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Abstract Acacia seyal is a medicinal plant rich in bioactive compounds known for their antimicrobial, antioxidant,
and anticancer properties. Conventional plant extracts often suffer from poor stability and limited bioavailability,
reducing their therapeutic effectiveness. The utilization of chitosan nanoparticles (CS-NPs) offers a promising strategy
to enhance biological activity of plant extracts. Encapsulation of A. seyal seeds extract (ASSE) in CS-NPs (ASSE@CS-NPs)
was the aim of the present investigation to compete Helicobacter pylori and HCT116 cancer cells. The phytochemical
profile of ASSE revealed diverse phenolic acids and flavonoids via HPLC analysis. Methyl gallate was dominated

(20.98 mg/q), followed by gallic acid, and catechin. FTIR analysis confirmed characteristic functional groups in ASSE
and CS-NPs. Peak shifts and intensity variations in ASSE@CS-NPs indicated successful encapsulation through hydrogen
bonding and electrostatic interactions. ASSE@CS-NPs showed the strongest anti-H. pylori effect with inhibition zone
(23.7 mm) and lowest MIC/MBC (15.62 ug/mL). Compared to CS-NPs (20.7 mm, 31.25 pug/mL) and ASSE (19.7 mm,
31.25 ug/mlb). ASSE@CS-NPs showed notable antioxidant activity, achieving 96% scavenging at 1000 ug/mL with 1Cq
of 3ug/mL compared to ASSE (5 ug/mL) and CS-NPs (74 ug/mL). ASSE@CS-NPs exhibited potent cytotoxicity against
HCT116 cells with 1Cs, of 23 pg/mL, outperforming ASSE (588 pug/mL) and CS-NPs (120 ug/mL). The formulation
achieved > 80% inhibition at 62.5 pg/mL. Molecular docking was performed to evaluate the binding affinity and
interaction patterns of methyl gallate (a main constituent of ASSE) and chitosan against H. pylori urease (PDB ID:
6ZJA). Docking results revealed favorable binding scores for both ligands, with chitosan showing higher affinity (S
score:—6.42 kcal/mol) compared to methyl gallate (S score:—5.45 kcal/mol). Key hydrogen bond interactions were
observed with active site residues ASP362 and ALA169 for methyl gallate, and ASP223 and HIS323 for chitosan. These
results suggest that ASSE@CS-NPs possess inhibitory potential against H. pylori and HCT116 cells.
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Introduction pharmaceutical applications (Castro-Muiioz et al. 2024;

Nanoscience still receives great attention from many sci-
entists for serving various fields related to medicine, agri-
culture, and the environment (Abdelghany et al. 2020;
Alsolami et al. 2025). Moreover, scientists are constantly
working to develop this field. Previous studies have suc-
ceeded in synthesizing many elements in nano form or
converting numerous polymer compounds into their
nanoscale form. Scientists have also sought to enhance
the effectiveness of plant extracts by loading or incor-
porating them into nanomaterials (Al-Rajhi and Abdel-
ghany 2023a). The search for unique and relatively new
bioactive chemicals of natural origin has increased in
recent years due to their wide range of applications in
the food, healthcare, and biomedical industries. Natu-
rally derived compounds like carminic acid and mangif-
erin have received a lot of attention due to their various
biological activities, which include antioxidant, anti-
bacterial, anti-inflammatory, and anticancer effects
(Castro-Muiioz et al. 2024). Comprehensive research
has identified advanced extraction routes and purifica-
tion strategies for carminic acid, stressing its promise as
both a natural food colorant and a physiologically active
molecule appropriate for inclusion into delivery systems.
Similarly, mangiferin has received substantial attention
for its multifunctional biologic properties and potential
for encapsulation and tailored delivery uses in food and

Ferreyra-Suarez et al. 2024).

Wild populations of medicinal plants are recognized
as valuable reservoirs of naturally occurring compounds
with potential biological and pharmacological effects
(Alawlaqi et al. 2023; Al-Rajhi and Abdelghany 2023b;
Al-Rajhi et al. 2024; Alsalamah et al. 2025a). Among
them, the genus Acacia (commonly known as wattle), a
member of the Fabaceae family, encompasses more than
1,350 woody species distributed predominantly across
warm climates in regions such as Australia, the Ameri-
cas, Africa, and Asia (Adiamo et al. 2020). Numerous
studies have explored the bioactivity of Acacia extracts,
particularly from flowers and leaves, with a focus on
A. saligna. In Egypt, leaf extracts of A. nilotica and A.
seyal have demonstrated stronger antioxidant properties
compared to those of A. laeta (Abdel-Farid et al. 2014).
Research on the aerial parts of several species, includ-
ing A. tortilis, A. salicina, A. hamulosa, and A. laeta col-
lected from eastern Saudi Arabia (about 700-1000 km
from Riyadh), revealed that A. laeta, A. tortilis, and A.
hamulosa exhibit cytotoxic effects against breast cancer
and HepG2 liver cancer cell lines, as well as antimicrobial
activity against Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, and Candida albicans (Alajmi
et al. 2017). Other investigations have shown allelopathic
effects of Acacia flower extracts on Hordeum murinum
(Abd-ElGawad and El-Amier 2015). In Egypt, aqueous
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flower extracts of A. saligna exhibited limited antioxidant
and antibacterial actions but notable antifungal potential
(Al-Hugqail et al. 2019). Additionally, seeds of the Chinese
species A. confusa were reported to contain a protein
with pronounced antifungal potential against Rhizocto-
nia solani (Sze Kwan and Tzi Bun 2010). Extracts from
A. ehrenbergiana have also shown marked antibacte-
rial effects: acetone and ethanol extracts achieved up to
85% of the control activity against Gram-negative E. coli,
acetone extract displayed 65% activity against Bacillus
spp., and the butanol extract showed the highest activity
against S. aureus at 65% (Thotathil et al. 2022).

