): Temkin isotherm constant
2/72)-
logQ =logQ —B& B (mol*/J?): D-R constant
D-R B 2Q, P (6) € (J/mol): Polanyi potential
1 7) R (kJ/mol K): Gas constant
€=RTlog (l + C_a} T (K): absolute Temperature
Kinetic Models
Model Linear equation No. Parameters
e B B Kk Q, (mg/g): Capacity at t time
Pseudo-first-order - In(Q. — Qo) = In(Q.) 2303 " ®) k, (min): Adsorption rate constant

Pseudo-second- t 1 1
order

= ﬂ_l__
Q. k*QI Q.

) k, (g/mg.min): Adsorption rate constant.

Intra-particle
diffusion

Q. = kgt /24 ¢

k, (mg/g min'?): Intraparticle diffusion rate
constant

(10)

Q, = éln(aﬁ] + élnt

Elovich equation

B (g/mg): Amount of surface covering and
11 activation energy
o (mg/g min): Initial sorption rate

Thermodynamic investigation: The analysis of
thermodynamics is crucial to understanding adsorp-
tion processes because it provides significant insights
into the spontaneity, sustainability, and nature of the
adsorption interactions. Key thermodynamic param-
eters that impact the total energy dynamics that can
be calculated to assess the favorability of the adsorp-
tion process include Gibbs free energy (AG®, kJ/mol),
entropy change (AS°, J/mol.k), and enthalpy change
(AH®, kJ/mol). These parameters can be determined
via the following formulas (Alkherraz et al., 2023),
which allow for a comprehensive evaluation of the
process’s thermal characteristics:

Int. j. biol. chem. (Online)

AG=AH-TAS (12)

(13)

To accurately determine the apparent equilibrium
constant of adsorption (K ), it is essential to use the
standard thermodynamic equilibrium constant calcu-
lated based on activity, rather than concentration, to
reflect the true thermodynamic behavior of the sys-
tem (Alkherraz et al., 2020b):

AG=-RTLnK,

(14)
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The interrelationship between entropy, enthalpy,
and the distribution coefficient (K ) is presented by
Van’t Hoff equation (Alkherraz et al., 2020b), illus-
trating how these factors collectively contribute to
the adsorption mechanism:

(15)
Results and discussion

Adsorbent characterization

FTIR spectra: FTIR spectroscopy was used for

analysing chemically modified palm fibres (CMPF),
acid-base treated palm fibres (A-BTPF), and dried

Figure 2

palm fibre powder (DPFP). A prominent absorption
band was seen in all samples (Figures 2a, 2b, and 2c)
at about 1020 cm™'. This band was likely caused by
inorganic silicates found in the palm fibre samples
and might be ascribed to either C—O stretching vibra-
tions or Si—O vibrations. Furthermore, in each case,
a broad peak at 3351 cm™ that corresponded to O-H
stretching vibrations was seen. The hydroxyl (OH)
groups on the carbon surface and any remaining
moisture may be partially responsible for this peak.
Figures 2a, 2b, and 2c¢ show the FT-IR spectra
of palm fibre adsorbents that were processed differ-
ently, such as DPFP, A-BTPF, and CMPF. The struc-
tural and chemical alterations brought about by the
different treatments are highlighted in the analysis.

Characterization of different adsorbents by FTIR
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Aromatic, C-C, C-O, and C-O-C groups are
present in the DPFP spectrum (Figure 2a), which is
typical of characteristics derived from plants. The C-C
stretching vibrations are represented by a band at 1606
cm™, the C—O stretching vibrations by a band at 1514
cm™!, and the C—O—C and aromatic stretching vibra-
tions by a band at 1242 cm™. These are significant
absorption peaks. These peaks confirm the inherent
structural properties of the untreated palm fibre.

The A-BTPF spectrum (Figure 2b) reveals sig-
nificant structural modifications, with original DPFP
peaks shifting to higher wavenumbers (1589, 1504,
and 1265 cm™) and new aldehyde group vibrations
appearing at 1632 (C=0), 1372, and 1319 cm™ (C-
0O). These changes confirm the acid-base treatment

Int. j. biol. chem. (Online)

successfully introduced new functional groups, alter-
ing the palm fiber’s chemical properties.

The CMPF spectra (Figure 2c) reveal success-
ful xanthation, evidenced by new C-S (997 cm™)
and C=S (894 cm™) stretching vibrations. The
C=S group further confirms xanthate incorporation
through a broad absorption band (1632—-1156 cm™),
demonstrating effective chemical modification of the
palm fiber.

pH at the point of zero charge: The pH,, . (point
of zero charge), where the adsorbent surface main-
tains charge neutrality, was ~9.0 for DPFP (Fig-
ure 3). Below this pH, the surface becomes positive-
ly charged; above it, negatively charged (Abate et al.,
2023; Caldeira et al., 2018).
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Figure 3
Point of zero charge (pH,.) for DPFP

The pH,,. critically influences adsorption be-
havior. Above pH 9.0, DPFP’s negatively charged
surface enhances cationic dye uptake. This explains
methyl green’s (MQG) increased adsorption at higher
pH, as its protonated amine groups (Figure 1) facili-
tate electrostatic attraction to the adsorbent surface.

On the other hand, the adsorption behaviour var-
ies for neutral dyes like neutral red. Neutral red is
protonated in acidic solutions, which causes the dye
molecules and hydronium ions to compete for the
adsorption sites on the adsorbent. The adsorption ef-
fectiveness may be decreased by this competition,
emphasising the need of pH optimisation for various
adsorbate types (Ben-Ali et al., 2017).

Effect of pH: Solution pH critically influences
dye adsorption by modifying surface charges and
adsorbent-dye interactions (Alver et al., 2020; Ma-
dadgar et al., 2023). For neutral red (NR), both re-
moval efficiency (%R) and adsorption capacity (Q.)
increased with pH, peaking at pH 4. As shown in Fig-
ures 4A & 4B, CMPF achieved 72% removal while
A-BTPF reached 61% at this optimal pH.

Removal efficiency and dye uptake declined as
pH increased beyond 4 (Figure 4B), consistent with
previous reports (Xu et al., 2006). At pH < 4, exces-
sive surface protonation hindered dye ion access.
CMPF capacity decreased from 10 to 7.8 mg/g (pH
3-7), while A-BTPF dropped from 7.7 to 6.6 mg/g.
This reduction stems from deprotonation in alkaline
conditions, creating electrostatic repulsion between
dye molecules and the adsorbent surface (Ramesha,

Int. j. biol. chem. (Online)

2011). Additional adsorption mechanisms included
hydrophobic interactions, van der Waals forces, and
hydrogen bonding.

Figure 4 (C and D) illustrates how the methyl
green (MQG) dye’s removal percentage (%R) and ad-
sorption capacity (Q,) increased with pH, peaking
at pH 10 for both A-BTPF and CMPF. At this pH,
CMPF and A-BTPF had the highest removal efficien-
cies of 68% and 61%, respectively, indicating that a
basic medium is the best option for adsorption. Since
there were no discernible variations in the biosorp-
tion capability above pH 10, further research was
conducted at this pH.

The pH,, . (9.0) governs MG dye adsorption by
controlling surface charge. Below pH 9.0, proton-
ation creates a positively charged surface that repels
cationic MG, reducing uptake. Above pH 9.0, de-
protonation generates negative surface charges that
enhance electrostatic attraction to MG, significantly
improving adsorption efficiency, as demonstrated by
Belgacem et al. (2022).

Further evidence that CMPF continuously dem-
onstrated greater removal efficiency and biosorption
capacity than A-BTPF across all pH levels can be
found in Figures 4A, 4B, 4C, and 4D. This demon-
strates how the biosorption capabilities of palm fibre
for neutral red dye were successfully improved by
CS; treatment.

Effect of adsorbent dose: Adsorbent dosage sig-
nificantly influences dye removal efficiency by de-
termining available adsorption sites for a given dye
concentration (Elsherif et al., 2024a). Figure 5 (A-
D) demonstrates the relationship between biosorbent
dose and dye uptake capacity.

The study revealed an inverse relationship be-
tween adsorbent dosage and removal efficiency. At
the lowest tested dose (0.02 g), A-BTPF and CMPF
achieved 70% and 81% NR removal, and 84% and
91% MG removal, respectively. This enhanced per-
formance at lower doses (<0.14 g) results from great-
er surface area availability and unoccupied active
sites, consistent with Abuzerr et al. (2018).

Conversely, as the adsorbent dose increases, the
adsorption capacity decreases. The decline is most
likely due to particle aggregation, which reduces the
surface area available for adsorption and reduces the
efficacy of dye removal (Elsherif et al., 2024b).
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Figure 4

Effect of pH on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and CMPF biosorbents
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Effect of contact time: Contact time signifi-
cantly affects adsorption equilibrium between dyes
and biosorbents. Tests with A-BTPF and CMPF at
15-90-minute intervals (Figure 6A-B) revealed peak
removal efficiencies at equilibrium: 75% (MG) and
65% (NR) for A-BTPF versus 83% and 76% for
CMPF. Prolonged contact beyond this point margin-
ally reduced removal rates, suggesting optimal ad-
sorption times.

The results align with Ansari and Mosayebza-
deh’s findings (2010), demonstrating increasing dye
removal with contact time until equilibrium, beyond
which additional time yields diminishing returns.
Adsorption occurs rapidly initially, then slows as ac-
tive sites become occupied.

CMPF showed rapid adsorption within the first
hour, followed by equilibrium plateauing as active
sites became saturated (Alkherraz et al., 2022). Ex-
tended contact led to negligible additional uptake,
suggesting potential desorption. Optimal contact
times were established at 45 minutes for NR and 60
minutes for MG in subsequent tests.
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Effect of initial concentration: Initial dye con-
centration significantly affects removal efficiency by
influencing interactions with adsorbent active sites.
Studies examined MG (4.5-8.5 ppm) and NR (9-18
ppm) adsorption on A-BTPF and CMPF, with results
shown in Figures 7A-D.

Both removal efficiency (%R) and adsorption ca-
pacity (Qe) of NR dye increased with concentration
up to 13.5 ppm. For MG dye, CMPF achieved 75%
removal (5.5 mg/g) versus A-BTPF’s 65% (4 mg/g).
These results agree with Alardhi et al. (2023), dem-
onstrating enhanced adsorption at higher concentra-
tions due to increased driving force. The enhanced
adsorption at higher concentrations stems from stron-
ger electrostatic dye-adsorbent interactions. Howev-
er, MG adsorption plateaued above 6.5 ppm due to
site saturation, consistent with Pietrzyk et al. (2023),
who attributed superior low-concentration removal
to higher site availability. Across all tests, CMPF
outperformed A-BTPF in both removal efficiency
and capacity, confirming its superior biosorbent per-
formance for NR and MG dyes.
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Effect of adsorbent dose on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and CMPF

Figure 5
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Effect of contact time on adsorption of NR (4) and MG (B) onto both A-BTPF and CMPF biosorbents
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Figure 7

Effect of initial dye concentration on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and

CMPF biosorbents
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Effect of temperature: The influence of tem-
perature on adsorption capacity is governed by both
adsorbent characteristics and experimental condi-
tions, reflecting either endothermic or exothermic
behavior (Budi et al., 2018; Elsherif et al., 2024Db).
Our batch experiments (25-45°C) demonstrated a
gradual improvement in removal efficiency with
increasing temperature (Figures 8 A-B). For neutral
red (NR), A-BTPF showed an increase from 70% to
74% removal, while CMPF improved from 81% to
84%. Similarly, methyl green (MG) removal rose
from 84% to 86% for A-BTPF and from 90% to
93% for CMPF over the same temperature range,
confirming the endothermic nature of the process
(Abate et al., 2023). This modest temperature de-
pendence suggests physical adsorption dominates,
where enhanced molecular mobility facilitates ac-
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cess to active sites. However, the relatively small
effect indicates that other factors — particularly dye
chemistry and adsorbent surface properties — play
more significant roles in determining adsorption
efficiency (Alkherraz et al., 2023; Hammad et al.,
2024; Olusegun et al., 2023).

From the previous investigations, carbon disul-
phide (CS;)-treated palm fibre showed a notable
increase in adsorption capacity for Neutral Red dye
following the optimisation process. CMPF’s excep-
tional performance highlights its potential as a strong
biosorbent. Accordingly, we will concentrate on
examining equilibrium isotherms in order to better
understand its adsorption behaviour. These are im-
portant indicators of the adsorbent’s surface charac-
teristics, adsorption capacity, and interaction mecha-
nisms.
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Figure 8

Effect of temperature on adsorption of NR (A) and MG (B) onto both A-BTPF and CMPF biosorbents
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Equilibrium adsorption isotherms: Understand-
ing the adsorption mechanism and designing and
optimising adsorption systems depend heavily on
equilibrium data, which are typically represented by
adsorption isotherms. The most popular isotherm
models were used in this investigation to assess the
chemically treated palm fiber’s (CMPF) adsorption
capabilities. Among the models utilised are: The
Freundlich isotherm, which provides information
about the maximum adsorption capacity, the Lang-
muir isotherm, which assumes monolayer adsorp-
tion onto a surface with a finite number of identi-
cal sites; the Temkin isotherm, which describes
adsorption on heterogeneous surfaces and indicates
the adsorption intensity and capacity; the Dubinin-
Radushkevich (D-R) isotherm, which takes into
account the effects of indirect adsorbate-adsorbent
interactions on adsorption and suggests a uniform
distribution of binding energies; and the energy of
adsorption (Alkherraz et al., 2023; Elsherif et al.,
2022; Mati¢ et al., 2024).

Langmuir isotherm model: The Langmuir ad-
sorption isotherm model was used to evaluate the
adsorption behaviour of Methyl Green (MG) and
Neutral Red (NR) dyes onto CMPF. Using the lin-
ear version of the Langmuir equation (equation 3),
the slope and intercept of the plot of 1/Q, vs 1/Ce
(Figures 9A and 9B) were used to calculate the pa-
rameters Q_ (maximum adsorption capacity) and b
(Langmuir constant). The correlation coefficient R?
and the values of Q_ and b are shown in Table 3.
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As demonstrated by the high correlation coef-
ficients (R?) of 0.9935 for NR dye and 0.9869 for
MG dye, which show a strong alignment with the
experimental data, the Langmuir model successfully
characterises the adsorption process for both dyes.
Indicating a greater contact between NR dye and the
adsorbent surface, the Langmuir constant b, which
measures the affinity between the adsorbent and the
adsorbate, was higher for NR dye (0.730 L/mg) than
for MG dye (0.513 L/mg). Furthermore, the Lang-
muir isotherm yielded maximum adsorption capaci-
ties (Q, ) of 19.88 mg/g for NR dye and 7.45 mg/g for
MG dye, which closely matched the values of 14.5
mg/g and 9.5 mg/g, respectively, that were found ex-
perimentally. These results show that the observed
adsorption behaviour and model predictions are con-
sistent.

The dimensionless separation factor R, which
is defined by the equation (Harouache et al., 2024),
can be used to assess the favourability of the adsorp-
tion process because the experimental results closely
matched the linear form of the Langmuir model:

1
R,= —— 16
L 14bC, (16)

The R, values for both dyes ranged between 0
and 1, specifically from 0.07 to 0.13 for NR and from
0.21 to 0.33 for MG, indicating that the adsorption
process was favorable under the studied experimen-
tal conditions.
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Figure 9

Langmuir isotherm plot of NR (A) and MG (B) dyes onto CMPF
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Freundlich isotherm model: The Freundlich iso-
therm characterises a physical adsorption process
that occurs in several layers with comparatively weak
connections, assuming heterogeneity of the adsorp-
tion sites (Mati¢ et al., 2024). Equation 4 was used
to get the Freundlich equilibrium constants from the
linear plot of Log Q_ vs. Log C_, which is displayed
in Figure 10 (A & B). Even though it is empirical, the
Freundlich isotherm provides valuable insights into
the behaviour of adsorption, particularly in heteroge-
neous systems. The parameter n indicates the adsorp-

Figure 10

tion intensity; lower n values often suggest chemical
adsorption rather than physical adsorption (Elsherif
et al., 2024a). As shown in Table 3, the n values de-
rived from the Freundlich equation were 3.995 for
NR dye and 0.634 for MG dye. For NR dye adsorp-
tion, the n value of 3.995 indicates a mostly physical
contact, but the n value of 0.634 for MG dye shows
a potential chemical interaction. The high R? values
show that the Freundlich model fits well the experi-
mental data quite well (0.9965 for NR and 0.9698 for
MGQG).

Freundlich isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Temkin isotherm model: The Temkin isotherm
states that the adsorption mechanism requires in-
teractions between the adsorbent and adsorbate, the
adsorption process assumes a uniform distribution of
binding energy across the adsorbent surface, and the
heat of adsorption decreases linearly as the adsorbent
surface coverage increases (El-Shafie et al., 2023;
Hammad et al., 2024). The isotherm constants (Fig-
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ures 11A and 11B) obtained by plotting Q_against Ln
Ce are summarised as follows (Table 3): B, = 2.127
and 17.14 J/mol (the heat of biosorption, which gives
information on the energy changes during adsorp-
tion) and K =215.8 and 1.804 L/mg (the equilibrium
binding constant) for NR and MG dyes, respectively.

Stronger interactions between the adsorbent and
adsorbate are indicated by a greater equilibrium
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binding constant (K), which is linked to the maxi-
mal binding energy (Olusegun et al., 2023; Rashid et
al., 2021). Additionally, the Temkin isotherm model

Figure 11

and the experimental results show a good agreement,
as indicated by the correlation coefficients (R?) of
0.7381 for MG and 0.9234 for NR.

Temkin isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Dubinin-Radushkevich isotherm model: The
Dubinin-Radushkevich (D-R) isotherm describes
adsorption processes on adsorbents with heteroge-
neous surfaces or pore architectures and provides
information on the free energy of adsorption. This
theory states that micropore volume filling causes
adsorption to occur (Elsherif et al., 2022; Memetova
et al., 2023). Using the slope and intercept of the
linear plots (Figures 12A and 12B), equations 6
and 7 were utilised to determine the D-R isotherm
parameters, B and Q . An overview of the calcu-
lated values is given in Table 3. The experimental
data and the D-R model showed a reasonable con-
nection, with R? values of 0.9874 for NR dye and
0.8363 for MG dye.

Figure 12

Using Equation 17, the free energy of adsorption
(E) per adsorbate molecule was calculated (Alkher-
raz et al., 2023):

E= — (17)

The energy required to extract a molecule from the
surface is reflected in this energy. Physical adsorption
(E < 8 kJ/mol) and chemical adsorption (8 < E < 168
kJ/mol) are distinguished by the equation. For NR dye,
the values of E were 0.500 kJ/mol, while for MG dye,
they were 0.408 kJ/mol. These findings demonstrate
that both colours biosorption onto CMPF powder is
essentially a physical adsorption process.

Dubinin-Radushkevich isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Table 3
Several isotherm models parameters for NR and MG adsorption
onto CMPF

Model Parameter Value
NR MG

b (L/mg) 0.730 0.513
Langmuir Q, (mg/g) 19.88 7.452
R 0.9935 0.9724
Ky I(n“;‘);{ E)(L/ 10.39 7.642
Freundlich n 3.995 0.634
R 0.9965 0.9698
B, (J/mol) 2.127 17.14
Temkin K, (L/mg) 215.8 1.804
R 0.9234 0.7381
Q, (mg/g) 17.64 24.25
Dubinin- B (mol?/J?) 3x10° 2x10°
Radushkevich E (kJ/mol) 0.408 0.500
R 0.9874 0.8363

Comparison of Adsorption Performance and
Mechanisms.: The adsorption behavior of functional-
ized palm fibers (CMPF) for neutral red (NR) and
methyl green (MG) aligns with trends observed in
recent studies on dye removal using sustainable ad-
sorbents. For NR, the Langmuir maximum adsorp-
tion capacity (Q_ = 19.88mg/g) surpasses values
reported for manganese-bismuth oxide composites
(Q,, = 1.4mg/g) (Al-Saeedi et al., 2023) and raw
olive stone (Q_ = 4.5mg/g) (Alardhi et al., 2023),
though it is lower than high-performance materials
like magnetite-supported avocado stone biochar (Q
= 118.9mg/g) (El-Shafie et al., 2023) or peanut shell
activated carbon (Q_ = 109.89mg/g) (Sanou et al.,
2024). This positions CMPF as a competitive alter-
native for moderate-concentration dye removal, par-
ticularly given its reliance on low-energy chemical
functionalization compared to energy-intensive acti-
vated carbon synthesis (Fito et al., 2023; Sanou et al.,
2024). For MG, the lower Q_ (7.45mg/g) may stem
from electrostatic or steric mismatches, but contrasts
with the high efficiency of magnetite-modified com-
posites (EI-Shafie et al., 2023), highlighting the need
for tailored adsorbent-dye pairing.

The Freundlich model’s dominance for NR (R?
= 0.9965, n = 3.995) suggests heterogeneous multi-
layer adsorption, similar to findings for Congo Red
on sugarcane bagasse (Elsherif et al., 2017) and MB
on Rumex abyssinicus activated carbon (R* = 0.99 for
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Freundlich) (Fito et al., 2023). In contrast, MG’s stron-
ger alignment with the Langmuir model (R? = 0.9724)
reflects monolayer adsorption trends observed for MB
on olive stone (Alardhi et al., 2023) and cellulose-
Fe 0, (Pietrzyk et al., 2023). The low Dubinin-Ra-
dushkevich (D-R) mean free energy (E < 0.5kJ/mol)
confirms physical adsorption for both dyes, consistent
with studies on rice husk (Alshorifi et al., 2022) and
peanut shells (Sanou et al., 2024), but diverges from
chemisorption mechanisms reported for Mn,0,-Bi,0,
composites (Al-Saeedi et al., 2023) and tella residue
biosorbents (Abate et al., 2023).

Notably, CMPF achieves these results without
the need for magnetic nanoparticle integration (EI-
Shafie et al., 2023; Pietrzyk et al., 2023) or extreme
pH conditions (e.g., pH 9 for Rumex abyssinicus (Fito
etal., 2023)), emphasizing its simplicity and scalabil-
ity. While its adsorption capacity is lower than acti-
vated carbons (Sanou et al., 2024), its sustainability
metrics — avoiding pyrolysis (e.g., 500°C for coconut
husk biochar (Minh et al., 2023)) and utilizing palm
fiber waste — align with circular economy principles,
as advocated in studies on olive stone (Alardhi et al.,
2023) and avocado stone biochar (El-Shafie et al.,
2023).

Adsorption kinetic models: Adsorption kinetics
examination is necessary to comprehend the adsorp-
tion process, including its pace and the principles un-
derlying mass transfer. For effective adsorption sys-
tem scaling up and system design optimisation, this
information is essential (Minh et al., 2023; Qureshi
et al., 2020). Kinetic assessments can also be used to
determine the adsorbent’s saturation time (Ahmed &
Hameed, 2019; Qureshi et al., 2020). In adsorption
studies, the pseudo-first-order (PFO), pseudo-sec-
ond-order (PSO), Elovich, and intraparticle diffusion
models are often employed kinetic models.

Pseudo first-order model: To utilise the inte-
grated form of the pseudo-first-order kinetic model
(Equation 8), the equilibrium sorption capacity, Q,
must be determined. Therefore, it is often required to
estimate Q_ by a trial-and-error approach in order to
assess the model’s kinetics. The plots for pseudo-first
order are displayed in Figures 13A and 13B. The cal-
culated parameters and the linear regression correla-
tion coefficients (R?) are shown in Table 4. For NR
and MG dyes, the corresponding R? values of 0.7833
and 0.7862 indicate a reasonable but not very strong
fit. This suggests that the experimental data may be
better represented by alternative kinetic models. Ad-
ditionally, as Table 4 illustrates, the computed sorp-
tion capacities (Q,) do not match the experimentally
determined values.
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Figure 13

Pseudo first-order plot of NR (4) and MG (B) dyes onto CMPF
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Pseudo second-order model: The plot of t/Q,
vs. t should show a linear relationship according
to Equation 9, enabling it possible to determine
Q, and k, from the slope and intercept of the plot
(Figures 14A and 14B). The calculated Q_ values,
the pseudo-second-order rate constant (k,), and the
corresponding linear regression correlation coef-
ficients (R?) are summarised in Table 4. The cor-
relation coefficients for the pseudo-second-order
model were significantly higher than those for the
pseudo-first-order model for NR and MG dyes, at
0.9988 and 0.9989, respectively. This indicates
that the pseudo-second-order kinetic model pro-

Figure 14

vides a more accurate representation of the adsorp-
tion data.

The pseudo-second-order model states that
the adsorption rate is determined by the square of
the number of unoccupied sites (El-Hashani et al.,
2018b). Furthermore, the high agreement between
the estimated and empirically determined Q_ values
further supports the usefulness of this model in un-
derstanding the adsorption process. These findings
suggest that the adsorption of NR and MG dyes onto
the adsorbent is most likely caused by chemisorption,
which entails electron sharing or exchange between
the adsorbent and the adsorbate.

Pseudo second-order plot of NR (A) and MG (B) dyes onto CMPF
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Intra-particle diffusion model: If intraparticle dif-
fusion has a major impact on the adsorption process,
a plot of Q, vs t"* should have a linear connection, as
per the intraparticle diffusion hypothesis. Intraparti-
cle diffusion is the only rate-controlling step if the re-
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sulting lines cross at the origin. On the other hand, it
indicates that boundary layer control is also in opera-
tion and that the adsorption rate is being influenced
by other mechanisms if the lines do not cross through
the origin. This suggests that several processes may
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be taking place at the same time and that intraparticle
diffusion is not the only rate-controlling mechanism
(Ahmed & Hameed, 2019; Si et al., 2015).

Equation 10 may be used to calculate the val-
ues of C_ (boundary layer thickness) and K, (intra-
particle diffusion rate constant) from the slope and
intercept of the plot of Q, versus t'?, as illustrated
in Figures 15A and 15B. The lines’ apparent depar-
ture from the origin demonstrates that the adsorp-

Figure 15

tion process is not only governed by intraparticle
diffusion.

According to this result, the biosorption of NR
and MG dyes onto CMPF powder is a complicated
process that includes both surface biosorption and
intraparticle diffusion as rate-limiting factors. The
correlation coefficient values in Table 4 demonstrate
that, in spite of this complexity, the model suited the
experimental data very well.

Intra-particle diffusion plot of NR (4) and MG (B) dyes onto CMPF
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Elovich model: The adsorption of dissolved com-
pounds from liquid solutions has been successfully
represented using the Elovich equation, which was first
created for chemical kinetics. Based on the slope and
intercept of the Ln Q, vs. Ln t plot (Figures 16A and
16B), Equation 11 was utilised to determine the Elov-
ich parameters 3 (surface coverage-related desorption
constant) and a (initial adsorption rate). The resulting
results are summarised in Table 4, which gives  val-

ues for NR and MG dyes of 0.682 and 1.050 g/mg and
a values of 93,100 and 21,800 mg/g.min.

The experimental data fits the Elovich model
rather well, as indicated by the correlation coef-
ficients (R?) of 0.8894 for MG dye and 0.9109 for
NR dye. This implies that, under the specified ex-
perimental conditions, the Elovich equation offers a
satisfactory explanation of the adsorption kinetics for
the dyes under study.

Figure 16
Elovich plot of NR (4) and MG (B) dyes onto CMPF
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Table 4
Kinetic model parameters for NR and MG adsorption onto CMPF
Pseudo-first-order k, (min™) Q, (Cal.) (mg/g) Q, (Exp.) (mg/g) R?
NR 0.0382 2.52 10.00 0.7833
MG 0.0210 1.12 5.50 0.7862
Pseudo-second-order k, (g.mg"'.min™") Q, (Cal.) (mg/g) Q, (Exp.) (mg/g) R?
NR 0.0315 10.20 10.00 0.9988
MG 0.0559 5.48 5.50 0.9989
Elovich B (g.mg?) o (mg.g'.min) R?
NR 0.682 9.31x10* 0.9232
MG 1.050 2.18x10* 0.9243
Intra-particle diffusion K, (mg.g".min"") C, (mg/g) Q, (Exp.) (mg/g) R?
NR 0.2013 8.06 10.00 0.9109
MG 0.1292 4.15 5.50 0.8894

Adsorption thermodynamics: To ascertain the
spontaneity of a biosorption process, thermodynamic
analysis is necessary. The Gibbs free energy change
(AG), a crucial metric in determining whether a pro-
cess happens spontaneously, can be calculated using
the standard Van’t Hoff equation (Equation 15). The
enthalpy change (AH) and entropy change (AS) were
determined using the slope and intercept of the Ln
K, against 1/T plot. Equation 12 was then utilised to
compute the Gibbs free energy change for sorption.

The thermodynamic behaviour of NR and MG
dye adsorption on CMPF was assessed by experi-
ments conducted at different temperatures. The tem-
perature-dependent adsorption efficiency of NR and
MG dyes is depicted in Figures 8A and 8B. The slope
and intercept of a linear plot of Ln K, versus 1/T are

Figure 17
Van't Hoff plot of NR (4) and MG (B) dyes onto CMPF

shown in Figures 17A and 17B, and these were uti-
lised to get the values of AH® and AS°. Throughout the
studied temperature range, a spontaneous adsorption
process is demonstrated by the negative AG values at
all temperatures. The adsorption process is endother-
mic and involves heat absorption, as indicated by the
positive AH® values (12.783 and 8.662 kJ/mol).

The high affinity of the dye molecules for CMPF
is further demonstrated by the positive AS® values
(68.49 and 68.12 J/mol.K), which show enhanced
disorder at the solid-liquid interface during adsorp-
tion. The negative AG® results further support the
process’ spontaneity. The combined results of AS®
and AG® show that the reaction is thermodynamically
favourable and proceeds spontaneously as a result of
an increase in entropy.
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Table 5

Thermodynamic parameters for the adsorption of dyes onto CMPF

Temperature AG

AH® AS°

Dye (K) (kI/mol) (kJ/mol) (J/mol. k) R
298 -7.637
303 -7.980

NR 308 -8.322 12.783 68.49 0.9191
313 -8.665
318 -9.007
298 -11.648
303 -11.989

MG 308 -12.329 8.662 68.12 0.9357
313 -12.670
318 -13.010

Conclusion AH®, AS° values and negative AG® values across all

This study examined two palm fibre-derived
adsorbents: chemically modified palm fibre using
carbon disulphide (CMPF) and acid-base treated
palm fibre (A-BTPF), for dye removal from wa-
ter. The results consistently demonstrated that
CMPF exhibited superior adsorption capacity and
efficiency compared to A-BTPF under all experi-
mental conditions. The enhanced performance of
CMPF, achieved through chemical modification
with CS,, introduced functional groups such as al-
dehydes and xanthates, significantly increasing its
dye adsorption potential. FT-IR analysis confirmed
the structural modifications caused by the chemi-
cal treatments.

pH investigations revealed that both adsorbents
showed maximum removal efficiencies for neutral
red (NR) at pH 4 and for methylene green (MG) at
pH 10 (72% for CMPF and 61% for A-BTPF), indi-
cating pH-dependent adsorption. The Langmuir iso-
therm model provided the best fit for the adsorption
data, with maximum adsorption capacities of 19.88
mg/g for NR and 7.45 mg/g for MG, and high R?
values of 0.9935 and 0.9869, respectively. Kinetic
studies further confirmed that the adsorption process
followed a pseudo-second-order model, with strong
correlation coefficients of 0.9988 for NR and 0.9989
for MG.

