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Targeting digestive enzymes presents a promising strategy for preventing, treating and managing diabetes. The present study evaluated
the cytotoxic and antidiabetic potential of the leaves extract of Zanthoxylum armatum (ZAE) and silver nanoparticles (ZA-Ag NPs) using
an in vitro approach. The Ag NPs were synthesized biologically and characterized using advanced analytical instruments, including UV-Vis
spectrophotometry, dynamic light scattering (DLS), Fourier transform infrared spectroscopy (FTIR), field-emission scanning electron
microscopy (FE-SEM) and X-ray diffraction (XRD). Enzyme inhibition assays were performed against o-amylase, a-glucosidase, B-gluco-
sidase and lipase. The cytotoxicity of silver nanoparticles was also evaluated. UV-visible spectroscopy showed a peak at 429 nm. DLS
analysis indicated that Ag NPs have a Z-average size of 92 nm along with zeta potentials of -13.2. FE-SEM revealed that the nanoparticles
were spherical, with some dispersed and others present as agglomerates. FTIR analysis identified the functional groups of Ag NPs and
the XRD spectrum confirmed their crystalline nature. Their antidiabetic properties increased in a concentration-dependent manner. Z.
armatum derived silver nanoparticles (ZA-Ag NPs) exhibited 1Cso values of 81.82, 75.72, 111.71 and 59.02 pg/mL, whereas Z. armatum extract
(ZAE) showed 77.52, 82.77, 120.08 and 49.24 png/mL against a-amylase, a-glucosidase, B-glucosidase and lipase respectively. ZA-Ag
NPs demonstrated stronger inhibition of a-amylase, a-glucosidase and B-glucosidase, while ZAE was more effective against lipase. The

results were further validated by one-way ANOVA, confirming significant enzyme inhibition by Ag NPs (p < 0.05).
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INTRODUCTION

Approximately 80% of the global diabetes burden is
concentrated in low and middle income countries, with middle
income nations alone accounting for 78% [1,2]. According to
the 11th edition of the International Diabetes Federation (IDF)
2025, diabetes is one of the fastest-growing health challenges
of the 21st century. In 2024, an estimated 589 million adults
aged 20 to 79 were living with diabetes, including over 9.5
million diagnosed with type 1 diabetes, 1.9 million of whom
were children and adolescents under 20. By 2050, the global
number is expected to rise to 853 million. India has the second
highest number of diabetes cases after China. Over the past
three decades, prevalence in India has surged from 65 million
in 2016 to 77 million in 2019 and 89.8 million in 2024. Pro-
jections indicate this could rise to 156.7 million by 2050, high-
lighting the increasing burden of the disease [3].

Medicinal plants contain bioactive compounds [4,5] that
help regulate blood glucose by enhancing insulin activity and

protecting pancreatic cells. Nanotechnology improves the deli-
very and effectiveness of these plant-based compounds, offer-
ing a green, targeted and efficient approach. Together, they
provide a promising strategy for safer and more effective
diabetes treatment [6]. Rich in both primary and secondary
metabolites, such as proteins, vitamins, carbohydrates, terpenes,
flavonoids, alkaloids, phenolics, lipids, saponins and tannins,
they not only serve as valuable herbal medicines but also act
as natural reducing and capping agents in the green synthesis
of nanoparticles [7,8]. Furthermore, phytochemicals, with
their intrinsic biological activity, can enhance the therapeutic
efficacy of nanoparticles by improving targeted delivery and
minimizing off-target toxicity [9,10]. When conjugated with
nanoparticles, these bioactive plant-derived compounds can
synergistically induce apoptosis in cancer cells through oxid-
ative stress pathways, mito-chondrial dysfunction and cell
cycle arrest. Moreover, the biocompatibility and eco-friendly
nature of plant-mediated nanoparticles make them promising
candidates for anticancer drug delivery systems. Thus, integ-
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rating phytochemicals with nanotechnology offers a novel
and effective strategy for cancer therapy, combining the cyto-
toxic potency of natural compounds with the precision of
nanoscale drug delivery [11].

