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Abstract

Purpose Mimosa pudica is a medicinal plant conventionally used to cure various ailments, including diabetes and is a model
for synthesizing new drug derivatives. This work evaluates the glucose utilization potential of Zinc oxide nanoparticles
(ZnONPs) derived from the ethanol root extract of M. pudica in 3T3-L1 adipocyte cells.

Methods Molecular modeling tools were used to predict the potential antidiabetic compounds from M. pudica. ZnONPs
were biosynthesized using M. pudica extract, and their physicochemical properties were characterized using UV-visible,
FTIR, XRD, DLS, XPS, and FESEM techniques. The in vitro cellular viability of synthesized ZnONPs and glucose utiliza-
tion efficiency were examined in 3T3-L1 adipocytes.

Results Using GC-MS and LC-MS analyses, 27 novel bioactive compounds were identified from M. pudica root extract.
For the efficient glucose utilization in 3T3-L1 adipocytes, Dipeptidyl-peptidase 4 (DPP-4) inhibition plays a pivotal role,
as three of the top binding-scored molecules from M. pudica were identified via molecular docking and dynamics simula-
tion studies. 500 pug of ZnONPs exhibited 73.47+1.59% cellular viability. Further, the in vitro glucose utilization efficiency
of ZnONPs was evidenced in 3T3-L1 adipocytes, which displayed concentration-dependent glucose utilization. The effect
of ZnONPs (30 pg) on glucose uptake was higher than that of 10 pg of metformin. Bioactive compounds from M. pudica
extract might inactivate the DPP-4 enzyme activity and improve insulin release from the pancreas, lowering blood glucose
levels via GLUT4 activation.

Conclusion The findings imply that M. pudica-mediated synthesized ZnONPs might be a plant-based novel oral nanoformu-
lation for managing diabetes mellitus (DM).
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Statement of Novelty

e ZnONPs are among the most extensively studied inorganic nanoparticles and are an excellent option for therapeutic

applications due to their low toxicity and biocompatibility.

e Biosynthesis of metal nanoparticles through plant-derived phytocompounds is more efficient than other natural sources.
Interestingly, M. pudica extract-mediated synthesized ZnONPs did not cause any toxicity to 3T3-L1 adipocytes.
ZnONPs enhanced the glucose utilization efficiency in 3T3-L1 adipocytes.
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Introduction

Hyperglycemia is a chronic metabolic illness marked by
elevated blood glucose levels due to insufficient insulin
synthesis (type 1 DM), impaired utilization (type 2 DM),
or a combination of both [1]. Diabetes is the second most
common disease, affecting 25% of the global population
[2]. Every two years, the International Diabetes Federation
(IDF) announces reports that the number of people affected
by diabetes increases, with new cases, from 200 million
in 1990 to 830 million by 2022 [3]. The prevalence has
escalated more rapidly in low- and middle-income coun-
tries than high-income nations [4]. Type 2 Diabetes Mel-
litus (T2DM) is defined by inadequate insulin production
in pancreatic B-cells and insulin resistance in target tissues.
Insulin resistance is the pathophysiological basis of T2DM,
occurring when muscle cells, adipocytes, and the liver fail
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to respond to insulin and cannot ingest glucose from the
bloodstream [5]. The pancreas secretes increased insulin
to facilitate glucose entry into muscle and liver cells, while
adipose tissue significantly contributes to energy homeosta-
sis by modulating insulin-mediated glucose uptake [6]. The
insulin-sensitive glucose transporter (GLUT4) facilitates
glucose transfer in adipose tissue by oscillating between
intracellular storage vesicles and the plasma membrane; any
disruption in GLUT4 translocation restricts glucose uptake,
ultimately resulting in insulin resistance [7]. In T2DM, insu-
lin fails to adequately execute glucose metabolism, produc-
ing a high glucose level in the liver via glucagon [8]. Most
synthetic antidiabetic drugs have adverse effects and should
not be used during pregnancy [9]. However, they were
unable to cure the diabetic condition completely. Although
various medicines can manage and maintain normal blood
sugar levels, no single treatment can cure this disease. As a
result, it is promising to design new therapies for T2DM that
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increase insulin activity while decreasing/inhibiting gluca-
gon activity, which will be a massive challenge for modern
science.

Insulin resistance and obesity were significantly cor-
related in obese patients exhibiting pronounced lipolysis,
resulting in elevated free fatty acid concentrations in the
bloodstream [10]. Increased free fatty acid concentrations
can inhibit insulin binding to its receptors by diminishing
the quantity of insulin receptors on the membranes of insu-
lin-sensitive organs [11]. DPP-4 (Dipeptidyl-peptidase 4)
is an exopeptidase in serum and on the surfaces of several
cell types, such as adipocytes, monocytes, lymphocytes, and
endothelial cells [12]. DPP-4 cleaves and inactivates a vari-
ety of substrates, including the incretins glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like pep-
tide-1 (GLP-1), as well as several other peptides and cyto-
kines [13]. Incretins, GIP, and GLP-1, which reduce glucose
levels in the stomach, account for 50-70% of total insulin
generated after oral glucose delivery [14]. A high-fat diet
(HFD) was found to have the reverse effect on incretin lev-
els, boosting GIP levels and lowering GLP-1 secretion [15].
Adipose tissue is a known GIP target, with GIP receptor
(GIPR) levels rising as adipocytes mature, despite produc-
ing both GIP and GLP-1 receptors. GIP may contribute to fat
accumulation because it mediates several anabolic effects in
adipose tissue, including increasing glucose uptake, upreg-
ulating the expression of lipoprotein lipase (LPL) and the
lipogenesis enzyme fatty acid synthase (FAS), and reduc-
ing glucagon-induced lipolysis [16]. Furthermore, multiple
studies have found that downregulating DPP-4 and their
signaling pathways may be a checkpoint for developing
new drugs to treat obesity and T2DM [17-19].