Thermodynamic analysis indicated that the ad-
sorption process is spontaneous and endothermic,
driven by increased entropy, as evidenced by positive

Int. j. biol. chem. (Online)

temperatures. These findings underscore the poten-
tial of CMPF as an effective, sustainable biosorbent
for dye removal, with its chemical modification of-
fering enhanced adsorption properties compared to
conventional treatments.
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EFFICIENT SYNTHESIS OF P-PHENYLENEDIAMINE
FROM PET WASTE VIA ENERGY-EFFICIENT DEPOLYMERIZATION
AND GREEN HOFMANN REARRANGEMENT

Abstract: The continuous use of post-consumer polyethylene terephthalate (PET) waste remains a major
challenge due to its environmental properties and the high energy requirements of traditional recycling
methods. In this study, an energy-efficient and environmentally friendly route for the synthesis of p-phen-
ylenediamine (PPD) from secondary PET waste was developed. Terephthalic acid was obtained from PET
waste under simple conditions and then terephthalamide was obtained through a catalytic high-pressure
ammonolysis process. The main part of the process involved the Hofmann rearrangement reaction, for
which an environmentally friendly chlorinating agent was selected based on research.

Various hypochlorite and dichloroisocyanurate salts were analyzed based on their active chlorine equiva-
lents, reaction efficiency, safety, and waste profile. Among the tested reagents, sodium dichloroisocyanurate
chlorinated amides to a high degree under alkaline conditions, reduced hazardous waste, and produced
harmless by-products. As a result, p-phenylenediamine was obtained in 84% yield. The structure and prop-
erties of the synthesized product were confirmed by IR, NMR, TG, and DTA analyses.

This research work demonstrates a green and efficient method for converting PET waste into valuable aro-
matic diamines. However, it also highlights the importance of choosing an environmentally friendly reagent
for the Hofmann rearrangement reaction.

Keywords: Polyethylene terephthalate (PET), ammonilysis, glycerin, sodium urea, dichloroisocyanurate
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salt, reactor autoclave, amination, terephthalamide.

Introduction

Some types of plastic materials are biodegrad-
able, but PET waste is not. Therefore, it is an en-
vironmental hazard if it is thrown into a landfill
(Wojnowska-Baryta et al., 2022). Therefore, the only
way to solve the problem of PET waste from indus-
try and social consumption is to recycle it (Coelho et
al., 2011). Recycling can be used as a raw material
for the chemical industry, in the social sector, or as a
variety of materials or products (Sasse, Emig, 1998).
In addition, the service life of any non-biodegradable
plastic waste can be extended by recycling it (Mo-
hanaprasadh et al., 2022). The good thing about PET
is that it can be completely recycled as secondary
waste (Raheem et al., 2019).

Nowadays, extensive research is being conducted
on the creation and development of various chemi-
cal degradation reactions of PET (Khoonkari et al.,
2015). For the effective recycling of PET waste,

© 2026 Al-Farabi Kazakh National University

mainly mechanical and chemical methods are used
(Shaikh et al., 2024). Most chemical recycling in-
cludes alcoholysis, hydrolysis, and ammonolysis (Lu
et al., 2018). Chemical recycling methods allow the
synthesis of initial monomers or various chemicals
(Shadravan, Amani, 2012). These methods require
high pressure, temperature, and a lot of time (Bohre
et al., 2023).

When chemically recycling PET waste, tere-
phthalic acid is often first synthesized, and various
chemicals are obtained from it, such as benzene, di-
chlorobenzene, terephthaldiamide, and p-phenylene-
diamine (Cataldo, 1996).

P-phenylenediamine is an important raw material
in the chemical industry, and its application is very
wide (Heintz et al., 2014). However, the method used
to produce it in chemical enterprises today does not
meet modern environmental requirements (Patra et al.,
2022). In fact, the main raw material for the synthe-
sis of p-phenylenediamine in the chemical industry is
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aromatic nitro compounds or aniline, and during the
process, a lot of toxic gases are released into the envi-
ronment (Amer, Brandt, 2018). Therefore, scientists
are conducting research to develop an environmen-
tally friendly method for the synthesis of p-phenyl-
enediamine on an industrial scale (Al-Sabagh, 2016).
Therefore, the extraction of p-phenylenediamine
from PET waste is considered to have economic and
environmental advantages (Yulchieva et al., 2023).

Currently, there are several chemical methods for
synthesizing p-phenylenediamine from PET waste;
for example, the obtained terephthalate is first chlori-
nated using thionyl chloride, after which the obtained
p-phthaloyl chloride undergoes an amination reac-
tion with sodium azide, and p-phenylenediamine is
obtained as the final product (Jiyanova et al., 2024).
This method is very efficient and does not require
much energy, and the reaction yield is also high, but
the prices of the substances used for chlorination
and amination are expensive, and a large amount of
SO, gas is released into the environment during the
process, so it is not recommended for industrial use
(Toshtemirov et al., 2024b).

In this work (Olzhabay et al., 2022), a technology
for the chemical recycling of polyethylene terephthal-
ate (PET) waste obtained from used plastic bottles
was developed to produce a valuable monomeric
product, bis(2-hydroxyethyl) terephthalate (BHET),
suitable for the subsequent synthesis of biodegrad-
able polymer films. The PET glycolysis process in the
presence of zinc acetate as a catalyst was investigat-
ed. The effect of the temperature range of 140-190°C
on the degree of PET conversion was studied. It was
established that an increase in temperature leads to an
increase in the rate and completeness of glycolysis.
Optimal process conditions ensuring a high BHET
yield of 77% were determined. The obtained results
confirm the prospects of chemical recycling of PET
waste as an efficient and environmentally sound ap-
proach for producing secondary raw materials for
the manufacture of biodegradable polymer materi-
als. And again, terephthalic acid obtained from PET
waste through glycolysis, alkali, and ammonolysis is
amidated at high pressure using ammonia gas, and
in the next step, the terephthaldiamide obtained is
mixed with water, and chlorine gas is passed through.
In the next step, the N, N’-dichlorodiamide obtained
is placed in an alkaline solution at low temperature,
and p-phenylenediamine is obtained (Toshtemirov et
al., 2024a). The substances used in this method are
quite cheap and convenient, but the methods used
to obtain terephthalic acid from PET waste require
a lot of time and energy (Cosimbescu et al., 2021).
At the same time, the chlorination process also takes
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a long time, and the reaction yield is not high. Some-
times sodium hypochlorite is used for chlorination
(Tashkulov et al., 2025). Sodium hypochlorite is not
suitable for chlorination, and its instability increases
over time, which causes many inconveniences.

Taking into account the above shortcomings in
the production of p-phenylenediamine, we have de-
veloped an economically and environmentally effec-
tive method. That is, we have used an energy-saving
method to obtain terephthalic acid from PET waste.
We have used an effective catalyst to synthesize tere-
phthaldiamide from the obtained terephthalic acid
and have significantly increased the reaction yield.
At the same time, special attention was paid to the
selection of an environmentally friendly chlorinat-
ing agent for the Hofmann rearrangement reaction
used to obtain p-phenylenediamine from terephthal-
diamide.

Materials and methods

Reagents and equipment

For the study, crushed and cleaned pieces of sec-
ondary PET bottles and articles, sodium hydroxide
solution, urea, sodium hypochlorite, potassium hy-
pochlorite, sodium dichloroisocyanurate salt and tri-
chloroisocyanuric acid, and organic solvents acetone,
toluene, and benzene were used. HNZXIB brand re-
actor autoclave made of stainless steel with a volume
of 5 L, suitable for high pressure. SHIMADZU IR
spectrophotometer, NMR spectrometer, and TGA-
50/TG series thermogravimetric analyzer for deter-
mining deformation and valence changes with chem-
ical bonds of the resulting product.

Obtaining terephthalic acid through an energy-
efficient method

First, PET waste is thoroughly washed, excess
parts are removed (emblem, cap, etc.), and it is
crushed. Then 500 g of sulfuric acid is placed in a
1 L glass beaker, and 350 g of ready-made crushed
PET pieces are mixed with it. The process is carried
out at room temperature on a special magnetic stir-
ring plate. Sulfuric acid reacts with the long chains
of PET, causing them to break down and form small
monomers. The reaction lasts 2.5 hours and results
in a white sticky mixture. The resulting mixture is
transferred to a 2 L glass beaker, 1.5 L of water is
added, and alkali is added until completely neutral-
ized. As a result, terephthalic acid precipitates in the
beaker, which is then filtered and dried. At the end of
the process, white terephthalic acid is obtained with
a reaction yield of 95%, and its purity is checked by
IR spectroscopy (Saidnazarov et al., 2024; Samatov
et al., 2024).
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Synthesis of terephthaldiamide using a conve-
nient catalyst

100 g of synthesized terephthalic acid was mea-
sured and mixed thoroughly with 150 g of urea. At
the same time, Fe,O3 was taken as a catalyst in an
amount equal to 0.01% of the mass of terephthalic
acid obtained for the reaction and mixed into the mix-
ture. The mixture was placed in a reactor autoclave,
and the parameters were adjusted to 10 kg/cm? pres-
sure, 180°C temperature, and 3 hours time. After the
process was completed, a light brown or orange pow-
der was obtained. After the process was completed,
a light brown or orange powder was obtained. The
resulting colored powder was washed in 80°C wa-
ter and dried at 40°C, resulting in 89 g of terephthal-
diamide with a yield of 90%.

Synthesis of p-phenylenediamine

First, to start the process, 900 g of 10% alkali
solution was prepared and placed in a 2-liter glass
beaker. The temperature of the solution was cooled

Figure 1
Reaction mechanism and pathway
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to +5°C, and 89 g of synthesized terephthaldiamide
were added to it. After that, the solution was stirred,
and 90 g of sodium dichloroisocyanurate salt was
added to the solution. The mixture was kept at +5°C
for 20 minutes, then stirred at room temperature for
1 hour using a magnetic stirrer. In the next step, the
reaction temperature was raised to 60°C and stirred
at this temperature for 1 hour. After the specified
time, the temperature of the mixture was lowered
again to +5°C and filtered. The resulting filtrate was
extracted at room temperature using organic sol-
vents to obtain p-phenylenediamine with a yield of
84%.

Reaction Mechanisms

The reaction mechanism and pathway for produc-
ing p-phenylenediamine from PET waste are shown
in Figure 1. To produce terephthalic acid, PET pieces
are chemically treated with sulfuric acid, which re-
sults in the destruction of long polymer chains and
the formation of monomers.
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In the next step, the terephthalic acid obtained
was aminated under high pressure and in the presence
of a catalyst to obtain terephthaldiamide. The catalyst
accelerates the amidation process with the -OH in the
carboxyl group. Then, sodium dichloroisocyanurate
salt was used to chlorinate terephthaldiamide. This
salt, when dissolved in water, forms hypochlorite and
chlorinates terephthaldiamide to form N,N’-Dichlo-
roterephthalamide.  N,N’-Dichloroterephthalamide
rapidly undergoes a Hofmann rearrangement reac-
tion under the influence of an alkaline medium, re-
sulting in deprotonation, removing the hydrogen in
—CO—-NHCI and the formation of a negative charge
on the nitrogen, leading to the formation of the chlo-
ramide anion —CO—N~ — CI. The anion is unstable
and eventually releases chlorine, resulting in isocya-
nate. Since the process takes place in an aqueous me-
dium, the nucleophilic effect of water on the isocya-
nate leads to the formation of a primary amine. The
resulting primary amine is unstable, so decarboxyl-
ation occurs, releasing carbonic anhydride gas, and
the final product is p-phenylenediamine.

Results and discussion
Effect of catalyst on terephthaldiamide synthesis
In order to significantly increase the reaction

yield in the synthesis of terephthaldiamine, various
inorganic substances have been used as catalysts.

Figure 2

Since organic substances lose their state under the in-
fluence of pressure and temperature and increase the
activity of the reaction, their studies as catalysts have
not yielded the expected results. Figure 2 shows the
results of studying the effect of inorganic salts and
oxides used as catalysts on the reaction yield. The ef-
fect of many different inorganic compounds as cata-
lysts on the reaction was studied, and the results of
the best ones are included in the diagram. Also, when
choosing a catalyst, attention was paid to the possi-
bility of recovery after the reaction and its economic
efficiency. The reaction efficiency increased when
Fe,03, CaO, CuCl,, NaCl, Ca(OH),, and MgSO,
were used as catalysts. Among these, the highest re-
sults were observed when using Fe,Os3. Fe,03 as a
catalyst increased the degree of reaction of the car-
boxyl functional group in terephthalic acid with am-
monia and increased the reaction yield. Based on the
obtained research results, Fe,O3; was selected as the
catalyst.

Choosing an environmentally friendly chlorinat-
ing reagent for the Hofmann reaction

A study was conducted to identify a more envi-
ronmentally friendly chlorinating agent for the Hof-
mann reaction to produce p-phenylenediamine. The
selection of this chlorinating reagent was based on
its selective chlorination of amides under alkaline
conditions, the absence of hazardous chemical waste,
and the formation of harmless by-products.

Results of applying a catalyst to the reaction yield of terephthaldiamide. 1. Fe; O3, 2. CaO; 3. CuCl,;
4. NaCl; 5. Ca(OH),, 6. MgSOy, 7. Reaction yield without catalyst. All values are based on the mean

(1) standard deviation of three parallel experiments.
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A number of hypochlorite salts and dichloroiso-
cyanurate derivatives were studied, and the reac-
tion efficiency of active chlorine was compared.
Hypochlorite-based reagents (NaOCl and KOCI)
are widely used for the Hofmann reaction; however,
their reaction efficiency and stability are very low.
In contrast, dichloroisocyanurate salts provide long-
term release of active chlorine, which contributes to
the high formation of the chloramide intermediate

Table 1

under stable reaction conditions. Importantly, their
main by-product, cyanuric acid (or cyanurate salts
under basic conditions), is non-volatile and readily
separated from solution.

The results of the study conducted under the same
experimental conditions are summarized in Table 1,
and sodium dichloroisocyanurate was selected as the
most suitable chlorinating reagent in terms of reac-
tion efficiency and environmental performance.

Research results for selecting a suitable chlorinating reagent for the Hofmann reaction

o Chemical Reaction ~ Gas emission . Toxicity / Green
No. - Chlorinating agent formula yield (%) risk Major by-products hazard level  assessment
1 (Saczglum hypochlorite NaOCl 70 +3 Medium CI7, Cl03™ (trace) Moderate Acceptable
Potassium hypochlorite . _ _
2 (aq) KOCI 68 +4 Medium CI7, C103™ (trace) Moderate Acceptable
Sodium Cyanuric acid Low-— Preferred
3 dichloroisocyanurate NaCsN305Cl, 84 +2 Low yanurli acl lt/ moderate (areen)
(NaDCC) cyanurate salts g
Trichloroisocyanuric Cyanuric acid /
. +
4 acid (TCCA) C3N305Cl; 80+3 Low cyanurate salts Moderate Good
5 Calcium hypochlorite Ca(0Cl), 72+3 Medium CaCIE’trC;;’e)ClO3_ Moderate Acceptable
Potassium C i id / Low—
6  dichloroisocyanurate KC3N305Cl, 75+3 Low yanurl(; acl It moderate Good / green
(KDCC) cyanurate salts
Calcium C ic acid Low—
7  dichloroisocyanurate Ca(C3N303Cly), 60+3 Low yanuric acid / Good / green
(CaDCC) cyanurate salts moderate

IR Spectrum of Analysis. The IR spectrum of the
synthesized p-phenylenediamine confirms that it is
compatible with an aromatic diamine. The absorp-
tion band observed at 3354 cm™! corresponds to the
asymmetric and symmetric stretching vibrations
of the —-NH, groups, which is typical for primary
aromatic amines. The deformation vibrations of
the amino groups at 1602 cm™ and 1510 cm™ fur-
ther confirm the presence of free amine functional
groups.

The peaks at 1263 cm™" are due to C—N stretch-
ing vibrations, indicating the formation of amine
bonds after the Hofmann reaction. The peaks ob-
served in the region of 2920-2850 cm™ correspond
to aromatic C—H bonds, while the lines at 1381
cm™! and 1290 cm™ are related to the benzene ring.
Importantly, the absence of carbonyl absorption
bands in the region of 16501700 cm™ confirms the
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complete conversion of the amide groups to amine
groups. (Figure 3).

NMR analysis. The structure of the synthesized
p-phenylenediamine was confirmed by 'H and *C
NMR spectroscopy. The singlet peak observed at 6
6.517 ppm in the '"H NMR spectrum corresponds to
the aromatic protons of the benzene ring, indicating a
symmetrical para structure. The signal at 6 3.258 ppm
is associated with the protons of the amino (—NH;)
groups, which is consistent with the values reported
for p-phenylenediamine in the literature (Figure 4).

The C NMR spectrum at 6 138.7 ppm cor-
responds to carbon atoms bound to amino groups
(C—NH,), while the signal at 6 116.9 ppm is due to
aromatic C—H carbons. The spectral results indicate
high purity of the product and confirm the successful
formation of p-phenylenediamine without significant
by-products (Figure 5).
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Figure 3
IR spectrum of the resulting p-phenylenediamine
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Result of "H NMR analysis of the obtained p-phenylenediamine
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Figure 5
Result of °C NMR analysis of the obtained p-phenylenediamine
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Differential-thermal and Thermogravimet-
ric Analysis. According to the DTA analysis of
the synthesized p-phenylenediamine, two endo-
thermic peaks were observed at temperatures of
145.73°C and 194.48°C. No exothermic process
was observed. The endothermic peaks appeared
as a result of energy absorption due to the de-
composition of amines (NH;). The energy values
of these endothermic processes were 214.9 mcal

Table 2
TGA analysis of synthesized p-phenylenediamine

1 (mem)

(899.57.16 mJ) and 303.31 mcal (1.27 J), respec-
tively.

According to the TGA analysis results of the
synthesized p-phenylenediamine, the substance lost
mass in two stages. The first stage occurred between
37.23°C and 217.92°C and lost 93.6% (3.722 mg)
of the total mass. The second stage of mass loss oc-
curred between 217.92°C and 456.34°C and decom-
posed 6.2% (0.248 mg) of the total mass (Figure 6).

. Reaction process duration
Reaction process

Temperature range Mass loss (%)

(min)
Stage | 18.85 37.23°C-217.92°C 93.6%
Stage 2 24.33 217.92°C-456.3°C 6.2%
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Figure 6
TG and DTA analysis results of synthesized p-phenylenediamine
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Conclusion This developed study showed that the process is

Terephthalic acid was obtained from PET waste
at room temperature in an energy-saving manner and
amidated under pressure using a catalyst. The ob-
tained terephthalamide was chlorinated using sodium
dichloroisocyanurate salt and subjected to the Hof-
mann reaction in an alkaline medium to synthesize
p-phenylenediamine.

A stepwise reaction mechanism for the overall
process was developed. In order to identify an envi-
ronmentally friendly and highly efficient chlorinating
reagent, various chlorinating compounds were stud-
ied, and sodium dichloroisocyanurate salt was found
to be the best among them.

Based on the results obtained, the proposed meth-
od was found to be an effective and reliable approach
for the conversion of PET waste into p-phenylene-
diamine. Spectroscopic and thermal analyses clearly
confirm the successful preparation, structural proper-
ties and high purity of the product. In particular, IR
and NMR analyses showed the complete conversion
of terephthaldiamide to p-phenylenediamine, while
TG and DTA results revealed the thermal properties
of the obtained compound.

Int. j. biol. chem. (Online)

not only chemically efficient but also suitable for fur-
ther technological development.
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COMPARATIVE EFFECT OF APS AND AIBN INITIATORS
ON GUM ARABIC-ACRYLAMIDE HYDROGEL SYNTHESIS
AND PROPERTIES

Abstract: This study investigates the influence of radical initiator chemistry on the synthesis and structural
evolution of pH-responsive gum arabic—acrylamide (GA-g-AM) hydrogels intended for drug-delivery
applications. Gum arabic was used as a natural polysaccharide backbone, and acrylamide was grafted via
a free-radical mechanism to form crosslinked hydrogel networks. A controlled comparative evaluation of
ammonium persulfate (APS) and azobisisobutyronitrile (AIBN) was performed under identical synthesis
conditions to evalute the specific influence of initiator type on hydrogel network formation. FTIR, SEM, and
XRD analyses confirmed successful copolymerization and revealed differences in structural organization
and packing density between the two systems. Swelling experiments demonstrated clear pH-responsive
behavior, with maximum equilibrium swelling observed at pH 2. APS-initiated hydrogels exhibited
an equilibrium swelling of 720 + 5%, whereas AIBN-initiated systems reached 1026 + 5%, indicating
differences in crosslink distribution and internal network structure. APS-generated hydrogels showed a
more compact morphology, while AIBN-based systems formed comparatively looser networks with higher
water uptake. Overall, the results indicate that APS promotes the formation of structurally more organized
and compact GA-based hydrogel networks, highlighting the decisive role of initiator chemistry in tailoring

https://doi.org/10.26577/1JBCh202619111

natural polymer-derived drug-delivery systems.

Keywords: gum arabic, acrylamide, APS, AIBN, graft copolymerization, hydrogel swelling.

Introduction

Polymer grafting represents a widely used
molecular engineering strategy for tailoring the
physicochemical and functional properties of
polymeric ~ materials, including solubility,
morphology, mechanical stability, and biological
compatibility (Bhattacharya & Misra, 2004;
Przestawski et al., 2022; Purohit et al., 2023; Vega-
Hernandez et al., 2021). By introducing side chains
onto pre-existing macromolecular backbones,
grafting enables controlled modification of
intermolecular interactions and network architecture,
thereby directly influencing swelling behavior,
diffusion pathways, and structural integrity
(Bhattacharya & Misra, 2004; Gola et al., 2021;
Przestawski et al., 2022; Purohit et al., 2023). Among
different approaches, free-radical grafting remains
particularly attractive due to its operational
simplicity, compatibility with aqueous media, and
applicability to natural polymers (Bhattacharya &

© 2026 Al-Farabi Kazakh National University

Misra, 2004; Odian, 2004; Purohit et al., 2023; Vega-
Hernandez et al., 2021).

In free-radical grafting systems, initiators play a
decisive role because they generate reactive radical
species that activate either the polymer backbone or
the monomer, enabling chain initiation and
propagation. Thermal decomposition of persulfate or
azo initiators produces radicals capable of initiating
polymerization  and  crosslinking  reactions.
Consequently, grafting efficiency, chain growth
behavior, and the resulting network architecture
strongly depend on the chemical nature and reactivity
of the initiator employed (Bhattacharya & Misra,
2004; Odian, 2004; Purohit et al., 2023). Natural
polysaccharides have attracted considerable attention
as sustainable backbone materials for biomedical
hydrogel systems. Among them, GA, a highly
branched arabinogalactan-based polysaccharide,
exhibits high hydrophilicity, biodegradability,
biocompatibility, and abundant hydroxyl functional
groups suitable for radical activation (Ali et al., 2009;
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Amaya-Chantaca et al., 2022; Etxabide et al., 2018;
Verbeken et al., 2003). Structurally, GA contains
multiple reactive functional moieties, including
hydroxyl (~OH), carboxyl (~COOH), and glycosidic
ether linkages, which provide potential sites for
hydrogen abstraction and macroradical formation
during graft polymerization (Etxabide et al., 2018;
Verbeken et al., 2003). GA-based materials have
therefore been explored in controlled drug delivery,
bioactive composites, adsorption systems, and
release-regulated formulations (Amaya-Chantaca et
al., 2022; Etxabide et al., 2018; Hoffman, 2012; Li &
Mooney, 2016; Peppas et al., 2000; Saber-Samandari
et al.,, 2013). However, the intrinsic structural
heterogeneity and limited mechanical robustness of
native GA restrict its direct use as a stable drug
carrier matrix, making graft modification necessary
to improve structural integrity and regulate swelling
behavior (Hoffman, 2012; Li & Mooney, 2016;
Peppas et al., 2000).

AM is widely employed in hydrogel engineering
because of its strong radical polymerization
reactivity, hydrophilicity, and ability to form
mechanically stable poly(acrylamide) networks (Cao
et al., 2011; Cankaya, 2016; Madduma-Bandarage &
Madihally, 2021; Zaharia et al., 2024). The vinyl
double bond (C=C) of AM actively participates in
radical polymerization, while its amide group (—
CONH;) promotes hydrogen bonding and water
retention, both essential for drug loading capacity and
controlled release performance (Cao et al., 2011;
Madduma-Bandarage & Madihally, 2021).

Polymer grafting can be achieved through several
mechanisms, including the grafting-to, grafting-
from, and grafting-through strategies (Bhattacharya
& Misra, 2004; Cummings et al., 2019; Purohit et al.,
2023; Vega-Hernandez et al., 2021). In the grafting-
from approach, initiating sites are generated directly
on the backbone and polymer chains propagate in
situ, enabling higher grafting density and efficient
network formation (Bhattacharya & Misra, 2004;
Cummings et al., 2019). In the present work, AM was
grafted onto GA via a grafting-from mechanism in
the presence of the crosslinker N,N’-methylene
bisacrylamide (MBAA).

Among commonly used radical initiators, APS
and AIBN exhibit fundamentally different radical
generation mechanisms. APS contains a persulfate
peroxide bond (—O—O-) that thermally cleaves to
generate highly reactive sulfate radicals capable of
abstracting hydrogen atoms from hydroxyl groups on
polysaccharide backbones, thereby producing active
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grafting sites and promoting backbone-initiated
polymer growth. In contrast, AIBN contains an azo
functional group (-N=N-) which decomposes
thermally with nitrogen release to form carbon-
centered radicals that primarily attack the vinyl
double bond of acrylamide and initiate chain
propagation from the monomer phase (Odian, 2004;
Purohit et al., 2023). Because APS promotes both
backbone activation and monomer initiation whereas
AIBN mainly initiates monomer polymerization,
these initiators may lead to different grafting
densities, crosslink distributions, and hydrogel
morphologies (Cummings et al., 2019; Isiver &
Saraydin, 2021; Jabeen et al., 2022; Naushad et al.,
2019; Noordergraaf et al., 2018).

Despite the widespread use of APS and AIBN in
radical  polymerization  systems,  systematic
comparative investigations focusing on their specific
influence on graft copolymerization onto natural
polysaccharide = backbones  remain scarce.
Accordingly, the present study provides a controlled
comparative evaluation of APS and AIBN in the
synthesis of GA-g-AM hydrogels to assess how
initiator chemistry governs grafting efficiency,
network formation, swelling behavior, and structural
stability relevant to drug delivery applications.

Materials and methods

GA was purchased from Carlo Erba Reagents
(France). AM monomer, NNMBA, and AIBN were
obtained from Central Drug House Pvt. Ltd. (India).
APS was supplied by Baza N1 (China).

Grafting of Acrylamide onto Gum Arabic

The synthesis of GA - g — AM hydrogels was
carried out via a free-radical graft-copolymerization
reaction. AM was grafted onto GA using APS or
AIBN as radical initiators in separate systems, while
MBAA served as the crosslinking agent (Elbedwehy
& Atta, 2020; Manaila & Craciun, 2024).

Initially, a 1% (w/v) aqueous GA solution was
prepared in deionized water. Subsequently, an AM
solution of identical concentration (1% w/v) was
added under continuous stirring. Stock solutions of
AM (1.406 x 10" mol L"), APS (8.76 x 102 mol L-
1), AIBN (1.218 x 107" mol L"), and MBAA (6.49 x
10" mol L") were then introduced into the reaction
mixture in predetermined amounts to obtain the
desired formulation. The total reaction volume was
adjusted to 100 ml.

Polymerization was conducted in a glass round-
bottom reactor equipped with magnetic stirring (500
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rpm) and maintained at 65 + 5°C for 3 h under
ambient atmospheric conditions. For the AIBN-
initiated system, AIBN was finely dispersed in the
aqueous reaction mixture under continuous stirring to
ensure homogeneous distribution prior to thermal
decomposition.

After completion of the reaction, the obtained
crosslinked hydrogels were washed repeatedly with
deionized water (at least three times) to remove
unreacted monomers, residual initiator, and soluble
fractions. The purified samples were then dried in an
oven at 40°C for 24 h until a constant weight before
measurements were performed.

The grafting percentage GP and grafting
efficiency GE were calculated to quantitatively
evaluate the extent of acrylamide grafting onto the
gum arabic backbone and the selectivity of the
grafting process (Noordergraaf et al., 2018).

Determination of grafting parameters

GP represents the degree of backbone
modification and was defined as the weight ratio of
grafted polymer to the GA backbone, expressed as a
percentage:

w,
GP (%) =Wg X 100 (1)
p

GE reflects the efficiency of the grafting reaction
and was defined as the fraction of polymer formed as
grafted chains relative to the total polymer produced:

GP (% We
(%) = TR

x 100 )

where W, is the initial dry weight of the gum arabic
backbone, W, is the weight of polymer chains
covalently grafted onto the backbone, W}, is the
weight of homopolymer formed during the reaction.

The calculated GP and GE values are summarized in
Table 1.

Table 1

Summarize the grafting percentage (GP) and grafting efficiency
(GE) of GA-g-AM hydrogels synthesized using APS and AIBN
initiators

GA-g-AM APS (10%) AIBN (10%)
GP (%) 91% 57%
GE (%) 78% 40%

Int. j. biol. chem. (Online)

Homopolymerization refers to the radical
polymerization of acrylamide occurring indepen-
dently in the reaction medium without attachment to
the GA backbone, producing free p-AM chains. To
ensure accurate determination of grafting parameters,
the synthesized hydrogels were repeatedly washed
with deionized water to remove soluble homopo-
lymer and unreacted monomers. The samples were
then dried in a laboratory oven at 40°C until constant
weight before measurements were performed.

Investigation of Swelling Properties

The degree of swelling (Ds) of the synthesized
GA-g-AM hydrogels was determined by immersing
the dried samples in buffer solutions of different pH
values, as well as in distilled water, at room
temperature (Elbedwehy & Atta, 2020; Manaila &
Craciun, 2024). The swelling behavior was
monitored over various time intervals of 30 min; 1;
2; 3; 4; 5; 6 and 24 h to study the swelling kinetics
and equilibrium behavior. At each predetermined
time, the swollen hydrogels were removed, filtered
through a 100-mesh sieve, and kept for 20 min to
remove excess surface water. The samples were then
weighed to obtain the swollen weight, while the dry
weight before immersion W, used as a reference. The
degree of swelling was calculated using the following
equation:

W, — W,
Dy( %) = % x 100 3)

0

where W, is the weight of the swollen hydrogel and
W, is the initial dry weight of the sample.

Instrumentation

The structural and morphological characteri-
zation of the synthesized GA-g-AM copolymer was
performed using Scanning Electron Microscopy
(SEM). Dried hydrogel samples were fractured to
expose their internal morphology and directly
examined with a Carl Zeiss Sigma SEM, which
provided detailed information on the surface
topography of the copolymer network. To further
investigate the structural features, X-Ray Diffraction
(XRD) analysis was carried out using a Rigaku
Miniflex 600 diffractometer. This technique allowed
the identification of crystalline and amorphous
domains within the hydrogel, providing insight into
the influence of acrylamide grafting on the gum
arabic backbone. FTIR spectra were recorded using a
Nicolet iS10 spectrometer (Thermo Scientific)
equipped with an ATR accessory (ZnSe crystal) over
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the range 4000-500 cm™ under standard acquisition
conditions.