One such plant, Zanthoxylum armatum, a member of the
Rutaceae family, thrives across the subtropical Himalayas
(ranging from Kumaon to Khasi Hills). It is widely distributed
across Eastern and Southeast Asia, including countries such
as India, Nepal, Bhutan, China, Pakistan, Taiwan, Malaysia,
Japan, and the Philippines [12]. It is famous as Indian prickly
ash, Nepali Dhania and timur and is extensively used in Indian
medicines [13-15]. This plant is widely used in traditional
medicine for treating various ailments, including diabetes,
respiratory diseases, cancer, metabolic disorders, toothaches,
headaches and diarrhoea [16]. The leaves are known for their
anti-inflammatory, antioxidant and antihelmintic properties
[17]. The evidence suggests that aqueous extracts of Z.
armatum leaves exhibit anti-diabetic properties in mice
models [18,19]. Moreover, the methanolic extracts of the stem
bark were found to exhibit antiproliferative activity, inhibi-
ting the growth of human keratinocytes [20]. Despite this
potential, there is limited research on the antidiabetic and
cytotoxic effects of Z. armatum leaves extract and its biosyn-
thesized Ag NPs. This study aims to evaluate the antidiabetic
and cytotoxic potentials of both the plant extract and the Ag
NPs synthesized from it.

EXPERIMENTAL

In this work, the chemical, reagents and enzymes viz.,
dimethyl sulfoxide, isopropanol, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, phosphate buffer, silver
nitrate, sodium phosphate (both monobasic as well dibasic),
a-amylase, o-glucosidase, B-glucosidase, lipase, acarbose
and orlistat were purchased from SRL, Sigma and Himedia,
India. All chemicals were of analytical grade and used as such.
While the solutions were freshly prepared in double-distilled
water and autoclaved as required.

Collection of plant samples: The fresh leaves of Z. armatum
were collected from wild population of Ramban forest of Jammu
and Kashmir area, India. The samples were authenticated,
cleaned and shade dried for one week before extraction.

Preparation of plant extract: The aqueous leaves extract
of Z. armatum was prepared as described earlier [21]. The
dried leaves were grinded to fine powder and 10 g of this
powder was mixed with 100 mL of distilled water and incu-
bated at 40 °C with shaking at 150 rpm for 5-7 days. The filtrate
was evaporated in a fume hood and the residue was dissolved
in DMSO for further studies.

Biogenic synthesis of silver nanoparticles: The silver
nanoparticles were synthesized using the method proposed
by Bhardwaj & Gupta [22] with minor modifications. The
silver nanoparticles were prepared by mixing of 20 mL of ZAE
with 80 mL of 1 mM AgNOj3 in a conical flask. The resultant
solution was then kept on the magnetic stirrer at 71 °C until a
visible colour change indicated the formation of silver nano-
particles.

Characterization: UV-Vis spectroscopy was employed
to confirm the synthesis of Ag NPs using UV-Vis spectro-

photometer (Varian Inc., USA) from 300 to 600 nm [23]. DLS
analysis was performed using a Zetasizer (Malvern Instru-
ments, UK), to determine the polydispersity index (PDI) and
hydrodynamic diameter of the nanoparticles [24]. The morp-
hological features and functional groups of synthesized Ag
NPs were examined by SEM (SEM, JSM-7610FPlus, JEOL)
and FTIR (Spectrum Two/Perkin Elmer) [25]. X-ray diffraction
studies were performed using XRD (SmartLab 3KW/Rigaku)
to determine the crystallinity of the biosynthesized Ag NPs [26].

Cytotoxic activity: The cytotoxicity of the leaves extract
of Z. armatum (ZAE) and silver nanoparticles (ZA-Ag NPs)
was assessed using the MTT assay described by Njeru & Muema
[27], on Vero cells derived from African green monkey kidney
cells (ATCC CCL-81). Cells were seeded in 96-well plates and
exposed to varying concentrations of the extract and Ag NPs
(ranging from 50-0.02 pug/mL) under standard culture condi-
tions (37 °C, 5% COy) at 1.0 x 10° cells/mL. After 48 h of
incubation, 10 puL of MTT solution (5 mg/mL) was added to
each well and incubated for an additional 4 h. Subsequently,
100 pL of acidified isopropanol (0.04 N HCI) was added. The
plates were shaken gently to dissolve the formazan and the
absorbance was measured at 562 nm with a reference wave-
length of 690 nm using an ELISA plate reader (Lab Systems—
Multiskan EX). Medium without sample is used as a control
and with 1% DMSO as a negative control. Cell viability (%)
was calculated using the following formula [28]:

