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Diabetes mellitus remains a major global health challenge, necessitating safer and more effective therapeutic strategies.
Nanotechnology enhances the bioactivity of phytochemicals, offering a novel approach to diabetes management.
This study synthesized eco-friendly silver nanoparticles (AgNPs) using phytochemicals from homeopathic mother
tinctures (Strychnos nux-vomica, Arnica montana, and Atropa belladonna) and Ayurvedic powders (Withania
somnifera, Emblica officinalis, and Terminalia chebula). Characterization via dynamic light scattering (DLS)
and electron microscopy field emission scanning electron microscopy, field emission gun transmission electron
microscopy confirmed the formation of uniformly spherical AgNPs (10-30 nm), ensuring stability and dispersion.
Molecular docking studies assessed the binding affinity of silver atoms with a-amylase and a-glucosidase, revealing
inhibition via metal chelation. While atomic silver exhibited weak inhibition, AgNPs demonstrated significantly
enhanced suppression of enzymatic activity due to their multivalent interactions. Among the formulations, Emblica
officinalis-derived AgNPs exhibited the most potent inhibition, with IC, values of 17.5 pg/ml (a-amylase) and
12.87 pg/ml (a-glucosidase), surpassing acarbose. Their efficacy was further linked to oxidative stress induction,
influencing glucose metabolism and enzyme inhibition. The cytotoxicity of E. officinalis-derived AgNPs was
assessed using the MTT assay on MDA-MB-231 cells. A concentration-dependent cellular response indicated active
nanoparticle uptake, suggesting interactions with intracellular signaling pathways. The biointeractive potential of these
nanoparticles further supports their role as therapeutic agents. This study highlights the potential of phytochemically
synthesized AgNPs as effective antidiabetic agents. The integration of nanotechnology with traditional medicine
offers a sustainable therapeutic approach. Further research into pharmacokinetics, in vivo efficacy, and mechanistic

Key words:
Nano-medicine, diabetes,
docking, carbohydrate
metabolism, silver
nanoparticle.

pathways will be crucial for clinical translation.

INTRODUCTION

Diabetes mellitus is a significant global health
challenge [1-4]. The prevalence of diabetes has surged
dramatically, with an estimated 828 million adults aged 18
years and older affected in 2022, compared to 630 million in
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1990 [5]. This chronic disease imposes substantial morbidity
and mortality worldwide [6,7]. Addressing this burden
necessitates the development of effective and safe therapeutic
interventions. Targeting the inhibition of o-amylase and
a-glucosidase enzymes to reduce glucose absorption has
emerged as a crucial strategy [8—10]. However, existing drugs,
such as the FDA-approved enzyme inhibitor acarbose, are
associated with considerable side effects [11-13]. Traditional
medicinal systems, particularly in Asian and African countries,
have long utilized natural compounds for therapeutic purposes
[14-16]. Phytochemicals—bioactive compounds produced by
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plants through secondary metabolism—are diverse and include
flavonoids, alkaloids, polysaccharides, amino acids, proteins,
enzymes, vitamins, phenolic acids, tannins, saponins, and
terpenoids [17]. These compounds exhibit various medicinal
properties, finding applications in pharmaceuticals [18] and as
antimicrobial agents [19]. Phytochemicals derived from fruits
and vegetables play a critical role in preventing chronic diseases
by modulating metabolic processes [20]. Notably, flavonoids
have demonstrated synergistic inhibitory effects on a-amylase
and o-glucosidase, making them promising candidates for
antidiabetic applications [21]. Beyond their therapeutic
potential, flavonoids are also employed in aquaculture as growth
promoters and immunostimulants [22,23]. Nanotechnology
offers a novel avenue for enhancing the bioactivity and efficacy
of phytochemicals. Nanoparticles, defined as colloidal particles
with diameters under 100 nm, possess unique physical,
chemical, and biological properties due to their high surface
area-to-volume ratio [24-27]. These properties make them
valuable tools in biomedicine and therapeutic development.
However, conventional nanoparticle synthesis methods often
involve expensive energy inputs and toxic chemicals, resulting
in hazardous waste [28,29]. In contrast, green synthesis
approaches utilize biological sources such as plants, fungi,
algae, and bacteria, offering a sustainable and eco-friendly
alternative [30,31]. Phytochemicals facilitate the reduction of
precursor salts and the stabilization of nanoparticles through
complex redox processes.