Numerous techniques, such as nanoparticulate systems,
are being investigated as prospective alternatives for cur-
rent T2DM treatments to improve pharmacological effi-
cacy. Zinc oxide nanoparticles (ZnONPs) have sparked
interest since zinc has a variety of applications, including
treating diabetes, promoting insulin synthesis, improving
antioxidant enzyme activity, reducing inflammation, and
increasing hepatocyte activity [20-24]. Physical, chemi-
cal, or biological mechanisms are frequently used to create
ZnONPs. Toxic substances with potentially harmful effects,
high energy requirements, high costs, and time-consuming
operations are some disadvantages of physical and chemi-
cal techniques [25]. Biological techniques for nanoparticle
synthesis include the use of microbial and plant extracts.
Because plants are widely available, employing plant
extracts, also known as “green synthesis,” is simple, needs
fewer steps, is less expensive, and is particularly appeal-
ing. Using the green synthesis process reduces the genera-
tion of harmful byproducts and reduces the need for toxic
solvents or chemical agents, which are commonly required

in traditional synthesis procedures. Their reducing, anti-
oxidant, or antidiabetic phytocompounds (such as pheno-
lics) increase ZnONPs synthesis, adhere to their surface,
and may improve their activity by lowering ROS (reactive
oxygen species) levels and, as a result, the harm caused by
hyperglycemia [20].

Many medicinal plants have been explored to find the
therapeutic bioactive compounds which can remedy diabetic
disorders, but there have been limited studies examining the
ameliorative purposes of creeping herbs. According to the
information, Mimosa pudica Linn. (Family: Fabaceae) is a
sub-woody plant native to South America and may also be
found in Australia and India. It could be either annually or
biannually [26]. Traditionally, M. pudica crude extract has
been applied to cure various conditions, including metabolic
and heart disease [27]. Extracts from M. pudica have been
demonstrated to reduce arginine-induced acute pancreati-
tis. By considerably reducing glutathione depletion and
hyperglycemic stress, the phytoconstituents of M. pudica
are therapeutically effective pharmacological agents for the
treatment of diabetes and its consequences, the study found
[28]. Our earlier study showed that in male Wister rats with
diabetes, the ethanol extract of M. pudica lowers blood glu-
cose levels and encourages sexual behaviors. Consequently,
M. pudica is an important phytocompound and drug source
that prevents diabetes [27]. However, it has been shown
that plant-derived compounds’ molecular structure, lipid
insolubility, and membrane impermeability result in low
bioavailability of their bioactive components, limiting their
entry into the systemic circulation [29]. This indicates that
the absorption and bioavailability of any phytoconstituent
derived from plants determines its beneficial properties. As
a result, the researchers postulated that M. pudica ethanol
extract-reduced ZnONPs would be an effective and appro-
priate formulation to overcome the structural complexity
associated with poor absorption and reduced bioavailabil-
ity of phytocompounds. Furthermore, nanosized M. pudica
ethanol extract-mediated synthesized ZnONPs could be
used as a simple oral medication to treat diabetes. Bioac-
tive compounds from M. pudica extract might inactivate the
DPP-4 enzyme and promote insulin secretion from the pan-
creas, reducing blood glucose levels through GLUT4 acti-
vation. The study hypothesizes that synthesizing ZnONPs
using M. pudica ethanol extract-derived bioactive com-
pounds may significantly interact with its therapeutic tar-
get, such as DPP-4, and enhance intracellular processes for
efficient cellular glucose uptake. Before the synthesis of
ZnONPs, phytocompounds from M. pudica were assessed
by Gas chromatography-Mass spectroscopy (GC-MS) and
Liquid chromatography-Mass spectroscopy (LC-MS). The
size, shape, and surface charge (zeta potential) of synthe-
sized ZnONPs were studied using field emission scanning
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electron microscopy (FESEM), dynamic light scattering
(DLS), and X-ray diffraction (XRD) analysis. Fourier trans-
form infrared spectroscopy (FTIR), energy dispersive X-ray
analysis (EDAX) and X-ray photoelectron spectroscopy
(XPS) investigations looked into the existence of functional
groups and elements in ZnONPs and their structural stabil-
ity: cellular viability and glucose utilization efficiency of
ZnONPs generated from M. pudica extract. 3T3-L1 adipo-
cytes were also employed.

Hypothesis

The proposed mechanism of action of M. pudica extract-
mediated ZnONPs on glucose uptake in 3T3-L1 adi-
pocytes. GC-MS and LC-MS analysis reported that 27
bioactive compounds, such as Cassiaoccidentalin B, Isoori-
entin, Isoquercetin, Apigetrin, Vitexin, Orientin, Avicula-
rin, Stigmasta-7,16-dien-3-o0l, Betulinic acid, Isovitexin,
6,8-dioxabicyclo[3.2.1]octane, 4 H-pyran-4-one, Ethana-
mine, 5-hydroxymethylfurfural, Beta-d-Ribopyranoside,
3,4-altrosan, Imidazole, Imidazole-4-carboxylic acid,
Caffeine, cis-vaccenic acid, 1-methyl-3,3-pentamethyl-
enediazine, 2 H-azepin-2-one, 3-dibenzofuranamine, Bufa-
dienolide, Mimopudine, Gallic acid, and Mimosine. The
bioactive compounds-mediated synthesis of ZnONPs inhib-
its the activity of DPP-4 enzymes and leads to the break-
down of the incretins, glucose-dependent insulinotropic
polypeptide (GIP), glyceraldehyde-3-phosphate (G3P), and
glucagon-like peptide-1 (GLP-1). Breakdown of Incretins,
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GIP, G3P, and GLP-1 stimulates insulin secretion from the
pancreas and reduces the glucagon level. This, in turn, helps
lower blood sugar levels by facilitating glucose uptake into
adipocyte cells and reducing glucose production by the
liver, as represented in Fig. 1.