OD of sample at 562 —OD690

Cell viability (%) =
OD of control 562 —0D690

x100

Antidiabetic activity

o-Amylase inhibition assay: The a-amylase assay was
adapted from the reported method [29], with slight modifica-
tions. Silver nanoparticles and crude extract were prepared at
various concentrations (20, 40, 60, 80 and 100 pg/mL) in 0.02
M sodium phosphate buffer (pH 6.9). To each sample tube,
200 uL of a-amylase (porcine pancreatic) solution (10 U/mL)
was added and incubated for 15 min at 35 °C. Following this,
200 pL of 1% starch solution was added and the mixture was
incubated at 35 °C for 10 min. The reaction was halted by
adding the DNS reagent, followed by heating the mixture at
85 °C for 15 min. After cooling to room temperature, the absor-
bance was measured at 540 nm.

a-Glucosidase inhibition assay: The a-glucosidase inhi-
bitory activity of the plant extract (ZAE) and ZAE based Ag
nanoparticles (ZA-Ag NPs) was evaluated following the method
described earlier [30], with slight modifications. Briefly, 500
uL of plant extract or nanoparticles (at concentrations ranging
from 20 to 100 pg/mL) was mixed with 100 pL of a-gluco-
sidase enzyme (from yeast, 1 U/mL) in 0.1 M phosphate buffer
(pH 6.8) and incubated at 37 °C for 15 min. After incubation,
200 pL of 1 M p-nitrophenyl-a-D-glucopyranoside (a-pNPG)
substrate was added, and the mixture was further incubated at
room temperature for 20 min. The reaction was stopped with
0.1 M sodium carbonate (500 uL) and the absorbance was
recorded at 405 nm.

B-Glucosidase inhibition assay: The inhibition of -
glucosidase with ZA-Ag NPs and plant extracts was carried
out according to [31]. In a 96-well plate, the reaction mixture
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containing 20 pL p-nitrophenyl-B-D-glucopyranoside (B-
pNPG), 10 uL of sample (20-100 pg/mL) and 20 uL of
sodium phosphate buffer (pH 5) was incubated for 10 min at
37°C. Then, 10 uL of B-glucosidase (sweet almond) was added,
followed by 30 min incubation at 37 °C. The reaction was
stopped with 140 L of sodium phosphate buffer (pH 10) and
the absorbance was measured at 410 nm.

Lipase inhibition assay: The in vitro lipase inhibition
assay was performed according to the reported method [32],
with some modifications. ZAE, ZA-Ag NPs and orlistat (1 mg/
mL in 10% DMSO) at varying concentrations (20-100 pg/mL)
were mixed with 100 pL of lipase solution (1 mg/mL) and
adjusted to 1 mL with Tri-HCI buffer (pH 7.4), followed by
incubation at 25 °C for 15 min. Subsequently, 100 uL of subs-
trate p-nitrophenyl butyrate (obNPB) (20.9 mg dissolved in 2 mL
of acetonitrile) was added to the mixture. It was then incubated
for another 30 min at 37 °C and the absorbance was recorded
at 405 nm. The inhibition percentage of all antidiabetic assays
was calculated using the formula:

Abs of control — Abs of sample "
Abs of control

Acarbose was used as a positive control for a-amylase,
a-glucosidase and B-glucosidase inhibition assays, whereas
orlistat was used for lipase inhibition. The results were expr-
essed as ICso values, presenting the amount of extracts and
nanoparticles required to achieve 50% enzyme inhibition.