This study focuses on the biosynthesis of silver
nanoparticles (AgNPs) using virgin mother tinctures (Strychnos
nux-vomica, Arnica montana, and Atropa belladonna) and
Ayurvedic powders (Withania somnifera, Emblica officinalis,
and Terminalia chebula) as natural reducing agents. The
integration of nanotechnology with traditional medicinal
systems provides a promising strategy for developing accessible
and cost-effective nanomedicines, particularly for underserved
populations. The biosynthesized AgNPs were characterized
using dynamic light scattering (DLS), field emission scanning
electron microscopy (FESEM), and field emission gun
transmission electron microscopy (FEG-TEM), revealing
uniform dispersion, spherical morphology, and particle sizes
between 10 and 30 nm.

We performed molecular docking simulations to
evaluate the binding affinity of Silver (Ag) towards a-amylase
and a-glucosidase using AutoDock Vina. Custom parameters
were incorporated to enable accurate docking calculations,
and interaction analyses were conducted using PyMOL. The
results indicated that Silver exhibited a weak theoretical
inhibition potential against a-amylase (binding energy: —1.3
kcal/mol, Ki: 111.31 mM) and a relatively stronger inhibition
against o-glucosidase (binding energy: —1.4 kcal/mol, Ki:
94.01 mM). The interaction analyses revealed electrostatic
and Van der Waals forces with key amino acid residues. The in
silico studies led us to perform in vitro studies for evaluating
the antidiabetic potential of silver nanoparticles to inhibit
key starch-digesting enzymes, a-amylase, and a-glucosidase.
Results demonstrated superior enzyme inhibition compared
to acarbose, suggesting that AgNPs synthesized through
phytochemical-mediated  processes  may  effectively

reduce hyperglycemia. This positions them as promising
candidates for diabetes management. The cytotoxicity of
Emblica officinalis-derived AgNPs, evaluated via the MTT
assay on MDA-MB-231 cells, showed a concentration-
dependent response, indicating active nanoparticle uptake
and potential intracellular interactions, reinforcing their
therapeutic relevance. In contrast to traditional nanoparticle
synthesis methods, this green approach harnesses bioactive
phytochemicals from mother tinctures and Ayurvedic powders,
offering an eco-friendly and biocompatible alternative. These
findings highlight the potential of integrating nanotechnology
with traditional medicine systems to develop innovative,
affordable, and sustainable healthcare solutions.

MATERIALS AND METHOD

Materials

All chemicals were procured from Sigma Aldrich,
while glassware and plasticware were sourced from Tarsons
and Borosil unless otherwise specified.

Methods

Synthesis of Nanoparticles

Virgin mother tinctures (S. nux-vomica, A.
montana, and A. belladonna) were sourced from Schwab
Inc., Germany, while Ayurvedic powders (W. somnifera,
Emblica officinalis, and T. chebula) were obtained from
M/S Dabur Inc., India. AgNPs were synthesized using silver
nitrate (AgNO3) as a precursor and the aforementioned
tinctures and powders as natural reducing agents. Specific
quantities of AgNO3 were added: 68 mg for 4. montana and
A. belladonna, 100 mg for S. nux-vomica, and 20 mg for
each Ayurvedic powder. The mixtures were stirred under
controlled conditions—800 rpm at 80°C for 2 hours for A.
belladonna and W. somnifera, 30 minutes for S. nux-vomica,
E. officinalis, and T. chebula, and 24 hours at 45°C for 4.
montana. The formation of nanoparticles was indicated by a
color change in the mixtures. Nanoparticles were stabilized
using PEG-400 and phosphate buffer (5:1) with stirring
(1,300 rpm, 45 minutes), followed by diluted formic acid
addition and further stirring (15 minutes). The solution was
centrifuged (7,000 rpm, 20 minutes, 25°C), and precipitates
were washed thrice with 99% ethanol, and centrifuged for
20, 20, and 10 minutes. The final precipitates were dried in a
laminar flow hood and subjected to further physicochemical
and biological characterization.