Chitosan is widely recognized as a biocompatible and
non-toxic polymer, making it a promising material for
diverse biomedical utilizations, particularly in the design
of nanoscale drug delivery systems. Chitosan nanopar-
ticles (CS-NPs) have emerged as an effective platform to
improve the biological efficacy of both natural products
and conventional antibiotics (Al-Rajhi and Abdelghany
2023a). Chitosan has made notable advances as a sup-
port and wall material in nanostructured systems due
to its biocompatibility, biodegradability, non-toxicity,
and ability to build stable interfaces in a variety of mate-
rial shapes, including nanoparticles, films, nanogels, and
porous scaffolds. It has been successfully used in medi-
cine delivery, food preservation, wound healing, and
antimicrobial coatings, allowing for efficient encapsula-
tion, protection, and controlled release of biologically
active substances (Castro-Mufoz and Cabezas 2026).
Compared to other biopolymers, chitosan is an ideal
wall material for improving the stability, bioavailabil-
ity, and functionality of encapsulated product due to its
cationic amino groups, strong mucoadhesive behavior,
inherent antimicrobial activity, and high tunability via
chemical and green processing strategies (Eranda et al.
2024). Intermolecular interactions among its polymeric
matrix and immobilized bioactive components—such as
electrostatic attractions, hydrogen bonding, and physi-
cal entrapment—strongly control chitosan's efficacy as
a wall and support material. These interactions improve
adhesion, stability, and long-term release of plant-derived
compounds, as extensively shown in gelatin—chitosan
composite systems employed for edible films and coat-
ings in food biopreservation uses (Eranda et al. 2024).

Numerous studies have demonstrated this synergistic
effect, where incorporation of plant-derived constitu-
ents into CS-NPs significantly improved their functional
properties. Examples include extracts of marjoram,
savory, and oregano (Negi and Kesari 2022), sage (Silva
et al. 2015), Leucas aspera (Devi et al. 2015), Aloe vera
gel (Yahya et al. 2022). These findings highlight the con-
sistent enhancement of biological functions when natu-
ral extracts are combined with CS-NPs, supporting their
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potential as versatile carriers in both medicinal and food-
related applications.

The human stomach is colonized with Helicobacter
pylori, which is closely linked to a number of gastroin-
testinal illnesses. According to reports, H. pylori colonize
almost half of the world's population, with prevalence
rates being highest in underdeveloped nations (Dunn et
al. 1997; Bakri et al. 2024; Alsalamah et al. 2025b; Al-Rajhi
et al. 2023a). Remarkably, only about 15% of infected
people develop symptoms such as peptic ulcers, gastri-
tis, and in extreme situations, stomach cancer (Bhandari
and Crowe 2012). The global health burden posed by
cancer and H. pylori-associated diseases necessitates the
search for novel, effective, and safe therapeutic agents.
Thus, there is a pressing need to develop advanced for-
mulations that can improve the stability and bioactivity
of A. seyal seed extract, while systematically evaluating
its potential as an anticancer, anti-H. pylori, and anti-
oxidant agent. This study proposes a basic and transla-
tional viewpoint on the application of chitosan-based
nanocarriers to improve the biological activity of bioac-
tive chemicals obtained from plants. The paper presents
chitosan nanoparticles loaded with A. seyal seed extract
as a proof-of-concept nanoformulation, showing how
biopolymer-assisted encapsulation can greatly enhance
antioxidant, anti-H. pylori, and antineoplastic properties.
Molecular docking studies against H. pylori urease were
carried out to determine probable binding mechanisms
and molecular interactions of the bioactive ingredients,
providing mechanistic insight into the observed anti-H.
pylori efficacy.

Material and methods

Collection and identification of Acacia seyal seeds

The mature seeds of Acacia seyal were collected from
Saudi Arabia. The collected seeds of the plant were taxo-
nomically identified and authenticated by a botanist M.
REMESH at Jazan university, Saudi Arabia. The seeds
were thoroughly cleaned, air-dried at room temperature,
and ground into a fine powder for extraction. The pow-
dered seeds (10 gm) were subjected to extraction using
Soxhlet extraction with 100 mL of ethanol as the solvent
for 60 min. The obtained extract [(17.20+0.08 (% w/w)]
was filtered and concentrated under reduced pressure
using a rotary evaporator, then stored at 4°C until further
use.

HPLC analysis of flavonoids and polyphenols in A. seyal
seed extract

The flavonoid and polyphenolic constituents of A. seyal
seed extract were analyzed and quantified using high-
performance liquid chromatography (HPLC). The analy-
sis was conducted on an Agilent 1260 Infinity II HPLC
system (USA) equipped with a diode array detector, with
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detection carried out at 280 nm, which is appropriate for
phenolic compound monitoring. Separation was achieved
using a reversed-phase C18 column (4.6 x 250 mm, 5 pm
particle size) maintained at 40 °C. The injection volume
for each run was 10 pL. The mobile phase consisted of
0.05% trifluoroacetic acid in ultrapure water (Solvent A)
and methanol (Solvent B). Elution was performed using
a linear gradient program as follows: 0—-5 min, 85% A;
5-8 min, 65% A; 8—12 min, 65% A; 12—15 min, 80% A;
15-18 min, 78% A; and 18-25 min, 80% A, at a constant
flow rate of 1.0 mL min~'. Identification of phenolic and
flavonoid compounds was based on comparison of reten-
tion times and UV-visible spectral characteristics with
those of authentic reference standards, including gallic
acid, catechin, and quercetin. Quantitative determination
was performed using external standard calibration curves
prepared from known concentrations of the correspond-
ing reference compounds (Yahya et al. 2022).

Preparation of extract-loaded nanoparticles (ASSE@
CS-NPs)

For loading A. seyal seed extract (ASSE), the extract (dis-
solved in ethanol: water, 70:30) was added to the chitosan
solution (1.0 mg/ml) (sourced from Primex, Siglufjor-
dur, Iceland) before the addition of Sodium tripolyphos-
phate (TPP). The TPP solution (1.0 mg/mL) was then
added dropwise under vigorous stirring (pH 4.7), leading
to the encapsulation of the extract within the chitosan
nanoparticles. The obtained ASSE-loaded CS-NPs were
centrifuged, washed to remove unbound extract, and
freeze-dried.