Results and discussion

Proposed Reaction Mechanism

The graft copolymerization of AM onto GA
proceeds via a free-radical grafting-from mechanism,
in which the polysaccharide backbone serves as the
primary reactive substrate for macroradical
formation followed by chain propagation
(Bhattacharya & Misra, 2004; Cummings et al.,
2019; Odian, 2004). AM functions as the vinyl
monomer responsible for chain growth and network
formation. The vinyl double bond (C=C) of AM
readily participates in radical polymerization, while
the amide group (—CONH,) contributes to hydrogen
bonding, hydrophilicity, and water retention within
the hydrogel structure. These features enable
efficient propagation of polymer chains and
stabilization of the hydrated network (Odian, 2004).
GA plays both structural and chemical roles in the
reaction system. Structurally, GA acts as the
macromolecular backbone of the hydrogel network.
Chemically, its polysaccharide chains contain
numerous hydroxyl (—-OH) and carboxyl (-COOH)
functional groups capable of undergoing hydrogen
abstraction reactions, thereby enabling the formation
of active radical sites directly on the backbone
(Etxabide et al., 2018; Verbeken et al., 2003). Upon
thermal activation, APS, which contains a persulfate
peroxide bond (—-O-O-), undergoes homolytic
cleavage to generate highly reactive sulfate radical
anions (SO4*7). These radicals can abstract hydrogen
atoms from hydroxyl groups on the GA backbone,
producing macroradicals localized on the
polysaccharide chains. The activated GA
macroradicals subsequently react with the vinyl
double bond of acrylamide, initiating the growth of
poly(acrylamide) graft chains directly from the
backbone. This pathway promotes a higher density of
grafting sites and facilitates the formation of a more
interconnected polymer network (Bhattacharya &
Misra, 2004; Odian, 2004).

In contrast, AIBN, characterized by an azo
functional group (-N=N-), decomposes thermally
with the release of nitrogen gas to form carbon-
centered radicals. These radicals primarily react with
the vinyl double bond of acrylamide monomers,
initiating polymerization mainly through monomer

Int. j. biol. chem. (Online)

activation rather than direct backbone activation. As
a result, chain growth may occur partially in solution
prior to attachment to the polysaccharide matrix,
potentially leading to a lower grafting site density and
a comparatively less compact network structure
(Odian, 2004).

The bifunctional crosslinker MBAA, containing
two polymerizable vinyl groups, participates in the
radical copolymerization during polymer chain pro-
pagation ,where its vinyl groups react with growing
poly(acrylamide) radical chains. Through successive
radical addition, MBAA forms covalent bridges bet-
ween different polymer chains, generating crosslink
junction points and converting the grafted polymer
into a three-dimensional hydrogel network (Elbed-
wehy & Atta, 2020; Manaila & Craciun, 2024).

Accordingly, GA functions not only as a passive
support but also as an active radical-reactive
backbone governing graft initiation, while the
initiator type controls the radical generation pathway
and ultimately determines the network architecture
and structural compactness of the resulting hydrogels
(Lv etal., 2019; Sievers 2021).

Swelling Behavior

The swelling behavior of GA-g-AM hydrogels
synthesized using APS and AIBN initiators was
investigated in buffer solutions of different pH values
as well as in distilled water at room temperature (25
+ 1°C). The swelling degree was recorded at
predetermined time intervals (30 min, 1, 2, 3,4, 5, 6,
and 24 h) in order to evaluate both swelling kinetics
and equilibrium behavior.

Fig.1 shows the time-dependent swelling profiles
of the hydrogels in the tested media. In all
environments, a rapid initial swelling stage was
observed during the first hours of immersion,
followed by a gradual approach toward equilibrium.
This behavior is typical of crosslinked hydrogel
systems and reflects rapid solvent diffusion into the
polymer network followed by slower relaxation of
polymer chains (Hoffman, 2012; Li & Mooney,
2016; Peppas et al., 2000). Both APS- and AIBN-
initiated hydrogels exhibited their maximum
swelling degree at pH 2, reaching equilibrium
swelling values of approximately 720 + 5% and 1026
+ 5%, respectively. The higher swelling observed in
the AIBN-initiated system suggests the formation of
a comparatively looser and less densely crosslinked
network, allowing increased water penetration and
greater polymer chain mobility.
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Figure 1

Time-dependent swelling behavior of GA-g-AM hydrogels synthesized using APS and AIBN initiators in buffer solutions of different

pH values and in distilled water
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Conversely, the  APS-initiated  hydrogel
displayed lower equilibrium swelling, which can be
attributed to more efficient backbone activation and
a higher density of grafting and crosslink junctions.
The resulting compact network structure restricts free
volume and limits solvent uptake (Sievers et al.,
2021). All swelling measurements were performed in
triplicate (n = 3), and the results are reported as mean
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+ standard deviation. When a crosslinked hydrogel is
immersed in aqueous media of different pH values, it
does not dissolve but absorbs water into its polymer
network through diffusion. As water molecules
penetrate the network, the hydrogel expands, leading
to increased separation of polymer chains and
enhanced segmental motion. The extent and rate of
swelling are strongly influenced by the pH of the
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surrounding medium, which affects the ionization
state of functional groups within the network (Alonso
et al., 2007; Navarro-Hermosillo et al., 2025).

The pH-dependent swelling behavior can also be
interpreted considering the polyanionic nature of
gum arabic. The presence of ionizable carboxyl
groups generates fixed negative charges within the
hydrogel network, producing an osmotic pressure
difference between the polymer phase and the
external solution (Donnan effect) (Li & Mooney,
2016; Peppas et al., 2000), which promotes water
uptake and network expansion. Furthermore, the
ionic strength of the surrounding medium influences
the swelling equilibrium by screening electrostatic
repulsion between charged groups, thereby
modifying solvent diffusion and polymer relaxation
processes.

In this study, the swelling kinetics of the
synthesized GA-g-AM hydrogels were examined in
buffer solutions of pH 1, 2, 6, and 7 at room tem-
perature and at different time intervals. The expe-
rimental data were analyzed using the second-order
kinetic model proposed by Schott (Noordergraaf et
al., 2018), which can be expressed as:

t
—=A+B, (4)
St

where S; is the swelling degree at time t , A is the
intercept , and B, is the slope of the linear plot. The

Table 2

parameter B, represents the reciprocal of the
equilibrium swelling degree
=1

B=g )

and the intercept A is related to the swelling rate
constant

1
_ 6
A s (6)

The initial swelling rate can be expressed as:
kis = ksSg (7

Thus, the Schott model can also be written in
linearized form as:

t_1+t g
St k¢S Sg ®)

Linear plots of t/St versus t were constructed for
each swelling medium and for both initiator systems
(APS and AIBN). From the slope and intercept of the
fitted lines, the equilibrium swelling degree Sg, swel-
ling rate constant k¢, and initial swelling rate k;s were
determined. The swelling kinetics were analyzed
using the Scott second-order model. The calculated
kinetic parameters are presented in Table 2, and the
corresponding linear plots are shown in Fig. 2.

Schott second-order swelling kinetic parameters for GA-g-AM hydrogels in different swelling media (mean + SD, n= 3)

Medium Initiator Sg(ggh ks (gg'hh) kis (gg'h™h) R?
pH1 AIBN 10.80 0.036 0.391 0.994
pH1 APS 7.51 0.056 0.419 0.986
pH?2 AIBN 12.00 0.031 0.367 0.991
pH?2 APS 8.12 0.046 0.374 0.987
pH 6 AIBN 8.90 0.030 0.263 0.989
pH 6 APS 8.03 0.038 0.303 0.995
pH7 AIBN 7.46 0.044 0.326 0.981
pH7 APS 6.10 0.036 0.216 0.951
H>O AIBN 7.05 0.054 0.377 0.971
H>O APS 5.21 0.066 0.344 0.938
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Figure 2

Linear plots of the Schott second-order swelling kinetic model (t/S versus t) for GA-g-AM hydrogels synthesized using APS and AIBN

initiators in different swelling media
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The high correlation coefficients (R* = 0.93—
0.99) confirm that the Schott second-order kinetic
model adequately describes the swelling behavior of
the synthesized GA-g-AM hydrogels in all tested
media. The results indicate that the swelling process
is governed primarily by polymer network relaxation
and solvent diffusion within the crosslinked structure
(Peppas et al., 2000). Notably, the APS-initiated
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hydrogels exhibited more consistent kinetic

parameters and a more controlled swelling profile,
indicating the formation of a denser and structurally
more stable polymer network (Lv et al., 2019; Sievers
et al., 2021). In contrast, the AIBN-initiated
hydrogels showed higher swelling capacity due to a
comparatively looser network structure.
Characterization of the Prepared Hydrogels
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Figure 3
FTIR spectra of (a) gum arabic, (b) acrylamide, (c) GA-g-AM (AIBN), and (d) GA-g-AM (APS)
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The FTIR spectra of native GA (Fig. 3a) and AM
(Fig. 3b) were included for comparison to confirm
the structural changes after graft copolymerization.
The AIBN-initiated hydrogel (Fig. 3c) exhibited
characteristic absorption peaks at 3572 and 3262 cm
! corresponding to the stretching vibrations of —OH
and —NH groups, confirming the presence of
hydroxyl and amide functional groups. Peaks
observed at 3073-2848 cm™ were attributed to
aliphatic C—H stretching vibrations. The distinct
bands at 1667 and 1522 cm™ were assigned to C=0
(amide 1) and N-H bending/C—N stretching (amide
II), respectively, indicating the formation of amide
linkages (Cao et al., 2011; Madduma-Bandarage &
Madihally, 2021). Absorptions around 1220 and
1071 cm™ were related to C—O—C and C—O stretching
vibrations of the polysaccharide skeleton of GA,
consistent with typical polysaccharide IR signatures
(Etxabide et al., 2018; Verbeken et al., 2003). The
spectrum exhibited relatively broader and less intense
absorption bands, which may indicate differences in
the local structural organization of the polymer
matrix, potentially corresponding to a comparatively
less compact network structure.

The APS-initiated hydrogel (Fig. 3d) displayed
broad and intense absorption bands in the range of
3448-3724 cm’, attributed to overlapping —OH and
—NH stretching vibrations, indicating the successful
incorporation of hydrophilic functional groups
during the grafting process. The prominent peaks at
1644 cm™ (amide 1, C=0 stretching) and 1528 cm’
(amide II, N-H bending/C—N stretching) confirmed
the formation of amide linkages between GA and
AM. The additional band at 1450 cm™ corresponded
to —CH» bending, while the sharp peak observed at
1102 cm™ was assigned to C—O—C stretching of the
polysaccharide backbone (Etxabide et al., 2018;
Madduma-Bandarage & Madihally, 2021).

Comparative spectral analysis demonstrates that
both  initiators  successfully induced  graft
copolymerization between GA and AM. However,
the APS-initiated hydrogel exhibited sharper and
more intense amide and hydroxyl bands compared to
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the AIBN-based sample, suggesting a comparatively
higher grafting extent and a more densely crosslinked
network. The enhanced intensity of these
characteristic peaks is consistent with the formation
of a more compact and structurally stable polymer
matrix in the APS-initiated system.

Morphological analysis by SEM further
supported these findings. The surface morphology of
the synthesized hydrogels was examined by SEM,
and the corresponding micrographs are shown in Fig.
4 (AIBN) and Fig. 5 (APS) (Kareem et al., 2021;
Ostrowska-Czubenko et al., 2015).

The APS-initiated hydrogel exhibited a
comparatively smoother, more compact, and
homogeneous surface morphology, indicating a
denser and more organized crosslinked network. The
relatively uniform surface texture suggests efficient
radical initiation and propagation during graft
copolymerization, resulting in a tighter polymer
matrix with reduced free volume. Such compact
morphology is commonly associated with improved
structural stability, lower porosity, and more
restricted water mobility within the network (Jabrail
& Mahmood, 2015; Ostrowska-Czubenko et al.,
2015), which is consistent with the experimentally
observed controlled swelling behavior. In contrast,
the  AIBN-initiated  hydrogel exhibited a
comparatively rougher and more irregular
morphology, indicating a less uniform polymer
network and a comparatively lower effective
crosslink density. This more open structural
configuration may facilitate increased water
penetration and retention, consistent with the higher
swelling capacity observed for the AIBN-based
system (Bal et al., 2021; Franke & Gerlach, 2020;
Kaberova et al., 2020).

It should be noted that SEM observations were
performed on dried hydrogel samples; therefore, the
observed morphology represents the dried state of the
materials, and some structural shrinkage or pore
deformation due to drying cannot be excluded of the
surface features (Ibrahim et al., 2021; Sharma et al.,
2022).
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Figure 4
SEM analysis of GA-g-AM (AIBN)

S0um 3nexTpommos nI0GpIwenne 1

Figure 5
SEM analysis of GA-g-AM (APS)
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The XRD patterns of APS- and AIBN-initiated
GA—g—AAm hydrogels showed broad halos around
20 =~ 20-25°, confirming their predominantly
amorphous nature (Ibrahim et al., 2021; Kaberova et
al., 2020). The slightly sharper and more intense peak
in the APS-initiated sample indicates improved
molecular ordering and denser crosslinking, while
the broader halo in the AIBN-based hydrogel reflects
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a looser, less organized network (Kaberova et al.,
2020; Ostrowska-Czubenko et al., 2015). These
results confirm that APS produces a more compact
and stable amorphous structure compared to AIBN.
The XRD diffractograms of GA—g—AM hydrogels
synthesized using APS (Fig. 6) and AIBN (Fig. 7)
initiators are presented to illustrate the amorphous
nature of the polymeric networks.
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Figure 6
XRD spectrum of GA-g-AM (APS)
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Figure 7
XRD spectrum of GA-g-AM (AIBN)
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Conclusion

The FTIR spectra of the APS-initiated hydrogel
exhibited stronger amide and hydroxyl absorption
bands, confirming a higher degree of grafting.
Morphological analysis through SEM further
supported these findings, as the APS-grafted samples
displayed a smoother, more uniform, and compact
surface compared to the relatively rough structure
observed in the AIBN-based hydrogel.

Overall, the results demonstrate that the initiator
type plays a decisive role in governing the
crosslinking process, network architecture, and
swelling behaviour of GA-g-AM hydrogels. APS
more effectively activates the gum arabic backbone
and promotes the formation of a denser and more
uniformly crosslinked three-dimensional polymer

network. The higher crosslink density restricts
polymer chain mobility and reduces free volume,
resulting in improved structural stability and more
controlled swelling behaviour, whereas AIBN leads
to a comparatively looser and more absorbent
polymer network.
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PRODUCTION OF SUSTAINABLE FIBROUS MATERIAL
FROM RENEWABLE RESOURCE

Abstract: The article comprehensively studies the possibility of obtaining microcrystalline cellulose
(MCC) from the husk of sorghum (SbH) (Sorghum Bicolor), an agricultural crop growing in the country.
The research comprehensively studied the effective parameters for the production of MCC from SbH, its
yield and quality characteristics, as well as physicochemical properties. When using a hydromodule for the
extraction of MCC from SbH at a SbH/peroxyacetic acid ratio of 1:16 g/ml, the yield of MCC was high and
reached 57.24%. The amount of a-cellulose in the obtained MCC was 61.32%. It has been established that
the yield of MCC obtained by this organosolvent oxidation method is 10-25% higher than with the tradi-
tional method of alkaline treatment. The obtained MCC can be used as an ingredient in paper and cardboard

production, pharmaceuticals, and composite materials.

Keywords: Agricultural waste, sorghumbicolor husks, microcrystalline cellulose, organosolvent oxidation,

FTIR, crystal structure.

Introduction

In line with sustainable development goals, in-
terest in biomaterials derived from environmentally
friendly and renewable raw materials is increasing
every day. Cellulose fibers are one such natural poly-
mer. It is the most abundant carbohydrate in plant
cells. It is widely used in industry as an environmen-
tally friendly, biocompatible material. Cellulose and
its derivatives are of great importance in the food in-
dustry, paper and textile products, pharmaceuticals
and biomedicine. (Roohallah et al., 2024). However,
existing cellulose fibers are still produced from tra-
ditional raw materials (wood, cotton fiber). This pro-
cess uses forest resources, causing enormous damage
to the environment (Shehrawat & Sindhu, 2015). In
this regard, obtaining cellulosic material from agri-
cultural waste and renewable raw materials becomes
a pressing issue for the transition to technology com-
patible with the circular economy within the frame-
work of the UN Sustainable Development Goals No.
9 “Industry, Innovation and Infrastructure”, No. 12
“Responsible Consumption and Production” and No.
13 “Actions related to environmental change”.

© 2026 Al-Farabi Kazakh National University

In this regard, agricultural waste has great po-
tential as an alternative source of cellulose fibers
(Battalova et al., 2024b; Battalova et al., 2023;
Imasheva et al., 2020; Khalil et al., 2012; Li et al.,
2020; Rasaq et al., 2024). In the study of Jiang et al.
(2019), high-purity cellulose fibers were obtained
from rice husk and wheat straw by alkaline deligni-
fication. The studies (Battalova et al., 2024b; Batta-
lova et al., 2023; Imasheva et al., 2020) investigated
the possibility of obtaining microcrystalline cellu-
lose (MCC) from agricultural waste such as sun-
flower husk (SH) and rice husk (RH) by organosol-
vent oxidation. The MCC yield was 43.49-52.58%,
and the a-cellulose content was 40.5-65.57%. Simi-
larly, in (Battalova et al., 2024a), the possibility of
obtaining cellulose nanofibers (CNF) from agricul-
tural waste — SFH by formic acid hydrolysis was
investigated, resulting in CNF with a yield of 71%
and a zeta potential of -15.8 mV. In (Akatan et al.,
2022; Shahi et al., 2020), the authors of the study
developed biofilms based on nanocellulose obtained
from sugar beet pulp and residues accumulated dur-
ing sunflower oil production and investigated their
potential use as a “green” material. The results of
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this study showed that agricultural waste is a po-
tential source of raw material for the obtaining of
cellulose-based biopolymers.

In this regard, sorghum husk (Sorghum Husk)
has recently been studied as a promising raw mate-
rial for pulp production (Sani et al., 2020; Wagh-
mare et al., 2018). Sorghum is one of the five most
important grain crops grown in sustainable agri-
culture worldwide. It is grown primarily in tropi-
cal and arid climates (Charyulu et al., 2024; Dalton
& Hodjo, 2020). Sorghum is highly nutritious and
contains a variety of bioactive compounds such as
sterols, carotenoids, phenolic acids, and flavonoids,
which are known for their potent antioxidant, anti-
inflammatory, cholesterol-lowering, and anticancer
activities (Bakari et al., 2023). A significant share
of global sorghum seed production occurs in the
United States, Nigeria, Sudan, Mexico, India, and
Ethiopia (Pereverzin 2016). Annual global produc-
tion is approximately 70 million tons. Sorghum
production in our country, according to 2024 data,
increased by 231% compared to previous years and
is intended for the feed and food industries (West
Kazakhstan Region, Taskala District Akimat [ WKR
TDA], n.d.). This indicates that, in addition to waste
from manufacturing plants, the share of agricultural
waste is significantly higher.

Sorghum hulls (SH), formed during sorghum
processing, account for 15% of the total grain weight.
Its composition has been shown to be rich in carbo-
hydrates, such as polysaccharides, phenols, and pro-
teins, as well as silicon (Dong et al., 2019; Kshirsagar
etal., 2017).

Research has shown that sorghum pulp is a poten-
tial raw material for the production of cellulose fibers
(da Costa et al., 2024; Kumar et al., 2015; Yulianto
et al., 2020). The results indicate the possibility of
obtaining cellulose in the range of 30-40%. However,
these studies used a two-stage extraction method. Al-
kaline treatment was applied first, followed by hy-
drogen peroxide. This, in turn, increases the time and
cost of extraction, as well as the amount of additional
process fluids. Therefore, the efficiency and environ-
mental safety of the method used for processing cel-
lulose raw materials are of great importance.

Therefore, the aim of this study was to isolate
high-quality cellulose microcrystals through the ef-
ficient utilization of husks — a byproduct of sorghum
production grown in the southern region of the Re-
public of Kazakhstan. The resulting cellulose fibers
have high potential for use as key components in the
production of paper and cardboard, as well as bio-
composite materials.

Int. j. biol. chem. (Online)

Materials and methods

Materials

Sorghum bicolor husks were obtained from
southern region of Kazakhstan. Hydrogen peroxide
(35%, H,0,), acetic acid (=44%, CH,COOH), potas-
sium permanganate (99%, KMnO,), ethanol (96%,
C,H,OH), sulfuric acid (98%, H,SO,), orthophos-
phoric acid (98%, H,PO,), sodium hydroxide (=99%,
NaOH), potassium bichromate (=99%, K,Cr,0.),
sodium thiosulfate (99%, Na,S,0,), potassium io-
dide (=99%, KI) and starchwere provided by Sigma-
Aldrich (Bangalore, India). All other reagents were
of analytical grade and were utilized without further
purification.

Methods

Preparation of raw materials

To obtain microcrystalline cellulose, a variety of
SbH raw material called “Sorghum bicolor” grown
in the southern region of Kazakhstan was used. In
sorghum, the fruit is a caryopsis. The sorghum fruit
coat is the membrane in which the seed coat is fused
with the pericarp. The pericarp is the outer part of the
fruit, developing from the wall of the ovary. The peri-
carp is divided into three layers: 1) Exocarp (outer
layer): consists of small, tightly adjacent cells with
thickened walls covered with a waxy coating. The
cells are prismatic in shape, elongated perpendicu-
lar to the surface. The cells are pigmented dark red,
brown. 2) Mesocarp (middle layer): is represented
by loose tissue consisting of parenchymatous cells.
The cells are larger than in the exocarp, with thin cel-
lulose walls. 3) Endocarp (inner layer): thin, tightly
adjacent to the seed coat. The pericarp is rich in grain
fibers, primarily cellulose, hemicellulose, starch, and
lignin. The seed coat is the membrane surrounding
the embryo. The seed coat is fused with the pericarp,
forming a single covering (Badigannavar et al., 2018;
Makhatov et al., 2017).

To remove residual substances from Sorghum
bicolor husks, they were pre-washed with distilled
water in a flask with a rotary condenser at 90+2°C
for 60 minutes with stirring. They were then filtered
through filter paper and dried in an oven at 60+2°C
for 5 hours until constant weight was reached.

The raw material samples from Sorghum bicolor
seed husks used in the study were conventionally re-
ferred to as sorghum bicolor husks (SbH), and the
MCC obtained from them was referred to as MCC .

Preparation of peroxyacetic acid (PAA)

Peroxyacetic acid (PAA) was used to extract
MCC from the raw material. The concentrations of
the starting reagents for PAA production were re-
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duced by half and prepared according to the method
described in (Akatan et al., 2022; Battalova et al.,
2024b; Battalova et al., 2023; Imasheva et al., 2020).
The resulting PAA was stored in a freezer at 5+0.5°C.

Chemical composition of sorghum bicolor husks
(SbHs)

The mineral composition of raw SbH was deter-
mined using X-ray fluorescence (XRF) spectroscopy
on an EDX3600H (Skyray Instruments, China). In
order to determine the amount of water-soluble hy-
drocarbons, 5 £ 0.001 g of raw material was heated
for 2 h, with continuous stirring in 50 mL of distilled
water. After this process, the SbHs were filtered, dried
at 80°C = 2°C for 5 h, and then the mass was mea-
sured on an LV 210-A analytical scale (Sartogosm,
Russia). The quantity of hydrolyzable hydrocarbons
in water was determined from the difference between
the initial mass and the final mass.

To assess the ash content of SbH, 5 g of MCC was
incinerated in an 8.2/1100 L muffle furnace (SNOL,
Lithuania) at a temperature of 700°C + 5°C for a du-
ration of 90 minutes. The weight of the resulting ash
(Si0,) was recorded using an LV 210-A analytical
scale (Sartogosm, Russian) until an average measure-
ment was achieved. The ash content was calculated
by subtracting the final mass from the initial mass.

Preparation of MCC from SbH by organosolvent
oxidation and determination of its yield

The synthesis of microcrystalline cellulose
(MCC) based on SbH was carried out according to
the method described in (Akatan et al., 2022; Bat-
talova et al., 2024b; Battalova et al., 2023; Imasheva
et al., 2020). The SbH and PAA ratio was extracted
under hydromodule conditions with proportions of
1:10, 1:12, 1:14, 1:16, 1:18, and 1:20 g/ml. To ob-
tain MCC, the raw material and delignifying agent
were boiled in a flask fitted with a rotary condenser
at a temperature of 90+£2°C for 90 minutes, with con-
tinuous and vigorous stirring. The resulting MCC
solution was then cooled to 25+2°C, filtered using a
paper filter, and neutralized with distilled water until
reaching a pH of 7 (Fig. 1). The resulting product
was dried at 80+£2°C for 6 hours to constant weight,
weighed on an analytical balance with an accuracy
of 0.0001 g, and the yield was calculated using the
formula:

M = (Mgy-Mye )My, ¥100% ()

— the mass of

where, m,  is the mass of SbH, g; m, ..

obtained MCC, g.

Int. j. biol. chem. (Online)

Figure 1
Scheme of obtaining MCC from SbH by the
organosolvent oxidation

Filtration
dist. H20 pH=7

Determination of microcrystalline cellulose
quality indicators

The moisture content of the synthesized MCC
was determined using the GOST-16932 method
(state standard), the a-cellulose content — using the
GOST-6840 method, the residual lignin content —
using the GOST-11960 method, the hemicellulose
content — using the GOST-9002 method, and the ash
content — using the GOST 18461-93 method.

Scanning electron microscopy (SEM)

The surface characteristics of the MCC were
analyzed using a Quanta 200i 3D SEM from FEI in
the Netherlands. The analysis was conducted in high
vacuum mode with a secondary electron detector op-
erating at an accelerating voltage of 15 kV. To en-
hance electron transfer, the MCC surface was coated
with gold nanoparticles, and the samples were affixed
to aluminum pins using carbon tape.

FTIR spectroscopy

The chemical composition of the samples was
analyzed using an FTIR FT-801 IR spectrometer
(Simex, Russia). This analysis employed an internal
and variable-diffuse reflection technique, achieving
an accuracy of 1 cm™ across a wave number range of
450-4700 cm™. The procedure involved 50 scans at a
temperature of 25+20°C, with the sample placed on
the attachment’s surface.
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X-ray diffraction

The structural and phase properties of the samples
were investigated by X-ray diffraction (XRD) analy-
sis using monochromatic copper radiation (CuKa, A =
0.1542 A) on an X PertPRO diffractometer (Malvern
Panalytical Empyrean, Netherlands). The diffraction
patterns were recorded within a 20 range of 10-45°
with a scanning increment of 0.02°. The X-ray tube
was operated at 45 kV and 30 mA, while the counting
time for each step was set to 0.5 s. A universal alumi-
num sample holder (PW1172/01) was employed dur-
ing the measurements. The obtained diffraction data
were interpreted using the ICDD PDF-4/AXIOM X-
ray diffraction database.

Thermogravimetric analysis (TGA)

The thermal stability of the obtained samples was
evaluated under an argon atmosphere using a Lab-
Sys Evo differential thermogravimetric analyzer (Se-
taram, France). The measurements were carried out
over a temperature range of 30 = 5 to 800 + 5°C at a
heating rate of 10 + 1°C/min. The sample mass used
for analysis was 20 + 2 mg.

Results and discussion
Chemical composition of SODH
A quantitative analysis of the chemical composi-

tion of the initial SbH raw material was carried out,
and the obtained results are presented in Table 1.

Figure 2

Table 1
Chemical composition of the initial SbH sample

Compounds Quantity, %

K 16.3

P 2.55

Ca 3.76

Si 65.8

Al 4.23

Fe 2.28

Mn 0.08

Ni 0.06

Cu 0.07

Zn 0.08

Cr 0.18

Ti 0.57

Cl 1.84

S 1.94

Water soluble hydrocarbons 0.26

The MCC,,, from SbH by organosolvent oxida-

tion method

Figure 2a shows the initial material—sorghum
seed husk (SbH), and Figure 2b shows the obtained
MCC . The initial material, SbH, had a reddish-
brown color, while the obtained MCC, , had a flaky,
fibrous structure and a light grayish tint.

Sorghumbicolor husks and MCC samples from SbH:

a—SbH; b—-MCC,

SbH

A4

The yield and quality indicators of MCC,,,,

The yield and quality indicators of MCC,
obtained at different SbH:PAA g/ml ratios under
“mild” conditions of the organosolvent oxidation
method are presented in Table 2. The results of the
study showed that the yield of SbH:PAA obtained at
an SbH:PAA ratio of 1:16 g/ml was 57.24%, mois-

ture content was 4.23%, a-cellulose content was

Int. j. biol. chem. (Online)

(hydromodule 1:16)

61.32%, residual lignin was 0.71%, hemicellulose
was 0.55%, and SiO, was 29.78%. Since the yield
and quality indicators determined in other hydro-
modules were relatively low, 1:16 g/ml was recog-
nized as the effective hydromodule. A study (Reddy
& Yang, 2007) found that up to 35-40% MCC can
be obtained from sorghum stems and leaves using
alkaline and acid hydrolysis. It was found that at an

International Journal of Biology and Chemistry 19, Ne 1 (2026)



160 Production of sustainable fibrous material from renewable resource

SbH:PAA ratio of 1:16 g/ml, the yield of MCC
obtained using the organosolvent method increases
by 10.6-25%. In addition, an additional bleaching
process occurs for the cellulose obtained using tra-
ditional alkaline and mineral acids. This increas-

Table 2
Effect of SbH:PAA ratio on MCCy,, quality

es economic and energy costs. It should be noted
that the organosolvent oxidation method does not
require additional technological processes and in-
creases the possibility of extracting cellulose under
“mild” conditions.

Quality indicators of MCC,,, %

SOH:PAA, g/l Yield of MCC Humidity a-cellulose Residual lignin cgﬁl r?;;e ASl(lsci(gl;em
1:10 50.81+2 4.82+0.5 44.61+3 0.68+0.5 0.48+2 30.27+0.5
1:12 52.25+2 4.41+0.5 54.20+£3 0.65+0.5 0.48+2 29.82+0.5
1:14 54.60+2 4.44+0.5 61.0243 0.59+0.5 0.66+2 30.65+0.5
1:16 57.24£2 4.23+0.5 61.32+3 0.71+0.5 0.55+2 29.78+0.5
1:18 53.2242 4.26+0.5 553143 0.70+0.5 0.63+2 29.97+0.5
1:20 52.61£2 4.16+0.5 52.9143 0.76+0.5 0.56+2 30.19+0.5
FTIR spectroscopy vibration of the O—H groups is recorded in the region

Figure 3 presents the FTIR spectrum of the initial
SbH material. The broad absorption band observed
in the range of 3500-3000 cm™ is attributed to the
stretching vibrations of O—H groups. The peaks at
2920 cm™ and 2850 cm™! correspond to C—H stretch-
ing vibrations typical of polysaccharides (Zghari et
al., 2018). In addition, the absorption bands in this
region are associated with silanol (Si—-OH) groups
present in SbH (Cichosz & Masek, 2020; Zghari et
al., 2018). The bands at approximately 1700 cm™
and 1600 cm™ are related to acetyl groups of hemi-
cellulose and carbonyl groups within the lignin struc-
ture (Battalova et al., 2024b; Battalova et al., 2023;
Kacurakova et al., 2002). The absorption region be-
tween 1600 cm™ and 1510 cm™ corresponds to the
vibrations of aromatic rings in lignin (Battalova et
al., 2024b; Battalova et al., 2023; Imasheva et al.,
2020). The peaks in the range of 1250-1020 cm™ are
assigned to B-1,4-glycosidic bonds as well as C—O—
C and C—O-H vibrations of cellulose (Akatan et al.,
2025; Battalova et al., 2024b; Battalova et al., 2023;
Guzman et al., 2017; Imasheva et al., 2020). These
results confirm that sorghum husk is a lignocellulosic
raw material rich in cellulose, hemicellulose, lignin,
and other hydrocarbon compounds.