Experimental Section
Chemicals

Zinc sulfate, sodium hydroxide, and other chemicals
used in this experiment were purchased from SRL, Pvt.
Ltd., Mumbai, India, and were of research grade. 3-(4,
5-dimethyl-2-thiazolyl)-2, 5-diphenyltetrazolium bromide
(MTT), insulin, L-glutamine, fetal bovine serum (FBS),
streptomycin, penicillin, and Dulbecco’s modified eagle’s
medium (DMEM) were procured from Himedia Labora-
tories Pvt. Ltd., Mumbai, India. 6-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino)-2-deoxyglucose (6-NBDG) and
1-isobutyl-3-methylxanthine (IBMX) were procured from
Sigma-Aldrich, Bangaluru, India.

Mimosa Pudica Linn

Mimosa pudica was collected from May to June (when the
plant is actively growing and has reached maturity) in Tha-
niparai, near the Western Ghats (Longitude: 77.6328°N;
Latitude: 9.7031°E), Virudhunagar District, Tamil Nadu,
India. The taxonomist validated the plant specimen. The
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entire plant was collected; no regulation was required for
the collection of this plant. The voucher (specimen number
ANJAC/PAC/06) was created and submitted to the Centre
for Research Postgraduate Studies in Botany at Ayya Nadar
Janaki Ammal College, Sivakasi, Tamil Nadu, India. The
plant root was washed with tap water, rinsed with deionized
water, and air-dried at room temperature in a shaded envi-
ronment for one week. The desiccated plant material was
pulverized into a fine powder and preserved in an airtight
plastic container for the experiment.

3T3-L1 Adipocytes

The National Centre for Cell Sciences (NCCS) in Pune,
India, provided the 3T3-L1 preadipocytes, which were then
cultivated in DMEM media supplemented with 10% donor
calf serum and 1% L-glutamine, penicillin, and streptomy-
cin for 24 h at 37 °C in a CO, incubator.

3T3-L1 Adipocytes Differentiation

The 3T3-L1 preadipocytes were cultivated to conglomer-
ate in 12-well culture plates (60,000 cells/well) to facili-
tate 3T3-L1 preadipocyte differentiation [30]. The cells
were treated for five days in a differentiation medium with
DMEM, 10% fetal bovine serum, 0.25 mM dexamethasone,
0.5 mM IBMX, and 1 uM insulin to induce cell differentia-
tion. Multinucleate cells were identified as well-differenti-
ated adipocytes, and the medium was changed every two
days. A standard medium containing two microgrammes of
insulin per millilitre was substituted for the culture media.
The cells were fed a regular medium for two more days.

Mimosa Pudica Extract

Using the ultrasound-assisted extraction approach, an
extract abundant in bioactive components was obtained from
powdered M. pudica root. The ultrasound-assisted extrac-
tion apparatus comprised a jacketed reactor with a 250 mL
capacity (produced by PCI Analytics Ltd., Mumbai, India),
an ultrasonic water bath featuring a temperature accuracy of
+1.0 °C, a power supply of 220 V, and a continuous opera-
tion mode at a 20 kHz high-intensity ultrasound processor.
200 mL of 70% ethanol, 20 g of M. pudica (0.5 mm par-
ticle size), and further extraction parameters were subjected
to sonication at a 0.4 pulse cycle, 60 W cm ™2 ultrasound
intensity, and 45 °C for 20 min. Ethanol is used for extrac-
tion due to its versatility, safety, and efficiency as a solvent,
particularly for chemicals isolated from natural sources and
biological applications. It can extract a broad spectrum of
substances, is non-toxic mainly, and easy to recover, making

it a preferred choice in the biopharmaceutical industry.
After extraction, the Whatman No. 1 filter paper removed
the plant powder. The resultant filtrate was evaporated at
40 °C using a rotary vacuum evaporator (Buchi, Rotavapor
R-200, Mumbai, India). Following lyophilization to convert
it into powder, the concentrated ethanol extract was stored
in a desiccator until the experiment [31].

Screening of Bioactive Compounds Through GC-MS
and LC-MS

Our previous work identified 27 bioactive components by
GC-MS and LC-MS analyses from the ethanol extract of M.
pudica root. The identified bioactive compounds are pro-
vided in the supplementary Table 1.