Fourier-transform infrared (FTIR) analysis

The functional groups of ASSE, CS-NPs, and ASSE@
CS-NPs were analyzed using FTIR. Samples were lyophi-
lized and finely ground prior to measurement. Spectra
were recorded with an ATR-FTIR spectrophotometer
equipped with a diamond crystal, operating in the range
of 4000—400 cm™ at a resolution of 4 cm™ with 32 scans
per sample.

Anti-Helicobacter pylori activity by agar well diffusion
method

The anti-H. pylori activity of ASSE, CS-NPs, and the
ASSE@CS-NPs was evaluated by the agar well diffusion
assay. A reference strain of H. pylori (ATCC 43504) was
cultured on Mueller Hinton agar plates supplemented
10% sheep blood and 1% IsoVitalex under microaero-
philic conditions (10% CO,) at 37 °C for 48-72 h. Fresh
colonies were suspended in sterile phosphate-buffered
saline and adjusted to 0.5 McFarland standard (1 x 108
CFU/mL). The bacterial suspension was streak uniformly
over the agar surface, and 6-mm wells were aseptically
punched into the medium with a sterile cork borer. Each
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well was filled with 100 pL of the test samples. Sterile 1%
DMSO served as the negative control, clarithromycin
(10 pg/mL) as the positive control, and blank CS-NPs as
the polymer control. Plates were kept at 4 °C for 30 min
to facilitate pre-diffusion of the samples into the agar
and were then incubated at 37 °C under microaerophilic
conditions for 48-72 h. Following incubation, the diam-
eters of the appeared inhibition zones were measured
in millimeters (Yahya et al. 2022). The minimum inhibi-
tory concentration (MIC) and minimum bactericidal
concentration (MBC) of ASSE, CS-NPs, and ASSE@
CS-NPs were detected by broth microdilution assay. H.
pylori colonies were suspended in Brucella broth supple-
mented with 10% fetal bovine serum and adjusted to 0.5
McFarland standard (1x10® CFU/mL). Two-fold serial
dilutions of the test samples (0.031-8 mg/mL extract
equivalents) were prepared in sterile 96-well microti-
ter plates, and each well was inoculated with an equal
volume of H. pylori cells suspension (5x 10> CFU/mL).
Medium without bacterial inoculum in well served as
sterility controls, wells with bacteria and medium only
served as growth controls, and wells with clarithromycin
were included as positive controls. Plates were incubated
at 37 °C under microaerophilic conditions for 72 h, and
bacterial growth was visually assessed by turbidity and
confirmed by measuring absorbance at 600 nm. The MIC
was defined as the lowest concentration of the sample at
which no visible growth was observed compared with the
growth control. To determine the MBC, aliquots of 10 uL
from wells showing no visible growth were sub-cultured
onto on Mueller Hinton agar plates supplemented 10%
sheep blood and incubated under the same conditions for
72 h. The MBC was defined as the lowest dose at which
no bacterial colonies were recovered, corresponding
t0>99.9% reduction in the initial inoculum.

Antioxidant activity by DPPH assay & ABTS free radical
scavenging test

The antioxidant potential of ASSE, CS-NPs, and ASSE@
CS-NPs was evaluated using the 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) radical scavenging method. A 0.1 mM
solution of DPPH was freshly prepared in methanol. Dif-
ferent doses of the test samples (ranging from 1.95 to
1000 pg/mL) were prepared in methanol, and 1 mL of
each was mixed with 1 mL of the DPPH solution in ster-
ile tubes. The mixtures were vortexed briefly and incu-
bated in the dark at 25 °C for 30 min. The absorbance was
measured at 517 nm against methanol as the blank using
a UV-Vis spectrophotometer (Abdel Ghany and Hakamy
2014). Ascorbic acid was used as the reference antioxi-
dant, and methanol alone served as the control. The per-
centage inhibition of DPPH radicals was calculated using
the formula:
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Acontrol — Asample

% Scavenging Activity = x 100 (1)

Acontrol

where Acontrol: is the absorbance of the DPPH solution
without sample, and Asample: is the absorbance with the
test sample. The half maximal inhibitory concentration
(ICsp) was determined from the concentration—response
curve by plotting percentage scavenging activity against
sample concentration.

Using the procedure outlined by Hussen and Endalew
(2023) the antioxidant potential of the investigated mate-
rials against ABTS was ascertained. By oxidizing ABTS
with potassium persulfate, radical ABTS. + was created. A
1:1; v/v combination of potassium persulfate (4.97 mM)
and ABTS (6.9 mM) was made and allowed to sit at room
temperature in the dark for 17.0 h. After then, methanol
was added to the mixture until its absorbance at 734 nm
ranged from 1 to 1.5. 3.9 mL of the ABTS. + dilution was
applied to aliquots of 0.1 mL of each sample (at Six dis-
tinct concentrations: 50-30 pg/ml; two duplicates per
sample and concentration). A UV-30 spectrophotom-
eter was used to quantify the absorbance drop at 734 nm.
ABTS: + was used to prepare the blank. The findings were
reported as milligrams of quercetin equivalents per mil-
ligram of dry weight. Each solvent extract's reactivity at
different concentrations was contrasted with ascorbic
acid. At least three attempts were made at each mea-
surement. The following formula was used to determine
the percentage scavenging of ABTS +radical for various
extract and standard concentrations (50 to 300 pg/mL).
The percentage inhibition of ABST radicals was calcu-
lated using the formula:

Acontrol — Asample

% Scavenging Activity = x 100 (2)

Acontrol

where Asample is the absorbance of the mixture of
sample/standard and ABTS, and Acontrol is the absor-
bance of a mixture of 10 mL of (7 mM ABTS, 2.45 mM
K2S208) with blank solvents. ICy, was used to express
the sample's antioxidant action against ABTS +-.