Characterization of synthesized biogenic AgNPs

We have utilized TEM, Scanning Electron Microscopy
(SEM), and DLS for a comprehensive characterization of our
samples, offering essential insights into their morphology, size
distribution, and surface properties—key aspects relevant to
our study.

Particle size analysis

Dynamic light scattering was employed to determine
the particle size distribution and colloidal stability of the
synthesized nanoparticles. This technique provides the
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Z-average size and polydispersity index (PDI) as key parameters.
For analysis, nanoparticles were suspended in ethanol (Merck)
and subjected to ultrasonic treatment for 40 minutes using
an ultra-bath sonicator to achieve homogenous dispersion.
After sonication, the hydrodynamic diameter (Z-average) and
PDI of the nanoparticle suspensions were measured using a
MALVERN Zetasizer (UK).

Transmission
microscopy

electron microscopy and Scanning electron

Field Emission Gun Transmission Electron
Microscopy (JEM-2100F, JEOL Ltd., Japan) and FESEM were
utilized to investigate the physicochemical properties of the
synthesized nanoparticles. Field emission Gun Transmission
Electron Microscopy provided detailed information on the
morphology, size, and shape of the nanoparticles. For TEM
analysis, a drop of diluted nanoparticle solution was placed onto
a carbon-coated copper grid and allowed to dry for 48 hours.
SEM was performed by drop-casting a diluted nanoparticle
solution onto a silicon wafer.

Docking and validation of silver-mediated enzyme inhibition

To assess the binding affinity of a small-molecule
ligand, Ag, towards a-amylase and a- a-glucosidase, molecular
docking simulations were performed using AutoDock Vina
1.5.7. The three-dimensional (3D) molecular structure of
Silver was generated using Avogadro and saved in silver.pdb
format. Since AutoDock does not inherently support Ag as a
ligand, custom parameters were incorporated by modifying
the AD4.1 bound.dat and AD4 parameters.dat files to enable
accurate docking calculations. The 3D crystallographic
structures of the target enzymes were retrieved from the
RCSB Protein Data Bank: human pancreatic a-amylase
(PDB ID: 4GQR) and a-glucosidase (PDB ID: SNNS). The
docking interactions between Silver and the target enzymes
were analyzed, and the results were visualized using PyMOL
software to evaluate binding modes and potential interactions
with various amino acids side chains of the docked protein. To
determine the inhibition constant (Ki) from molecular docking
results, we utilized a computational approach based on the
relationship between the Gibbs free energy of binding (AG)
and the equilibrium dissociation constant. The calculation was
performed using Python (version 3.10), executed within the
Spyder IDE, which is part of the Anaconda distribution. The
script employs the math module for numerical computation.

Computational approach
The inhibition constant was calculated using the equation:
46
K= err
where:

Ki is the inhibition constant in molar (M), AG (binding
free energy) is given in kcal/mol,

R is the universal gas constant (1.987 x 107 kcal/
(mol-K)),

T is the absolute temperature (298 K, representing
physiological conditions).

The math.exp () function in Python was used to
compute the exponential term. The final values of Ki
were converted into millimolar (mM) units for better
interpretation.

In-vitro enzymatic inhibition assays

Alpha amylase inhibition assay

For the alpha-amylase inhibition assay, a 100 pl
aliquot of the substrate (1% soluble starch in a 20 mM sodium
phosphate buffer containing 6.7 M sodium chloride, pH 6.9)
was mixed with 50 pl of the nanoparticle solution and incubated
at 37°C for 10—-15 minutes. Next, 100 pl of alpha amylase
(A8220, Sigma Aldrich) at a concentration of 2 U/ml was added,
followed by an additional 30-minute incubation. Afterward, 100
ul of the mixture was withdrawn, and 50 pl of Di-nitro-salicylic
acid (DNSA) solution was added, which was then heated at
82°C for 30 minutes. Absorbance was measured at 540 nm. The
DNSA solution was prepared by dissolving 96 mM DNSA in 10
ml of a 5.3 M sodium potassium tartrate solution in 2 M sodium
hydroxide, with acarbose (A8980, Sigma Aldrich) serving as a
standard.