Molecular Docking Studies

The above-listed compounds from M. pudica ethanol
extract were used to perform molecular docking experi-
ments to predict potential Dipeptidyl Peptidase 4 inhibitors.
DPP-4 was chosen as a target for glucose metabolism in
3T3-L1 adipocytes because it controls glucose homeosta-
sis by degrading incretin hormones such as GLP-1 and GIP,
which promote insulin release while inhibiting glucagon
secretion. By inhibiting DPP-4, the levels of these incretins
are elevated, resulting in better glucose management and
potentially reducing insulin resistance. The selected phar-
maceutical compounds were docked to the human dipep-
tidyl peptidase IV (DPP-4) receptor utilizing the PyRx 0.8
tool within the Auto Dock Vina program. The coordinate
file and X-ray crystal structure of the DPP-4 protein dipep-
tidyl peptidase IV (DPP-4) complexed with prolyl thiazoli-
dine inhibitor #1 (PDB entry ID: 3VIM, resolution 2.10
A) are accessible through the Research Collaboratory for
Structural Bioinformatics, Protein Data Bank (RCSB PDB)
Website. Utilizing Swiss-PDB Viewer v4.1.0, the protein’s
side chain anomalies and inappropriate bonding were recti-
fied, and absent residues were included. The file was desig-
nated as Target.pdb and preserved for future utilization. The
three-dimensional structure of the detected molecule was
shown using ACD/Chemsketch software (version 2021.2.2,
Toronto, Ontario, Canada), and energy optimization was
performed using MMFF94 [32]. The ready-to-dock library
was developed utilizing the BIOVIA Discovery Studio soft-
ware. The inhibitory effects of the discovered compounds
were compared to prolyl thiazolidine, a prevalent DPP-4
inhibitor (PubChem CID: 70047390). The identified ligands
were transformed into the “.pdbqt” file format utilizing the
Open Babel tool (https://openbabel.org/) following energy
minimization with the Avogadro tool (https://avogadro.cc/).
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Molecular Dynamics Studies

The complex, time-dependent evolution was performed
over 100 ns using the Desmond dynamic package 2017 in
Schrodinger (academic version) running under Linux. Poten-
tial binding and the interactions of the PLC (protein-ligand
complex) present at the target site in a physiological envi-
ronment, training of MD simulation was performed (Sch-
rodinger, LLC; Schrodinger Release: QikProp). The panel
of the system developer: The panel formed a water-filled
10x10x10 box, including physiological parameters such
as pH. In the absence of pH when it needs to be increased
or lowered to meet the requirements of study methodol-
ogy, Na" or CI” ions can be added. We used the simple
orthorhombic point charge (SPC) water model to solve the
docked protein-ligand complexes. The solvated system was
neutralized with counter ions, and the physiological salt con-
centration was 0.15 M. The OPLS AA (Optimal Potentials
for Liquid Simulation-All Atom) force field was used for
the PLC system. The system builder panel minimizes (200
picoseconds) the ready PLC. Molecular dynamics was per-
formed using a Nose-Hoover chain thermostat, a Martyna-
Tobias-Klein barostat, and the integrator of the Reversible
Reference System Propagator Algorithms (RESPA), with
two picosecond relaxation times [33]. A final iteration of the
MD simulation was run on the equilibrated system. Thus,
the MD was continued for 100 ns at 310.15 K and 1.0 bar
pressure through NPT (Isothermal-Isobaric ensemble; con-
stant temperature, constant pressure, and constant number
of particles) ensemble by default relaxation parameters.
After the simulation, results were analyzed using a simula-
tion interaction diagram [34].

Synthesis of Mimosa Pudica L. extract-mediated Zinc
Oxide Nanoparticles

In a conical flask, 50 mL of 0.02 mol/L Zinc sulfate solu-
tion was mixed with 100 mg of freeze-dried M. pudica root
extract powder in 20 mL of deionized water for an envi-
ronmentally friendly synthesis of the ZnONPs. The mixture
was then incubated for 1.5 h in a magnetic stirrer. Later,
to bring the mixture’s pH down to 7, 0.2 mol/L of NaOH
solution was gradually added. The liquid was magnetically
stirred. The zinc oxide nanoparticles were centrifuged for
5 min at 4000 rpm following the reaction. After discard-
ing the supernatant, the precipitates underwent two water
washes and were lyophilized (freeze-dried) [35].

ZnONPs Characterization Studies

A notable color change was observed after incubating the
ethanol root extract of M. pudica with Zinc sulfate solution.
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UV-visible Spectroscopy (Shimadzu UV-2700, Kyoto,
Japan) was used to confirm the peak of synthesized ZnONPs
using ethanol root extract of M. pudica within the wave-
length range from 200 to 800 nm. The characteristic peak
confirming the formation of ZnONPs was observed [36].
The lyophilized powder of ZnONPs was further used for
various analyses such as FTIR, XRD, FESEM-EDX, and
XPS. The FTIR spectrum (IR Spirit-X series, Shimadzu,
Kyoto, Japan) is a reliable method for identifying phyto-
constituents and functional groups that facilitate the stabi-
lization and reduction of ZnONPs within the range of
400-4000 cm™'. A small (approximately 1 mg) amount of
finely powdered lyophilized ZnONPs was mixed with infra-
red (IR) grade potassium bromide (KBr) to obtain a round
disc (with the help of a hydraulic press) suitable for FTIR
measurement [37]. Field emission scanning electron micros-
copy (FESEM) analysis, a solution of a ZnONPs sample was
placed on a carbon strip attached to an FESEM brass, extra
solution was wiped using blotting paper and then allowed
to dry by putting it under a mercury lamp for 5 min. Field
emission scanning electron microscopy (FESEM) (Apreo 2
Thermo Scientific, Waltham, MA, USA), coupled with an
X-ray fluorescence spectrometer (Oxford INCA X-max 80)
for energy dispersive X-ray analysis (EDAX), and the XRD
measurement was carried out on thoroughly dried thin films
of the purified lyophilized ZnONPs powder on a glass slab
of a X-ray diffraction (XRD) (Rigaku SmartLab 9, Tokyo,
Japan) utilizing Cu-Koa radiation at 40 kV and 40 mA, were
employed to examine the surface morphology, elemental
composition, dimensions, and morphology of green synthe-
sized Zinc Oxide nanoparticles (ZnONPs). The surface ele-
mental composition of ZnONPs was analyzed using X-ray
photoelectron spectroscopy (XPS) using a VersaProbe III
Scanning XPS Microprobe spectrometer (Physical Electron-
ics, Chanhassen, MN, USA) and an aluminium Ka X-ray
source at a photon energy of 1486.6 eV. The zeta poten-
tial, polydispersity index (PDI), and mean particle size of
the freshly synthesized solution of ZnONPs were assessed
using a Zetasizer Nano ZS ver.7.03 (Malvern Instruments,
Malvern, Worcestershire, United Kingdom) [38].