Cytotoxicity of ASSE, CS-NPs, and ASSE@CS-NPs (MTT
assay)

The antineoplastic activity of ASSE, CS-NPs, and ASSE@
CS-NPs was evaluated against human colorectal carci-
noma cells (HCT116) and W138 cell line (normal human
fetal lung fibroblasts) (obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA)
using the MTT colorimetric assay. HCT116 cells were
maintained in RPMI medium supplemented with 2%
heat-inactivated fetal bovine serum, 1% penicillin—strep-
tomycin, and 2 mM L-glutamine at 37 °C in a humidified
incubator with 5% CO,. Cells in the exponential growth
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phase were harvested with trypsin—EDTA, counted, and
seeded into sterile 96-well plates at 5x 10° cells/well in
100 pL complete medium; plates were incubated for 24
h to allow attachment. Stock solutions of ASSE were pre-
pared in sterile DMSO and diluted with medium to the
required concentrations, keeping the final DMSO <0.5%
v/v. CS-NPs and ASSE@CS-NPs were dispersed in sterile
PBS, adjusted to near-neutral pH (7.0), and filtered (0.22
um). Cells were then treated (in quadruplicate wells) with
100 pL of each test preparation over a two-fold serial
dilution range (7.81-1000 pg/mL) of tested samples.
Vehicle control (medium with 0.5% DMSO), polymer
control (blank CS-NPs at the highest chitosan level),
and a reference drug control (doxorubicin, 0.1-10 puM)
were included on every plate. After 24 h exposure, 10 uL
of MTT reagent (5 mg/mL in PBS) was added per well
and plates were incubated for 3—4 h at 37 °C until purple
formazan crystals were evident. The medium was care-
fully removed, and 100 pL DMSO was added to dissolve
the formazan with gentle shaking for 10 min. Absorbance
was read at 570 nm (Abdelghany et al. 2019). Morphol-
ogy was examined by phase-contrast microscopy to ver-
ify cytopathic effects of samples. The cytotoxicity % was
calculated from the next equation:

A sample

Cytotoxicity (%) = 100 — 100  (3)

A control

Molecular docking analysis

The crystal structure of H. pylori urease (PDB ID: 6Z]A;
resolution 2.0 A) was retrieved from the RCSB Protein
Data Bank (https://www.rcsb.org). Protein preparation
was carried out using Molecular Operating Environment
(MOE) version 2019.01 (Chemical Computing Group,
Montreal, Canada), including removal of water mole-
cules, protonation at physiological pH, and energy mini-
mization. Finally, the site finder created the active binding
sites, which served as the binding pocket's dummy sites.
Ligands namely methyl gallate (PubChem CID: 7428) and
a chitosan (PubChem CID: 129,662,530) were prepared
using MOE’s builder tool, energy minimized, and saved
in mdb format. Molecular docking was conducted using
the Triangle Matcher placement method and the stiff
receptor atoms were docked for 100 ns. The GBVI/WSA
dG processes were used for rescoring, with the London
dG acting as a scoring function. For each ligand—protein
pair, several postures were created, and the top five were
chosen for further investigation. 2D and 3D interaction
diagrams were created to show how both ligands attach
to each protein's active regions. These graphical repre-
sentations focused on specific interactions. The docked
complexes were examined to identify the interactions
between the studied ligands and the active site residues
of the protein.
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Fig. 1 Acacia seyal tree with seeds (black arrow)

Table 1 HPLC-detected phytochemical compounds in ASSE
with their area percentage, retention time, and concentration

Detected compound Area (%) Retention time  Con-
(min) cen-
tration
(mg/g)
Gallic acid 16.92 3.55 727
Chlorogenic acid 0.29 4.02 0.24
Catechin 434 446 6.0
Methyl gallate 62.40 5.55 210
Caffeic acid 6.35 6.12 225
Ellagic acid 0.07 7.06 0.04
Coumaric acid 0.34 9.17 0.07
Vanillin 0.10 9.58 0.02
Ferulic acid 8.96 10.27 3.07
Naringenin 0.16 10.88 0.09
Rosmarinic acid 345 12.03 0.003
Daidzein 0.02 16.30 0.001
Querectin 0.02 17.58 0.010
Cinnamic acid 0.04 19.68 0.002
Kaempferol 0.01 21.10 0.001

Statistical analysis

All experiments were carried out in triplicate, and the
data were expressed as mean +standard deviation (SD).
Statistical analysis was performed using one-way analy-
sis of variance (ANOVA) to determine significant differ-
ences among treatments.

Results and discussion

Phytochemical characterization

The phytochemical analysis of ASSE (Fig. 1) revealed
the presence of a diverse range of phenolic acids and
flavonoids, with considerable variation in their rela-
tive abundance (Table 1 and Fig. 2). Among the iden-
tified compounds, methyl gallate was predominant,
representing 62.40% of the total chromatographic area
and achieving the highest concentration (20.98 mg/g).
This is followed by gallic acid (16.92%, 7.27 mg/g), cat-
echin (4.33%, 5.97 mg/g), and caffeic acid (6.35%, 2.25
mg/g). These results suggest that hydrolyzable tan-
nin derivatives and simple phenolic acids constitute
the major fraction of the extract. Other compounds
such as ferulic acid (8.95%, 3.07 mg/g), rosmarinic acid
(3.45%, 0.003 mg/g), and trace flavonoids like quercetin
and kaempferol were detected in much smaller quan-
tities. Although present at low levels, these flavonoids
may act synergistically with major phenolics to enhance
biological activity, as previously reported in studies of
multi-compound plant extracts (Thotathil et al. 2022;
Al-Rajhi et al. 2023a; Hussen and Endalew 2023). Sev-
eral phenolics commonly reported in green tea, includ-
ing syringic acid, rutin, and hesperetin, were not detected
in this analysis. Their absence could be attributed to the
extraction parameters of the used method. Additionally,
environmental factors, plant maturity, and post-harvest
handling may influence the phytochemical profile. The
retention times of detected compounds ranged from 3.55
min for gallic acid to 21.10 min for kaempferol, reflecting
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Fig. 2 Chromatographic profile of ASSE by HPLC