Alpha-glucosidase inhibition assay

The activity of a-glucosidase was evaluated in a 100
mM sodium phosphate buffer at pH 6.8. The reaction mixture
contained 0.1 U/ml of the enzyme (G5003, Sigma Aldrich) and
1.25 mM 4-nitrophenyl a-D-glucopyranoside (N1377, Sigma
Aldrich), with or without nanoparticles, in a total volume of
200 pl, incubated at 37°C. Acarbose (A8980, Sigma Aldrich)
was used as the standard for comparison.

Cytotoxicity study

The cytotoxicity of synthesized AgNPs was assessed
using the MTT assay. MDA-MB-231 cells were cultured
in DMEM with 10% FBS and 1% antibiotic—antimycotic
solution at 37°C, 5% CO, for 24 hours before treatment. The
cells were then exposed to AgNPs (2.5-80 pg/ml) in a 96-
well plate for 24 hours. To assess cytotoxicity, MTT solution
(0.1 mg/ml) was added and incubated for 4 hours at 37°C,
5% CO,. Metabolically active cells reduced MTT to insoluble
purple formazan, which was solubilized and quantified at 570
nm. Cell viability was calculated and compared to the control

group.

Statistical analysis

Statistical significance across experimental conditions
was evaluated using one-way ANOVA in GraphPad Prism
(version 8.4.3).

RESULTS AND DISCUSSION

Characterization of biogenically synthesized nano-silver

Dynamic  light scattering analysis revealed
hydrodynamic sizes of 141.4 nm for A. montana-derived
AgNPs, 312.7 nm for A. belladonna-derived AgNPs, and 124
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nm for S. nux- vomica-derived AgNPs. The hydrodynamic radii
for W. somnifera-derived AgNP were

123.6 nm, for E. officinalis-derived AgNP was 130.2
nm, and for AgNP from Terminalia chebula was 131.6 nm.
The PDI values were 0.232 for 4. montana, 0.350 for Atropa
belladonna, and 0.225 for S. nux-vomica-based AgNPs, PDI
values for AgNPs derived from W. somnifera, E. officinalis,
and 7. chebula were 0.238, 0.211, and 0.252, respectively,
indicating that all synthesized nanoparticle systems exhibit
polydispersity, with A. belladonna-derived AgNPs showing
the highest degree of size distribution variability. The PDI
values of silver nanoparticles derived from both Ayurvedic
mixture and virgin Homeopathic mother tinctures indicate
potential stability (Fig. 1). Previous studies suggest that PDI
values below 0.3 indicate homogeneous dispersion, while
higher values correspond to heterogeneous nanoparticles with
variable sizes [32].

The morphology, size, and structural details of the
synthesized AgNPs were further examined using FEG-TEM.
TEM images revealed that the AgNPs predominantly exhibited
a spherical shape, with particle sizes ranging between 5 and
100 nm. This size estimate obtained from TEM analysis was
notably smaller than the hydrodynamic sizes measured by DLS,
likely due to the absence of solvent-related effects in TEM
measurements (Figs. 2 and 3).

FESEM images provided clear evidence of the
formation of silver nanoparticles, showing a uniform
distribution of nanoparticles with predominantly spherical
morphology. Additionally, the presence of polyethylene
glycol (PEG-400) coating on the surface of the AgNPs
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was confirmed by the FESEM images, which indicated the
stabilizing effect of PEG-400 on the nanoparticles (Figs. 2 and
3). The microscopic studies also confirmed the uniformity in
size and shape of the AgNPs as obtained from the Ayurvedic
mixtures.