Comparative IR spectra of the chemical structure
of MCC,, ,, obtained in different ratios, are shown in
Figure 4. All spectra of the MCC, , samples contain
signals of the main functional groups characteristic of
cellulose. In particular, a broad and intense stretching

Int. j. biol. chem. (Online)

of 3300-3400 cm™. This indicates a large number of
hydroxyl groups and the presence of intermolecular
hydrogen bonds (Cichosz & Masek, 2020). In addi-
tion, the absorption bands at 2895 cm™ are attributed
to the symmetric and asymmetric stretching vibra-
tions of C—H bonds (Cichosz & Masek, 2020; Zghari
etal., 2018).

Several characteristic peaks associated with the
structural features of cellulose are observed within
the 1800-800 cm™ region. The band at approxi-
mately 1430 cm™ corresponds to the deformation
vibrations of C—H bonds in the crystalline regions
of cellulose and is commonly used to evaluate the
crystallinity degree of cellulose (Kacurakova et al.,
2002; Zghari et al., 2018). The peak at 1370 cm™
is assigned to C—H deformation vibrations, while the
intense band at 1160 cm™ is related to the stretching
vibrations of C—O—-C bonds within the pyranose ring,
characteristic of B-1,4-glycosidic linkages. Further-
more, the peaks observed in the range of 1050—1030
cm™! correspond to the stretching vibrations of C-O
bonds in the aromatic ring, confirming the polysac-
charide nature of cellulose (Kacurakova et al., 2002;
Zghari et al., 2018). The absorption peak at 895 cm™
indicates the presence of B-glycosidic bonds and
reflects the crystalline structure of cellulose (Batta-
lova et al., 2024b; Battalova et al., 2023; Cichosz &
Masek, 2020). Meanwhile, weak absorption bands
at 1508.9 cm™ and 1734.4 cm™" are associated with
the stretching vibrations of aromatic C=C bonds in

International Journal of Biology and Chemistry 19, Ne 1 (2026)



S. Nauryzova et al. 161

residual lignin, as well as C=0 vibrations of acetyl
and ester groups in hemicellulose present in MCC
(Akatan et al., 2025; Guzman et al., 2017; Imasheva
et al., 2024). This clarifies the quantitative values of
residual lignin and hemicellulose given in Table 2.
The obtained results (Bakari et al., 2023; Charyulu
et al., 2024) are in good agreement with the FTIR
absorption spectra of microcrystalline cellulose ob-
tained from sorghum residues are presented in Fig-
ure X. A noticeable decrease in the intensity of the
absorption peaks was observed with increasing PAA

Figure 3
FTIR spectra of SDH

content in the SbH:PAA ratio (g/mL). This behav-
ior can be attributed to the progressive hydrolysis
process, which weakens the glycosidic bonds in the
cellulose macromolecule and alters the symmetry of
its molecular structure (Battalova et al., 2024b; Bat-
talova et al., 2023; Imasheva et al., 2024; Zghari et
al., 2018). In particular, the reduced intensity of the
peaks corresponding to O—H and C—H bond vibra-
tions in the samples with SbH:PAA ratios of 1:18 and
1:20 indicates structural deformation of the cellulose
matrix.
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X-ray diffraction

The results of comparative X-ray diffraction
analysis carried out to determine the structural and
phase composition of the initial SbH raw material
and MCCSbH samples (1:16 g/ml) obtained in the
effective hydromodulus are shown in Figures 5a
and 5b. The crystalline structure of the samples was
determined in accordance with the studies (French,
2014; Imasheva et al., 2024; Podgorbunskikh et al.,
2018). Peaks 26=16.1°(110), 22.4°(200), 34.1°(004)
recorded in the diffraction pattern of SbH (Figure 5a)
indicate an amorphous and semi-crystalline structure
of sorghum fiber. Moreover, an intense signal at the
diffraction reflection angle 26=27.2°(101) is char-
acteristic of the signal of silica in the raw material
(Bolatkan et al., 2025). It is evident that this corre-
sponds to the elemental composition and quality indi-
cators of the initial SbH raw material given in Tables
1 and 2.

The X-ray diffraction (XRD) pattern of MCC-
SbH exhibits characteristic diffraction peaks at 20 =
15.3°(110), 22.3° (200), and 34.8° (004), confirming
the crystalline structure of MCCSbH (Fig. 5b). The
observed diffraction peaks indicate that the crystal
structure of MCC is a double-chain monoclinic form
corresponding to cellulose If (Imasheva et al., 2024;
Kacurakova et al., 2002). These results confirm the
effective removal of lignin, hemicellulose, and other
non-cellulosic hydrocarbon components during the
extraction of cellulose from sorghum husk. Further-
more, the intensity of the diffraction peak associated
with silica at 20 = 27.2° (101) decreased by approxi-
mately 1.2 times in MCC compared to the initial SbH
material. This reduction may be attributed to the par-
tial hydrolysis of silica occurring during the organo-
solvent oxidation treatment of the original SbH raw
material.

The results of the X-ray diffraction analysis dem-
onstrated that the initial SbH material possesses a
predominantly semicrystalline or amorphous struc-
ture, whereas the microcrystalline cellulose obtained
after treatment exhibits well-defined crystalline char-
acteristics. These findings are in good agreement
with previously reported studies (Akatan et al., 2022;
Battalova et al., 2024b; Battalova et al., 2023; Ima-
sheva et al., 2024; Imasheva et al., 2020).
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Figure 5
XRD diffractions of: a — SbH; b — MCCSbH
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SEM analysis

Figure 6 shows the surface morphology of the
initial material SbH (Fig. 6a) and MCCSbH ob-
tained at an effective hydromodulus of 1:16 g/ml
(Fig. 6b). It is evident that the initial material — sor-
ghum husk — has a multilayer structure. It can be ob-
served that the cellulose fibers on the surface of the
husk are densely covered with silica, waxes, pectin,
lignin, hemicellulose, and other hydrocarbon com-
pounds, which contribute to the high mechanical
strength and hydrophobic properties of the material
(Li et al., 2018; Zhang et al., 2018). This indicates
that the composition of the starting material SbH,
shown in Figure 3, is consistent with the results ob-
tained by IR analysis.
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In Fig. 6b, the surface morphology of MCCSbH
extracted at an effective hydromodulus of 1:16 g/ml
has a ribbon-like shape consisting of fibrils of vary-
ing sizes. The length of the cellulose fibers is approx-
imately 193.5-993.0 um, and the width is 13.66—
21.55 pm (Fig. 6b). This indicates a fibrous structure
of MCCSbH fragments. In addition, roughness of

Figure 6
SEM images of: a — SbH; b — MCCShH

— 100 pm —

Thermogravimetric analysis of MCC, ,

The resulting thermogram of MCC,, is shown
in Figure 7. According to the obtained results, ini-
tial mass loss was observed in the range from 25 to
106°C. It is evident that over this period, the mass of
the material decreased by approximately 3.3% due
to the evaporation of moisture from the air and water
sorbed by the sample.

The first phase of thermal degradation begins at
temperatures from 106 to 263°C, and in this tem-
perature range, mainly residual hemicellulose and
low molecular weight fractions of lignin undergo
thermal degradation (Battalova et al., 2024b). The
studies (Chen et al., 2011; Henrique et al., 2015)
have shown that thermal decomposition of ligno-
cellulosic biomass occurs in the range from 150 to
500°C. The research (Wang et al., 2021) has shown
that most of the hemicellulose decomposes gradu-
ally and over a wide temperature range from 150

Int. j. biol. chem. (Online)

the surface of the cellulose fibers is observed. This
is explained by partial hydrolysis of the amorphous
regions and the release of crystalline fibers during
hydrolysis (Cichosz & Masek, 2020). In the study
(Zhang et al., 2018), it was found that the rough sur-
face structure of the cellulose fibers indicates a large
surface area and high sorption properties.

— 100 pm

to 350°C, cellulose at 275-350°C, and lignin at
250-500°C.

The major thermal degradation of MCC , oc-
curred within the temperature range of 263-387°C.
During this stage, the MCC , sample lost approxi-
mately 49.5% of its initial mass, indicating the thermal
decomposition of high-molecular-weight cellulose
chains (Hou et al., 2017). This degradation process led
to the formation of volatile compounds and the break-
down of the organic structure of MCC, ..

During the thermal degradation of cellulose at
temperatures of 387-600°C, combustion of interme-
diate products occurs (Hou et al., 2017). At this stage,
54% of the total mass of the sample undergoes ther-
mal degradation, and the residual substance — silica
(Si0,) — accounts for approximately 35%. This is
consistent with the results of determining the mineral
composition and ash content of the initial material
and MCC, , presented in Tables 1 and 2.

International Journal of Biology and Chemistry 19, Ne 1 (2026)



164 Production of sustainable fibrous material from renewable resource

Figure 7
TGA curve of MCC
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Conclusion

Summarizing the obtained results, it should be
noted that in the course of the research work, the
possibility of obtaining microcrystalline cellulose
(MCCy, ) from sorghum seed husk (SbH) grown in
the southern region of Kazakhstan, using the organo-
solvent oxidation method was studied. The elemental
analysis of the feedstock (SbH) showed that its com-
position is dominated by Si (65.8%), K (16.3%), Ca
(3.76%) and P (2.55%). IR analysis showed that it
is rich in hydrocarbons. In this regard, it was estab-
lished that the effective hydromodulus for obtaining
MCC,,, from SbH is the SbBH:PAA ratio of 1:16 g/
ml. The yield of the obtained MCC,, , sample was
57.24%, and the a-cellulose content was 61.32%.

The surface morphology of the obtained MCC-
on Sample was found to be fibrous, with a length
of approximately 193.5-993.0 um and a width of
13.66-21.55 pm. Fourier transform infrared (FTIR)
spectroscopy analysis demonstrated that the ob-
tained product contained the main functional groups
characteristic of MCC and was effectively purified
from residual lignin and hemicellulose components.
X-ray diffraction analysis revealed that the original
SbH sample had a semi-amorphous structure, while
the obtained MCC , was characterized by a distinct

crystalline structure. The cellulose crystal structure
was double-chain monoclinic, typical of cellulose
IB. Furthermore, thermogravimetric analysis (TGA)
showed that the thermal stability of the MCC, , sam-
ple was maintained at temperatures up to 263°C.

The obtained results confirm that this material is
a promising raw material for producing high-quali-
ty microcrystalline cellulose using mild organosolv
oxidation. The resulting MCC,, , has significant po-
tential as a promising bio-based raw material for the
development of pharmaceuticals, food packaging,
and the production of environmentally friendly bio-
degradable materials.
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THERMAL STABILITY OF BIO-BASED CALCIUM
AND ALUMINUM CARBOXYLATES

Abstract: As bio-based metal carboxylates, calcium and aluminum carboxylates were synthesized us-
ing sunflower oil and soybean wax as renewable feedstocks, and their structures were characterized by
Fourier-transform infrared spectroscopy (FT-IR). The FT-IR results confirmed the successful formation of
the corresponding metal carboxylates. Thermogravimetric (TG) and differential thermal analysis (DTA)
techniques were employed to evaluate the thermal stability of the synthesized compounds. According to
the thermal analysis data, aluminum carboxylates exhibited faster thermal decomposition compared to
calcium carboxylates, with the major decomposition step occurring predominantly in a single stage. The
higher thermal stability of calcium carboxylates relative to aluminum carboxylates can be attributed to their
low-er organic content and, additionally, to the fact that calcium forms more stable compounds due to its
higher chemical reactivity, a trend that was clearly reflected in the TGA curves. Consequently, calcium
carboxylates underwent multi-stage decomposition. This behavior was also evident in the DTA profiles,
where the heat absorption and release events showed a fluctuating pattern. Given the significant industrial
relevance of metal carboxylates as additives in polymer and lubricant formulations, understanding their
physicochemical properties is essential.

Keywords: metal carboxylates, metal soaps, calcium carboxylates, aluminum carboxylates, thermal stabil-
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ity, addi-tives, bio-based additives, sunflower oil.

Introduction

Metal carboxylates — salts or coordination
complexes formed between fatty acids and metal
ions — constitute a structurally diverse class of or-
ganometallic compounds exhibiting highly tunable
physico-chemical properties (Idiagheet al., 2014;
Puspawiningtiyas et al.,, 2020). Their behavior
strongly depends on the valence state and chemical
nature of the metal ion, as well as the length, satura-
tion, and branching of the carboxylate chain. Owing
to this structural flexibility, metal carboxylates have
found wide application across various industrial sec-
tors (Folarin & Ayinde, 2016; Sukmawati & Lestari,
2020).

These compounds are widely employed as func-
tional additives in lubricants, where they improve re-
sistance to oxidation and thermal degradation, reduce
friction and wear, and enhance surface protection. In
the paints and coatings industry, they act as catalytic
driers that accelerate oxidative curing. Within poly-
mer systems, metal carboxylates serve as both pro-
cessing aids and stabilizers, contributing to improved
thermal, mechanical, and long-term performance.

© 2026 Al-Farabi Kazakh National University

They are also used in catalytic systems, fuel and oil
formulations, and the modification of composite ma-
terials due to their versatile functionalities (Balkdse
et al., 2010; Farone et al., 2015; Folarin et al., 2011;
Folarin et al., 2012).

One of the most technologically important ap-
plications of metal carboxylates is their use as ther-
mal stabilizers for polyvinyl chloride (PVC). Dur-
ing PVC processing, elevated temperatures trigger
dehydro-chlorination, and the released hydrogen
chloride accelerates discoloration, structural de-
terioration, and autocatalytic degradation of the
polymer matrix (Altarawneh et al., 2022; Tiiziim-
Demir et al., 2018; Wang et al., 2019; Xu et al.,
2020; Yu etal., 2016). Metal carboxylates mitigate
these processes by neutralizing HCI, replacing la-
bile chlorine atoms in the polymer chain, and in-
hibiting the propagation of degradation pathways.
Calcium and zinc carboxylates, as well as certain
aluminum analogues, are among the most effective
stabilizers for maintaining both the color stability
and structural integrity of PVC during processing
and service life (Morsy et al., 2024; Wang et al.,
2014).
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With the increasing regulatory restrictions on
toxic lead- and cadmium-based stabilizers, the devel-
opment of environmentally benign, bio-based metal
carboxylates has gained major relevance (Bouchoul
et al., 2017; Hosney et al., 2018; Jubsilp et al., 2022;
Li et al., 2017). Renewable lipid feedstocks such as
sunflower oil, soybean wax, palm-derived fatty acids,
and other natural waxes provide sustainable and low-
toxicity precursors for the synthesis of metal carbox-
ylates. These bio-derived stabilizers offer enhanced
compatibility with polymer matrices while support-
ing the transition to-ward greener additive technolo-
gies (Hasanov et al., 2025a; Ye et al., 2019).

Calcium and aluminum carboxylates synthesized
from renewable feedstocks — particularly sunflower
oil and soybean wax — are therefore of significant sci-
entific and industrial interest. These natural materi-
als contain long-chain fatty acids capable of forming
stable metal—carboxylate structures. Their structural
confirmation via FT-IR spectroscopy and the evalua-
tion of their thermal behavior using TG-DTA meth-
ods are essential for assessing their suitability as PVC
stabilizers. Moreover, a comparative investigation of
the thermal degradation mechanisms of calcium and
aluminum carboxylates provides valuable insight
into the differences in their stability, decomposition
pathways, and functional performance in polymer
systems (Han et al., 2019; Ozsin & Piitiin, 2019).

Accordingly, this study focuses on the synthesis
of bio-based calcium and aluminum carboxylates,
the FT-IR verification of their structural features, and
the comparative TG-DTA analysis of their thermal
decomposition behavior, with the aim of determin-
ing their potential applicability as environmentally
friendly thermal stabilizers for PVC.

Materials and methods

For the synthesis of metal carboxylates, refined
sunflower oil of the “Final” brand and soy wax of
the “Balmumcu” brand were used as the primary bio-
based raw materials. Potassium hydroxide (KOH,
analytical grade, “Lacherma,” Czech Republic) was
employed for the saponification of these oils, which
constitutes the initial step in the preparation of metal
carboxylates. For the subsequent formation of alu-
minum and calcium carboxylates, aluminum sulfate
octadecahydrate (Aly(SO4)3 18H,0, high purity,
“Kimyalab”) and calcium chloride (CaCls,, analytical
grade, “Vekton) were used.

The synthesis procedure consisted of two main
stages. In the first stage, water-soluble soaps were
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produced via alkaline saponification of the oils. Ethyl
alcohol (C,HsOH, 96%) was introduced as a co-sol-
vent to enhance the interaction between the oil and
the alkaline medium and was also used in several
analytical determinations. To evaluate the saponi-
fication value of the selected oils and to neutralize
unreacted alkali remaining after saponification, hy-
drochloric acid (HCI, 35%, AO “Base No. 1 Chemi-
cal Reagents”) was used. Toluene was applied for de-
termining the acid value of soybean wax, while Wijs
reagent, glacial acetic acid, cyclohexane, potassium
iodide, starch indicator, and sodium thiosulfate were
used for determining the iodine value of the oils. In
parallel tests, alcoholic solutions of phenolphthalein
and methyl orange served as acid-base indicators.

The acid value of sunflower oil and soybean wax
was determined in accordance with ISO 660:2020,
the saponification value according to ISO 3657:2020,
the iodine value according to ISO 3961:2018, and the
moisture and volatile-matter content according to
ISO 662:2016.

Metal carboxylates were synthesized from veg-
etable oils using a two-step approach. In the first step,
water-soluble potassium soaps were produced by sa-
ponifying the oils with a 20% alkaline solution added
in slightly excess stoichiometric quantity. Ethyl alco-
hol was added after the reaction progressed to a cer-
tain stage to improve miscibility. The resulting soap
mass was subsequently diluted, and any remaining
unreacted alkali — particularly in sunflower-oil-based
soaps — was neutralized with standard hydrochloric
acid. In the second step, termed “transsaponification,”
20% aqueous solutions of the respective metal salts
were added in excess of stoichiometric amounts to
the diluted soap solution under continuous mixing to
precipitate the corresponding calcium and aluminum
carboxylates. The obtained metal carboxylates were
separated using a funnel with filter paper, washed
repeatedly with distilled water, and dried, following
established procedures (Barman & Vasudevan, 2006;
Hasanov et al., 2025b; Putrawanet al., 2022; Ronny
et al., 2016; Ye et al., 2018). Synthesis process of
metal carboxylates was described schematic on Fig-
ure 1.

The chemical structure of the synthesized metal
carboxylates was characterized using Fourier-trans-
form infrared (FT-IR) spectroscopy with a Perki-
nElmer Spectrum 100 (Germany). Moisture con-
tent and ash content after calcination at 1000°C in
a muffle furnace were also measured. The elemental
com-position of the ash residue was examined using
a Spectro XEPOS (Germany) XRF spectrometer.
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Figure 1

Synthesis scheme of bio-based aluminum and calcium carboxylates via saponification and transsaponification steps

Fats/Oils

saponification ok

+ KOH(aq)

Drying and grinding

Metal carboxylates
(water insoluble soaps)

Thermal
NETZSCH STA 449 F3 Jupiter (Germany) simulta-
neous TG-DTA analyzer. Measurements were car-
ried out up to 900°C under a nitrogen atmosphere at
a heating rate of 30 K'min™".

stability was evaluated using a

Results and discussion

Some of the key physicochemical properties
of the sunflower oil and soybean wax used in the
synthesis of metal carboxylates are presented in
Table 1.

Table 1

Physicochemical properties of the sunflower oil and soybean wax

Trigrlyeide + 3 KaOH - Glycerol + 3 Soap
Precipitation
—
+ CaCly(aq) or
.'T Glyerol Af2(504)3*1 SHQ_O(’G )

Water-soluble soap

? Polymer processing
industry

V Lubricating industry

Others

More than 90% of the sunflower oil and more
than 80% of the soybean wax were converted through
the two-stage saponification process. Calcium and
aluminum carboxylates were precipitated from the
water-soluble soaps by transsaponification.

The chemical composition of the synthesized
metal carboxylates was examined using FT-IR spec-
troscopy, focusing on the formation of metal car-
boxylate structures and the possible presence of un-
reacted lipid residues, moisture, metal hydroxides,
metal-oxygen bonds, and unsaturated C=C function-
alities in the hydrocarbon chains.

Compositions of oils . . Saponification
0il Saturated fatty M. rurated Acid value, mg  lodine value, g value, mg
aturated ratty onounsaturate o KOH/ 1./100 >
acids, % fatty acids, % Others, % & 2 & KOH/g
Sunflower oil 10.7 20.7 68.6 0.12 136 191
Soy wax 65 30 0.6 30 185

For aluminum carboxylate (AISUN) synthesized
from sunflower oil, the FT-IR spectrum exhibited
characteristic absorption bands confirming success-
ful carboxylate formation. Strong bands attributed
to the asymmetric and symmetric stretching vibra-
tions of carboxylate groups (COO™) were observed
at 1574.43 cm™, 1455.11 cm™, and 1377.31 cm™,
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indicating the coordination of fatty acid residues with
aluminum ions.

Simultaneously, absorptions at 1713.50 cm™ and
1180 cm™ reflect the presence of residual triglycer-
ides, demonstrating that saponification was not fully
complete and that a small fraction of vegetable oil
remained unreacted. Additional bands at lower wave-
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numbers — 998.82, 880.46, and 667.44 cm™! — corre-
spond to out-of-plane deformation vibrations associ-
ated with C=C double bonds in the fatty acid chains,
confirming the retention of unsaturation in the struc-
ture.

In the metal-oxygen vibrational region, a clear
absorption at 516.83 cm™ was assigned to Al-O
stretching, supporting the formation of aluminum-—
carboxylate bonds. The absorption at 2922.84 cm™
corresponds to CH, stretching vibrations, while the
broad bands at higher wavenumbers are attributable
to moisture and metal hydroxide species adsorbed
onto the surface.

The FT-IR spectrum of AISUN is presented in
Figure 2.

The FT-IR spectrum of calcium carboxylate
(CaSUN) synthesized from sunflower oil exhibited
characteristic absorption bands in the wavenumber
range of 1575.51-1541.53 cm™, confirming the for-
mation of calcium carboxylate species. Additional
carboxylate-related bands at 1464.03 and 1377.33
cm™! further support the successful coordination of
fatty acid anions with Ca?* ions. The broadness of
the absorption region suggests the coexistence of

both mono- and di-substituted calcium carboxylate
species, as well as the possible presence of chelated
structures.

Importantly, no significant absorption was detect-
ed in the 1740-1710 cm™ region, which corresponds
to ester C=0 stretching of unreacted triglycerides or
ether groups. The absence of this band indicates that
the vegetable oil was almost completely consumed
during saponification.

Absorptions associated with unsaturated C=C
moieties characteristic of sunflower oil were observed
at 3008.44, 990.86, 924.55, 856.35, and 824.05 cm™,
reflecting the retention of double bonds in the hydro-
carbon chains. Bands appearing within the range of
678.04-578.32 cm™! correspond to Ca—O stretching
vibrations, confirming the formation of calcium di-
carboxylate.

A broad absorption at 3396.14 cm™' is attributed
to moisture and adsorbed hydroxyl species, while
strong absorptions at 2922.3 and 2852.8 cm™' corre-
spond to the aliphatic -CHj; stretching vibrations of
the fatty acid chains.

The FT-IR spectrum of CaSUN is shown in Fig-
ure 3.

Figure 2
FT-IR spectrum of AISUN
EN}HW"—\
a5y i
i A
407 ‘ 2
] g
357 ~ <] \
E ‘ o :
E‘ 25? HE g
H ] P =1 |
g 204 2 b
£ 3 8 ~ \ ,/\
f‘ J
103 /-\\ 8 P Y, 31\
] = r / 2
5 ® \ﬁ» S f\\{ N Y B L 2
o] Q - g o =2 2 8 I @
] s © L Sl = @ P i
] ‘ & T rgs 8 2 2
-5 o ~ b o v -
] N - - -
-10
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Characteristic FT-IR peaks corresponding to
metal carboxylate structures were also detected in the
spectra of the aluminum (AISO) and calcium (CaSO)
carboxylates synthesized from soybean wax. Soy-
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bean wax, being a hydrogenation product of soybean
oil, is more saturated than sunflower oil; however,
the spectra still exhibited distinct carboxylate signa-
tures for both AISO and CaSO.
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Figure 3
FT-IR spectrum of CaSUN
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For AISO, the FT-IR spectrum revealed a pro-
nounced absorption band at 1585.27 cm™, corre-
sponding to the asymmetric stretching vibration of
the carboxylate group (COO™), confirming success-
ful formation of the metal carboxylate. Symmetric
carboxylate stretching vibrations characteristic of
coordinated carboxylate species were additionally
observed at 1465.38 cm™ and 1377.08 cm™.

Absorptions appearing in the range of 1712.65—
1734.38 cm™', attributable to carbonyl (C=0) stretch-
ing, indicate the presence of ester groups and un-
reacted lipid components, demonstrating that the
hydrogenated wax was not completely converted dur-
ing saponification. Weak absorptions in the 987.92—
889.90 cm™! range correspond to deformation modes
of unsaturated C=C bonds, confirming that a minor
fraction of unsaturation remains in the soybean-wax-
derived fatty acid chains despite hydrogenation.

Bands detected in the lower wavenumber region
(617.64—496.68 cm™) are associated with metal-oxy-
gen (M-O) stretching vibrations and are indicative of
aluminum-oxygen coordination. Broad absorptions
at higher wavenumbers (3852.82-3441.56 cm™)
correspond to moisture and surface metal hydroxide
groups. Intense absorptions in the aliphatic stretching
region (2933.82-2852.80 cm™) originate from CH;
asymmetric and symmetric stretching vibrations of
the long aliphatic chains.

The FT-IR spectrum of AISO is presented in Fig-
ure 4.
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In the FT-IR spectrum of the calcium carboxyl-
ate synthesized from soybean wax (CaSO), charac-
teristic carboxylate absorption bands were observed
in the wavenumber range of 1576.27-1540.53 cm™,
similar to those detected for CaSUN. Additional car-
boxylate-related bands appeared at 1465.50 cm™ and
1377.28 cm™, further confirming the formation of
coordinated calcium carboxylate species.

Due to the hygroscopic nature of the sample, an
absorption band associated with bound water was
detected at 1620.56 cm™. Although no distinct ester
carbonyl bands were observed in the 1740-1710 cm™
region — typically indicative of unreacted triglyceride
residues — the presence of a peak at 1796.57 cm™ may
be related to residual carbonyl-containing species.

Weak absorption bands in the 974.45-
810.04 cm™ range correspond to vibrational modes
of unsatu-rated C=C bonds, indicating a minor level
of unsaturation in the fatty acid chains derived from
soybean wax. Peaks occurring at lower wavenumbers
(672.17-481.91 cm™) are attributed to Ca—O stretch-
ing vibrations and the formation of a calcium carbox-
ylate network.

Strong absorptions between 2918.43 and
2850.09 cm™ arise from CH; stretching vibrations
of aliphatic hydrocarbon chains. The broad absorp-
tion at 3389.74 cm™ is attributed to residual moisture
in the sample.

The FT-IR spectrum of CaSO is presented in Fig-
ure 5.
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Figure 4
FT-IR spectrum of AISO
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FT-IR spectrum of CaSO
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Table 2
Moisture and ash content of metal carboxylates
Metal carboxylate Moisture, % Ash content, % Ash content (dry basis), %
AISUN 0.20 4.47 4.47
CaSUN 5.87 5.50 5.84
AISO 4.71 17.07 17.91
CaSO 2.64 6.82 7.01

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 19, Ne 1 (2026)



R.M. Hasanov, R.E. Mammadova 173

The moisture and ash contents of the synthesized
metal carboxylates were determined and are sum-
marized in Table 2. The results confirm that AISUN
is highly hydrophobic and practically moisture-free.
In contrast, AISO, synthesized from soybean wax —
which is more saturated than sunflower oil — exhibits
lower hydrophobicity and therefore retains a slightly
higher amount of moisture. Furthermore, the higher
ash content of AISO clearly reflects the presence of
inorganic and organic impurities remaining from the
synthesis process, indicating a direct correlation be-
tween the feedstock characteristics, hydrophobicity,
and the residual impurity level of the corresponding
metal carboxylates.

The ash composition of the metal carboxylates
was examined using XRF analysis, and the results
revealed that calcium carboxylates contain signifi-
cantly fewer inorganic impurities compared to their
aluminum analogues. This difference is attributed to
the higher hydrophilicity of calcium carboxylates,
which facilitates more effective removal of residual
salts and by-products during the aqueous washing
step. In contrast, the greater hydrophobicity of alumi-
num carboxylates limits their interaction with water,
reducing washing efficiency and resulting in a higher
level of retained impurities. The XRF results for the
ash fractions are presented in Table 3.

TGA-DTA techniques were employed to evalu-
ate the thermal stability of the synthesized metal
carboxylates. According to the TGA data, all metal
carboxylates exhibited decomposition temperatures
higher than the thermal degradation temperature of
PVC (Ma et al., 2022; Yang et al., 2023), supporting
their potential applicability as PVC thermal stabiliz-
ers.

Table 3
XRF results of ash composition

The thermal behavior of AISUN indicates that
its decomposition proceeds predominantly through
a single major stage. The onset of intensive mass
loss begins at approximately 230°C and continues
up to 500°C. During the initial part of this interval,
the mass loss increases gradually, with a 5% loss
recorded at 259.8°C. This early loss corresponds to
the release of a small amount of volatile species and
the removal of approximately 0.2% residual mois-
ture.

Beyond this point, the decomposition of the or-
ganic matrix and the breakdown of intermediate alu-
minum carbonate species occur simultaneously with-
in one continuous stage. A 10% mass loss is observed
at 289°C, followed by a 20% loss at 323.6°C. Fifty
percent mass loss occurs at 388.2°C, while near-com-
plete decomposition — corresponding to 90% mass
reduction — is reached at 499.1°C.

Past this temperature, degradation proceeds only
slowly. At 895.7 °C, the final residue amounts to
5.28%, indicating deep and extensive decomposition
of the sample. The TG-DTA-DDTA curves of Al-
SUN are presented in Figure 6. As seen in the DTA
and DDTA profiles, the pronounced endothermic
events align with the temperature intervals of mass
loss, confirming that intensive decomposition reac-
tions occur in these regions.

In contrast to AISUN, the thermal decomposi-
tion of CaSUN proceeds through several distinct
stages. This multistep mass loss can be attributed to
the sequential release of initial moisture and vola-
tile components, the removal of hydrate water, the
decomposition of the organic matrix, and finally the
breakdown of the calcium carbonates and other min-
eral species formed in the sample.