Statistical analysis: All experiments were performed in
triplicates and analyzed statistically using One-Way ANOVA
(p < 0.05) with the SPSS program. ICso was determined by
regression analysis using Microsoft Excel.
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RESULTS AND DISCUSSION

The addition of crude plant extract to the silver nitrate
solution resulted in the distinct physico-chemical changes. The
colour change of the reaction mixture from light green to dark
brown, considered an initial indicator of Ag NPs formation,
suggests that bioactive compounds play a crucial role in the
synthesis of silver nanoparticles [33]. The dark brown colour
of the reaction mixture, initially confirms the formation of Ag
NPs. These results align with previous reports on colour
changes in plant-based synthesis of Ag NPs [34].

UV-visible studies: The UV-Vis spectrum displayed a
distinct and strong absorption peak at 429 nm (Fig. 1a), con-
firming the formation of Ag NPs. This observation aligns with
earlier studies, which have shown that silver nanoparticles
typically exhibit a strong surface plasmon resonance (SPR)
absorption band within the range of 410-455 nm [25]. Simi-
larly, Quadri et al. [26] observed a peak at 430 nm for Ag NPs
synthesized using the fruit extract of Z. armatum.

FT IR studies: The FTIR analysis of both leaves extract
and Ag NPs was performed to identify the potential funct-
ional groups of the phytochemicals in ZAE responsible for
capping and stabilization of the Ag NPs. The FTIR spectrum
exhibited major peaks at 3430, 2922, 2852, 1621, 1399 and
1049 cm as shown in Fig. 1b. Among these, the peak at 3430
cm! corresponds to N—H stretching vibrations, indicates the
presence of amine or amide groups. The peaks observed at
2922 cm~tand 2852 cm were due to the medium C-H stret-
ching of the alkane. The peak at 3431 cm™ is attributed to N-H
stretching, while the band at 2922 cm indicates aliphatic C-H
stretching [35]. The peak appeared at 1621 cm™, implying the
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Fig. 1. Characterization of biosynthesized ZA-Ag NPs (a) UV-vis, (b) FTIR, (c) and (d) DLS
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presence of secondary amines. The peaks at 1399 cm and
1049 cm* were attributed to O-H bending of phenolic groups
and strong, broad C-O-C stretching vibrations of anhydrides,
respectively. Whereas, the peaks observed at 1378 cm and
1044 cm* correspond to phenolic O-H bending and anhyd-
ride C-O-C stretching, respectively [36].

Dynamic light scattering (DLS) studies: DLS analysis
revealed that Ag NPs had an average hydrodynamic diameter
of 92 nm (Fig. 1c-d) and a PDI of 0.363, indicating a moder-
ately monodisperse distribution. PDI values typically range
from 0.05 to 0.7, with values closer to zero indicating higher
monodispersity and values above 0.7 suggesting polydisper-
sity [37]. The zeta potential of Ag NPs was -13.2 mV (Fig.
1c), implying good colloidal stability due to the sufficient
electrostatic repulsion preventing particle aggregation. These
findings are consistent with previous studies, which reported
Ag NPs synthesized using Urtica dioica leaf extract with a
PDI of 0.47 and a zeta potential of -15.5 mV [38].

SEM studies: The SEM image of ZA-Ag NPs (Fig. 2)
shows that Ag NPs are predominantly spherical, appearing both
as dispersed and in aggregated forms. These observations are
consistent with the findings of Riaz et al. [39], observed similar
characteristics in Ag NPs synthesized from Z. armatum bark
extract with a few irregularly shaped particles. The observed
aggregation is likely due to the adherence of phytochemical
residues from the extract to the nanoparticle surfaces, as also
reported by Zare-Bidaki et al. [40].

10 07-04~-2023
X 80,000 5.0xv SEX SEM WD 8.7mm 16:43:19

Fig. 2. SEM image of Ag NPs synthesized from the leaves extract of Z.
armatum

X-ray diffraction: The broad diffraction peaks observed
at angles 27.82°, 32.26°, 46.24°, 54.82° and 76.82° in the 20
range confirm that the synthesized Ag NPs are composed of
silver and exhibit crystalline characteristics (Fig. 3). The initial
bulge observed in the XRD spectrum may be attributed to
carbon incorporated into the nanoparticles from the plant extract.
A comparable result was observed with silver nanoparticles
synthesized using Z. armatum [35].
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Fig. 3. XRD spectra of Ag NPs synthesized from the leaves extract of Z.
armatum