the chemical diversity and polarity differences among
the compounds. Such variation also supports the con-
clusion that the extract contains a broad spectrum of
phenolics, each potentially contributing distinct bioac-
tivities. Analysis of Acacia nilotica ripe fruits revealed
that methyl ester of gallic acid was the predominant
compounds, with catechin-7-gallate and catechin also
being abundant (Foyzun et al. 2022). Likewise, Kaur et
al. (Kaur et al. 2022) employed HPLC to characterize
the bark extract of A. nilotica, identifying a wide spec-
trum of phenolic compounds, including myricetin, feru-
lic acid, rutin, kaempferol, gallic acid, quercetin, betulin,
epicatechin, and catechin. A wide range of phytochemi-
cals, including saponins, proteins, phenolic compounds,
anthocyanins, and flavonoids, have been reported in
appreciable amounts in the pods, flowers, and leaves of
A. seyal (Magnini et al. 2020). The foliage of this species
is particularly rich in phenolic acids such as salicylic, gal-
lic, caffeic, p-coumaric, ferulic and 3,4-dihydroxybenzoic
acids (Magnini et al. 2020). Additionally, investigations
on the stem bark of the Djibouti type of A. seyal revealed
the presence of epicatechin, catechin, lupeol, stigmas-
terol, campesterol, oleamide, and clionasterol (Elmi et al.
2020).

FTIR analysis

The FTIR spectrum (Fig. 3) of the ASSE revealed char-
acteristic absorption bands associated with its phyto-
chemical constituents. A broad peak around 3360 cm™
corresponds to O-H stretching vibrations of hydroxyl

groups from phenolics and flavonoids. The bands at
2920-2850 cm™ indicate C—H stretching of aliphatic
groups. A sharp peak at approximately 1635 cm™ cor-
responds to C=0 stretching of carbonyl groups, while
the bands at 1600-1500 cm™ confirm the presence
of aromatic C=C stretching vibrations. Furthermore,
absorption around 1070-1040 cm™! is attributed to C-O
stretching of alcohols, esters, and glycosidic linkages. The
FTIR spectrum of CS-NPs displayed a broad absorption
band near 3350 cm™, assigned to overlapping O—H and
N-H stretching vibrations, indicating strong hydrogen
bonding. Peaks observed at 2920 cm™ represent C—H
stretching vibrations. The band near 1640 cm™ is attrib-
uted to the amide I group (C=0 stretching), while the
1550 cm™! band corresponds to amide II (N-H bending).
The strong peak observed around 1075-1030 cm™ is due
to C—O-C stretching vibrations of the glycosidic bonds
in the chitosan backbone. The characteristic peaks of CS-
NPs in our study were matching consistently with previ-
ous study (Chang et al. 2021). For the ASSE@CS-NPs, the
FTIR spectrum demonstrated the occurrence of com-
bined features from both CS-NPs and the ASSE, with
noticeable peak shifts and intensity variations. The broad
band at 3360 cm™ became more intense and slightly
shifted, suggesting hydrogen bonding interactions
among the hydroxyl groups of the extract and the amino/
hydroxyl groups of CS-NPs. The characteristic bands at
1635 cm™ (C=O stretching) and 1550 cm™ (N-H bend-
ing) persisted but showed reduced intensity, demon-
strating encapsulation of the ASSE within the polymeric
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Fig. 3 FTIR analysis of CS-NPs (a), ASSE (b), and ASSE@CS-NPs (c) confirm-
ing characteristic functional groups

Table 2 Anti-H. pylori activity of CS-NPs, ASSE, and ASSE@
CS-NPs with MIC and MFC values (mean = SD). Different small
letters above numbers in the same columns refer to significant
difference where P<0.05

Treatment Zoneof  MIC (ug/mL)  MBC(pug/mL) MBC/
inhibition MIC
(mm) Index
CS-NPs 207+06° 3125 62.5° 2
ASSE 197+06% 3125 62.5° 2
ASSE@CS-NPs ~ 23.7+06° 15.62° 15.62¢ 1
Control 187406 15.62° 31.25° 2

(clarithromycin)

matrix. The aromatic C = C stretching around 1600 cm™
and improved C-O stretching among 1070-1040 cm™
further established the successful incorporation of the
phytochemicals into the CS-NPs. Overall, the observed
shifts and peak overlaps confirm effective encapsulation
of ASSE within CS-NPs through hydrogen bonding and
electrostatic interactions. The present results are consis-
tent with previous reports (Chang et al. 2021; Surendhi-
ran et al. 2020), which also demonstrated the successful
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entrapment of plant-derived bioactive compounds within
chitosan-based nanoparticles.

Anti-H. pylori activity of CS-NPs, ASSE, and ASSE@CS-NPs
The antibacterial activity of CS-NPs, ASSE, and ASSE@
CS-NPs against H. pylori was documented in Table 2
and Fig. 4. All treatments demonstrated measurable
inhibition zones, with the combination of ASSE@CS-
NPs exhibiting the largest zone of inhibition (23.7+0.6
mm), followed by chitosan nanoparticles alone (20.7 £0.6
mm), the extract alone (19.7+0.6 mm), and the control
(18.7£0.6 mm). MIC values revealed that the ASSE@CS-
NPs treatment required the lowest concentration (15.62
pg/mL) to inhibit H. pylori growth, which was two-fold
lower than that of CS-NPs or ASSE alone (31.25 pg/mL).
Notably, the combination also achieved MBC of 15.62
pg/mL, yielding an MBC/MIC index of 1, indicating a
strong bactericidal effect. The superior performance of
the chitosan—extract formulation can be attributed to a
synergistic effect between the cationic nature of chito-
san nanoparticles, which enhances bacterial cell mem-
brane permeability, and the potent phenolic compounds
in ASSE, notably methyl gallate, gallic acid, and catechin.
This combination likely facilitates greater penetration
and interaction of bioactive molecules with intracellular
targets, thereby accelerating bacterial cell death. These
findings are consistent with previous studies reporting
that polyphenol-loaded nanoparticles display enhanced
antimicrobial efficacy due to improved stability, sustained
release, and targeted delivery of active compounds. The
marked reduction in both MIC and MBC values for
the combination treatment underscores its potential
as a promising alternative or adjunct therapy against H.
pylori, particularly in the face of increasing antibiotic
resistance.