Cellular Viability Study Through MTT Assay

The MTT assay assessed the cellular viability of ZnONPs
mediated by ethanol extract against 3T3-L1 adipocytes at
varying concentrations of ZnONPs (20, 30, 60, 120, 240,
and 500 pg/mL) [39]. The MTT assay is the predominant
technique for evaluating cellular metabolic activity. The
cellular mitochondrial dehydrogenase enzyme’s capacity to
break the yellow, water-soluble MTT, resulting in insoluble
dark blue/purple formazan deposits in living cells, renders it
a dependable colorimetric and quantitative assay. A 96-well
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tissue culture plate was used to seed 1x10° cells/mL (100
pL/well) of 3T3-L1 adipocytes and incubated for 24 h at
37 °C. The growth medium was removed after 24 h. After
two dilutions, the sample under scrutiny was maintained
in an RPMI medium supplemented with 2% serum. Three
control wells were administered just serum; the others were
allocated 0.1 mL of each dilution. The plate was analyzed
after incubation at 37 °C. The viability of cells was exam-
ined. MTT (5 mg/mL in PBS) was formulated as a solution.
820 pL of MTT solution was introduced into each well,
agitated vigorously for 5 min, and incubated for 4 h at 37 °C
with 5% CO, until formazan formed. Formazan was resus-
pended in 200 pL of DMSO and stirred vigorously for 5
min. Absorbance was quantified at 560 nm. Three replicates
of the experiment were performed. The following formula
was used to determine the percentage of cell viability:

Cellular viability (%)=A/A, =100,

A, and A  are the mean absorbance of ZnONPs-treated
and control cells, respectively (n=3, where n is the number
of independent experiments).

Glucose Utilization Studies

An enzymatic fluorometric assay detected glucose uptake
using 6-NBDG uptake with minor modifications [40]. A
24-well plate containing insulin and serum-starved DMEM
was utilized for culturing fully differentiated 3T3-L1 adipo-
cyte cells (1 x 10° cells/well) for 24 h. Subsequently, the cells
were administered 200 L of differentiation media compris-
ing various concentrations of ZnONPs (20, 30, 60, 120, 240,
and 500 pg), along with standard pharmaceuticals, includ-
ing pioglitazone (10 pg), metformin (10 pg), and M. pudica
extract (100 pug) for an additional 24 h. The treated cells
were thoroughly washed with ice-cold phosphate-buffered
saline after being stimulated with 10 uM insulin for 15 min
to terminate the reaction. Following this, 100 pL of 20 uM
6-NBDG was introduced to the treated cells and incubated
for 30 min. Finally, the cells were washed and lysed using
0.5 N NaOH/0.1% SDS. After adding 30 uL. of DMSO to
the lysed cells, fluorescence was measured using a micro-
plate reader with excitation and emission wavelengths of
466 and 540 nm, respectively.

Statistical Analysis

Quantitative results were presented as mean+ standard devi-
ation (SD), and all experiments were conducted in triplicate.
The data analysis and visualization were conducted using
SPSS Statistics version 20.0 software (SPSS Inc., Chicago,
IL, USA). Dunnett’s multiple comparison test and one-
way ANOVA were employed. All statistical analyses were

performed with a confidence level of p<0.05 to determine
statistical significance.

Results and Discussion
Molecular Docking Studies

A molecular docking study determined the binding affin-
ity and interaction of bioactive compounds obtained from
the GC-MS and LC-MS analysis of M. pudica L. with the
target protein DPP-4 (PDB ID: 3VIM). According to the
docking results, all the selected compounds showed favour-
able binding affinities toward DPP-4, with scores ranging
between —9.34 and —4.38 kcal/mol. The data of the co-crys-
tal ligand and the top 10 compounds are shown in Table 1.
The compound with the highest binding affinity was Cas-
siaoccidentalin B among the docked compounds, followed
by Isoorientin, Isoquercetin and Apigetrin. These findings
suggest that these compounds may have potent inhibitory
potential against DPP-4. The docking score for the co-crys-
tallized ligand (control) was —8.74 kcal/mol, signifying that
several test compounds showed better or equivalent binding
affinity than the reference ligand. For all the docked com-
pounds, the interactions with DPP-4 included H-bonding,
Pi-Pi stacking and Pi-cation interactions, which are crucial
for ligand binding. Cassiaoccidentalin B formed H-bonds
and Pi-Pi interactions with critical residues GLU 205, GLU
206, ARG 125, HIS 740, TYR 547 and PHE 357, implying
strong binding stability. Isoorientin was primarily H-bonded
with GLU 205, TYR 547, TYR 456, ASP 556 and GLN 553,
denoting significant interaction with critical binding site res-
idues. For Isoquercetin, hydrogen bonding and Pi-Pi stack-
ing were observed with residues ARG 669, GLU 206, SER
209, TYR547, HIS 740, TYR 666 and ARG 125, which are
known to be involved in DPP-4 inhibition. The interaction
of Vitexin and Orientin with DPP-4 was established through
hydrogen bonding and Pi-Pi interactions involving residues
ARG 125, GLU 205 and GLU 206. The co-crystal ligand
showed a docking score of -8.74 kcal/mol and interacted
with GLU 205 and PHE 357 through hydrogen bonding and
Pi-Pi interactions, as shown in Fig. 2. Of the three, Cas-
siaoccidentalin B, Isoorientin, and Isoquercetin had better-
docked scores, implying their strong potential as DPP-4
inhibitors. These compounds exhibited more interactions
than were recorded for the co-crystal ligand, thus enhancing
their binding stability.