In vitro cytotoxic activity: Silver nanoparticles exert
their cytotoxic effects primarily by inducing oxidative stress
through generating reactive oxygen species [41]. The current
findings (Fig. 4) revealed that Ag NPs at concentrations rang-
ing from 0.02-16.6 pug/mL showed no significant effect on cell
viability, whereas concentrations exceeding 50 pug/mL led to
a marked reduction in viability. These findings are consistent
with previously reported cytotoxic effects on Vero kidney
cells [42]. In present study, the Ag NPs demonstrated a lethal
concentration (LCsp) of 61.35 pg/mL, which represents the
concentration that reduces the viability of 50% of the exposed
cells. This LCsp value is slightly lower than those reported in
previous studies, including 67.53 pg/mL and 66 pg/mL for
Ag NPs tested against VVero and MDA-MB-231 cells, respec-
tively [24,43].
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Fig. 4. Cytotoxicity assessment of Ag NPs synthesized from the leaves
extract of Z. armatum on Vero kidney cells using MTT assay

Antidiabetic activity: The antidiabetic potential of ZA-
Ag NPs and the plant extract (ZAE) was evaluated by assess-
ing their inhibitory effects on a-amylase, a-glucosidase, p-
glucosidase and lipase. The 1Csq values of Ag NPs and ZAE
required to inhibit these enzymes are mentioned in Table-1.
These enzymes play key roles in carbohydrate digestion, brea-
king down oligosaccharides and disaccharides into absorb-
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TABLE-1
1Cs0 VALUES OF ZAE, ZA-Ag NPs AND
STANDARD DRUG AGAINST DIFFERENT ENZYMES

Antidiabetic ICso (Hg/mL)
enzymes ZAE ZA-AgNPs  Standard drug
a-Amylase 93.05 81.66 53.52
a-Glucosidase 77.56 61.79 36.30
B-Glucosidase 92.75 79.35 79.57
Lipase 18.84 39.18 02.46

able monosaccharides [44]. The suppression of these enzymes
is notably effective for treating non-insulin-dependent dia-
betes, as it reduces the rate of glucose release into the blood
[45].

a-Amylase assay: The Ag NPs exhibited stronger enzyme
inhibition than the plant extract, although they were slightly
less effective than the standard drug acarbose. In present
study, Ag NPs exhibited inhibition rates of 11.47%, 17.53%,
32.68%, 48.48% and 65.15% at concentrations ranging from
20-100 pg/mL as indicated in Fig. 5a. The findings are in close
agreement with those observed for Fagonia cretica-mediated
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Ag NPs at comparable concentrations [10]. The 1Cso values
were calculated as 77.52 pg/mL for Ag NPs and 81.82 pg/mL
for the plant extract, while the positive control, acarbose,
showed a lower ICso of 68.69 pg/mL, indicating its higher
inhibitory potency. The ICso of ZA-Ag NPs was better than
Ag NPs synthesized from aqueous leaf extract of Muntingia
calabura [46]. Furthermore, the inhibitory activity of Ag NPs
increased with concentration, significantly (p < 0.05) greater
than that of the corresponding plant extract [47].
a-Glucosidase assay: The Ag NPs and crude plant extract
effectively inhibited a-glucosidase in a dose-dependent manner
(20-100 pg/mL) as shown in Fig. 5b, with the Ag NPs show-
ing a greater reduction in enzymatic activity, consistent with
the previously reported findings [48]. The results revealed that
ZA-Ag NPs exhibit stronger a-glucosidase inhibitory activity
than both the crude plant extract and Ag NPs derived from
Myristica fragrans seeds [49]. The ICsovalues of ZA-Ag NPs
and ZAE against a-glucosidase were 75.72 and 82.77 pg/mL,
respectively (Table-1), which aligns with the results reported
for diethyl ether fractions of Cornus capitate [30]. Further-
more, the crude extract and Ag NPs of Z. armatum exhibited
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Fig. 5. Antidiabetic activity of ZA-Ag NPs, ZAE and standard drugs against (a) a-amylase, (b) a-glucosidase, (c) B-glucosidase and (d) lipase
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significant (p < 0.05) a-glucosidase inhibitory activity that
increased with concentration, corroborating the results of Jini
and Sharmila (2020) [47].