In-silico studies

Molecular docking studies were conducted to
evaluate the binding interactions of Ag with human pancreatic
a-amylase (PDB ID: 4GQR). The docking analysis revealed
that the binding affinity energy was consistent across docking
modes 1, 2, 3, and 4 (Table 1). However, docking validation
criteria require that a root mean square deviation (RMSD) of
<2 A be maintained to ensure a reliable binding pose [33].
Among the obtained docking modes, only mode 1 satisfied
this criterion, making it the most appropriate pose for further
analysis. For mode 1, the calculated binding energy was —1.3
kcal/mol, and the inhibition constant (Ki) was 111.31 mM,
indicating a weak theoretical inhibition potential of Silver
towards a-amylase [34,35]. The interaction analysis revealed
that the Silver atom participated in binding through non-
covalent interactions with three key amino acid residues:
THR254 with bond distances of 2.5 A and 2.4 A, GLN232 at
3.4 A, and VAL234 at 2.4 A (Fig. 4). These interactions suggest
that Silver engages with a-amylase through weak electrostatic
or Van der Waals forces rather than strong hydrogen bonding
or covalent interactions.

For a-glucosidase (PDB ID: 5NNS8), mode 1 exhibited
the highest binding affinity energy and the lowest RMSD,
making it the most reliable docking pose (Table 2). Other docking
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Figure 1. A, B, C—DLS of nanoparticles as obtained from A. montana, S. nux-vomica, and A. belladonna. D, E, F—DLS of nanoparticles as

obtained from W. somnifera, Emblica officinalis, and T. chebula.



Sil et al. / Journal of Applied Pharmaceutical Science 2025;15(07):169-178 173

Figure 2. A, B, C—Transmission Electron Microscope (JEM-2100F, JEOL Ltd., Japan) image of AgNps from A. montana, S. nux-vomica, and A.
belladonna. D, E, F—Scanning Electron Microscopy (FEI Quanta 250 FEG-SEM) image of AgNps from Arnica montana, S. nux-vomica, and 4.

belladonna.

Figure 3. A, B, C—Transmission Electron Microscope (JEM-2100F, JEOL Ltd., Japan) image of AgNps from W. somnifera, E. officinalis, and T.
chebula. D, E, F—Scanning Electron Microscopy (FEI Quanta 250 FEG-SEM) image of AgNps from Withania somnifera, E. officinalis, and T.

chebula.
modes, including modes 2, 3, 4, and 5, demonstrated favorable energy was —1.4 kcal/mol, and the Ki was 94.01 mM, which
binding energies but were rendered invalid due to RMSD values was lower than that observed for a-amylase. This lower Ki value

exceeding 2 A. Notably, mode 9 had a binding energy of —1.2 suggests that Silver exhibits a higher inhibitory potential towards
kcal/mol, but the RMSD exceeded the acceptable threshold, o-glucosidase than o-amylase. This suggests that Silver has a
disqualifying it as a valid binding pose. For mode 1, the binding relatively higher affinity for a-glucosidase. Interaction analysis
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of the selected pose (mode 1) indicated that Silver participated
in metal chelation interactions with five amino acid residues:
PHEG649 at 2.6 A, GLY648 at 3.3 A, LEU650 at 2.6 A, GLY651
at2.4 A, and SER619 at 2.0 A (Fig. 4).

The docking algorithm employed in this study
accounted for multiple energetic contributions, including final
intermolecular energy, Van der Waals interactions, hydrogen
bond energy, electrostatic energy, and roto-translational energy.

Table 1. Generated log file for silver and alpha-amylase interaction.

Mode Affinity Distance from best mode
kcal/mol RMSD Lb. RMSD u.b.
1 -1.3 0.000 0.000
2 -1.3 16.308 16.308
3 -13 15.733 15.733
4 -13 18.956 18.956
5 -1.3 30.256 30.256
6 -1.2 23.285 23.285
7 -1.2 32.386 32.386
8 -1.2 21.204 21.204
9 -1.2 15.709 15.709

Since silver is a single atom, torsional energy contributions were
considered negligible. Unlike conventional small-molecule
inhibitors that rely on multiple rotatable bonds to optimize their
fit within the active site, silver’s inhibitory effects are likely
mediated through metal coordination and weak electrostatic
interactions.