Metal carboxylates ash composition, %

AISUN CaSUN AISO CaSO
AlLO, 83.77 CaO 94.32 AlLO, 32.63 CaO 92.40
K0 12.23 K0 2.20 K0 36.84 K0 4.44
SO, 2.62 AlLO, 1.14 SO, 30.17 AlLO, 0.49
CaO 0.08 Sio, 0.80 CaO 0.18 Sio, 0.64
SiO, 0.86 Cl 0.72 Sio, 0.07 Cl 1.05
Trace 0.44 Trace 0.82 Trace 0.11 Trace 0.98
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Figure 6
TG-DTA-DDTA curves of AISUN

The first significant mass loss occurs early in
the experiment, with a 5% reduction recorded at
242.5°C. Independent moisture analysis in a drying
oven showed a moisture content of 5.87%, confirm-
ing that CaSUN is strongly hygroscopic. Further-
more, the TG-DTA-DDTA curves (Figure 7) exhibit
multiple small mass-loss steps within this tempera-
ture region, indicating that the retained moisture and
volatile components originate from different bonding
environments or structural domains within the com-
pound.

A 10% mass loss is observed at 332.8°C, and
20% at 443.3°C, demonstrating that CaSUN re-
mains thermally stable throughout the typical high-
temperature processing range of PVC (Shnawa,
2020). A 50% mass loss occurs at 491.2°C, and
rapid decomposition continues up to approximately
520°C. Beyond this point, the mass remains nearly
constant up to 800°C, after which further loss is as-
sociated with the calcination of carbonates within
the residual material. At 896°C, the total mass loss
reaches 23.94%, indicating partial carbonization of
the sample.
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The DDTA curve reveals that heat absorption
within the main decomposition region occurs in a
fluctuating manner. These fluctuations likely arise
from the different melting and decomposition be-
haviors of carboxylate species derived from various
higher carboxylic acids present in the material. As
decomposition progresses, both the frequency and in-
tensity of these thermal fluctuations increase, reflect-
ing the trans-formation of different structural frac-
tions. Similar fluctuations are consistently mirrored
in the DTA pro-file.

General similarities and differences are observed
in the thermal behavior of aluminum and calcium
carboxylates synthesized from soybean wax com-
pared with their counterparts derived from sunflower
oil. As previously noted, AISO differs from AISUN
in that it is a fine white powder with noticeably lower
hydrophobicity. This distinction is also reflected in its
moisture test results: AISO exhibits a moisture con-
tent of 4.71%. Correspondingly, TGA analysis shows
that 5% mass loss occurs at 144.6°C, demonstrating
a clear correlation between the measured moisture
level and the initial stage of thermal decomposition.
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Figure 7
TG-DTA-DDTA curves of CaSUN
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The overall TGA profile of AISO indicates two
primary mass-loss stages: (i) the release of moisture
and volatiles, followed by (ii) the decomposition of
the organic matrix. In this respect, AISO shows a de-
composition pattern qualitatively similar to that of
AISUN, though occurring at somewhat lower tem-
peratures. Specifically, AISO shows 10% mass loss
at 249.4°C and 20% at 295.8°C. A 50% mass re-
duction is observed at 389.1°C, while the final mass
residue at 896.5°C is 23.09%. Considering the ash
content, these results suggest that the organic fraction
undergoes deep and extensive decomposition, con-
sistent with the behavior of aluminum carboxylates
synthesized from other feedstocks.

The TG-DTA-DDTA curves of AISO are pre-
sented in Figure 8. The DDTA profile shows fluctua-
tions in heat absorption and release throughout the
heating process, with pronounced thermal activity up
to ap-proximately 313°C, followed by a strong en-
dothermic event. These fluctuations likely arise from
successive phase transformations of different carbox-
ylate species and, ultimately, the formation and ther-
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mal decomposition of a more homogeneous phase at
later stages.

The TGA results of CaSO indicate that its ther-
mal decomposition proceeds through several distinct
stages, closely resembling the multistep behavior ob-
served for CaSUN. The initial mass loss corresponds
to the release of moisture, followed by an early de-
composition stage, and then a more intensive break-
down in the third stage. CaSO exhibits 5% mass loss
at 278.8°C, 10% at 316.2°C, and 20% at 383.23°C. A
50% mass reduction is recorded at 474.5°C, while the
final residue at 895.8°C is 19.69%.

As with CaSUN, carbonization occurs during the
decomposition of CaSO. The DDTA curve of CaSO
(Figure 9) also displays regular fluctuations in heat
absorption and release, reflecting complex overlap-
ping thermal events. These fluctuations likely arise
from the decomposition of different carboxylate spe-
cies and their associated phase transitions. The final
decomposition stage again corresponds to the cal-
cination of metal carbonates formed during earlier
stages, mirroring the thermal behavior of CaSUN.
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Figure 8
TG-DTA-DDTA curves of AISO
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Overall, the thermal decomposition of both cal-
cium and aluminum carboxylates synthesized from
sunflower oil and soybean wax occurs at temperatures
substantially higher than the processing temperature
of PVC — and even exceeds the intensive decomposi-
tion stage of PVC. This high thermal resilience repre-
sents a key advantage and supports the suitability of
these bio-based metal carboxylates as potential ther-
mostabilizers for PVC processing applications.

The comparative TG-DTA-DDTA analyses
clearly demonstrate that both aluminum- and cal-
cium-based bio-derived carboxylates possess suf-
ficient thermal resilience for polymer-processing
applications, particularly PVC stabilization. Alumi-
num carboxylates (AISUN and AISO) exhibited pre-
dominantly single- or two-step thermal degradation
pathways, reflecting their relatively lower moisture
content, higher hydrophobicity, and more uniform
structural decomposition. In contrast, calcium car-
boxylates (CaSUN and CaSO) decomposed through
multiple well-defined stages, associated with their
higher hydrophilicity, greater moisture retention, and
the sequential removal of bound water, volatiles, and
intermediate carbonate species.

Across all samples, the temperatures correspond-
ing to 10%, 20%, and 50% mass losses significantly
exceeded the processing range of PVC, confirming
that these bio-based carboxylates maintain struc-
tural integrity under relevant industrial conditions.
Calcium carboxylates consistently displayed higher
decom-position temperatures, indicating deeper car-
bonization and greater thermal robustness compared
to their aluminum analogues.

Overall, the results demonstrate that calcium and
aluminum carboxylates synthesized from sunflower
oil and soybean wax exhibit favorable thermal char-
acteristics, with calcium-based compounds showing
particular promise as environmentally benign, bio-
derived thermal stabilizers for PVC applications.

Conclusion

In this study, bio-based calcium and aluminum
carboxylates were successfully synthesized from
sun-flower oil and soybean wax and comprehen-
sively characterized to evaluate their potential as
environmentally benign thermal stabilizers. FT-IR

Int. j. biol. chem. (Online)

analysis confirmed the formation of metal-carbox-
ylate structures in all samples, while moisture and
ash measurements demonstrated clear differences
in hydrophobicity and impurity levels depending
on both the metal ion and the renewable feedstock.
XRF analysis further revealed that calcium carbox-
ylates contained fewer residual inorganic impurities
than their aluminum analogues, reflecting the great-
er washing efficiency associated with their higher
hydrophilicity.

Thermal analysis showed that all synthesized
metal carboxylates exhibit decomposition tempera-
tures substantially above the typical processing range
of PVC, indicating their suitability for high-temper-
ature industrial applications. Aluminum carboxyl-
ates tended to decompose in one or two major steps,
whereas calcium carboxylates underwent multistage
decomposition involving moisture release, organ-
ic-matrix degradation and carbonate calcination.
Among all samples, calcium carboxylates displayed
the highest thermal stability and deepest organic
mass decomposition.

The results demonstrate that bio-derived calcium
and aluminum carboxylates synthesized from re-
newable lipid feedstocks possess promising thermal
characteristics and can serve as viable, sustainable
alternatives to conventional PVC thermostabilizers,
supporting the transition toward greener polymer-
additive technologies.
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IN SILICO PROFILING OF DIAZA- AND
TETRAAZABICYCLONONAN-9-ONES AS NOVEL
NICOTINIC ACETYLCHOLINE RECEPTOR LIGANDS

Abstract: Nicotinic acetylcholine receptors (nAChRs) are promising therapeutic targets for treating cogni-
tive disorders and nicotine addiction. This study aimed to identify a novel nAChR ligand from a series of
8 newly designed diaza- and tetraazabicyclononan-9-ones using a comprehensive in silico approach. The
biological activity spectrum was predicted using the PASS program, revealing a high potential for nAChR
antagonism and other neurotropic activities. Pharmacokinetic and drug-likeness properties were assessed
with SwissADME, indicating favorable profiles for most compounds. Molecular docking into the ortho-
steric site of the human a3p4-nAChR (PDB ID: 6PV7) and 04p2-nAChR (PDB ID: 5KXI) was success-
fully performed for six derivatives. Among them, compound 1 demonstrated a superior calculated JAMDA
Score (-2.60), outperforming the native ligand, nicotine (JAMDA Score: -1.99). Analysis of the binding
pose revealed that its superior predicted affinity stems from a network of specific hydrogen bonds with key
residues (Tyr93, Ser148, Ser150) and an interaction with the backbone of Trp149 in the orthosteric site.
Thus, the integrated in silico strategy identified compound 1 as a potent putative nAChR ligand, warranting
its priority for further experimental evaluation.

Keywords: nicotinic acetylcholine receptors, molecular docking, in silico screening, bicyclic nitrogen het-
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erocycles, drug design.

Introduction

Nicotinic acetylcholine receptors (nAChRs), es-
pecially the a7 and 04p2 subtypes, are ligand-gated
ion channels widely distributed in brain regions es-
sential for cognition, such as the hippocampus and
cortex (Guan, 2024). a7 nAChRs exhibit anti-inflam-
matory and neuroprotective effects through several
mechanisms: suppression of NF-kB-dependent cyto-
kine synthesis, activation of Nrf2-mediated antioxi-
dant defense, modulation of JAK2/STAT3 signaling,
and enhancement of autophagy. These mechanisms
make a7 nAChRs a promising therapeutic target for
the treatment of neuroinflammatory and neurodegen-
erative diseases (e.g., Alzheimer’s disease, Parkin-
son’s disease, and multiple sclerosis) (Lee & Hung,
2022; Magnussen, 2025).

While several ligands are known, the search for
new, selective, and potent modulators with improved
safety profiles remains a pressing need in medicinal
chemistry (Crestini et al., 2024). The clinical applica-

© 2026 Al-Farabi Kazakh National University

tion of nAChR-targeted drugs is limited by low ef-
ficacy in the treatment of neurodegenerative diseases
and cognitive impairment, as well as safety concerns
due to receptor desensitization and peripheral side
effects (Recio-Barbero et al., 2021). Non-selectivity
of action, pharmacokinetic limitations, and species
differences in animal models further complicate the
development of successful therapeutic agents (Mag-
nussen, 2025).

Current neurodegeneration drug research strong-
ly favors heterocyclic scaffolds (e.g., piperidines,
indoles, quinolines, pyrazoles) because they can ad-
dress multiple pathogenic processes in Alzheimer’s
and Parkinson’s disease (Katsoulaki et al., 2025).
Among such promising frameworks, di- and tet-
raazabicyclononan-9-ones are the building blocks
for obtaining drugs for prevention and treatment of
neurodegenerative diseases (Matthews et al., 2024).
The primary objective of this work was to conduct a
comprehensive in silico profiling of a novel series of
diaza- and tetraazabicyclononan-9-ones derivatives
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to identify the most promising candidate acting as a
nAChR ligand, using a combination of predictive and
molecular modeling techniques.

Materials and methods
The series of novel diaza- and tetraazabicy-

clo[3.3.1]nonan-9-one derivatives (1-8) investi-
gated in this study were designed and synthesized

Figure 1

New compounds based on diaza-, tetraazabicyclononan-9-ones 1-8
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ACD Labs ChemSketch was used to draw chemi-
cal structures and generate SMILES notations.

Prediction of biological activity spectra was
carried out using the PASS Online (2025), which
estimates P (Probability “to be Active”) and P,
(Probability “to be Inactive”) for a wide range of
pharmacological effects based on the structural for-
mula of the compound.

The free online platform SwissADME (2025)
(from the Swiss Institute of Bioinformatics) was used
to determine the drug-likeness, pharmacokinetics and
medicinal parameters of the test substances.

Molecular docking was performed for com-
pounds 1-6 using JAMDA (Jupyter-Aided Molecular
Docking Application) available through the Protein-
sPlus web service (2025). The JAMDA platform was
selected due to its integrated use of machine-learn-
ing scoring functions and the gradient-based pose
optimization method by Flachsenberg et al. (2021),
which ensures a robust and reproducible protocol
particularly suited for ranking ligand affinities within
congeneric series.

Int. j. biol. chem. (Online)

at al-Farabi Kazakh National University. The de-
tailed synthetic protocols and spectroscopic char-
acterization are beyond the scope of this compu-
tational work and will be disclosed in a separate
paper focused on the synthetic chemistry. For the
purposes of this study, the compounds served as
the basis for constructing their 3D models for sub-
sequent in silico analysis. The structures are shown
in the Fig. 1.
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The crystal structure of the nicotinic acetylcho-
line receptor was obtained from the Protein Data
Bank. For molecular docking, the crystal structures
of two heteropentameric nicotinic receptor subtypes
were used: a3p4-nAChR (PDB ID: 6PV7, resolution
3.34 A) and a4p2-nAChR (PDB ID: 5KXI, resolu-
tion 3.94 A). 6PV7 was chosen due to its structural
similarity to the predicted target a6p3p4a5, the avail-
ability of a native ligand (nicotine) for protocol vali-
dation, and its high-quality model of a receptor with a
B4 subunit. The SKXI structure was used as a model
for subtypes containing a 2 subunit (including the
predicted a22). This approach allows us to evaluate
the interaction of new compounds with two distinct
but pharmacologically relevant binding interfaces in
the nAChR family, encompassing structural features
common to the subtypes predicted as the most likely
targets (Gotti et al., 2023) and providing insights into
potential subtype selectivity. The docking pocket
was identified using the DoGSiteScorer.

Molecular geometry optimization of ligand
molecules was performed at the semi-empirical
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PM6 level of theory using Gaussian 16 software.
The optimized structures were subsequently con-
verted to SDF format for use in docking simula-
tions. Compounds 7 and 8 were excluded from
docking analysis due to the inability to generate
valid conformations for these sterically complex
structures within the automated protocol. This was
done to ensure the reliability and reproducibility
of the results.

Table 1
Predicted neurotropic activity for compounds 1-8 (Pa > 0.75)

Results and discussion

1. Prediction of biological activity

Prediction of biological activity using the PASS-
online program revealed a multi-target pharmaco-
logical profile for compounds 1-8. Of interest in the
context of the study’s objective was the high prob-
ability of antagonism to nicotinic acetylcholine re-
ceptors (Table 1).

Compound nAChR a2p2 Antagonist nACAhriazili?sﬁt“w Phojlziga?rf:r:? - Anaphﬁflggglil:f e
1 0.77 0.80 0.89 0.92
2 0.86 0.82 0.84 -
3 0.74 0.68 0.81 -
5 0.90 0.83 0.85 -
6 0.85 0.77 0.78 -
7 - - 0.80 0.89
8 0.75 - 0.76 -

Compound 2 (P,=0.86) and especially compound
5 (P,=0.90) showed the greatest potential as an a2f32
receptor antagonist. Antagonism to the a6p3p4a5 re-
ceptor was most pronounced also for compounds 2
(P,=0.82) and 5 (P =0.83). Compounds 1 (P =0.89)
and 5 (P ,=0.85) showed high potential for the treat-
ment of phobic disorders, and compounds 1 (P =0.92)
and 7 (P =0.89) showed potential as an anaphylatoxin
receptor antagonist.

The multi-target profile predicted by PASS, en-
compassing both specific nAChR antagonism and
broader neurotropic activities (e.g., phobic disorders
treatment), aligns with the complex pathophysiology
of neurodegenerative diseases, which often require
polypharmacological approaches (Katsoulaki et al.,
2025). The particularly high P, values for nAChR an-
tagonism in compounds 2 and 5 (P, > 0.82) strongly

Table 2
Key Physicochemical Properties of Compounds 1-8

justified their selection, along with others from the
series, for subsequent molecular docking studies to
verify and quantify this predicted activity at a struc-
tural level.

2. Evaluation of the pharmacokinetic profile and
drug potential

The pharmacokinetic profile and druggability
criteria for compounds 1-8 were assessed using the
SwissADME website. All compounds conform to
Lipinski’s rule, indicating their fundamental drug-
gability and oral bioavailability.

Analysis of the key descriptors presented in Ta-
ble 2 and the bioavailability radars (Fig. 2) showed
that all compounds fall within the optimal range for
parameters such as size, polarity (TPSA), saturation,
and molecular framework flexibility.

Cmpd l\ﬁgﬁiﬁzr MW (g/mol) TPSA (A?) Nurlr;.ol;ll(-)l?sond le;;ﬁfsnd Consensus Log P
1 C11H0N,05 228.29 64.01 2 5 -0.72
2 CoH14N20, 182.22 32.78 0 4 -0.01
3 CoH15N30, 197.23 48.30 1 5 0.02
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Continuation of the table

Cmpd hﬁgi_fﬁ;‘izr MW (g/mol) TPSA (A2) Nun];'oil(')z‘md N‘;“;;fifsnd Consensus Log P
4 CoH16N;0; 184.24 35.94 1 4 -0.07
5 C10Hz0N0 292.37 23.55 0 1 2.63
6 C1oH25N50 294.39 26.71 1 1 2.53
7 CoH1gN,05 230.26 70.49 2 5 137
8 C17H1gN40 294.35 30.03 0 1 1.99

Abbreviations: Cmpd — Compound,; MW — Molecular Weight, TPSA — Topological Polar Surface Area; Consensus Log P — averaged

logarithm of octanol-water partition coefficient.

As shown in Table 2, all compounds exhibit mo-
lecular weights below the 500 g/mol threshold, and the
number of hydrogen bond donors and acceptors ad-
heres to Lipinski’s criteria, supporting their oral drug-
likeness. The Topological Polar Surface Area (TPSA)
values vary considerably across the series, ranging from
23.55 A2 for compound 5 to 70.49 A2 for compound
7, which directly correlates with predicted membrane
permeability and blood-brain barrier penetration. These
physicochemical properties are visually summarized in
the bioavailability radar plots (Fig. 2), where the opti-
mal range for each parameter (lipophilicity, size, polar-
ity, saturation, flexibility, and solubility) is represented
by the pink area. Compounds whose profiles fall entire-

Figure 2
Bioavailability radar of compounds 1-8
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ly within this area are considered to have a high prob-
ability of favorable oral bioavailability.

The BOILED-Egg model (Fig. 3) predicted a high
probability of gastrointestinal absorption for com-
pounds 3, 5, 6, and 8. Furthermore, compounds 5, 6,
and 8 showed the ability to penetrate the blood-brain
barrier, which is particularly relevant for their putative
neurotropic action. Importantly, these same compounds
do not exhibit structural alerts for the PAINS and Brenk
filters, reducing the risk of nonspecific activity or toxic-
ity. In contrast, highly polar compounds 1 and 7 (TPSA
> 60 A2, Cons. Log P < -0.7), despite high calculated
solubility, are likely to be poorly absorbed when admin-
istered orally due to low lipophilicity.

uro
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Figure 3

BOILED-Egg model for predicting the absorption of compounds in the gastrointestinal tract (white area) and penetration into the
brain (yellow area). BBB — blood-brain barrier; HIA — human intestinal absorption; PGP — P-glycoprotein
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These ADME predictions create a context for
interpreting the docking results. For instance, com-
pound 1, which showed the highest calculated bind-
ing affinity, falls into the “non-BBB-permeable” and
likely low-oral-absorption category according to the
BOILED-Egg model, indicating a potential discon-
nect between excellent target engagement and desir-
able CNS drug-likeness. This contrast underscores
the need for a balanced optimization strategy that
considers both potency and pharmacokinetics. Com-
pounds 5, 6, and 8, predicted to have good BBB pen-
etration and gastrointestinal absorption, represent
more promising starting points from a drug delivery
perspective, provided their binding affinity can be
improved through structural modifications informed
by the docking poses.

3. Molecular docking into the nAChR orthosteric
site

The molecular docking study was conducted to
verify the predicted nAChR antagonism and rank
the compounds based on their calculated JAMDA
Score. Two high-resolution crystal structures of
nAChRs were employed. The a3p4 structure (6PV7)

Int. j. biol. chem. (Online)
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was selected as a suitable model for studying inter-
actions with PB4-subunit-containing subtypes, in-
cluding the predicted a6p3B4a5 target from PASS
analysis (it is often used to model other subtypes as
well, as in the case of the present study) (Noviello et
al., 2021). The 04p2 structure (5KXI) was used as a
model for subtypes containing the 2 subunit, such
as the predicted a2p2 target. The docking protocol
was validated by redocking nicotine into both re-
ceptor structures. The root-mean-square deviations
between the docked and experimental poses were
0.98 A for 6PV7 and 1.85 A for 5KXI, both below
the 2.0 A threshold, confirming the reliability of the
computational approach. The key interactions of
nicotine with the residues of the binding site (hy-
drogen bond with Tyr96, n-n stacking with Trp154)
were correctly reproduced, confirming the suitabil-
ity of the model for comparative analysis.

The results, expressed as Score, are summarized
in Table 3. The JAMDA score is unitless, as it is a
machine-learning ranking metric rather than a physi-
cal binding energy. Score is based on normalized
model features and is used exclusively for compara-
tive analysis of poses and ligands.
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Table 3

Docking results (JAMDA Score) for compounds 1—6 and nicotine
in the orthosteric sites of nAChR subtypes o34 (PDB: 6PV7)
and a4f2 (PDB: 5KXI)

Ligand JAMDA Score
a3p4 (PDB: 6PV7) a4f2 (PDB: 5KXI)

Nicotine -1.99 -1.68

1 -2.60 -2.06

2 -1.66 -1.31

3 -1.56 -1.35

4 -1.64 -1.21

5 -1.89 -1.52

6 -1.74 -2.07

The most significant result is compound 1, which
demonstrated the best calculated Score in both struc-
tural models, significantly outperforming the native
ligand nicotine (Table 3). This result is consistent
with the PASS prediction data, which predicted com-
pound 1 to have a high probability of antagonist ac-
tivity against various nAChR subtypes. Compound
6 showed a better result (-2.07) in the a4p2 nAChR

Figure 4

model (SKXI) than in the a3p4 model (-1.74), and
even outperformed nicotine in this model. This may
indicate potential selectivity of this derivative for
receptors containing the B2 subunit, which requires
further study.

It should be noted that all tested compounds, with
the exception of six, demonstrated higher calculated
Score for the a3p4 subtype (more negative JAMDA
Score values for 6PV7). This trend is consistent with
literature data indicating that structural features of
the @34 nAChR binding site can facilitate stronger
interactions with certain classes of ligands (Kanasu-
wan et al., 2023).

Detailed analysis of the binding pose of com-
pound 1 (Fig. 4) revealed specific interactions with
key residues of the orthosteric site. One of the ligand’s
hydroxyl groups forms a double hydrogen bond: with
Tyr93 (2.1 A) and with Ser148 (1.7 A), acting as a
bridge between these residues (Matera ert.al., 2023);
the hydroxyl group of the second substituent forms a
hydrogen bond with Ser150 (2.2 A). In addition, the
protonated nitrogen atom of the diazabicyclic frag-
ment forms a fourth hydrogen bond with the carbonyl
oxygen of Trp149 (2.4 A), which provides additional
stabilization of the complex.

Molecular model of compound 1 bound to key interacting residues of the orthosteric site of nAChR (PDB: 6PV7).
The docking pose of 1 (shown in gray) was presented by structural alignment with the co-crystallized nicotine

(shown in purple)

Nicotine
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The detailed analysis of the binding pose of com-
pound 1 (Fig. 4) not only explains its superior calcu-
lated affinity but also provides valuable insights for
future structural optimization. The formation of mul-
tiple hydrogen bonds with key serine and tyrosine
residues (Ser148, Ser150, Tyr93) and the interaction
with the backbone of Trp149 create a stable network
specific to the orthosteric site. This pattern is distinct
from the simpler interaction profile of nicotine. Com-
paring the docking scores (Table 3) with the struc-
tural features of compounds 1-6 suggests that the
presence of specific hydrogen bond donor/acceptor
groups in the substituents of the diazabicyclononan-
9-one core is crucial for high affinity.

Furthermore, the divergent performance of com-
pounds like 6 in different subtypes (a3p4 vs. 04p2)
hints at the potential to modulate selectivity through
targeted modifications of the hydrophobic regions of
the ligands. These in silico derived SAR observations
establish a rational basis for designing next-genera-
tion analogs with improved potency, selectivity, and
pharmacokinetic properties.

Conclusion

The search for new ligands of nicotinic ace-
tylcholine receptors for the treatment of cognitive
and neurodegenerative diseases remains highly
relevant. We conducted comprehensive in silico
profiling of novel diaza- and tetraazabicyclononan-
9-ones, integrating PASS prediction, SwissADME
pharmacokinetic analysis, and molecular docking
into the orthosteric sites of nAChR subtypes (o334
and 04p2).

The study confirms the initial hypothesis about
the high potential of this chemical scaffold for tar-
geting nAChRs. The key finding that fundamentally
enriches existing knowledge is the identification of
compound 1, a diazabicyclononan-9-one derivative,

which demonstrated a superior calculated binding
affinity compared to the native ligand, nicotine, par-
ticularly in the e384 model.

Compound 1 was a leader in terms of affinity
for nAChRs, but its inability to penetrate the blood-
brain barrier is predicted to limit its potential use in
the treatment of CNS diseases. This highlights the
need to balance high affinity with optimal pharma-
cokinetic properties. This result, however, provides a
valuable starting point for further medicinal chemical
optimization. The structural framework of compound
1 can be modified to maintain high affinity but impart
properties that facilitate brain penetration, while its
low permeability itself may be useful for the devel-
opment of peripherally selective agents.

The primary prospective application is the exper-
imental validation of compound 1 in vitro, followed
by the synthesis of focused analog libraries to either
exploit its peripheral selectivity or improve its CNS
drug-likeness.
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LANTHANUM-INDUCED ELECTRONIC TRANSITION
IN HYDRIDE PEROVSKITES: A FIRST-PRINCIPLES STUDY
OF CsXH; (X =S¢, Y, La, Ac)

Abstract: We studied the structural, mechanical, thermal, and electronic properties of cubic hydride
perovskites CsXHsz (X = Sc, Y, La, Ac) using first-principles DFT within the GGA-PBE and PAW schemes.
The structural optimization and stability were studied using the third-order Birch-Murnaghan equation of
state, and trends in the lattice parameters, bulk modulus, and compressibility were observed. The elastic
constants and Voigt-Reuss-Hill approximations indicate mechanical stability. The phonon analysis shows
no imaginary frequencies, which suggests dynamical stability. The thermal behavior is also characterized
by a softening of the lattice with increasing cation size. Electronic structure results indicate metallic be-
havior of CsScHs, CsYHs3, and CsAcHs, while CsLaH;3 has a small band gap (~0.2 eV). Bonding shows
that ionic character is present for CsLaHz; with partial X—H covalency. This demonstrates the utility of
cation engineering in hydride perovskites for hydrogen storage, conductive materials, and pressure-driven

applications.

Keywords: Hydride perovskites, Density Functional Theory, Mechanical properties, Electronic structure,

Cation engineering.

Introduction

The applications of hydrogen-rich materials are
of great interest to materials scientists due to their
high energy storage capacity, superconductivity, and
efficient applications. In particular, metal hydrides
and hydride perovskites have gained significant
attention due to the combination of cheap, tunable
electron-hydrogen with highly tunable form and
mechanical properties (Chu et al., 2017; Zhang et al.,
2023). Hydrogen in a crystalline lattice significantly
influences a material's bonding and atomicity,
indicating an interaction between ionic and covalent
characteristics. Not only structural stability but also
electronic transport, and therefore the electronic
properties and lattice dynamics of these materials, are
of particular importance, particularly for hydrogen
storage technology (Almahmoud et al., 2025; Parvaiz
et al., 2025).

Cubic perovskites with ABH3 are a natural space
for studying hydrides and provide a perfect platform:
they have a very simple, stable structure. In these
systems, the A cation and B cations electrostatically
stabilize the lattice, and the B cation (X=Sc, Y, La,
Ac) forms octahedral hydrogen coordination, giving

© 2026 Al-Farabi Kazakh National University

rise to a three-dimensional network of corner-sharing
XHg units (Kumar et al., 2026; Okumura 2024). The
behavior of these materials is closely related to the B
cation because of its ionic radius and electronic
structure, and changes in these properties, which
affect lattice expansion, bond strength, and orbital
hybridization, have been reported in the literature in
the last few years (Anaya et al., 2017; Kojima et al.,
2009).

Previous theoretical work, such as that published
in work of Masood et al. (2025), provides some
useful insights into the architecture and mechanics of
Cs-based hydrides. Yet there are some discrepancies
in the elastic constants, the bulk modulus, and the
thermal properties. This is because hydrides are
highly sensitive to computational methods involving
exchange-correlation functions, pseudopotentials,
and convergence methods (Srivastava & Pandey,
2025b; Tanabe, 2009). Furthermore, while structural
properties (e.g., structural constants or electronic
properties) have had an initial look at, the lattice
dynamics, bonding, and, in particular, electronic
properties have been considered, but no complete and
physical description of the dynamics of this family of
cations was possible from both the physical and
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theoretical perspectives on crystallization and
cooling of solid cation profiles (Touati et al., 2024;
Wang et al., 2022).

Fundamental physics is explained by hydride
perovskites, which have the opposite: hydrogen acts
as an anionic species at its sites, and transition-metal
d orbitals have electrons near the hydride sites in the
Fermi sea (Deng et al., 2025). The dual bonding gives
rise to strong metallic conductivity, lattice softness,
and strong electron-phonon coupling, which are very
interesting for hydride applications, from conductive
hydrides to potential superconductors, but with the
full possibility of cation substitution (Benaissa et al.,
2025).

In general, this paper presents the detailed first-
principles calculations for cubic CsXH3 (X = Sc, Y,
La, Ac) hydrides. It provides a simple mechanical-
electronic and mechanics-electronic discussion of
their behavior. While research on heavy cations is
well-established, this study is the first to show that
cation-induced lattice expansion allows for a single
physical interpretation of the material's elastic
stiffness, phonon, and electronic properties (Chen et
al.,, 2025; Gao et al.,, 2024). In particular, the
combined analysis of phonon dispersion, density of
states, and the electron localization function allows
us to identify the origin of the dynamical stability and
bonding behavior in cubic CsLaH3z and to explain
what occurs from the strongly metallic state to the
near-semiconducting state in CsLaH3 (Benaissa et
al., 2025; Luo et al., 2023; Momma & Izumi, 2011;
Tian et al., 2023). Moreover, we review all gaps in
the previous literature about it to a certain extent and
conclude that they were not due to the method, the
chemistry, or the behavior of the hydride because, in
view of the highly sensitive physical composition of
the materials, we should take it with a big dose of salt
and apply and make the predictions according to the
specific methodology.

This study not only solidifies the notion of
hydride perovskites but also promotes cation engine-
ering as a suitable approach to tune mechanical
robustness, thermal response, and electronic pro-
perties in hydrogen-rich materials, thereby advancing
further research and development. Several theoretical
reports have been published to date on Cs-based
hydride perovskites, but the literature is fragmented
and highly restricted to specific compounds such as
CsScH; and CsYHs, where elastic and thermal
properties show very heterogeneous data.