B-Glucosidase assay: Both the Ag NPs and the plant
extract ZAE demonstrated (Fig. 5¢) concentration-dependent
inhibition (20 to 100 pug/mL), with Ag NPs showing inhibi-
tion rates ranging from 32.50% to 56.03% and the plant extract
from 23.18% to 51.52%. These results are consistent with
those reported from the aqueous leaves extract of Z. armatum
[19]. The Ag NPs exhibited promising inhibitory potential
compared to acarbose, likely due to their enhanced ability to
bind with B-glucosidase, thereby interfering with its enzyme-
atic activity and reducing the breakdown of complex carbo-
hydrates into glucose [46]. The result revealed that Ag NPs
showed stronger inhibitory effect than the plant extract and
showed comparable activity to acarbose at concentrations of
20-100 pg/mL, consistent with the findings on Morinda
lucida leaves extract [31]. The ICso values for Ag NPs and
plant extract were found to be 111.71 and 120.08 pg/mL,
respectively, which are comparable to the orlistat 1Cso0f 114.78
png/mL. The biosynthesized Ag NPs effectively regulate blood
sugar by inhibiting B-glucosidase, making them promising
candidates for antidiabetic treatments [49,50]. Statistical anal-
ysis revealed significant differences in B-glucosidase inhibi-
tion between ZAE and Ag NPs at all tested concentrations,
showing concentration-dependent inhibition (p < 0.01), this
demonstrates higher efficacy compared to the significance
(p <0.05) [50].

Lipase inhibition assay: Fig. 5d revealed that at concen-
trations of 20-100 pug/mL, Ag NPs inhibited lipase by 37.61%
to 78.79%, while the plant extract showed inhibition ranging
from 49.70% to 74.55%. The results were superior to those
obtained with the ethanolic and aqueous extracts of Hetero-
morpha arborescens [32]. Although Ag NPs showed better
inhibition than the plant extract, both were less effective than
orlistat. It is the only approved long-term pancreatic lipase
inhibitor for obesity [51]. The Ag NPs exhibited an 1Csp value
of 59.02 pg/mL. In comparison, the ZAE exhibited an 1Cs of
49.24 ug/mL, demonstrating stronger lipase inhibitory activity
than the ethyl acetate, dichloromethane and hexane leaves
extracts. However, they were less effective than the aqueous
and butanol fractions of Bauhinia forficate [52]. The lipase
inhibition observed in this study was significant (p < 0.05)
and comparable to the findings of Swierczewska et al. [53],
who reported similar activity in fruit extracts of Cornus mas
and Cornus alba [53].

Conclusion

This study assessed the antidiabetic potential of biologi-
cally synthesized silver nanoparticles (Ag NPs) and Zanthoxylum
armatum extract (ZAE). The Ag NPs were produced using leaf
extract from Z. armatum and characterized using UV-Vis
spectrophotometry, which displayed a peak at 429 nm, indic-
ating successful nanoparticle synthesis. FE-SEM confirmed
that the biosynthesized Ag NPs possess a spherical morph-
ology, while dynamic light scattering (DLS) analysis revealed
an average particle size of 92.64 nm, with a polydispersity
index (PDI) of 0.36 and a zeta potential of -13.2 mV, confir-

ming their monodispersity and stability. The findings demons-
trated that both ZAE and Ag NPs effectively inhibited
a-amylase, a-glucosidase, p-glucosidase and lipase in vitro,
with no observed toxicity to Vero cells. Consequently, they
present a promising alternative for managing type 2 diabetes
mellitus. However, additional in vitro and in vivo investiga-
tions are necessary to validate the safety and efficacy of ZA-
Ag NPs as a treatment for diabetes with minimal side effects.
This study provides a foundation for future research, particu-
larly in the extraction, identification and characterization of
the active secondary metabolites that contribute to the
antidiabetic effects of ZAE and ZA-Ag NPs.
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