While the binding energy of a single silver atom
may appear lower compared to potent commercially available
inhibitors, it is critical to consider the potential enhancement
of inhibitory effects when silver is utilized in nanoparticle
form AgNPs. Given that nanoparticles consist of multiple
silver atoms, their cumulative binding affinity is expected
to be significantly greater than that of an individual silver
atom. AgNPs exhibit a high surface area-to-volume ratio,
enabling multivalent interactions with catalytic and allosteric
sites of o-amylase and a-glucosidase, thereby enhancing
inhibition. Their unique physicochemical properties, including
localized surface plasmon resonance and increased charge
density, facilitate stronger electrostatic interactions and metal
coordination with key enzymatic residues. Additionally,
phytochemicals adsorbed during green synthesis contribute
to enzyme binding through synergistic interactions, further
augmenting the inhibitory potential of AgNPs beyond atomic

Figure 4. Molecular docking and interactions between silver atom and amino acids (A) alpha amylase and (B) alpha glucosidase.
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silver. This suggests that AgNPs may exert a more pronounced
inhibitory effect on carbohydrate-hydrolyzing enzymes [36].

From these results, it can be inferred that silver
demonstrates inhibitory activity against both o-amylase and
a-glucosidase, with a stronger theoretical inhibition towards
a-glucosidase. This finding supports the potential application
of silver-based compounds in modulating carbohydrate
metabolism, potentially contributing to the development of
novel therapeutics for conditions such as diabetes and metabolic
disorders.

In vitro anti-diabetic assay using biogenically synthesized
AgNPs

The inhibitory effects of AgNPs on a-amylase and
a-glucosidase activities were evaluated, and the resulting IC,
values were compared with that of the commercially available
a-amylase and a-glucosidase inhibitor, Acarbose. Acarbose
demonstrated IC50 values of 1023.784 pg/ml for a-amylase
and 2532.417 pg/ml for a-glucosidase. In contrast, AgNPs

Table 2. Generated log file for silver and alpha-glucosidase

synthesized from various medicinal plants exhibited varying
degrees of enzyme inhibition.

AgNPs from A. montana exhibited 1C50 values
of 128.65 pg/ml for o-amylase and 1662.02 pg/ml for
a-glucosidase, while AgNPs from 4. belladonna demonstrated
IC50 values of 228.31 ug/ml for a-amylase and 339.414 ug/
ml for a-glucosidase. AgNPs synthesized from Strychnos nux-
vomica showed IC50 values of 230.122 ug/ml for a-amylase
and 98.47 pug/ml for a-glucosidase, demonstrating considerable
efficacy in inhibiting both enzymes.

AgNPs derived from W. somnifera showed
moderate inhibitory effects, with IC50 values of131.396 ng/
ml for a-amylase and 339.2 ng/ml for a-glucosidase. AgNPs
synthesized from Emblica officinalis exhibited the most potent
enzyme inhibition, with IC50 values of 17.5 pg/ml for a-amylase
and 12.87 pg/ml for a-glucosidase, significantly outperforming
Acarbose and other plant-derived AgNPs. Terminalia chebula-
derived AgNPs showed IC50 values of 319.559 pg/ml for
a-amylase and 226.67 ug/ml for a-glucosidase, indicating
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moderate inhibitory activity compared to other formulations
(Fig. 5).

In vitro cytotoxicity study

The cytotoxic effects of E. officinalis derived AgNPs
on MDA-MB-231 cells were assessed using the MTT assay
because this nanoparticle outperformed as an anti-diabetic agent
in comparison to the rest. A concentration-dependent decline
in cell viability was observed, as indicated by the progressive
decrease in absorbance at 570 nm (Fig. 6). AgNP exposure
at concentrations ranging from 2.5 to 80 pg/ml resulted in a
significant decline in metabolic activity (p < 0.0001). At a 20
pg/ml dose, absorbance was reduced to approximately half
of the control group, while the highest concentration (80 pg/
ml) exhibited minimal absorbance, indicating near-complete
cytotoxicity. These findings highlight the potent inhibitory
effect of AgNPs on MDA- MB-231 cell proliferation in a dose-
dependent manner.