Previous studies have reported limited antibacterial
activity of aqueous A. seyal extracts and moderate activ-
ity of methanolic extracts, with stronger effects observed
mainly against Staphylococcus aureus and Corynebacte-
rium urealyticum (Elmi et al. 2020). In agreement with
these findings, our results demonstrate that incorpora-
tion of A. seyal seed extract into chitosan nanoparticles
significantly enhanced its antibacterial efficacy, support-
ing the role of CS-NPs in improving the bioactivity of
Acacia-derived compounds. Mashraqi (Mashraqi 2023)
demonstrated that encapsulating Anethum graveolens
extract within CS-NPs enhanced its antibacterial per-
formance against several food-borne pathogens. Simi-
larly, Qanash et al. (Qanash et al. 2023a) highlighted that
Artemisia judaica extract, when incorporated into CS-
NPs, exhibited greater antimicrobial potential against
human pathogens compared to the crude extract alone.
In another investigation, Yahya et al. (Yahya et al. 2022)
found that loading Aloe vera gel into CS-NPs markedly
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Fig. 4 Comparative anti-H. pylori activity of CS-NPs, ASSE, and ASSE@CS-NPs assessed by the well diffusion method (A: Control, B: CS-NPs, C: ASSE, D:
ASSE@CS-NPs). Well without inhibition zone in each plate represent negative control

Table 3 Comparative DPPH radical scavenging effect of CS-NPs,
ASSE, and ASSE@CS-NPs across different concentrations and
standard compounds

Concentration Antioxidant via DPPH scavenging%

(ng/mL) Ascorbic  ASSE CS-NPs ASSE@
Acid CS-NPs
00 0+0.0° 0+0.0° 0+0.0° 0+0.0°
195 434207 39+0.2° 6+0.2° 43412
39 52+20° 47+12 13+1P 51+1°
7.81 58+13? 55+2° 21+02° 56+2°
1562 66+2.7° 62+1° 29+03° 60+0.2%
31.25 73+2.0° 68+ 12 34+1° 67 +2°
62.5 80+ 1.0° 69+0.3? 39422 72412
125 87+£0.4° 77 +2° 49+12 76+2°
250 94+18° 84432 57+0.12 83+32
500 98+2.2° 91412 65+2° 92422
1000 98+04° 9322 74422 96+0.3°
ICs, pg/mL 3+03 5+04 7442 3+03

Different small letters above numbers in the same raw refers to significant
difference where P<0.05

Table 4 Comparative ABTS radical scavenging impact of CS-NPs,
ASSE, and ASSE@CS-NPs across various levels and standard

Concentration Antioxidant via ABTS scavenging%

(ng/mL) Ascorbic  ASSE CS-NPs ASSE@

Acid CS-NPs
50 43412 40412 4+1° 414172
100 54+2° 51417 14+2° 53+2°
150 65+1° 61+1%  35+1° 63412
200 72+1° 70417 42+12 71+1°
250 83+1° 82+1%  53+1° 81+1°
300 91+1° 90+1% 61417 92412
ICsy pg/mL 13+02 18+1 37402 15+0.1

Various small letters above numbers in the same raw refers to dramatic
difference where P<0.05

suppressed H. pylori growth, whereas the untreated
extract had a weaker effect. These findings collectively
indicate that the superior biological activity may be
linked to the nanoscale features of CS-NPs—particularly
their small particle size and high surface charge—which

facilitate closer interaction between the bioactive com-
pounds and microbial cell walls.

Antioxidant effect of CS-NPs, ASSE, and ASSE@CS-NPs via
DPPH scavenging and ABTS examination

DPPH radical scavenging activities (Table 3) and ABTS
levels (Table 4) of CS-NPs, ASSE, and ASSE@CS-NPs,
compared to the standard antioxidant ascorbic acid,
across a concentration range of 1.95-1000 pg/mL for
DPPH and 50-300 pg/mL for ABTS were recorded.
A clear dose-dependent increase in antioxidant activ-
ity for all tested samples was recorded. DPPH out-
comes revealed that at the lowest tested concentration
(1.95 pg/mL), the ASSE extract and the ASSE@CS-NPs
already exhibited high scavenging activities (39% and
43%, respectively), approaching the ascorbic acid activ-
ity (43%). In contrast, chitosan nanoparticles alone dis-
played minimal activity (6%), indicating that chitosan
nanoparticles have limited intrinsic radical scavenging
capacity at low doses. As the dose increased, ASSE@CS-
NPs maintained strong antioxidant activity, with ASSE@
CS-NPs consistently showing slightly higher or com-
parable percentages to the plant extract alone, particu-
larly in the low-to-mid concentration range (1.95-31.25
pg/mL). At higher concentrations (=250 pg/mL), both
ASSE and ASSE@CS-NPs achieved scavenging percent-
ages above 80%, comparable to ascorbic acid. Notably, at
1000 pg/mL, the ASSE@CS-NPs achieved 96.1% scav-
enging, almost identical to the standard (98%), while chi-
tosan nanoparticles alone remained significantly lower
(74%). ABTS results reveled that ascorbic acid ICy, was
at 13+0.2 pg/mL, ASSE IC;,=18+1 pg/mL, CS-NPs
IC5,=37+0.2 pg/mL, and ASSE@CS-NPs IC, was at
15+0.1 pg/mL. The calculated ICy, values further con-
firm the potency differences where ascorbic acid, ASSE,
CS-NPs, and ASSE@CS-NPs were 3, 5, 74, and 3 pg/mL,
respectively. The significantly lower IC;, of the ASSE@
CS-NPs compared to the ASSE alone suggests that encap-
sulation in chitosan nanoparticles enhanced the antioxi-
dant efficacy, possibly through improved bioavailability



Al-Rajhi et al. Bioresources and Bioprocessing (2026) 13:46

and stabilization of active compounds. The antioxidant
potential of different parts of A. seyal has been reported
in the literature (Al-Rajhi et al. 2023b; Subhaswaraj et al.
2017). Previous reports indicated that methyl gallate as
a major content in ASSE exhibits antimicrobial, antioxi-
dant, and anti-inflammatory effects (Correa et al. 2020;
Ahmed et al. 2021). Previous reports have suggested
that the encapsulation of plant extracts within CS-NPs
not only enhances their antioxidant potential but also
improves their stability, ensuring a more sustained bio-
logical effect (Negi and Kesari 2022).