In addition, there is an incomplete and
inconsistent dataset for the full CsXHs; (X = Sc, Y,
La, Ac) series, particularly for CsLaH3 and CsAcH3.
The contribution of the present work is to establish a

Int. j. biol. chem. (Online)

comprehensive and standard first-principles analysis
of this full series, covering structural, mechanical,
phonon, thermal, and electronic properties within a
single computational platform. Rather than following
earlier work, we demonstrate a clear cation-driven
tunability mechanism that links the size of the ion to
lattice expansion, bonding strength, phonon
softening, and the electronic transitions between the
ions of interest. In addition, in CsLaH;, we observed
a metal-to-semiconductor transition and, with the aid
of band structure, DOS, and ELF analysis, provided
anew perspective on the role of cation substitution in
hydride perovskites. This comprehensive design not
only fills many gaps in the general literature, but also
provides a physically consistent description of
structure—property relationships, a prerequisite for
the design of next-stage H-rich functional materials.

Computational methodology

Crystal Structure Initialization

The structure of the CsXHjz (X = Sc, Y, La, Ac)
was modeled using the ideal cubic perovskite
structure with the space group Pm3m (No. 221). This
is one of the simplest and most symmetric perovskite
structures, and Cs atoms occupy the A-site position
at the corners of the cube; in contrast, X atoms are in
the B-site at the center of the body, and hydrogen
atoms are in the face center (Wagqas et al., 2021).

This allows for the formation of XHg octahedra
from which every X atom is coupled to six hydrogen
atoms. In these octahedra, their corner shares are
made, and the lattice (in terms of orientation of atoms
is also a unit of octahedra, so that these octahedra can
be formed at either end of a three-dimensional lattice,
i.e., XS = 0 from the start and S to the end. The Cs is
present in the interstitial cavities created by these
octahedra and stabilizes the lattice through
electrostatic interaction between Cs and X atoms
(Romero et al., 2024).

Cubic symmetry ensures that all X—H bond
lengths and H-X-H bond angles are equal. This
means physical properties are isotropic. This
simplifies computations and the interpretation of the
result. However, in a non-distorted structure, the
fundamental material properties can be analyzed at
the first step of the material structure without
breaking symmetry (Srivastava et al., 2025b).

The structure can influence bonding,
hybridization, and lattice behavior in many different
ways. To begin with, the size of the X cation changes
the lattice parameter and, therefore, the volume in
such a way that they interfere with interatomic
interactions more or less significantly. This makes
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the chosen structure an ideal platform for studying
the effects of cation substitution on physical
properties (Belay et al., 2026).

Density Functional Theory Framework

All calculations were conducted using Density
Functional Theory (DFT), which provides a
quantum-mechanical description of the ground-state
properties of many-electron systems. In this paper,
the exchange-correlation interaction was analyzed
using the generalized gradient approximation (GGA)
within the PBE  (Perdew-Burke-Ernzerhof)
formulation. This function has been widely used for
many years and simultaneously provides excellent
functional analysis of the structural and electronic
properties of electronic systems (Perdew et al., 1996).

The interaction between valence electrons and
ionic cores was discussed by the Projector Augmented
Wave (PAW) method. It reconstructs the all-electron
wavefunction from the pseudo-wavefunction. It excels
particularly for cases involving heavy and light atoms
(La, Ac) because it accurately captures the electron
density near the atomic cores (Blochl, 1994).

We extended the electronic wavefunctions using
a plane-wave basis set. The plane wave basis set is a
desirable approach because its convergence is
systematic, and periodic boundary conditions are
more appropriate for an electronic system. Such
periodic boundary conditions can support the
accurate modeling of crystalline solids by accounting
for surface effects when applying electronic
wavefunctions in periodic systems. SCF calculations
were made iteratively until the total energy and
charge density converged. The Kohn-Sham equations
were solved with the electron density to update the
potential. This was done until all calculations
converged, ensuring that the result was the correct
ground state (Blochl et al., 2005).

Plane-Wave Cutoff Energy and Convergence
Testing

The choice of the plane-wave cutoff energy is
very important in DFT calculations. In this work, we

found a cutoff energy of 500—600 eV. This value was
chosen not arbitrarily, but by -carefully testing
convergence. The calculations were performed at
lower cutoff energies, and the system's total energy
was investigated. Increasing the cutoff energy was
gradually realized until the change in the total energy
was negligible (typically less than 1 meV per atom).
As we could not further increase the cutoff energy,
this result was not unexpected (Hasan & Majidi,
2020).

A higher cutoff energy also makes the wavefun-
ction and its representation that much cheaper and
more efficient. We have chosen the most efficient
cutoff (both in terms of details and in terms of com-
puter efficiency for calculation) thus far. Similarly,
convergence will also be possible with k points. We
measure the output energy in large Monkhorst-Pack
grids at an increasing number of k points. It is based
on converging, and the structural (and electronic)
properties are not negatively affected numerically.
These kinds of convergence tests are necessary to
give consistent results with the experimental results
and provide reliable and reproducible comparisons of
the different and similar compounds with the same
computational platform (Srivastava & Pandey,
2025a).

Equation of State (EOS)

These are determined from the equilibrium
structural parameters of CsXHz (X = Sc, Y, La, and
Ac) using the energy—volume equation of state. To
obtain total energy estimates for different unit cell
volumes, compression and expansion were applied to
the structure over the best volume range to fit the
energy—volume relationship within +5-10 percent of
equilibrium space. From our analysis, we fit the
energy—volume data for compression solids to the
third-order Birch—Murnaghan equation of state,
which is quite good at describing finite-strain
behavior (Srivastava et al., 2024; Srivastava et al.,
2025a).

The Birch—Murnaghan equation is expressed as
(Srivastava et al., 2024; Srivastava et al., 2025a):

E(V)=E, + 9’}1306% {[(u)” A K+ (0) 1] [6—4(0)”}; ()

where U =

g
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From that fit, we extracted a few parameters.
These are the equilibrium volume V,, ground state
energy Eo, bulk modulus (By), and pressure
derivative (By'). Bulk modulus is the resistance of a
material to the compression of volume. A higher
value of By indicates a stiffer lattice and more
interactions between atoms, whereas a lower value
implies the lattice is compressible. The pressure
derivative B, refers to the difference in bulk modulus
at a pressure level and, therefore, to anharmonic
behavior of the lattice.

The curvature of the energy—volume curve near
the equilibrium point is closely related to the bulk
modulus. A sharper curve indicates a stiffer material,
whereas a smaller one indicates a softer one. A
Birch—Murnaghan fit is needed to provide a reliable,
physically  meaningful description of the
compressibility behavior of such materials. This
method provides a well-investigated framework for
assessing structural stability, which can be directly
evaluated through experimental and theoretical
studies in the literature. It offers a strong basis for
comparison with the data (Srivastava et al., 2025c).

Elastic and Mechanical Properties

The elastic properties were calculated using the
stress-strain method, i.e., very light deformations to
lower the optimized structure and to judge the stress
response. The small strains, typically £1 and 2%,
were taken to various directions, and we obtained the
stress tensors in a crystallographic way. For cubic
systems, only three elastic constants (Cy4, C12, and
C.4) need to be used; the failure resistance for the
axial compression, volume change, and shear
deformation are, respectively, of interest here
(Guesmi et al., 2024).

The mechanical stability of the compounds was
verified using the Born stability criteria (Guesmi et
al., 2024):

C,>0
C,>0
¢,-C,>0
C,+2C,>0

2)

Macroscopic mechanical properties were derived
using the Voigt—Reuss—Hill averaging scheme. The
Young’s modulus (E) and Poisson’s ratio (v) were
calculated using (Srivastava et al., 2025b):
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These parameters provide insight into stiffness,
ductility, and bonding nature. Higher Young’s
modulus indicates a stiffer material, while Poisson’s
ratio reflects the degree of lateral deformation.

Phonon and Thermal Properties

The phonon properties were constructed using a
supercell setup following the finite displacement
method. We have been considering long-range
processes and constructed a 2x2x2 supercell of small
atomic displacement (~0.01 A) and calculated the
dynamical matrix forces. The phonon frequencies
were determined by diagonalizing this matrix. The
absence of imaginary frequencies indicates that the
structure is dynamically stable. Thermal properties
were then determined based on phonon and elastic
data. The sound velocities were calculated, and the
Debye temperature was determined by the equation
(Srivastava & Pandey, 2025c; Srivastava et al.,
2025b):

1/3
0 =2ﬂh( 3n ) . 5)
k, \4nV

The Debye temperature is related to lattice
vibrations and provides insight into thermal
conductivity and heat capacity. Higher values
indicate stronger bonding and higher vibrational
frequencies.

2.7 Electronic Structure and ELF Analysis:

The electronic structure was investigated as a
function of the band structure and density of states.
The band structure was computed as a function of the
high-symmetry branches in the Brillouin zone. Also,
the total and partial density of states were determined
to capture the effect of the different atomic orbitals.
For this purpose, the Fermi level was set at 0 eV. To
determine whether the material is metallic or
semiconducting, the band gap was measured
(Srivastava et al., 2025b).

We have also calculated the electron localization
function (ELF) to understand chemical bonding. The
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ELF ranges from 0 to 1, where values close to 1
indicate strong electron localization and values close
to 0 indicate delocalized electrons. The ELF analysis
is a good way of getting a real-time understanding of
bonding. It also allows for distinguishing between
ionic and covalent interactions, but also provides an
unbiased way to understand the electronic and
structural dynamics of covalent interactions
(Srivastava & Pandey, 2025c¢).

Electronic band structures were computed along
the high-symmetry path -X—>M—->I'->R—>X—
M—R in the Brillouin zone. The band gap was

determined as (Srivastava & Pandey, 2025c;
Srivastava et al., 2025b):
Eg = Ecgy — Eypy (6)

The total density of states was calculated as:
D(E)=6(E-E,) (7

and orbital-projected DOS was obtained for Mn-3d,
Bi-6p, and Te-5p states.

Electron localization was analyzed using the
Electron Localization Function (ELF), defined as
(Srivastava & Pandey, 2025c¢; Srivastava et al.,
2025b):

D -2
ELF =|1+—
{JFD} ()

h
Results and discussion

Structural Properties

Crystal Structure

Figure 1 shows the crystal structure of the cubic
CsXH;z (X =Sc, Y, La, Ac) cubic lattice that belongs
to the family of perovskite. The Cs* ions are located
at the cube corners, the X** ions are at the center of
the body, and the H™ ions are in the faces. Together,
they form a very symmetrical cubic crystallographic
lattice with space group Pm3m (No. 221). In such a
case, all the directions follow one another, and its
structure and physical properties are the same.

The central X3* cation is surrounded by six H~
ions and the octahedral coordination geometry of this
coordination field (XHg). This means that the
coordination of X is 6 and therefore that the octahedra
are the basic unit of structure of the crystal. 12 H ions
coordinate the Cs* ions, and hence, in this Cs* cation,
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it creates a cuboctahedral area, as is frequently the
case with A-site cations in perovskites. The H™ ions
also interact with neighboring X** cations, forming a
continuous 3D structure of corner-connected
octahedra.

Figure 1

Crystal structure of cubic CsXHsz (X = Sc, Y, La, Ac) with Pm3m
symmetry, showing Cs * at cube corners, X** at the body center,
and H~ at face centers, forming octahedral XHg units and a 3D
perovskite framework

CsXHs (X =5c, Y, La, Ac)

@c

@ e vang QH

From a physical standpoint, the structure is kept
stable by the strong electrostatic interaction between
Cs*, X?* ions, and H™ ions, and hence the overall
charge concentration is neutral. The X—H bonding is
where the X** ion becomes very attractive and
attracts all the hydride ions to form a tight stable
octahedral structure. And, to some extent, the Cs* ion
remains in the position it must occupy, helping to
stabilize the structure and influencing the lattice
parameters.

All X—H bond lengths and bond angles are equal,
and the cubic symmetry in Figure denotes a perfect
and undistorted phase. The high symmetry of this
configuration is significant because it creates
isotropic mechanical, electronic, and thermal
properties. The size of the X cation (from Sc to Ac)
might alter the lattice constant, bonding strength, and
stability of the X cation, or change its structure in
response to pressure and temperature.

Essentially, this is a typical hydride perovskite
structure where it consists of corner-sharing XHg
octahedra, which together make up a strong 3D frame
(see Fig. 1). Cs* ions in that network can be easily
incorporated. The various octahedra at the site differ
significantly at different levels, and their electronic,
bonding, and pressure-response properties vary
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across that network. As a result, it finds applications
in fields such as energy storage, hydrogen generation,
and many other high-value technologies.

Energy-Volume Curve

The curve shown in Fig. 2 (a-d) is the energy-
volume (E-V) curve of cubic CsXHj3 (X =S¢, Y, La,

Figure 2

Ac) fitted in DFT with the Murnaghan equation of
state (EOS). Each curve is a smooth parabolic shape,
a clear indication of a stable crystalline phase. The
minimum point of each curve (black dot) represents
the equilibrium volume and ground-state energy in
the figure. This is the case when no external
gravitational forces are acting on the system.

Energy—volume curves of cubic CsXH3z (X = Sc, Y, La, Ac) showing DFT results and Birch—-Murnaghan fits, indicating equilibrium
volume, mechanical stability, and compressibility trends across the series
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From a physics point of view, the curvature of the
E—V curve appears to relate to the bulk modulus By,
which measures how hard the material is to
compress. The thicker curve with a larger parabola
means better bulk modulus, stiffness, and less
compressibility. A flatter curve means a softer lattice
structure. The curvature of CsScHs; with bond size
and stiffness is stronger compared to the curvature of
CsAcHs;, which makes it easier to compress the
material because of the larger ionic size and the
weaker bonding.

The equilibrium volume shifts from CsScH; —
CsYH; — CsLaH; — CsAcHj; due to the increase in
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ionic radius of the X>* cation. As cations grow larger,
the unit cell volume must increase (since the lattice
does not overlap with the atoms like X—H), and the
bonding weakens. This means that the cohesive
energy becomes less negative, which, in turn, can
increase the binding strength across our range of
compounds.

The excellent agreement between the DFT data
(blue line) and the Birch-Murnaghan fit (red points)
validates the EOS fit and confirms that we can apply
standard compressibility behavior to volume
changes. This method can extract relevant
thermodynamic parameters, such as the equilibrium
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volume, bulk modulus, and its pressure derivative,
which are important for understanding the dynamics
of volume changes under pressure.

From a stability perspective, a single minimum in
each curve indicates that all the compounds are
thermodynamically stable in the cubic phase at zero
pressure. There are no small missing minima or
irregularities; none of the competing phases are
energetically favorable in this volume range. The
smoothness of the curves suggests good convergence
of DFT calculations (at least numerically) at this
moment in time with a given mean parameter.

In general, the figure shows that structural
stability, bonding strength, and compressibility
evolve systematically with the choice of X cation,
largely due to ionic size effects and changes in the X—
H interaction strength. These trends play a key role in
predicting material behavior under pressure and in
the design of hydride-based functional materials.

Structural Parameters optimized by DFT

In summary, Table 1 shows equilibrium
structural and elastic properties of CsXHz (X = Sc,
Y, La, Ac) from DFT as shown at Table 1. A clear

Table 1

trend appears from the lattice constant (a) and
equilibrium volume in the equilibrium form (V) that
is determined from Sc — Y — La — Ac. This is due
to the increasing ionic radius of the X3 cation, which
widens the lattice spacing and brings the ions closer
together. It has a large tendency to be more favorable
for ground state energy (E,) if we see it is less than
(=74.35 — —67.19 eV (i.e., larger) and increase the
coupling strength from X—H orbital overlap at the
poles is reduced. The E, decreases the strength of the
whole system, as the electrostatic interaction
decreases for all.

The bulk modulus decreases drastically from
116.18 GPa (CsScH3) to 82.03 GPa (CsAcHj3), which
indicates a softer and more compact material in the
case of growth of cations. Smaller, more compact
structures, for instance, should be more compressed
because of stronger interactions among the atoms, but
larger lattices are stronger in terms of restoring
forces. Surprisingly, the pressure derivative By
remains very close to 3.4-3.7 in all cases, and the
response and mechanical stability of all compounds
under compression are well maintained.

Calculated equilibrium structural and mechanical parameters via DFT of cubic CsXH3z (X = Sc, Y, La, Ac), including lattice constant
(a), equilibrium volume (Vy), ground-state energy (E,), bulk modulus (B), and its pressure derivative (B'), with comparison to reported

values from reference (Masood et al., 2025)

Compound a(Ad) Vo (A3%) Eo (eV) B (GPa) B'
CsScHs; 3.376 38.478 -74.35 116.18 3.700
3.466* 41.637* -25.112% 130.82* 3.999*
CsYH; 3.525 43.8 -71.21 100.14 3.600
3.655* 48.827 -25.254% 119%* 3.987*
CsLaH; 3.652 48.707 -68.73 88.68 3.400
CsAcH; 3.736 52.146 -67.19 82.03 3.400

*(Masood et al., 2025)

Compared with reference (Masood et al., 2025),
the results for a and V, are large. In particular,
CsScH3 is at 3.466 A and B, = 130.82 GPa from this
work, with a = 3.376 A and B = 116.18 GPa in.
Another reason the E, values of CsYH5 differ is that
they are in fact (e.g., —74.35 eV vs —25.112 eV),
which is not necessarily physically relevant. The
reason is that A and B, correspond to different energy
reference schemes: the total energy is normalized
between cells, the energy is pseudopotential, and the
core electrons are included or excluded. Thus, we
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should compare only relative trends in Eq, within the
same calculation perspective.

The reasons for the variances from work of
Masood et al. (2025), are not surprising. First off,
different studies tend to use different exchange—
correlation functionals (e.g., GGA-PBE), which are
directly related to lattice size and bonding strength.
The second is variations in pseudopotentials (PAW
vs. norm-conserving), which can also affect total
energy and equilibrium values. Thirdly, the range of
the equation-of-state fit and the data density also
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affect the values of By and By'. The fact that the DFT
is performed at zero temperature can affect the value
in fact — in some publications, temperature is only at
least implicitly a factor, leading to a slightly higher
lattice value for the former equation.

From an application and process standpoint, it is
really useful to know what work has been done in
these applications. With the largest bulk modulus and
the most negative E,, CsScHz is the most
mechanically stable and rigid. This is a very suitable
material for pressure-resistant and structural
applications. CsLaH3, with larger volumes and lower
bulk moduli, makes hydrogen compressible. The
various components that help operate the X-site
cation can guide the development of functional
hydride materials, energy storage systems, and
pressure-dependent devices.

Mechanical Properties

Elastic Constants

In Table 2 we report the independent elastic
constants for cubic CsXHs; (X = Sc, Y, La, Ac),
namely Cq1, C12, and Cy4, which characterize the
crystal's response towards different forms of
mechanical deformation. In a cubic system, Ci;
measures the mechanical resistance against
longitudinal compression along their main vertical
and lateral directions, and C;, corresponds to strain
along one axis/stress, and C,44 is related to shear
deformation at the same time. The independent
elastic constants are very important as they indicate
mechanical stability with rigidity, and we are
concerned with the properties of the material.

Table 2

Calculated single-crystal elastic constants C14, C12, and Cyq of
cubic CsXHz (X = Sc, Y, La, Ac), compared with available
literature values from reference (Masood et al., 2025)

Compound Ci1(GPa) Ci2 (GPa) Ca4 (GPa)
209.12 69.71 69.71
CsScH3
350.68* 78.71* 84.06*
180.25 60.08 60.08
CSYH3
448.75* 62.49* 99.55%
CsLaH3 159.62 53.21 53.21
CsAcH; 147.65 49.22 49.22

*(Masood et al., 2025)

The data show a sharp trend in both elastic
constants: the elastic constants of CsScH; decrease
from 209.12 GPa to 147.65 GPa in CsAcHs, and Cy4
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decreases from 69.71 GPa to 49.22 GPa as well. For
example, the structural data show that when an X-site
cation is shifted from Sc to Ac, not only does the
lattice length increase, but the bond lengths also
increase. The result is that the lattice becomes less
rigid and easier to deform because the ions are larger;
at the same time, the material interaction between X
and H is stronger. With a larger atomic structure, the
restoring force against compression and shear is
weakened. So CsScH3 is the stiffest part of the series,
whilst CsAcHj3; is the softest.

These values also further support the mechanical
stability of the cubic phase. The Born stability
conditions for a cubic crystal are C11 > 0, Cyq > 0,
Cy1 — C12 >0, and C44 + 2C4, > 0. The mentioned
values satisfy these conditions for each compound.
For example, in CsScH3, C1; — C12 = 139.41 GPa
(positive), and the same holds in the case of other
compounds. This means that all four hydrides remain
mechanically stable in the cubic phase and do not
undergo structural collapse under pressure or shear
stress.

Although C;4 is a much bigger number than C,
and C,4 for all compounds, this shows that the crystal
resists direct axial compression more strongly than
shear distortion. That is, it is harder to squeeze the
lattice along a crystal axis than to distort it sideways.
In most ionic and partially covalent systems, a lot of
the bonding network is responsible for the bond
length change, so the structure is more easily
disrupted due to a strong X—H interaction. In hydride
perovskites, the structure is strongly influenced by
the octahedral arrangement of atoms, as evidenced by
the observed elasticity.

As compared to literature reference (Masood et
al., 2025), the absolute values of C;; and Cy4
reported are much higher than those of the present
study, especially for CsScHz and CsYHjs. For
example, for CsScHs, it was reported that C,; =
350.68 GPa, but the present value is 209.12 GPa. As
for CsYHs, it was given in work of Masood et al.
(2025), with C;4 =448.75 GPa, and our current value
is 180.25 GPa. The deviation is larger for C;; and
Ca4. Consequently, this paper implies much stiffer
lattices, especially against axial compression and
shear.

Now we can explore how we can explain this
deviation in physically reasonable ways. We find that
the elastic constants are very sensitive to the
equilibrium lattice parameter, the exchange-
correlation functional, and the method used to
compute the stress-strain response. A calculation like
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ours will lead to a smaller equilibrium structure for
the different atoms, and therefore stronger bonding
between them, which will naturally give higher
values for C;4 and C44. Likewise, the difference in
pseudopotentials, cutoff energy, k-point mesh, strain
amplitude, fitting procedure, and convergence
threshold may lead to a severe impact on the second
derivative of the total energy from which we obtain
elastic constants. This means that deviations are
usually larger for elastic constants than for lattice
constants.

There’s also a deeper physical reason why the
literature's values may differ. Hydride systems
contain very light hydrogen atoms, and the bonding
environment is particularly sensitive to the electronic
charge distribution and local strain relaxation. If one
of our analyses allows for more complete internal
relaxation under strain while the other method uses a
different approximation, then the shear and axial
stiffness can be drastically altered. Because the
differences do not mean that one dataset is wrong, we
would say it is a telling signal that the elastic
properties are very method-dependent in hydrogen-
rich solids, and the bulk of these data is relatively
consistent, with smaller-cation compounds being
much stiffer than larger-cation ones.

The available elastic constants are therefore very
useful in the applications: CsScH3 is most suitable for
mechanical rigidity, stress resistance, and structural
durability under pressure. This material becomes
good for pressure-tolerant hydride systems and for
mechanically stable solid-state products, whereas
CsLaH; and CsAcHj3 seem softer at the macro level.
They can deform at a lesser weight, which is useful
for hydrogen systems, which are characterized by a
tighter lattice that enables more hydrogen movement
and less strain and energy at work. As a result, basic
mechanical behavior is closely linked to material
selection through elastic data.

Finally, in Table 2, we also see that the elastic
response of CsXHj is strongly dependent on the size
of the X-site cation and the strength of the X-H
bonding network. Our results show that the cubic
phases are mechanically stable for all compounds and
that there is a systematic softening from Sc to Ac. A
couple of important differences are seen in our results
compared to those in work of Masood et al. (2025),
but one cannot stop the physical progression due to
the bonding change. The physical phenomenon is
also not surprising as we consider the lattice
expansion for an atomic solution, but it is taken into
account with the theoretical approach.
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Elastic Modulus

Table 3 shows the calculated elastic properties—
bulk modulus (B), shear modulus (G), Young's
modulus (E), and Poisson's ratio (v)—of cubic CsXH3
compounds (X = Sc, Y, La, Ac) and the literature
values available from work of Masood et al. (2025),
for CsScH3; and CsYH;. All elastic moduli decrease
clearly with the cation change from Sc to Ac. In
particular, the bulk modulus drops from 116.18 GPa
for CsScH3 to 82.03 GPa for CsAcHj;, the shear
modulus from 69.71 GPa to 49.22 GPa, and Young's
modulus in a way that is progressive from 174.27
GPa to 123.04 GPa.

Table 3

Calculated bulk modulus (B), shear modulus (G), Young’s
modulus (E), and Poisson’s ratio (v) of cubic CsXHz (X= Sc, Y,
La, Ac), with comparison to literature values from reference
(Masood et al., 2025)

Compound B (GPa) G (GPa) E (GPa) v

116.18 69.71 174.27 0.26

CsScH3
130.82%* 100.55* 252.68* 0.27*
100.14 60.08 150.21 0.26

CSYH3
119* 107.33*  276.23* 0.29*
CsLaH;3 88.68 53.21 133.02 0.24
CsAcHj3 82.03 49.22 123.04 0.23

*(Masood et al., 2025)

This means that the materials are becoming
softer, more compressible, and less resistant to shear
and tensile deformation over the course of the series.
The main reason for this is the increase in ionic radius
of the X** cation (Sc — Y — La — Ac), which results
in lattice expansion and an increase in interatomic
separation, which weakens X—H bonding strength.
As aresult, the resistance to volume compression and
shear deformation decreases, thereby reducing the
material's overall stiffness.

Compared with literature values, the results for
CsScHj3 and CsYH; are lower, but the trend remains
in good agreement. As an example, the bulk modulus
of CsScH; is 116.18 GPa in this study compared to
130.82 GPa found in work of Masood et al., 2025,
while for CsYH; it is 100.14 GPa in this study
compared to 119 GPa found in work of Masood et al.
(2025). Similarly, the shear modulus and Young's
modulus differ significantly, with higher values
reported in work of Masood et al. (2025). These
differences can be attributed to different methods
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used to compute these values, such as the exchange—
correlation  functional, pseudopotentials, and
convergence parameters, as well as to the limitations
of standard DFT for particle interactions.

The Poisson's ratio is slightly lower, from 0.26 to
0.23 across the entire series, suggesting a gradual
decrease in ductility and a more directional bonding.
From a practical point of view, compounds like
CsScHz and CsYHs, which have higher elastic
moduli, are more suitable for mechanically strong
and high-pressure environments, while CsLaH; and
CsAcH3;, with lower stiffness, may be advantageous
for compressibility and structural flexibility. In
general, the results show that cation size, bonding
strength, and mechanical properties are well-related
in Cs-based hydride perovskites.

Figure 3

Thermal Properties

Phonon Dispersion Curve

Figure 3 (a—d) is the phonon dispersion curves of
cubic CsXHsz (X = Sc, Y, La, Ac) along high-
symmetry directions (I'-X—M—-I'-R—X-M-R) in the
Brillouin zone. These are phonons that propagate
through the crystal, moving outward, and play a very
useful role in the dynamics of crystal molecules. The
main observation of this region is that all those
phonon frequencies are positive in the Brillouin zone
for every compound. There are no imaginary
(negative) frequencies in this region, and that is
precisely the assurance that, in this cubic area, all
structures are dynamically stable. To put it another
way, the lattice will not move up or down for small
atomic displacements and does not suddenly distort.

Phonon dispersion curves of cubic CsXHz (X = Sc, Y, La, Ac) showing absence of imaginary frequencies, confirming dynamical
stability and revealing systematic phonon softening with increasing cation size
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Every phonon spectrum has different acoustic
and optical branches. Since the three acoustic modes
start at zero frequency at the I'-point and are
collective  vibrations (long-wavelength  sound
waves), the higher frequencies correspond to optical
phonons, which primarily involve the motion of the
lighter H™ ions relative to the heavier Cs*/X?* ions.
Since hydrogen is very light, it plays a major role at
high frequencies (the I'-point) in the upper part of the
spectrum (~10-14 THz). This is a common feature
of metal hydrides.

From CsScHsz to CsAcHjz, one can find very
readily that the phonon frequencies are decreasing in
the optical region. On CsScHjz, the maximum
frequencies occur around 14 THz, and for CsAcHs,
lower values are observed (10-11 THz on the other
hand). This process can also be explained via the
main formula (Zhang et al., 2023) we use, where © is
the phonon frequency, k is the constant of the
effective force, and m is the mass of the X cation.
From Sc to Ac, there are two effects (the mass of the
X cation increases and the X-H bond becomes
weaker as the lattice expands).

Also, the phonon band does not reach negative
regions close to high symmetry points (I, M, R).
Imaginary modes are also prevalent in unstable
perovskites and may also be used for structural
instability (i.e., tilting in octahedral, phase changes).
But the XHg octahedral framework survives, and
there are no soft modes. This means the exact cubic
structure is not just physically stable in one case but
vibrationally stable as well without loss.

The dispersion (spread) of phonon branches also
provides some bonding information. CsScHz has
relatively wide dispersion, indicating stronger
interatomic  interactions and better phonon
propagation. CsLaH3z and CsAcHj3 both tend to have
flatter branches, reflecting weaker interactions and
more localized vibrations. This is consistent with
elastic and EOS data, which show that stiffness
decreases with increasing cation size.

In the thermodynamic sense, these materials have
coherent phonon spectra that can predict strongly
vibrational free energy, heat capacity, and entropy.
The absence of imaginary modes gives very
thermodynamic values on Debye temperature and
thermal expansion to the materials, so that we could
easily observe them. Moreover, our high-frequency
hydrogen spectra indicate that these materials have
high Debye temperatures, at least in CsScH3z, and this
might mean they have easier structural stability and
better conductivity.
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For different applications, these results are very
important. Dynamically stable hydrides like CsXHs
should be considered for hydrogen storage, solid-
state energy systems, and pressure-dependent
functional materials for high-temperature and high-
pressure applications. The higher frequencies of the
phonons in CsScH3 imply more robust bonding and
temperature stability, and these materials are
therefore ideal candidates for energy storage and
transport in high-temperature as well as high-
pressure situations. A less flexible structure is
observed in the cases of CsLaH3; and CsAcHj; this
can reduce the atomic lattice flexibility, which also
reduces hydrogen diffusion and transport of ions.

Overall, Figure 3 confirms that all CsXH;
compounds are dynamically stable cubic hydrides,
with lattice dynamics strongly influenced by the mass
and size of the X cation. The systematic softening of
phonon modes from Sc to Ac can be clearly described
in terms of structural expansion, weakened bonding,
and reduced elastic stiffness, providing a complete
and coherent physical picture of these materials.

Thermal Parameters optimized by DFT

Table 4 summarizes the acoustic properties and
thermal response of CsXHz (X = Sc, Y, La, Ac) as
well as the anisotropy factor (A), transverse (Vy),
longitudinal (V)), and average (Vi) sound velocities,
together with the Debye temperature (6p). We see
that they can also be calculated based directly on the
elastic moduli and density, and reflect how elastic
waves propagate and how this lattice stores the
vibrational energy. So Vi, Vi, Vi, and 0D decrease
systematically from CsScHjz to CsAcHs (Vm is from
3317.59 m/s (CsScHs) to 2291.09 m/s (CsAcH3), or
from 500.29 K to 312.2 K). The lattice is softer and
thus less connected with X cations as we go up in size
of CsAcHs.