CONCLUSION

This study provides a comprehensive comparison
between in silico and in vitro approaches in evaluating
the antidiabetic potential of AgNPs synthesized using
phytochemical-richhomeopathic mother tinctures and Ayurvedic
mixtures. Molecular docking experiments demonstrated that
silver exhibited weak inhibitory potential against a-amylase
(binding energy: —1.3 kcal/mol, Ki: 111.31 mM) and relatively
stronger inhibition against a-glucosidase (binding energy: —1.4
kcal/mol, Ki: 94.01 mM). These findings suggested that silver
engages in electrostatic and Van der Waals interactions with
target enzymes, necessitating further validation through in vitro
enzyme inhibition assays.

In vitro studies confirmed that AgNPs synthesized
using traditional medicinal plant extracts significantly
enhanced enzyme inhibition. AgNPs derived from E.
officinalis demonstrated the highest inhibitory activity, with
IC50 values of 17.5 ug/ml for a-amylase and 12.87 pg/ml
for a-glucosidase, outperforming the commercial inhibitor
acarbose. Acarbose acts as an antidiabetic agent by inhibiting
both the enzymes a-amylase and a-glucosidase. This aligns
with the docking predictions, where silver displayed a higher
affinity towards o-glucosidase, reinforcing the potential
of phytochemical-assisted AgNP synthesis in enzyme
inhibition.

Similarly, another study synthesized AgNPs using
Allium sativum (garlic) extract and assessed their antidiabetic
properties through in vitro and in silico studies. Their results
demonstrated that the garlic-derived AgNPs effectively inhibited
a-amylase and a-glucosidase activities, enhanced glucose uptake
in L-6 myotubes, reduced hepatic glucose production in HepG2
cells, and interacted with key amino acid residues of the target
enzymes in molecular docking analyses [36]. A comparative
analysis of AgNP synthesis from homeopathic and Ayurvedic
sources revealed distinct stability and efficacy profiles. Among
the synthesized nanoparticles, Emblica officinalis-derived
AgNPs emerged as the most effective, exhibiting superior
inhibition of both a-amylase and a-glucosidase. This enhanced
activity can be attributed to the phytochemical composition of

Emblica officinalis, which includes high levels of antioxidants
such as ellagic acid and gallic acid, known for their metal-
chelating and enzyme-inhibitory properties. Additionally,
the smaller, more uniform particle size of these AgNPs likely
contributed to their higher surface activity and bioavailability,
facilitating stronger interactions with target enzymes.

The enhanced inhibitory potential of AgNPs can be
attributed to multiple mechanisms, including metal chelation,
which facilitates strong interactions with active site residues
of carbohydrate-hydrolyzing enzymes, leading to enzyme
inactivation. Additionally, AgNPs are known to induce
oxidative stress, which may contribute to altered cellular
metabolic processes, further influencing enzyme activity and
glucose metabolism. The potential cellular uptake of AgNPs
adds another dimension to their bioactivity, as internalized
nanoparticles may interact with intracellular signaling pathways
involved in glucose regulation.

Furthermore, the cytotoxicity assay using the MTT
method on MDA-MB-231 cells demonstrated a concentration-
dependent influence of E. officinalis-derived AgNPs on
metabolic activity. The results indicated an active cellular
response to increasing nanoparticle concentrations, reflecting
their biointeractive potential.

Overall, this study highlights the efficacy of
phytochemically synthesized AgNPs as promising antidiabetic
agents. The integration of nanotechnology with traditional
medicine offers an innovative, sustainable, and biocompatible
approach to diabetes management. Further investigations
into the long-term stability, bioavailability, and mechanistic
pathways of these nanoparticles will be essential for their
translational application in therapeutic settings.
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