Cytotoxic response of HCT116 cells to CS-NPs, ASSE, and
ASSE@CS-NPs treatment

In vitro cytotoxicity of CS-NPs, ASSE, and ASSE@CS-
NPs against the HCT116 human colorectal carcinoma
cell line across a concentration range of 7.81-1000 pg/
mL was recorded (Table 5). At very low concentrations
(<15.26 pg/mL), both chitosan nanoparticles and Aca-
cia extract exhibited negligible cytotoxicity, with cell
viability close to 100%. In contrast, the ASSE@CS-NPs
formulation demonstrated a notable early effect, show-
ing 6% inhibition at 7.81 pg/mL and a dramatic increase
to 46% inhibition at 15.26 pug/mL, suggesting a strong
synergistic cytotoxic potential even at sub-therapeutic
doses. As concentration increased, chitosan nanopar-
ticles alone began to show moderate activity, reaching
54% inhibition at 125 pg/mL and achieving high cyto-
toxicity (291%) at doses>250 pg/mL. ASSE exhibited a
slower potency curve, with inhibition of only 20% at 125
pug/mL but progressively rising to 66% at 1000 pg/mL,
indicating a moderate dose-dependent cytotoxic effect.
The ASSE@CS-NPs consistently outperformed both
individual components across all tested concentrations,
reaching over 80% inhibition at just 62.50 pug/mL and
maintaining 92% inhibition from 125 pg/mL onwards.
This high-level activity plateau suggests that most cancer
cell killing occurred before the highest concentrations
were reached, reflecting potent early cytotoxic action.

Table 5 Dose-response cytotoxic effects (%) of CS-NPs, ASSE,
and ASSE@CS-NPs against HCT116 colorectal carcinoma cells

Concentration (pg/mL) CS-NPs ASSE ASSE@CS-NPs
0.00 00+0.0° 0.0+0.0° 00+0.0°
7.81 00+0.0% 0.0+0.0° 6+0.02°
15.26 00+0.0° 00+0.0° 46+0.1°
31.25 24002°  01+£001°  62+004°
62.50 9+002%  02+001° 82+0.13°
125 54+002° 20+0.12°  92+0.12

250 91+0.1° 33+003° 924102
500 97+0.1° 51+0.2° 92+0.01°
1000 98+0.2° 66+0.01° 92+0.02°
ICsp (ug/mL) 12042 588+12 23403

Different small letters above numbers in the same raw refers to significant
difference where P<0.05

Page 10 of 15

The IC;, values further underscore these potency dif-
ferences including 23+0.3, 120+ 2, and 588+ 12 pg/mL
using ASSE@CS-NPs, CS-NPs, and ASSE, respectively.
These results indicate that while chitosan nanoparticles
have limited direct cytotoxicity, their role as a nanocar-
rier significantly enhances the delivery and activity of
ASSE bioactivates. The marked improvement in potency
for the ASSE@CS-NPs formulation suggests poten-
tial synergistic mechanisms, including increased cellu-
lar uptake, controlled release of active compounds, and
improved stability of phytochemicals. The micrographs
seem to show cells with varying morphology and density
under different concentrations. The exposed cells to CS-
NPs appeared relatively intact with elongated or spindle-
like shapes. On the other hand, partial cell shrinkage with
rounding, indicating potential stress or cytotoxicity of
extract, in addition, more pronounced changes are vis-
ible—cell detachment, fragmentation, or darker staining,
suggesting stronger morphological effects of ASSE@CS-
NPs (Fig. 5). All exposed cells to treatments were com-
pared to untreated cells (control) (Fig. 5). Such effects
may be attributed to the presence of bioactive phyto-
chemicals, particularly phenolics and tannins, which
exert toxic influences on cancer cells. On the other hand,
while the data are not presented in the Table 5, ASSE@
CS-NPs, ASSE, and CS-NPs showed negligible inhibitory
effects on the WI38 cell line (normal human fetal lung
fibroblasts), as reflected by their high IC;, values (277,
611, and 290 pg/mL, respectively), suggesting low and
limited cytotoxicity toward normal cells. The cytotoxic-
ity of A. seyal bark extracts on the embryonic lung cell
line MRC-5 was demonstrated by a marked reduction
in cell density along with distinct morphological altera-
tions under microscopic observation (Abdel Ghany and
Hakamy 2014). In our investigation, the main detected
polyphenolic compound was methyl gallate in A. seyal
seeds extract, according to Liang et al. (Liang et al. 2022),
methyl gallate is widely employed in traditional applica-
tions for alleviate numerous cancer signs.

Docking study methyl gallate and chitosan with H. pylori
protein

Molecular docking has emerged as a powerful computa-
tional approach for predicting the interactions between
bioactive compounds and target enzymes, thereby offer-
ing valuable insights into their potential therapeutic rel-
evance (Binsaleh et al. 2025). Urease, an essential enzyme
for the survival of H. pylori in acidic gastric environ-
ments, represents a well-established molecular target for
the design of anti-H. pylori agents (Qanash et al. 2023b).
Previous studies have demonstrated that some pheno-
lic compounds exert inhibitory effects (Al-Huqail et al.
2019), also chitosan and its derivatives exhibit interac-
tions with bacterial enzymes due to their polycationic
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CH

CH+EX

Control

Fig.5 Cytotoxic response of HCT116 cells to CS-NPs (CH), ASSE (EX), and ASSE@CS-NPs (CH + EX) treatment compared to control

nature, enabling both antimicrobial and anti-biofilm their inhibitory potential and interaction profiles with
properties (Devi et al. 2015; Mashraqi 2023; Chang et al.  H. pylori urease, thereby providing mechanistic support
2020). Against this backdrop, the current docking analysis ~ for their observed biological activities. Docking Scores
of methyl gallate and chitosan was undertaken to explore  of tested compounds were recorded in Supplementary
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Table 6 Interaction of methyl gallate and chitosan with
structure of H. pylori (PDB ID: 6ZJA)