We can easily learn why there is this trend. Sound
velocity is proportional to (elastic
modulus/density). Increasing the density of X atoms
increases the density of the sample and is clearly
related to the reduction in elastic stiffness in the
lattice by decreasing the B and G. Increasing the
density leads to a loss of restoring force against the
displacement of atoms and phonon velocities. Since
the Debye temperature is related to the maximum
frequency of the phonons, when the sound velocity is
less than it is, its characteristic vibrational energy is
lower, and its acoustic spectrum is smaller. It is
consistent with the phonon dispersion results,
such as the downward frequency shift from
Sc to Ac.
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Table 4

Calculated elastic anisotropy factor (A), transverse (Vy), longitudinal (V1), and average (V) sound velocities, and Debye temperature
(0p) of cubic CsXHs3 (X = Sc, Y, La, Ac), with comparison to literature values from reference (Masood et al., 2025)

Compound A Vi (m/s) Vian/s) Vi (m/s) on(K)
1.2 2988.31 5175.86 3317.59 500.29
CsScH3
0.34%* 3765.881* 6641.094* 4187.289* 604.9*
CsYH, 1.25 2654.74 4598.5 2947.44 425.68
1.38* 3349.403* 6345.873%* 3744.507* 541*
CsLaH; 1.35 2383.67 4127.52 2645.63 368.81
CsAcH; 1.45 2064.01 3574.39 2291.09 312.2
*(Masood et al., 2025)
The anisotropy factor (A) increases from 1.2 to  velocity and Debye temperature) has good
1.45, which means that the material becomes slightly  interatomic bonding potential; high thermal
more elastically anisotropic as it grows in size. As  conductivity, and better resistance to lattice

CsScH3 is more isotropic, a small deviation in
CsAcH; indicates a direction-dependent elastic
response. This may reflect better structural flexibility
and weaker directional bonding in larger cation
systems.

The sound velocities and Debye temperature
have always been higher in the literature, while the
other results are more favorable or not, for CsScH3,
to the value 0f 4187.289 m/s and 0p = 604.9 K in the
literature, while in our work, it is 3317.59 m/s and
500.29 K. The same for CsYHj; in the literature also.
These higher values in work of Masood et al. (2025),
mean a stiffer material and stronger bonds in their
calculation. However, the general trend is still the
same for all compounds, so that both are really quite
similar.

In fact, there are multiple reasons that may
explain the differences. First, the sound velocities
and the Debye temperature are highly sensitive to
elastic constants and minor differences in C11, Cq2
and C44 can potentially result in enormous changes
in values for Vm and 0p. Second, the correct choice
of exchange-correlation functional, pseudopotential,
and structural design can yield different elastic
moduli and densities. Third, in addition to the
vibrational properties of atoms and molecules,
electronic structures that consist of hydrogen are very
sensitive to the experimental results in this article.
Finally, the value of the anisotropy factor (A) for
CsScH;z (0.34) is very different from the present
value (1.2), and this may be due to the way the values
can be estimated.

From a practical point of view, the results
obtained could be extremely useful in any
application. CsScHj (the one with the highest sound
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vibrations, making it suitable for applications at high
temperature or mechanically stable. CsLaHz; and
CsAcH; (low 0p and sound velocity) have a milder
phonon behavior, which could therefore be helpful in
hydrogen diffusion, thermal insulation, and energy
storage work for materials with lattice stiffness that
can lead to motion by atoms in hydrogen.

In contrast, a lower Debye temperature implies
higher phonon scattering from the molecule (e.g., soft
noise) and lower thermal conductivity. Low Debye
also implies that CsLaH; can be helpful for
thermoelectric or thermal barrier materials in
applications for building or systems for storage of
energy supply, in which CsLaH3 is used along with
different materials, so that high Debye temperature is
not only the dominant temperature parameter in the
construction process, but also the least sound
velocity.

Overall, Table 4 clearly shows that lattice
dynamics and thermal behavior are strongly
governed by cation size and bonding strength. The
systematic decrease in sound velocity and Debye
temperature from Sc to Ac confirms a transition from
a stiff, strongly bonded lattice to a softer, more
flexible structure, with direct implications for both
mechanical and thermal applications.

Electronic Properties

Energy-Band Structure Diagram

In Figure 4 (a-d), we plot the electronic band
structure of the cubic CsXHs (X = Sc, Y, La, Ac)
along the high symmetry directions for the Brillouin
zone. The horizontal dashed line is the Fermi level
with electrons at absolute zero eV. For CsScHs,
CsYHj3, and CsAcHs3, many energy bands exist when
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there is a lack of band gap to zero eV (e.g., 0). This
shows that, in fact, these compounds are metallic in
that they can flow with no energy barrier between the
electrons and the atoms, since one can move to or

Figure 4

from these atoms and to them. For CsLaHs3, there is
really only a very small band gap at such a small
distance of 0.2 eV because there are electrons, so we
have to travel from one atom to the next.

Electronic band structures of cubic CsXHz (X = Sc, Y, La, Ac) showing metallic behavior with bands crossing the Fermi level and a
small band gap in CsLaH3, indicating tunable electronic properties

(@) CsScH;

Energy (eV)

r X M r R X ™M R
k-Path

(c) CslaH;

Energy (eV)

From the physics point of view, metallic states
are produced because of the very strong hybridization
of the X-d orbitals and the H-s orbitals near the Fermi
level. The overlap gives rise to delocalized electronic
states with very strong energy bands throughout Er in
CsScH3z and CsYH3. The hybridization is so strong
that every band is crossed over by the electrons.
Despite weaker bonding in CsAcHjz and CsLaH3, the
electronic states overlap so much that the metallicity
remains.

Another important property of band dispersion is
the curvature: we can see that the bands near the
Fermi level are fairly dispersive, indicating that
charge carriers can only carry a finite amount of
mass. The more dispersive the band, CsScHs, the
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Energy (eV)

Energy (eV)

(b) CsYH3

k-Path

(d) CsAcH;

greater the carrier mobility, and, of course, the more
dispersive the band, the higher the electronic energy
and the better the carrier mobility. CsLaHs is less flat
near the gap.

The way the series changes from Sc - Y — La
— Ac can be understood in terms of both lattice
expansion and changes in electronic structure.
Increasing the lattice parameter reduces orbital
overlap and the bandwidth, thereby shifting energy
levels. Still, hydrogen can contribute substantially to
hybridization to prevent the opening of a large band
gap in most cases.

The absence of such a strong band gap in most
compounds (as demonstrated by past dynamical and
mechanical stability) further indicates the existence
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of stable metallic hydrides. It is of key relevance for
applications. Metallic behavior means that these are
very conductive, and the proposed -electrode
materials that can be used for hydrogen electronics
and energy systems are very suitable for
optoelectronics if the band gap is also found to be
very small, so that electronic properties should be
tunable in the case of this semiconducting or
optoelectronic device, as it is shown there.

The other consequence of superconductivity and
electron-phonon interaction is related. In metallic
hydrides, light hydrogen atoms and high-frequency
phonons (as shown in Figure 3) can enhance electron-
phonon interaction, which is fundamental to
superconductivity. This suggests that CsScHz and
CsYHj3; are good candidates for testing hydrogen-rich
superconductors under pressure.

To summarize, Fig. 4 shows that the electronic
properties of CsXHjz are strongly influenced by
orbital hybridization, lattice size, and bonding
strength. The fact that the electronic properties

Figure 5

shifted from clear metallic behavior to a near-
semiconducting state (as in CsLaH3) highlights the
possibility of tuning electronic properties through
cation substitution, which would be particularly
helpful for the development of advanced functional
materials.

Total and Partial Density of States

Figure 5(a-d) shows the total density of states
(TDOS) and partial density of states (PDOS) of cubic
CsXH;s (X = Sc, Y, La, Ac). These plots offer a
broader view of the electronic structure from our
band-structure data, showing how atoms contribute
to the electronic states at each energy. The vertical
dashed line represents the Fermi level in Er = 0 eV.
First of all, we found that CsScH;, CsYH;, and
CsAcHj; for each of the electron density of atoms at
the Fermi level show a finite DOS and a metallic
structure, and the same for CsLaH3, which shows a
small depletion in the band around Er, but this is the
same as seen in our data where the density of atoms
dropped by only 0.2 eV.

Total and partial density of states of cubic CsXHz (X = Sc, Y, La, Ac), showing dominant X—H hybridization
near the Fermi level, metallic behavior in CsScHs, CsYH3, and CsAcH3s, and a small gap in CsLaH3z

TDOS and PDOS of CsXH3 (X=Sc, Y, La, Ac)
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The states deep in the valence region are most
likely H-based, with some mixing of X-site metal and
a smaller contribution from Cs. This is not surprising
because hydrogen in hydrides is bonded to heavy H
atoms and is an important component of the
compounds' bonding networks. Hence, the wide
distribution of H states in the valence region indicates
that hydrogen is not electronically isolated but rather
actively involved in forming bonds with the X-site
cation. In these materials, there is a strong X—H
bonding, which is the main driving force behind the
cohesion structures.

However, near the Fermi level, the dominant
contribution comes from the X-site cation states, and
even some hybridized H. This is the largest physics
in the figure. When X = Sc, Y, or Ac, these different
hybridized states cross or touch the Fermi level,
forming an unknown DOS to Er. That directly leads
to metallic conductivity — electrons can be excited
almost to zero energy, so it is a simple theory that
there are electronic states in the material where
transport occurs, with transport exactly associated
with the corresponding electronic state. Such a
structure is, in essence, a band-gap barrier that cannot
obstruct charge carriers, allowing them to move
through the crystal without crossing the band gap.
Thus, the metallic feature seen in the DOS is due only
to orbital overlap and hybridization between X
orbitals and H orbitals of X, as well as between Cs
itself, and not to Cs alone.

The Cs contribution is relatively small, very near
the Fermi level in all panels, so that Cs appears
primarily as a charge-balancing ionic species (as
opposed to being the source of states needed for
transport) in particular. In other words, it helps
stabilize the lattice electrostatically, except that in
most perovskite-like hydrides. In this case, the
structure is controlled mainly by the Cs that have the
Cs position at the C sites (and a) C-site cation and B-
site anion cation network (1) and on the B site the B-
site cationization is at the A-site cation position has a
very good effect (1) (and a large number of inorganic
atoms), but in other words, the real and real terms the
electrons in the crystal system.

For CsScHs;, the DOS at the Fermi level is clearly
finite, and the overlapping of Sc with H states around
Er demonstrates some Sc—H hybridization. This type
of hybridization leads to itinerant ion states in
CsScH3, which helps explain why the system is so
metallically stable and even coherent. Moreover, the
broad valence-band character indicates that bonding

Int. j. biol. chem. (Online)

is more than ionic. In this sense, there is mixed
behavior: ionic transfer comes about, but there is not
much interaction of covalent atoms (around Ep).

For CsYHs, the shape of the overall DOS is
similar to that for CsScHj3, and the Fermi-level DOS
is again non-zero. This indicates that the metallic
behavior is retained. Still, slight shifts in peak and
intensity suggest that the Y—H interaction is no longer
entirely the same as the Sc—H interaction. The energy
distribution of the hybridized states is very different
from that in the Sc—H interaction because Y is a
different size than the Sc—H interaction. But there are
sufficient states in Er to support metallic conduction.
This agrees with our results for CsYHs: it remains
dynamically and mechanically stable, but is slightly
softer than CsScHs.

In the case of CsLaHj3, the DOS is very thin near
the Fermi level, with a gap in the DOS associated
with this, as expected given Eg = 0.2 eV. This means
that the hybridized La-H states don’t overlap
strongly at Er yet, but the valence and the conduction
properties still get somewhat separated. At first
glance, this may be because of the particular
formation of La and La state and because there is
more lattice expansion and hence less of an effective
orbital overlap, and the corresponding bands become
thinner (i.e., not wider). CsLaH3z will have a strong
connection to metallicity and thus be closer to a very
narrow gap in semiconducting behavior. A very
convincing outcome in this research, since it shows
that only changing the X-site cations can cause it to
change from a metal to a semiconductor. For
example, the electronic design aspect of this type of
system could be very useful.

However, for CsAcH;, the DOS at the Fermi
level is finite again, and we may observe metallic
character again. The Ac-based states contribute much
to the result around Er Furthermore, the spectral
pattern does not differ at all between the metallic
compounds from CsLaHjz. Even with a thicker lattice
and a softer structure, the current of electronic
molecules is still too mixed to create a real gap. So,
we are losing metallicity in the series: we must still
find that a proper balance is achieved between the
lattice size, the orientation of orbital energies,
hybridized states, and even the ratio.

As one can see, the DOS peak shape shows both
the localization and bandwidth. Sharp peaks are signs
of localized states, and much broader features reflect
much more delocalized states. The more metallic
compounds tend to have broader hybridized regions
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around the Er and hence have more delocalized
carriers. However, if we see the lower DOS around
Er in CsLaH;, fewer available electrons are found,
and less conductivity is expected. This is where our
DOS analysis should have its impact: to assess
whether the material is metallic or semiconducting in
nature and why. Hybridity and low conductivity are
directly related to the high metallicity of the
materials.

Moreover, it also connects to the earlier picture
of phonon and elastic structures. A finite DOS at the
Fermi level means that there are mobile electrons in
this material that can couple up to the lattice
vibration. In hydride-based metal systems where
hydrogen is responsible for generating high-lying
phonon states, this can lead to additional electron—
phonon coupling. As a result, in the transport and
superconductivity investigation environment, the
metals CsScH3, CsYH3, and CsAcH; should be more
relevant than the other metals for this research.

From a computer application perspective, the
DOS results indicate that CsScHiz;, CsYHj3, and
CsAcH; are better suited as electrically conductive
hydride materials for electrodes, conductive layers,
and so on in pressure-driven electronic devices. Their
metallicity is also good for studying hydrogen-rich
conductive systems. On the other hand, having a
narrow band gap and the lowest DOS at the Fermi
level could be better suited for switchable electronic
devices based on a low-gap semiconductor, and
possibly for a sensor system in which a small change,
such as pressure, strain, or doping, can greatly impact
reactivity.

In general, Fig. 5 shows the microscopic
electronic source for the band structures in this case.
Only X—H hybridized states control that region near
the Fermi level, and the less they affect the
conduction, the more Cs. The weak DOS at Er in
CsScH3, CsYH3, and CsAcHjz confirms their metallic
character, whereas CsLaHz; is a narrow-gap
semiconductor. This picture clearly shows that the
electronic properties of CsXHsz can be readily
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changed via cation substitution, which is very
important for functional hydride materials.

Electron Localized Function

Figure 6 (a-d) in cubic CsXH; (X = Sc, Y, La,
Ac) gives the electron localization function (ELF)
map. The ELF is a very important quantity because it
says which electrons prefer to be located in real
space. It varies from 0 to 1, and a value near 1
indicates strong localization (also called lone-pair-
like localization or the bonded charge of anions).
Values close to 0 mean that the electrons are almost
free (or moderately delocalized). Such maps indicate
the bonding nature of the crystal, charge
accumulation, and ionic or covalent interactions.

A first important point is that these bright yellow
regions are mostly centered around the hydrogen
sites. Therefore, the density of electrons surrounding
H atoms in all four compounds is highly localized.
This is to be expected in the case of hydride
compounds because hydrogen behaves as H,
attracting and holding the bulk of the valence charge.
We can see that an ionic component of the bonding
involves electrons transferred from metal cations to
hydride anions. In other words, the cations donate
charge, and hydrogen can still be the nucleus of the
electron-rich structure.

At the same time, the ELF is not just confined
to isolated regions around hydrogen. In all panels,
one can see a green-to-cyan bridge-like
distribution from the X atom to H (especially along
the cross-shaped X-H line). One aspect is that,
from a chemical standpoint, the bonding is not
purely ionic. The charge would be strongly
confined to the vicinity of the ions and therefore
have no spatial connectivity between the ions'
atoms. At the X—H region, the finite ELF can be
interpreted to indicate some orbital overlap and
partial covalent character, so our bonding for
CsXHj3 is more accurately described as an iono-
covalent hybridization with charge transfer
dominating and not directional hybridization.
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Figure 6

Electron localization function maps of cubic CsXHz (X = Sc, Y, La, Ac), showing strong charge localization around H atoms and
finite X—H charge connectivity, indicating predominantly ionic bonding with partial covalent character
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The central region around the X-site cation does
not show a strongly isolated maximum, as hydrogen
does. It exhibits a rather moderate ELF distribution.
Consequently, it can be concluded that the X cation
is not holding a very strong localized valence charge
by itself but is also bonding efficiently with the
surrounding hydrogen atoms. This is quite consistent
with the DOS and band-structure results, which
indicate that the states near the Fermi level are mainly
determined by X—H hybridization. Thus, Figure 6
provides a real-space proof of the same electronic
picture shown by the DOS in energy space.

Our evidence for this is the absence of a strong
ionic activity on the atomic layer located off its center
on the atom. Cs atoms are located farther from the
center and are at a lower concentration, with lower
localization than hydrogen; hence, their ELF
distribution is much more diffuse and less intense.
The relation between Cs and hydrogen is so clear that
all its ions and Cs are present here as a very strongly
electropositive but not a very strong ionic species. Cs
also contributes to charge balance and crystal
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stabilization. The structure and electronic aspect of
such materials are based on the X—H configuration,
but Cs fills the lattice cavity, so you can make a
perovskite-like structure that is always more stable.

For CsScHs, the ELF map provides very good
localization at H and a very strong interaction
between Sc and H, which is in agreement with earlier
structural, elastic, and phonon data that confirm it as
the most compact and stiffest of the series and
dynamically robust. Because of the high
hybridization, we have also observed strong metallic
behavior in the band structure and the DOS. Hence,
the real-space charge picture for CsScH; gives a
strong hydride framework with mixed ionic and
weakly covalent group bonding.

For CsScHs;, the ELF map provides good
localization of H and a strong interaction with Sc and
H, confirming earlier structural, elastic, and phonon
data, making it the most compact and stiffest in the
whole series and highly dynamic. Also, for the
metallic substance, due to its high hybridization, we
have observed strong and broad bands in the group
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matrix and the DOS. Consequently, the real-space
charge picture of CsScH; is a very strong hydride
with mixed ionic and weakly covalent group
bonding.

For CsLaHs;, the hydrogen-centered localization
is still good, but the distribution of ELF in the
interstitial La and H zones appears to be smoother
and more spread out in contrast. This also suggests
that bonding is more ionic and less covalent than in
Sc and Y. With the expansion of the lattice in
CsLaH3, the presence of electronic gap overlaps
starts to decrease closer to the Fermi level. In other
words, in Fig. 6 we can see why CsLaHs; moves to a
narrow-gap semiconducting state, but the whole
framework of H is not missing.

For CsAcH3, we see that the map is even more
strongly H localized and has an obvious connection
in the X—H layer. The bonding is still ionic-covalent
but with a more diffuse, even softer charge mix due
to lattice length and heavier cation. We can see that
this has many of the same characteristics as our
previous measurements when we used this structure
of a weaker elastic constant, much faster sound
velocity, lower Debye temperature, and slightly
weaker phonon modes. Even though the bonding is
weak in a mechanical sense, the ELF still shows an
equilibrium in its charge in the X—H structure that
supports a stronger metallic structure and structural
characteristics.

From all four panels, there is no strong charge
concentration at the midpoint of the X—H bonds as in
a strongly covalent bond, but the maxima are much
closer to hydrogen. The strong charge concentration
is clearly polarized toward H, which is typical of
hydride chemistry. In this regard, the electron
localization maps are also quite similar for these
types of materials. We can say that the charge
concentration in the chemical systems is mainly in an
anion-centered space, but only a tiny sharing of
charge between X and H. This is why they could be
both mechanically stable and electronically active:
The ionic structure stabilizes the lattice, and the
partial hybridization allows the transport-related
states to be produced in the intermediate plane area
of the Fermi level.

These ELF maps also tie nicely with dynamical
stability. A stable X-H bonding system ensures that
restoring forces on atomic motion are positive, and
that this is also the case for phonon spectra. If the
bonding network was weak or electronically
frustrated, soft or unstable phonon modes are
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expected. But this results because the ELF shows that
it is all in charge and supported.

From a physical perspective, these ELF results
are very important. Our strong H-static charge
localization is sufficient to make the hydride
materials strong hydrogen-functional materials. They
can be mechanically stable and conductive with
CsScHs, CsYH3, and CsAcH;. This makes them
promising for hydrogen-related energy materials,
conductive hydrides, and possibly pressure-tunable
functional solids. The different ionic-covalent X—H
bond configuration of CsLaH; makes it attractive
when a small band gap and soft bonding are needed,
as in tunable electronic or sensing applications.

In summary, as shown in Figure 6, the electronic
charge of CsXHj; is very strongly localized around
hydrogen and thus hydride materials. At the same
time, although the finite ELF coupling between X
and H does imply that in many cases all of the ions
are covalent in the ensemble-of-ties for the whole
interaction of ionic materials, which we see as well
from the structure that existed and was established
already in part in the elasticity, phonons, and
electronic properties of the system, in many cases the
X-H system contributes to solid and covalent
bonding.

Conclusion

In this study, the first principles of cubic CsXHj3
(X = Sc, Y, La, and Ac) hydride perovskites were
systematically explored, and the quantitative effects
of cation substitution on their structural, mechanical,
thermal, and electronic properties were determined,
as shown in the table. It can be seen directly that as
the ionic radius increases from Sc to Ac, so do the
lattice constant (3.376 A — 3.736 A) and the
equilibrium volume (38.478 A3 — 52.146 A3),
weakening the structure composed of the X-H
bonding network. This weakening of the bulk
modulus is observed from 116.18 GPa for CsScHj; to
82.03 GPa for CsAcHj;, demonstrating a transition
from a stiff, highly bonded material (CsScH3) to a
softer one (CsAcH3).

The elastic constants (C11, Cq2, C44) and derived
moduli (E: 174.27 — 123.04 GPa) confirm the
predicted behavior and concomitantly confirm the
Born stability parameter for the series. At the same
time, the very low sound velocity (Vi 3317.59—
2291.09 m/s) and the decrease in temperature
(500.29 — 312.2 K) indicate phonon softening and
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reduced lattice rigidity, which is fully consistent with
the phonon dispersion study, which yields stable but
softened modes.

A key finding of this study is the tunability of the
electronic properties: CsScH3z, CsYH3, and CsAcHs
are metallic owing to strong X—H hybridization. At
the same time, CsLaH3 has a narrow band gap (0.2
eV), clearly indicating a transition to semiconducting
behavior. Thus, it is interesting to find that changes
in cation size help moderate electronic properties.
Our ELF shows that bonding is ionic and has partial
covalent character, indicating that structural stability
is not the only factor; electronic stability is also
important.

CsScH; is more attractive in high-pressure
environments, hydride systems, and thermally stable,
conductive materials (see the comparison of CsLaH3
and CsAcHjs, and their corresponding surface
properties). CsLaH; and CsAcHj3, with lower bulk
moduli and softer phonon characteristics, offer better
hydrogen storage, diffusion energy systems, and
thermoelectric/thermal barrier applications, for
which flexible lattice properties are crucial. They are
also metallic materials and could be used in
hydrogen-rich conductive electrodes and for
superconducting hydrides, and at the same time,
potentially in a pressure-tuned electronic or heat-
sensitive device.

Overall, this study demonstrates an intuitive link
between structure and application and underscores
the role of cation engineering as a potent method for
developing next-generation hydride perovskites with
a wide range of multifunctional properties for energy
and electronic systems.
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MODELING AND ANALYSIS OF HYDROGEN PRODUCTION
VIA STEAM METHANE REFORMING
WITH WATER-GAS SHIFT AND CO; CAPTURE

Abstract: Steam methane reforming (SMR) remains the dominant industrial route for large-scale hydrogen
production due to its technological maturity and economic competitiveness. However, conventional SMR
is associated with significant carbon dioxide emissions, limiting its sustainability in the context of global
decarbonization goals. This study presents a comprehensive process modeling and analysis of hydrogen
production via SMR integrated with the water—gas shift reaction (WGSR) and post-combustion CO, cap-
ture. A detailed steady-state model was developed using Aspen HYSY'S to evaluate mass and energy bal-
ances, hydrogen yield, and purification performance. The modeled process reflects an industrially relevant
SMR-WGSR configuration and is assessed in the context of blue hydrogen production. In addition, a
location-based feasibility analysis is conducted for Kazakhstan, identifying the Atyrau region as a favorable
deployment site due to existing natural gas infrastructure and industrial integration potential. The results
demonstrate high hydrogen purity (>97%) and confirm that integration of CO, capture significantly reduces
carbon intensity while preserving process efficiency, supporting SMR with carbon capture as a viable tran-
sitional hydrogen technology.

Keywords: Steam methane reforming; Hydrogen production; Water—gas shift; Blue hydrogen;
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Aspen HYSYS; Carbon capture.

Introduction

Hydrogen is a key industrial feedstock widely
used in ammonia and fertilizer production, petroleum
refining, methanol synthesis, and numerous petro-
chemical processes. In recent years, hydrogen has
also gained increasing attention as a potential low-
carbon energy carrier, particularly for sectors that are
difficult to electrify, such as heavy industry and long-
distance transport. As a result, global hydrogen de-
mand continues to grow, driven by both established
industrial applications and emerging energy-related
uses (Hydrogen Council, 2021; International Energy
Agency [IEA], 2023, 2024; U.S. Department of En-
ergy [DOE], 2020, 2023).

Despite the rapid development of renewable hy-
drogen technologies, the global hydrogen supply re-
mains dominated by fossil-based production routes.
Steam methane reforming (SMR) is the most widely
applied method, owing to its technological maturity,

© 2026 Al-Farabi Kazakh National University

high efficiency, and ability to operate at large indus-
trial scales. SMR-based hydrogen plants have been
reliably operated for decades and form the backbone
of hydrogen supply in ammonia synthesis, refineries,
and integrated petrochemical complexes. However,
conventional SMR is associated with significant car-
bon dioxide emissions, typically in the range of 9—12
kg CO; per kg of hydrogen produced, which raises
serious environmental concerns under increasingly
stringent decarbonization policies (Howarth & Ja-
cobson, 2021; Li et al., 2022; Luberti et al., 2022;
Rochelle, 2009; Rostrup-Nielsen, 2006; Zhang et al.,
2021a).

A promising near-term approach to reducing the
carbon footprint of SMR is the integration of carbon
capture technologies, resulting in so-called blue hy-
drogen. By capturing CO, generated during reform-
ing and water—gas shift reactions, overall emissions
can be substantially reduced while maintaining the
advantages of established SMR infrastructure. Com-
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pared with green hydrogen produced via water elec-
trolysis, blue hydrogen offers lower production costs
and higher technological readiness, making it an at-
tractive transitional solution in many national hydro-
gen strategies (Howarth & Jacobson, 2021; Luberti et
al., 2022; Shahid & Kim, 2023; Quarton et al., 2020).

From an engineering perspective, the perfor-
mance of integrated SMR—WGSR-CO,, capture sys-
tems depends strongly on process design, operating
conditions, and energy integration. Detailed process
modeling is therefore essential to quantify mass and
energy balances, hydrogen yield, and purification ef-
ficiency, as well as to assess the impact of CO; cap-
ture on overall system performance. In addition, re-
gional factors such as feedstock availability, existing
infrastructure, and market conditions play a critical
role in determining the feasibility of hydrogen pro-
duction projects (Li et al., 2022; Moioli et al., 2024;
Song & Pan, 2004; Zhang et al., 2021a).

In this study, a comprehensive process model of
hydrogen production via steam methane reforming
integrated with the water—gas shift reaction and CO,
capture is developed using Aspen HYSYS. The mod-
el is used to evaluate hydrogen yield, energy require-
ments, and purification performance under industri-
ally relevant conditions. Furthermore, the feasibility
of deploying such a system in Kazakhstan is con-
sidered, with particular focus on the Atyrau region,
where favorable infrastructure and industrial integra-
tion potential exist (IEA Greenhouse Gas R&D Pro-
gramme [I[EAGHG], 2021).

Materials and methods

Materials

In this study, hydrogen production is analyzed
using steam methane reforming (SMR) integrated
with the water—gas shift reaction (WGSR) and down-
stream gas separation. The materials considered in
the process model correspond to industrially relevant
feedstocks and process streams commonly applied
in large-scale hydrogen production plants (Li et al.,
2022; Moioli et al., Zhang et al., 2021a).

Natural gas is used as the primary carbon-con-
taining feedstock and is assumed to consist predomi-
nantly of methane, which is consistent with typical
pipeline-quality natural gas used in industrial SMR
units. Trace components such as higher hydrocar-
bons and sulfur-containing species are assumed to
be removed during feed pre-treatment. Sulfur com-
pounds are not explicitly modeled, as their concen-
trations after desulfurization are negligible and do
not affect equilibrium-based simulations. This as-
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sumption reflects standard industrial practice aimed
at preventing catalyst deactivation (Rochelle, 2009;
Rostrup-Nielsen, 2006).

Steam is used as the reforming agent and is
supplied at elevated temperature and pressure. The
steam-to-carbon ratio is selected within a typical in-
dustrial range to ensure sufficient methane conver-
sion, suppress carbon deposition, and enhance hy-
drogen yield in both reforming and shift reactions
(Rostrup-Nielsen, 2006; Zhang et al., 2021b).

Nickel-based catalysts are assumed for the steam
methane reforming reactor due to their high activity
for methane activation and cost effectiveness. Al-
though catalyst properties are not explicitly defined
in the equilibrium model, reactions are assumed to
approach thermodynamic equilibrium under reform-
ing conditions. For the water—gas shift section, con-
ventional iron-based catalysts are assumed for the
high-temperature shift reactor, followed by copper-
based catalysts for the low-temperature shift reactor,
enabling deep carbon monoxide conversion (Busca
etal., 2024; Vogt et al., 2019; Zhang et al., 2021b).

Carbon dioxide removal is modeled using chemi-
cal absorption with amine-based solvents, selected
for their high CO;, selectivity and industrial maturity.
Final hydrogen purification is achieved using pres-
sure swing adsorption, which exploits differences in
adsorption behavior to deliver high-purity hydrogen
(Bui et al., 2018; Kalman et al., 2022; Shabbani et
al., 2024).

Process Modeling Approach

The hydrogen production process was modeled
using Aspen HYSYS (version 12) under steady-state
conditions. The Peng—Robinson equation of state was
selected as the thermodynamic property package, as
it provides reliable predictions for gas-phase systems
involving hydrocarbons, hydrogen, steam, and car-
bon dioxide at elevated temperatures and pressures
(Aspen Technology, Inc. [AspenTech], 2021; Li et
al., 2022; Zhang et al., 2021a).

The overall process flowsheet includes feed mix-
ing, heating, reforming, water—gas shift conversion,
cooling, gas separation, and recycle loops. Each unit
operation is represented by an appropriate Aspen
HYSYS block, reflecting its physical and chemical
behavior. The model focuses on intrinsic process
performance and therefore neglects minor pressure
losses and heat losses to the environment (Moioli et
al., 2024; Zhang et al., 2021a).

Steam methane reforming reactions are modeled
using an equilibrium reactor, assuming that reaction
conditions are sufficiently severe for equilibrium to
be approached. This approach is commonly applied
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in conceptual and feasibility studies of SMR systems,
where the objective is to evaluate maximum achiev-
able hydrogen yield and overall mass and energy bal-
ances. The water—gas shift reaction is also modeled
using equilibrium or near-equilibrium conversion,
reflecting the high activity of industrial shift cata-
lysts (Busca et al., 2024; Patel et al., 2025; Rostrup-
Nielsen, 2006; Vogt et al., 2019; Zhang et al., 2021Db).