Molecular Dynamics Simulation

Based on the molecular docking analysis, the top-
three binding scored ligands with DPP-4 protein
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Table 1 Top-scored 10 compounds against DPP-4 and their amino acid
interactions between ligands and DPP-4

S.  Compound Docking Score Amino Type of
No name (Kcal/mol) acid interactions
residues
1 Cassiaocciden- -9.34 GLU 205, H-bond,
talin B GLU206, Pi-Pi,
ARG125, Pi-cation
HIP740, interactions
TYR547,
PHE357
2 Isoorientin -9.19 GLU205, H-bond
TYR547, interactions
TYR456,
ASP556,
GLNS553
3 Isoquercetin -8.81 ARG669, H-bond,
GLH206, Pi-Pi
SER209, interactions
TYR547,
HIS740,
TYR666,
ARG125
4 Apigetrin -8.79 TYR662, H-bond,
PHE357, Pi-Pi
ARG125 interactions
5 Co-crystal -8.74 GLU 205 H-bond
PHE357  Pi-Pi
interaction
6 Vitexin -8.72 TYRS585, H-bond,
CYS551, Pi-Pi
TYRS547, interactions
ARG125,
GLU205,
GLU206
7 Orientin -8.62 GLU206, H-bond,
TYRS585, Pi-Pi
CYS551, interactions
TYR547,
ARGI125
8 Avicularin -8.37 GLU206, H-bond,
PHE357 Pi-Pi
interactions
9  Stigmasterol -8.22 GLNS553  H-bond
interaction
10 Betulinic Acid -8.2 GLU205, H-bond,
GLU206, Pi-Pi,
PHE357, Pi-cation
ARG125, interactions
HIP740,
TYR547
11 Isovitexin -8.13 GLU205, H-bond
GLU206, interactions
TYR547,
GLN553,
TYR456

complexes, Cassiaoccidentalin B (-9.34 kcal/mol), Isoori-
entin (-9.19 kcal/mol), and isoquercetin (-8.81 kcal/mol),
were selected for further molecular dynamics simulation
studies using the DESMOND tool for 100 ns. The selection
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of the above three ligands is not only for binding score
but also for amino acid interactions in the target protein.
The Root Mean Square Deviation (RMSD) analysis gives
an idea of the stability of the protein-ligand complex over
the 100 ns simulation. The protein backbone RMSD was
stable within an acceptable range for all three ligands, Cas-
siaoccidentalin B, Isoorientin and Isoquercetin, indicating
that the protein remained intact. For Cassiaoccidentalin
B, the RMSD initially showed slight fluctuations and then
stabilized around 2.5 A after 20 ns, which means sustained
binding interaction. The ligand induces similar stability as
Isoorientin and Isoquercetin, with RMSD values stabiliz-
ing at approximately 2.3 A and 2.6 A, respectively. From
these observations regarding ligand RMSD values, it can be
concluded that all three ligands were secured in the bind-
ing pocket with very minute fluctuation values, signifying
strong interactions with the target protein (Figs. 3(a)-3(c)).
Root Mean Square Fluctuation (RMSF) analysis was carried
out to assess the flexibility of individual residues within the
protein structure. The fluctuations were observed primarily
at the N- and C-terminal regions, which is expected due to
their inherent flexibility. Moderates fluctuate in loop regions
while secondary structural elements, a-helices and -sheets
remain stable. Of all the ligands, Cassiaoccidentalin B
showed slightly higher fluctuation in residues surrounding
the active site. However, such variations did not affect the
stability of the binding interaction. Isoorientin and Isoquer-
cetin exhibited similar RMSF patterns with pronounced
stability in the central areas of the protein (Figs. 3(d)-3(f)).
The analysis of the protein-ligand interaction showed that
all three ligands maintained consistent interactions through-
out the simulation. Cassiaoccidentalin B had the highest
number of hydrogen bonds and hydrophobic interactions,
indicating a strong binding affinity. Isoorientin and Isoquer-
cetin also exhibited stable hydrogen bonds and hydrophobic
contacts, but to a slightly lesser extent. The water-mediated
interactions were critical in helping the ligands bind stably
in the binding pocket, which was responsible for their sus-
tained binding during the simulation (Figs. 3(g)-3(i)). The
trajectory analysis of protein-ligand interactions confirmed
that all three compounds have significant potential for
DPP-4 inhibition. Detailed mapping of ligand-protein inter-
actions revealed constant engagement of critical amino acid
residues involved in the binding process with the ligands.
For instance, Cassiaoccidentalin B displayed interactions
with critical residues for DPP-4 inhibition, namely SER
630, GLU 205 and PHE 357 (Figs. 3(j)-3(1)). Stable interac-
tions with these residues were also observed for Isoorientin
and Isoquercetin, thus confirming their binding potential.
The timeline representation of interactions showed that
these contacts persisted throughout the 100 ns simulation
run, reinforcing these bioactive compounds’ stability and
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Fig. 2 Represents the interac-
tion between the ligand and the
receptor. The left side represents
the two-dimensional (2D) aspect,
while the right represents the
three-dimensional (3D) com-
plex protein-ligand interaction.
Interaction of compounds cas-
siaoccidentalin B and DPP-4 (a,
b); the interaction of compounds
isoorientin and DPP-4 (c, d);