Mol  Ligand Receptor Interaction  Distance E (kcal/
mol)
Meth- O3 OD1 ASP 362  H-donor 32 -12
yl ®)
gallate 06 OALA 169 (B) H-donor 32 -23
Chito- 016 OD2 ASP 223 H-donor 3.1 -038
san (B)
01 NE2 HIS323  H-acceptor 2.9 —-32
B)

(1), where methyl gallate exhibited docking scores rang-
ing from-5.25 to-5.45 kcal/mol, with refined energies
between —18.70 and - 23.39 kcal/mol. On the other hand,
chitosan demonstrated stronger binding with scores
from -5.85 to-6.42 kcal/mol, and refined energies up
to—34.22 kcal/mol. The data in Table 6 demonstrated
the interactions among the tested compounds and target

Entry: /10
wl:

O polar

QO acidic -

~#* sidechain acceptor
sidechain donor

O basic -+# backbone acceptor

(O greasy - backbone donor
proximity ligand
contour exposure

O solvent residue
O metal complex

C
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proteins. Methyl gallate formed H-bond interactions
with ASP362 (OD1, distance 3.2 A,-1.2 kcal/mol) and
ALA169 (O, distance 3.2 A,-2.3 kcal/mol). Chitosan
interacted with ASP223 (OD2, distance 3.1 A, - 0.8 kcal/
mol) and HIS323 (NE2, distance 2.8 A,-3.2 kcal/mol).
2D and 3D ligand—protein interaction diagrams (Fig. 6)
confirmed stable binding at the urease active site. Methyl
gallate and chitosan both exhibited inhibitory potential
against H. pylori urease, a critical enzyme for bacterial
survival in acidic gastric environments.

The observed docking scores are consistent with pre-
viously reported natural urease inhibitors. The higher
affinity of chitosan compared to methyl gallate can be
attributed to its polycationic nature, enabling strong
electrostatic and hydrogen bonding interactions with
acidic residues such as ASP223. Similar findings have
been reported for chitosan derivatives against bacterial
enzymes, demonstrating antimicrobial and anti-biofilm

©X© arene-arene
©H arene-H
solvent contact ©+ arene-cation

metal/ion contact

O receptor

exposure

Fig.6 2D and 3D interaction diagrams of methyl gallate (A) and chitosan (B) with the active sites of H. pylori 6ZJA protein; Representative key illustrating

the interaction types between ligands and selected protein receptors (C)
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properties. Methyl gallate’s moderate binding affinity
aligns with experimental studies showing phenolic gal-
lates as effective urease inhibitors. Its interactions with
ALA169 and ASP362 highlight its potential to interfere
with the catalytic mechanism. On the other hand, chito-
san’s interaction with HIS323, a residue critical for urease
stability, indicates possible strong inhibition. The findings
suggest that while Chitosan may exhibit stronger direct
inhibitory potential due to its binding, Methyl gallate
could play a significant role in a multi-pronged approach
to combat H. pylori. The concept of combining chitosan
with gallate compounds, such as in chitosan gallate, has
already been explored to enhance activity and solubility,
highlighting a promising avenue for future drug develop-
ment. The relevance of molecular docking in identifying
and validating such interactions is underscored by its
widespread use in drug discovery (Bazaid et al. 2025). It
allows researchers to predict potential drug candidates
and elucidate their mechanisms of action at a molecular
level, supporting experimental validation through in vitro
and in vivo studies.

Conclusion

This study demonstrated that encapsulation of ASSE
within CS-NPs significantly enhanced its in vitro thera-
peutic potential. The phytochemical profiling confirmed
the abundance of phenolic acids and flavonoids, with
methyl gallate as the dominant constituent. Successful
encapsulation was validated through FTIR, indicating
strong hydrogen bonding and electrostatic interactions
between ASSE and CS-NPs. The formulated ASSE@
CS-NPs exhibited remarkable in vitro biological activ-
ity across all tested assays. Antimicrobial evaluation
revealed superior anti-H. pylori effects, with the largest
inhibition zone (23.7 mm) and lowest MIC/MBC (15.62
pug/mL), surpassing both ASSE and CS-NPs alone. In
antioxidant assays, ASSE@CS-NPs displayed notable
free-radical scavenging an ICg, of 3 pg/mL, upon using
DPPH and 15+0.1 pg/mL, upon using ABTS testing
closely approaching ascorbic acid. Furthermore, cytotox-
icity assays against HCT116 cells demonstrated strong
anticancer activity, achieving >80% inhibition at 62.5 pg/
mL and an IC;, of 23 pg/mL. Overall, ASSE@CS-NPs
represent a promising nanoplatform for enhancing anti-
microbial, antioxidant, and anticancer applications. This
docking study demonstrates that both methyl gallate and
chitosan bind effectively to the active site of H. pylori
urease (6ZJA), with chitosan showing stronger binding
affinity. The results support methyl gallate as a promis-
ing small-molecule inhibitor and chitosan as a macromo-
lecular anti-H. pylori candidate, with potential synergistic
applications in gastric infection therapy. Future research
is advised to: (1) Increase production using economi-
cal and environmentally friendly techniques, which will
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be essential for industrial applications. (2) To confirm
enhanced bioavailability, antioxidant, antibacterial, and
therapeutic benefits seen in vitro, in vivo studies are nec-
essary. (3) Creating targeted and stimuli-responsive chi-
tosan nanocarriers that allow for site-specific distribution
in the stomach or other organs.

Limitations of the study

The shelf life of nanoparticles may be compromised by
aggregation or loss of structural integrity during stor-
age. Optimization and large-scale production are further
hindered by inadequate encapsulation mechanism char-
acterization. Moreover, the necessity for consistent and
thorough research methodologies is highlighted by the
lack of in vivo validation and possible variation in chito-
san sources, which pose concerns about bioavailability,
safety, and regulatory approval.
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