Carbon dioxide separation is represented by a
component splitter that removes CO, from the shift-
ed syngas according to a specified capture efficiency.
Hydrogen purification is modeled using a separator
block that delivers a hydrogen-rich product stream
with a purity exceeding 97%, consistent with indus-
trial PSA performance (Bui et al., 2018; Howarth &
Jacobson, 2021; Li et al., 2022; Luberti et al., 2022).

Operating Conditions and Assumptions

The simulation is conducted under steady-state
conditions, assuming continuous operation of the hy-
drogen production plant. Key operating parameters,
such as reformer temperature, pressure levels, and
steam-to-carbon ratio, are selected to reflect typical
industrial practice (Rochelle, 2009; Rostrup-Nielsen,
2006).

The reformer operates at high temperature, en-
abling strong methane conversion and hydrogen for-
mation. Downstream cooling reduces the temperature
of the reformate gas prior to the water—gas shift sec-
tion. The shift reactors operate at progressively lower
temperatures to maximize carbon monoxide conver-
sion while maintaining catalyst stability (Busca et al.,
2024; Vogt et al., 2019; Zhang et al., 2021b).

Carbon capture efficiency is assumed to be ap-
proximately 90%, which is representative of indus-
trial amine-based absorption systems. Hydrogen re-
covery losses in the purification section are assumed
to be within typical industrial ranges. Catalyst deac-
tivation, coke formation, and transient behavior are
not explicitly modeled, as the focus of this study is
on steady-state process performance and system-lev-
el analysis (Bui et al., 2018; Howarth & Jacobson,
2021; Shabbani et al., 2024).

Evaluation Criteria

The performance of the modeled hydrogen pro-
duction system is evaluated based on hydrogen yield,
hydrogen purity, and overall mass and energy bal-
ances. Particular attention is given to the influence
of the water—gas shift reaction and CO, capture on
hydrogen production efficiency. Energy duties asso-
ciated with reforming, cooling, and separation are an-
alyzed to identify the most energy-intensive process
steps and assess opportunities for thermal integration
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(Bui et al., 2018; Staffell et al., 2019; Quarton et al.,
2020; Wang et al., 2020).

In addition to process-level metrics, the results
are interpreted in the context of blue hydrogen pro-
duction, emphasizing the balance between hydrogen
efficiency and emission reduction. This approach al-
lows the assessment of SMR with carbon capture as
a transitional hydrogen production pathway under
industrially relevant conditions (IEAGHG, 2021;
Howarth & Jacobson, 2021; Luberti et al., 2022; Sha-
hid & Kim, 2023).

Methodology

Simulation Framework

The hydrogen production process was modeled
using Aspen HYSYS (version 12) under steady-state
conditions. Aspen HYSYS was selected due to its
widespread industrial use for the simulation of gas
processing, hydrogen production, and syngas-based
systems. The software provides robust thermody-
namic models and reactor representations suitable for
high-temperature and high-pressure processes typical
of steam methane reforming (AspenTech, 2021; Li et
al., 2022; Zhang et al., 2021a).

The Peng—Robinson equation of state was em-
ployed as the thermodynamic property package
throughout the simulation. This equation of state is
commonly applied to hydrocarbon-rich systems and
provides reliable predictions for phase behavior and
thermophysical properties of mixtures containing
methane, hydrogen, steam, carbon monoxide, and
carbon dioxide. The use of a single property package
across the entire flowsheet ensures thermodynamic
consistency of mass and energy balances (Aspen-
Tech, 2021; Moioli et al., 2024; Zhang et al., 2021a).

The simulation was conducted assuming continu-
ous operation and steady-state conditions. Transient
behavior, start-up, and shutdown scenarios were not
considered, as the objective of this study is to evalu-
ate intrinsic process performance under representa-
tive operating conditions (Rochelle, 2009; Rostrup-
Nielsen, 2006).

Process Flowsheet and Unit Operations

The modeled process flowsheet consists of feed
preparation, reforming, water—gas shift conversion,
cooling and heat recovery, carbon dioxide separation,
hydrogen purification, and recycle streams. Each unit
operation is represented by a corresponding Aspen
HYSYS block selected to reflect its physical func-
tion (AspenTech, 2021; Li et al., 2022; Zhang et al.,
2021a).
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Feed mixing is modeled using mixer units to com-
bine natural gas and steam at specified ratios. Heating
the mixed feed is simulated using heater blocks to
achieve reforming inlet temperature. The reforming
section is represented by an equilibrium reactor, in
which methane reforming and related reactions are
assumed to approach thermodynamic equilibrium due
to the high operating temperature and the presence of
active nickel-based catalysts (Rostrup-Nielsen, 2006;
Zhang et al., 2021b).

Downstream of the reformer, coolers are used to
reduce the gas temperature prior to water—gas shift
conversion. The shift section is modeled using con-
version reactors to represent high-temperature and
low-temperature shift stages. Conversion levels are
selected to reflect typical industrial performance, en-
abling deep reduction of carbon monoxide content
(Busca et al., 2024; Vogt et al., 2019; Zhang et al.,
2021Db).

Carbon dioxide separation is represented by a
component splitter that removes CO, from the shift-
ed syngas according to a specified capture efficiency.
Although this approach does not explicitly model
solvent thermodynamics, it provides a reliable sys-
tem-level representation of CO, capture performance
suitable for comparative analysis. Hydrogen purifica-
tion is simulated using a separator block that deliv-
ers a hydrogen-rich product stream with high purity,
consistent with industrial pressure swing adsorption
units (Bui et al., 2018; Kalman et al., 2022; Shabbani
et al., 2024).

Recycle streams are included to represent steam
recovery and internal process integration, ensuring
realistic mass and energy circulation within the sys-
tem (Moioli et al., 2024; Zhang et al., 2021a).

Reaction Modeling and Assumptions

Steam methane reforming reactions are modeled
under equilibrium conditions, reflecting the fact that
industrial reformers operate at sufficiently high tem-
peratures for equilibrium to be closely approached.
The main reactions considered include methane re-
forming and reforming-to-carbon-dioxide pathways.
Reaction kinetics are not explicitly modeled, as the
focus of this study is on overall process behavior rath-
er than catalyst-level phenomena (Rostrup-Nielsen,
2006; Vogt et al., 2019; Zhang et al., 2021b).

The water—gas shift reaction is also assumed to
approach equilibrium, consistent with the high ac-
tivity of industrial shift catalysts. This assumption
enables the estimation of maximum achievable hy-
drogen yield and minimum carbon monoxide content
under given operating conditions (Busca et al., 2024;
Vogt et al., 2019; Zhang et al., 2021b).
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Catalyst deactivation, carbon formation, and
sulfur poisoning are not explicitly considered.
These effects are minimized in industrial practice
through feed purification and appropriate operating
conditions and are therefore neglected in the pres-
ent steady-state analysis (Rochelle, 2009; Rostrup-
Nielsen, 2006).

Operating Conditions and Boundary Parameters

Operating conditions were selected to reflect
typical industrial SMR hydrogen plants. Reform-
ing temperature was set within the conventional in-
dustrial range to ensure high methane conversion.
Pressure levels were chosen to balance reformer
performance, downstream separation efficiency,
and hydrogen purity (Rochelle, 2009; Rostrup-
Nielsen, 2006). The main operating parameters ap-
plied in the process simulation are summarized in
Table 1.

Table 1
Operating conditions applied in the simulation of the SMR-based
hydrogen production process

Parameter Value Unit
Reformer temperature 800-900 °C
Reformer pressure 20-30 bar
Steam-to-carbon ratio 2.5-35 -
High-temperature WGSR temperature ~350 °C
Low-temperature WGSR temperature ~220 °C
CO, capture efficiency ~90 %
Hydrogen purity after PSA >97 %

The steam-to-carbon ratio was selected within an
industrially relevant range to suppress carbon deposi-
tion and enhance hydrogen formation. Excess steam
also supports favorable water—gas shift equilibrium
and improves overall hydrogen yield (Rostrup-
Nielsen, 2006; Zhang et al., 2021b).

Carbon dioxide capture efficiency was assumed
to be approximately 90%, which is representative of
commercial amine-based absorption systems. Hydro-
gen purification performance was defined to achieve
hydrogen purity exceeding 97%, consistent with typ-
ical PSA units used in industrial hydrogen production
(Buietal., 2018; Kalman et al., 2022; Shabbani et al.,
2024).

Pressure drops and heat losses to the environment
were neglected to focus on intrinsic process perfor-
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mance. This assumption is commonly applied in con-
ceptual and feasibility studies (Li et al., 2022; Moioli
et al., 2024; Zhang et al., 2021a).

Performance Evaluation Criteria

The performance of the hydrogen production
process was evaluated based on hydrogen yield,
hydrogen purity, carbon dioxide capture rate, and
overall mass and energy balances. Particular atten-
tion was given to the contribution of the water—gas
shift reaction to hydrogen yield and the impact of
CO, capture on process energy demand (Bui et al.,
2018; Busca et al., 2024; Vogt et al., 2019; Zhang
et al., 2021b).

Energy duties associated with reforming, cool-
ing, and separation were analyzed to identify the
most energy-intensive process steps. The results
were interpreted in the context of blue hydrogen pro-
duction, emphasizing the balance between hydrogen
efficiency and emission reduction (Howarth & Ja-
cobson, 2021; Luberti et al., 2022; Shahid & Kim,
2023; Quarton et al., 2020).

Results and discussion

Reforming and Water—Gas Shift Performance

The simulation results demonstrate that the se-
lected operating conditions enable efficient methane
conversion in the steam methane reforming section.
High reformer temperature combined with an el-
evated steam-to-carbon ratio shifts the equilibrium
toward hydrogen formation, resulting in extensive
utilization of the natural gas feedstock. Only a mi-
nor fraction of unconverted methane remains in the
reformate gas, which is consistent with equilibrium-
controlled industrial SMR operation (Rochelle, 2009;
Rostrup-Nielsen, 2006; Zhang et al., 2021b). The ef-
fect of reformer temperature on hydrogen yield in the
steam methane reforming section is demonstrated in
Figure 1.

Figure 1 illustrates the effect of reformer tem-
perature on hydrogen yield in the steam methane
reforming section. An increase in temperature sig-
nificantly enhances hydrogen production due to the
strongly endothermic nature of reforming reactions.
At higher temperatures, methane conversion ap-
proaches equilibrium limits, resulting in increased
hydrogen yield. However, the rate of improvement
decreases at temperatures above 850°C, indicating
diminishing returns and highlighting the importance
of optimal temperature selection. The dependence
of methane conversion on reformer temperature is
shown in Figure 2.
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Figure 1
Dependence of hydrogen yield on reformer temperature for the
SMR process
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Figure 2
Effect of reformer temperature on methane conversion in the
SMR process
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Figure 2 presents the dependence of methane
conversion on reformer temperature. Increasing tem-
perature leads to a significant rise in methane conver-
sion due to the endothermic nature of steam methane
reforming. At temperatures above 850°C, methane
conversion approaches equilibrium limits, indicating
efficient utilization of the natural gas feedstock under
industrially relevant conditions. The influence of the
steam-to-carbon ratio on hydrogen yield. Increasing
the amount of steam enhances methane reforming and
water—gas shift equilibria is demonstrated in Figure 3.
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Figure 3
Effect of steam-to-carbon ratio on hydrogen yield in the SMR
process
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Figure 3 illustrates the influence of the steam-
to-carbon ratio on hydrogen yield. Increasing the
amount of steam enhances methane reforming and
water—gas shift equilibria, leading to higher hydro-
gen production. The results indicate that hydrogen
yield increases significantly up to a steam-to-carbon
ratio of approximately 3.0, while further increases
provide only marginal improvements, suggesting
an optimal operating range from both efficiency and
energy-consumption perspectives.

The integration of the water—gas shift reaction
significantly enhances hydrogen yield by convert-
ing carbon monoxide into additional hydrogen and
carbon dioxide. The staged configuration of high-
temperature and low-temperature shift reactors en-
ables deep carbon monoxide conversion, reducing
its concentration to trace levels prior to purification.
This reduction is essential not only for maximizing
hydrogen yield but also for protecting downstream
separation units and ensuring stable hydrogen purity
(Busca et al., 2024; Vogt et al., 2019; Zhang et al.,
2021b). The influence of water—gas shift reactor tem-
perature on carbon monoxide concentration is shown
in Figure 4.
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Figure 4
Effect of water—gas shift reactor temperature on carbon monoxide
concentration.
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Figure 4 demonstrates the influence of water—gas
shift reactor temperature on carbon monoxide con-
centration. Increasing WGSR temperature enhances
CO conversion due to improved reaction kinetics,
resulting in a substantial reduction of carbon mon-
oxide content. At higher temperatures, CO concen-
tration is reduced to trace levels, which is essential
for maximizing hydrogen yield and ensuring stable
downstream purification performance. The gas com-
position downstream of the water—gas shift section
exhibits a substantially higher hydrogen content
compared with the upstream stream is demonstrated
in Figure 5.

As illustrated in Figure 5, the gas composition
downstream of the water—gas shift section exhibits a
substantially higher hydrogen content compared with
the upstream stream. This increase is attributed to the
conversion of carbon monoxide during the shift re-
action, confirming the importance of the WGSR in
maximizing hydrogen production and ensuring fa-
vorable conditions for subsequent purification. The
relationship between CO, capture efficiency and the
amount of carbon dioxide removed from the process
gas is shown in Figure 6.
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Figure 5

Gas composition before and after the water—gas shift reaction, highlighting the increase in hydrogen content
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Figure 6
Dependence of captured carbon dioxide flowrate on CO, capture

efficiency
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Figure 6 illustrates the relationship between CO,
capture efficiency and the amount of carbon dioxide
removed from the process gas. As capture efficiency
increases, the captured CO, flowrate rises almost lin-
early, reflecting the effectiveness of the absorption-
based separation scheme. Higher capture efficiencies
lead to a greater reduction in direct emissions, albeit
at the expense of increased energy demand for sol-
vent regeneration.

These results confirm that the combined SMR—
WGSR configuration approaches the theoretical hy-
drogen yield expected for methane reforming sys-
tems under industrially relevant conditions (Busca et

Int. j. biol. chem. (Online)
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al., 2024; Rostrup-Nielsen, 2006; Vogt et al., 2019;
Zhang et al., 2021b).

Mass Balance and Component Distribution

Analysis of component distribution across the
process reveals a clear transformation of the feed-
stock into hydrogen and carbon dioxide. Methane
is progressively consumed in the reforming section,
while steam participates both as a reactant and as a
moderator of reaction equilibrium (Rochelle, 2009;
Rostrup-Nielsen, 2006; Zhang et al., 2021b).

Following the shift reactions, hydrogen becomes
the dominant component of the gas mixture, while
carbon dioxide represents the primary carbon-con-
taining product (Busca et al., 2024; Vogt et al., 2019;
Zhang et al., 2021b).

The effective conversion of carbon monoxide in
the shift section results in a hydrogen-rich gas stream
with low impurity levels. This composition is par-
ticularly favorable for downstream purification using
pressure swing adsorption. The concentration of car-
bon dioxide in a separable stream supports efficient
CO, capture and is consistent with the objectives of
blue hydrogen production (Bui et al., 2018; Kalman
et al., 2022; Shabbani et al., 2024).

The mass balance results are in good agreement
with reported data for commercial SMR plants, in-
dicating that the modeled process realistically rep-
resents industrial hydrogen production behavior (Li
et al.,, 2022; Rostrup-Nielsen, 2006; Zhang et al.,
2021a).

Hydrogen Purity and Recovery

Hydrogen purification via pressure swing ad-
sorption yields a final hydrogen product with purity
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exceeding 97%, meeting the requirements of most
industrial hydrogen applications. The prior removal
of carbon dioxide reduces adsorbent loading and im-
proves PSA performance, contributing to stable hy-
drogen purity and efficient separation (Kalman et al.,
2022; Shabbani et al., 2024). The trade-off between
hydrogen purity and PSA recovery is shown in Fig-
ure 7.

Figure 7
Relationship between hydrogen purity and PSA hydrogen
recovery, illustrating the recovery—purity trade-off’
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Figure 7 demonstrates the trade-off between
hydrogen purity and PSA recovery. As recovery in-
creases, a gradual decrease in product purity is ob-
served due to stronger constraints on adsorption and
regeneration performance. Nevertheless, the mod-
eled operating window maintains hydrogen purity
above 97%, which is consistent with industrial re-
quirements for SMR-based hydrogen supply.

Hydrogen recovery losses associated with PSA
operation remain within typical industrial ranges and
are primarily linked to purge streams required for bed
regeneration. Despite these losses, overall hydrogen
recovery remains high, confirming effective utiliza-
tion of the hydrogen produced in the reforming and
shift sections (Kalman et al., 2022; Shabbani et al.,
2024).

The achieved hydrogen purity and recovery are
consistent with values reported in the literature for
large-scale SMR-based hydrogen plants (Li et al.,
2022; Shabbani et al., 2024; Zhang et al., 2021a).

Energy Demand and Thermal Integration

The energy analysis highlights the reforming sec-
tion as the dominant contributor to overall process

Int. j. biol. chem. (Online)

energy demand due to the strongly endothermic na-
ture of steam methane reforming. Sustaining high
reformer temperatures requires significant heat in-
put, emphasizing the importance of efficient furnace
design and fuel management in SMR systems (Ro-
chelle, 2009; Rostrup-Nielsen, 2006). The distribu-
tion of energy demand among the main process units
of the SMR-based hydrogen production system is
shown in Figure 8.

Figure 8
Distribution of energy demand among the main process units of
the SMR-based hydrogen production system
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Figure 8 summarizes how the overall energy de-
mand is distributed across the major process sections.
The reformer dominates the energy balance due to
the strongly endothermic character of steam methane
reforming, while CO, capture represents the second-
largest contribution associated with separation and
regeneration duties. The WGSR and PSA sections
require comparatively lower energy input.

In contrast, the water—gas shift reaction is mild-
ly exothermic and contributes limited heat down-
stream of the reformer. Although this heat does not
offset the reformer energy demand, it presents op-
portunities for recovery through steam generation
or feed preheating. Such thermal integration strat-
egies are critical for improving overall energy ef-
ficiency and reducing operating costs (Busca et al.,
2024; Vogt et al., 2019; Wang et al., 2020; Zhang et
al., 2021b). The incremental increase in energy de-
mand associated with higher levels of CO, capture
is shown in Figure 9.
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Figure 9

Incremental increase in energy demand associated with higher CO, capture efficiency
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Figure 9 illustrates the incremental increase in
energy demand associated with higher levels of
CO; capture. As capture efficiency increases, addi-
tional energy requirements accumulate due to sol-
vent regeneration and compression duties. While
higher capture levels significantly reduce direct
emissions, the results highlight a clear trade-off
between emission reduction and energy consump-
tion, which must be considered during process op-
timization.

Additional energy requirements arise from car-
bon dioxide capture and hydrogen purification. In
particular, solvent regeneration in the CO, absorp-
tion unit represents a notable energy penalty. This
trade-off between energy consumption and emission
reduction is characteristic of blue hydrogen systems
and must be carefully evaluated in process design
(Bui et al., 2018; Howarth & Jacobson, 2021; Quar-
ton et al., 2020).

Effect of CO, Capture and Blue Hydrogen Im-
plications

The integration of CO, capture significantly al-
ters the carbon balance of the hydrogen production
process. By removing the majority of carbon diox-
ide formed during reforming and shift reactions, the
modeled system achieves a substantial reduction in
direct CO, emissions compared with conventional
SMR (Howarth & Jacobson, 2021; Luberti et al.,
2022; Shahid & Kim, 2023). Distribution of carbon-
containing species in the SMR-based hydrogen pro-
duction process is shown in Figure 10.

Figure 10 presents the distribution of carbon-
containing species within the modeled hydrogen
production process. The majority of carbon is cap-
tured as carbon dioxide, while only a small fraction

Int. j. biol. chem. (Online)

is released with the vent gas or remains as residual
carbon monoxide. This distribution demonstrates the
effectiveness of the integrated CO, capture system
in reducing direct emissions and supports the classi-
fication of the process as a blue hydrogen production
pathway.

Figure 10
Distribution of carbon-containing species in the SMR-based
hydrogen production process

Carbon Distribution in the SMR-Based Hydrogen Production Process
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While CO; capture increases overall energy de-
mand, the results indicate that hydrogen yield and
product quality are not adversely affected. This
finding supports the feasibility of integrating CO,
capture into SMR-based hydrogen plants without
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compromising core process performance (Bui et al.,
2018; Quarton et al., 2020).

In regions with abundant natural gas resources
and established industrial infrastructure, such as Ka-
zakhstan, this configuration offers a realistic pathway
for producing low-emission hydrogen. The results re-
inforce the role of SMR with CO; capture as a tran-
sitional blue hydrogen technology that can bridge the
gap between conventional grey hydrogen and future
large-scale deployment of renewable hydrogen (Hy-
drogen Council, 2021; IEAGHG, 2021; IEA, 2023,
2024; DOE, 2020, 2023). The comparison of specific
CO, emissions for conventional SMR and SMR inte-
grated with carbon dioxide capture is shown in Fig-
ure 11.

Figure 11
Comparison of specific CO, emissions for conventional SMR and
SMR integrated with carbon dioxide capture

Comparison of COz2 Emissions for SMR-Based Hydrogen Production

10 4

CO:2 Emissions (kg COz / kg Hz)

SMR (without CCS)
Hydrogen Production Route

SMR + CO2 Capture

Figure 11 compares the specific CO, emissions
associated with conventional SMR-based hydrogen
production and SMR integrated with carbon dioxide
capture. The incorporation of CO, capture results in
a substantial reduction in direct emissions, decreas-
ing the carbon intensity of hydrogen production by
more than an order of magnitude. This comparison
highlights the effectiveness of carbon capture inte-
gration in transforming conventional SMR into a
low-emission blue hydrogen pathway.

Overall, the simulation results demonstrate that
the integration of steam methane reforming, water—
gas shift conversion, and carbon dioxide capture en-
ables efficient hydrogen production with significant-
ly reduced carbon emissions. The analyzed process
configuration achieves high hydrogen yield and pu-
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rity while maintaining industrially realistic operating
conditions. Although the inclusion of CO, capture
introduces additional energy demand, the substantial
reduction in emissions confirms the technical viabil-
ity of SMR-based blue hydrogen as a transitional so-
lution for large-scale hydrogen production. The key
performance indicators obtained from the process
simulation are summarized in Table 2.

Table 2
Key performance indicators of the modeled SMR-based hydrogen
production system

Performance indicator Value
Methane conversion >90%
Hydrogen yield Near thermodynamic limit
Hydrogen purity >97%
CO;, capture rate ~90%

Specific CO, emissions

(with capture) ~1.8kg CO, / kg Ha

Dominant energy consumer Reformer

Feasibility Analysis

Feedstock and Infrastructure Availability

The feasibility of hydrogen production via steam
methane reforming with integrated CO, capture
is strongly influenced by the availability of natural
gas and supporting infrastructure. Regions with es-
tablished gas supply networks, processing facilities,
and industrial consumers offer clear advantages for
SMR-based hydrogen deployment. Kazakhstan pos-
sesses significant natural gas reserves and a well-de-
veloped gas transportation system, which provides a
reliable and cost-effective feedstock supply for hy-
drogen production (Hydrogen Council, 2021; 1IEA,
2023, 2024; DOE, 2020, 2023).

In particular, the western regions of Kazakh-
stan host major oil and gas operations, refineries,
and petrochemical facilities. Existing infrastructure
reduces the need for extensive new pipeline con-
struction and enables direct integration of hydrogen
production units into current industrial complexes.
Such integration is especially beneficial for SMR-
based systems, which rely on continuous gas sup-
ply and stable operating conditions (Abdalla et al.,
2018; Dincer & Acar, 2015; Staffell et al., 2019;
DOE, 2020, 2023).

Industrial Integration Potential

One of the key advantages of SMR-based hydro-
gen production lies in its compatibility with existing
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industrial hydrogen consumers. In Kazakhstan, hy-
drogen is already used internally in petroleum refin-
ing for hydrotreating and hydrocracking processes.
Locating a dedicated hydrogen production unit near
refineries or petrochemical plants allows direct uti-
lization of hydrogen without the need for long-dis-
tance transport or storage infrastructure (Staffell et
al., 2019; DOE, 2020, 2023).

The Atyrau region represents a particularly fa-
vorable location due to the presence of large refiner-
ies, petrochemical facilities, and associated utilities.
Co-location with existing plants enables the sharing
of steam systems, cooling water, power supply, and
maintenance services, thereby reducing capital and
operating expenditures. In addition, the availability
of skilled technical personnel further enhances proj-
ect feasibility (Hydrogen Council, 2021; IEA, 2023,
2024; DOE, 2020, 2023).

Carbon Capture and Storage Considerations

The feasibility of blue hydrogen production
critically depends on the ability to manage captured
carbon dioxide. In the modeled process, CO, is pro-
duced in a concentrated stream downstream of the
water—gas shift reaction, which is well suited for
capture using chemical absorption. This configura-
tion minimizes separation complexity and improves

Table 3

capture efficiency (Bui et al., 2018; Shahid & Kim,
2023).

For long-term emission reduction, captured CO,
must be either utilized or stored. Kazakhstan has geo-
logical formations with potential for CO, storage, in-
cluding depleted oil and gas reservoirs. Integration
of CO, capture with existing oil and gas operations
could enable carbon storage or enhanced oil recovery
applications. However, further site-specific geologi-
cal assessment would be required to confirm storage
capacity, integrity, and long-term safety (Bui et al.,
2018; IEAGHG, 2021).

Economic and Transitional Perspective

From an economic standpoint, SMR with CO,
capture represents a transitional solution between
conventional grey hydrogen and renewable green
hydrogen. While green hydrogen offers the lowest
emissions, its current production costs and depen-
dence on large-scale renewable electricity limit near-
term deployment in many regions. In contrast, blue
hydrogen leverages existing SMR technology and in-
frastructure, allowing faster implementation at lower
capital risk (Howarth & Jacobson, 2021; Luberti et
al., 2022; Nazir et al., 2020; Quarton et al., 2020). A
comparison between conventional SMR and SMR in-
tegrated with CO, capture is summarized in Table 3.

Comparison of conventional SMR and SMR-based hydrogen production with CO, capture

Parameter Conventional SMR (Grey H;) SMR with CO; capture (Blue H;)
Hydrogen purity >97% >97%
Methane conversion High High
CO, emissions ~10-12 kg CO, / kg H, ~1.5-2kg CO, / kg H,
Energy demand Lower Higher
CO;, capture requirement Not applied Required
Technology maturity Commercial Commercial
Emission profile High Significantly reduced

The additional energy demand associated with
CO, capture increases operating costs compared
with conventional SMR. However, these costs may
be partially offset by regulatory incentives, carbon
pricing mechanisms, or demand for low-emission
hydrogen in international markets. In this context,
blue hydrogen can serve as an intermediate step that
supports gradual decarbonization while maintaining
industrial competitiveness (Hydrogen Council, 2021;
IEAGHG, 2021; IEA, 2023, 2024; Shahid & Kim,
2023; DOE, 2020, 2023).

Int. j. biol. chem. (Online)

Limitations and Future Outlook

Although the feasibility analysis indicates strong
potential for SMR-based blue hydrogen deployment,
several limitations must be acknowledged. The eco-
nomic viability of CO, capture depends on energy
prices, solvent performance, and access to storage
or utilization pathways. Furthermore, methane emis-
sions associated with upstream natural gas supply
can influence the overall climate impact of blue hy-
drogen (Bui et al., 2018; Howarth & Jacobson, 2021;
Luberti et al., 2022; Shahid & Kim, 2023).
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In the long term, the role of SMR-based hydrogen
is expected to evolve as renewable hydrogen tech-
nologies mature and become more cost competitive.
Nevertheless, in the near to medium term, SMR with
CO,, capture provides a realistic and scalable option
for reducing emissions from hydrogen production in
regions with abundant natural gas resources (Belme-
hdi et al., 2025; Hydrogen Council, 2021; IEA, 2023,
2024; Nazir et al., 2020; Quarton et al., 2020; DOE,
2020, 2023).

Conclusion

In this study, hydrogen production via steam
methane reforming integrated with the water—gas
shift reaction and carbon dioxide capture was ana-
lyzed using a detailed process simulation approach.
An industrially relevant SMR—WGSR configuration
was modeled in Aspen HYSYS to evaluate hydro-
gen yield, product purity, energy demand, and the
impact of CO, capture under steady-state operat-
ing conditions. The results demonstrate that the se-
lected process configuration enables high methane
conversion and hydrogen yields approaching ther-
modynamic limits, while delivering hydrogen at pu-
rity levels suitable for industrial applications (As-
penTech, 2021; Li et al., 2022; Moioli et al., 2024;
Zhang et al., 2021a).

The integration of the water—gas shift reaction
was shown to play a critical role in maximizing hy-
drogen production by converting carbon monoxide
into additional hydrogen and carbon dioxide. Down-
stream purification using pressure swing adsorption
achieved hydrogen purity exceeding 97%, confirm-
ing the suitability of the modeled system for large-
scale hydrogen supply. Although steam methane re-
forming remains energy intensive due to the strongly
endothermic nature of reforming reactions, opportu-
nities for heat recovery and thermal integration were
identified as essential elements for improving over-
all process efficiency (Busca et al., 2024; Kalman et
al., 2022; Rochelle, 2009; Rostrup-Nielsen, 2006;
Shabbani et al., 2024; Vogt et al., 2019; Zhang et al.,
2021Db).

The inclusion of carbon dioxide capture sub-
stantially reduces direct CO, emissions compared
with conventional SMR-based hydrogen production.
While CO; capture introduces additional energy re-
quirements, particularly for solvent regeneration, the
overall hydrogen yield and product quality remain
largely unaffected. This trade-off highlights the po-
tential of SMR with carbon capture as a viable blue
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hydrogen pathway, capable of balancing emission re-
duction with industrial performance (Bui et al., 2018;
Howarth & Jacobson, 2021; Luberti et al., 2022; Sha-
hid & Kim, 2023; Quarton et al., 2020).

From a regional perspective, the feasibility anal-
ysis indicates that countries with abundant natural
gas resources and established industrial infrastruc-
ture, such as Kazakhstan, are well positioned to de-
ploy SMR-based blue hydrogen systems. The Atyrau
region, in particular, offers favorable conditions for
integration with existing refineries and petrochemi-
cal facilities, enabling efficient utilization of hydro-
gen and supporting infrastructure sharing. In the near
to medium term, SMR with CO, capture represents a
realistic transitional solution that can support decar-
bonization goals while maintaining reliable hydrogen
supply for industrial consumers (Hydrogen Council,
2021; IEAGHG, 2021; IEA, 2023, 2024; DOE, 2020,
2023).

Overall, the findings of this study support the role
of SMR-based blue hydrogen as an important com-
ponent of the evolving hydrogen economy. While
long-term decarbonization will increasingly rely on
renewable hydrogen pathways, integrated SMR-—
WGSR systems with carbon capture can provide a
scalable and technologically mature solution for re-
ducing emissions from hydrogen production during
the transition period (Howarth & Jacobson, 2021;
Luberti et al., 2022; Nazir et al., 2020; Quarton et
al., 2020).
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