the interaction of compounds
Isoquercetin and DPP-4 (e, f);
the interaction of compounds
co-crystal ligand (Prolyl thiazoli-
dine) and DPP-4 (g, h)

possible efficacy in targeting DPP-4. These results suggest
that Cassiaoccidentalin B, Isoorientin and Isoquercetin are
potential candidates for DPP-4 inhibition, with Cassiaocci-
dentalin B showing the most significant binding interactions
(Figs. 3(m)-3(0)). Molecular modeling studies serve as an
essential tool for discovering potential DPP-4 inhibitors.
By modeling the interactions between potential inhibitors
and the DPP-4 enzyme, researchers can predict which com-
pounds are likely to bind efficiently and inhibit the enzyme’s
function. This information is subsequently utilized to direct
additional in vitro and in vivo investigations, ultimately
facilitating the expedited identification and development of
novel antidiabetic drugs.

UV-visible Spectra Analysis

When M. pudica ethanol extract was combined with zinc
sulfate precursor, a white precipitate developed, indicating
the synthesis of ZnONPs with an 86.3% yield. The synthe-
sized ZnONPs were sonicated for 10 min after becoming
soluble in deionized water to examine the UV-visible spec-
tra. The UV-visible wavelength range was 200-500 nm.
The UV-visible spectra indicated the effective synthesis
of ZnONPs, which showed a prominent absorption peak
around 360 nm (Fig. 4). The absorption peak of ZnONPs
coincides with the synthesized ZnONPs from Papaver
somniferum L [41]., Alnus nepalensis D. Don [42] and Tal-
aromyces islandicus-mediated ZnONPs [36]. Our current
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Fig. 3 Plotting the root mean square deviation (RMSD) research for a
100-nanoseconds molecular dynamics (MD) simulation of the docked
complex between cassiaoccidentalin B and DPP-4 (a), Isoorientin
and DPP-4 (b), Isoquercetin and DPP-4 docked complex (c). Root
mean square fluctuation of the cassiaoccidentalin B for characterizing
changes in the ligand atom positions (d), root mean square fluctuation
of the isoorientin for characterizing changes in the ligand atom posi-
tions (e), root mean square fluctuation of the isoquercetin for charac-
terizing changes in the ligand atom positions (f). Percentage of amino

(&

acid and water-mediated interactions in MD simulations with cassia-
occidentalin B (g), Isoorientin (h), Isoquercetin (i). The timeline rep-
resentation of the cassiaoccidentalin B (j) DPP-4-cassiaoccidentalin
B contacts concerning the amino acids in the target (m). The timeline
representation of the isoorientin (k) DPP-4-isoorientin contacts con-
cerning the amino acids in the target (n). The timeline representation
of the isoquercetin (I) DPP-4-isoquercetin contacts concerning the
amino acids in the target (o)
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research validated these outcomes. The absorption band that
extends to longer wavelengths may result from the move-
ment of the electronic cloud across the ZnONPs framework.
UV-visible spectroscopy analysis was conducted on the
ethanol extract of M. pudica, revealing a peak at a wave-
length of 610 nm (Fig. 4). The M. pudica extract contains
alkaloids, flavonoids, proteins, and antioxidant components,

@ Springer

and these compounds act as reducing agents, effectively
converting zinc ions (Zn*") into ZnO. The presence of these
compounds in the plant extract could donate the electrons
that could reduce zinc metal salt, resulting in the formation
of ZnONPs. This study proved that ZnONPs may be gen-
erated in massive quantities using chemically comparable
plant-mediated production methodologies.



Journal of Pharmaceutical Innovation (2025) 20:163

Page 110f 19 163

FTIR Analysis

The functional groups in the M. pudica extract that could
act as reducing agents as well as stabilizing agents during
the synthesis of ZnONPs were identified using FTIR spec-
troscopy. The present study identified that zinc sulfate was
reduced into ZnONPs by the bioactive compounds of M.
pudica. Fig. 5; Table 2 illustrate the FTIR spectral peak and
their assignments, signifying the green-synthesized ZnONPs

Fig.5 FTIR spectra of ethanol
extract of M. pudica (a) and

biosynthesized ZnONPs (b) 100

80
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00
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(b)
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3315

ZnONPs

and the ethanol extract from the roots of M. pudica. The
FTIR spectra of the M. pudica extract-mediated synthesized
ZnONPs exhibited a broad peak around 3315 cm ™!, indicat-
ing the stretching and bending vibrations of the —OH group
attributable to water adsorption on the metal’s surface. The
absorption peaks observed at about 2976-2887 cm™! indi-
cated a C—H stretching vibration that might be obtained
from plant bioactive compounds. The bioactive compo-
nents in the plant extract facilitate the reduction of metal

1y,
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Table 2 Positions of FTIR absorption peaks and their functional
assignment groups for the ethanol extract of M. pudica root and their
derived ZnONPs

M. pudica etha- Assignments ZnONPs  Assignments

nol extract Wave-

Wavenumber number

(cm-1) (cm-1)

3324 -OH stretching 3315 -OH stretching

2974 -CH stretching 2976 -CH stretching
vibration vibration

2878 -CH stretching 2887 -CH stretching
vibration vibration

2360 0O=C=0 stretching 2361 0=C=0

stretching
1981 C=C=C stretching 2190 Cc=C
stretching

1653 Aromatic rings 1651 Aromatic rings

1043 -C-O stretching 1046 -C-O stretch-
vibration ing vibration

880 -CH stretching 880 -CH stretching
vibration vibration

676 Off-plane deforma- 600 Zn-O
tion vibration vibrations

ions into nanoscale structures. On the other hand, the peak
displayed at 1651 cm™! corresponds to the stretching vibra-
tion properties of aromatic rings. The absorption peaks
obtained at 1046 cm™ ! and 880 cm™ correspond to the C—H
in-plane and out-of-plane bending stretching. The peak
detected at approximately 600 cm™! signified the stretch-
ing vibrations of ZnO. Literature study suggested that C—H,

C-0-C, and C=C groups of heterocyclic compounds could
have stabilizing properties [43]. The metal (Zinc)-oxygen
(ZnO) stretching absorption was often detected in the 400—
800 cm™ ! [44]. These results agree with the FTIR spectra of
ZnONPs previously published in various plant extracts [42].
The conversion of zinc ions into zinc oxide nanoparticles
and their stabilization in an aqueous medium is ascribed to
the bioactive constituents of plant extract, such as pheno-
lic compounds, proteins, and steroids, as indicated by FTIR
analysis results [45].

XRD Analysis

The XRD analysis confirmed the crystallinity of the syn-
thesized ZnONPs using an X-ray diffractometer. Fig. 6 dis-
plays the XRD pattern of the ethanol extract of M. pudica
-extract mediated synthesized ZnONPs. The crystallinity of
the powder resulted from the synthesis using ethanol extract
from M. pudica. The diffraction peaks of the synthesized
ZnONPs at 20 values are 18.54°, 21.86°, 26.17°, 35.49°,
54.61°, 58.12°, and 64.13°, likened to planes such as (100),
(002), (101), (102), (110), (103), and (112) are lattice planes.
The diffraction peaks revealed that the synthesized ZnONPs
are essentially crystalline. All prominent diffraction peaks
in the XRD spectra corresponded with those documented
in the Joint Committee on Powder Diffraction Standards
(JCPDS, card No. 89-7102) [46], which confirmed the crys-
tallographic Wurtzite structure [47]. Impurities of diffraction
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peaks were not detected, which proved the high purity of the
products. The following Debye—Scherrer equation was used
to measure the size of synthesized ZnONPs.

D=kM\pcosb.

D represents the crystallite size, while k is contingent
upon size. Debye—Scherrer constant (0.94 for spherical par-
ticles), A represents the wavelength of incident X-radiation
(1.548 A), and s denotes the full width at half maximum.
The mean diameter of the synthesized ZnONPs was ascer-
tained to be 45 nm. The observed size of the ZnONPs is
consistent with the report of Shah Faisal et al. 2022 [48].
This discovery is analogous to previously documented
dimensions, such as 11.9 nm [49], demonstrating consis-
tency and reliability in the synthesis and characterization
methodologies.

Particle Size Analysis

The primary purpose of dynamic light scattering (DLS)
analysis is to ascertain the particle sizes in various suspen-
sions. The degree of particle aggregation in aqueous media
was evaluated by the mean hydrodynamic particle diam-
eter (d. nm) [50]. The intensity-weighted mean diameter
(z-average) and zeta potential of ZnONPs mediated by M.
pudica extract are determined using DLS, as illustrated in
Figs. 7(a) and 7(b). The synthesized ZnONPs exhibit a par-
ticle size of around 50 to 100 nm, a polydispersity index of

approximately 0.4, with a zeta potential of -0.153 mV. The
results indicate that the nanoparticles are highly stable and
monodisperse. Our DLS findings for ZnONPs are consistent
with previous studies utilizing leaf extracts from Elaeagnus
angustifolia L. for the synthesis of ZnONPs [51]. The XRD
and this result show that the produced ZnONPs have high
crystallinity. Since the generated ZnONPs particle size is
about 100 nm, it is considered an excellent outcome.

XPS Analysis

Fig. 8 illustrates the high-resolution XPS survey spectra of
the ethanol root extract of M. pudica-mediated synthesized
ZnONPs. The substance’s composition was confirmed by
the presence of carbon (C 1s), oxygen (O 1s), and nitro-
gen (N 1s). The survey study confirmed the presence of Zn
through Zn (3p, 3d, 3s, LM1, LM2, and LM). The C 1s signal
indicates that the C (H, C), C-N, C-O, C=0, and C-O-C
groups from M. pudica extract phytocompounds exhibit a
peak at 288 eV. The Ols peak at 587 eV arises from the—
C—O-H group of M. pudica extract phytocompounds, while
the N1s signal at 534 eV is attributed to the presence of the
C—-N bond in M. pudica extract phytocompounds. Zn exhib-
its many peaks at 15 eV (Zn 3d), 91 eV (Zn 3p), 114 eV (Zn
3s), 479 eV (Zn LM1), 501 eV (Zn LM2), and 558 eV (Zn
LM3). These peaks signify the existence of Zn in the form
of Zn (II) oxide [52].
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Fig. 8 XPS spectrum of ZnONPs E—
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Fig.9 Field emission scanning
electron microscope images of
biologically synthesized ZnONPs

(a)~(d)

FESEM and EDAX
FESEM analysis was conducted to examine the dimensions

and morphology of ZnONPs. Figs. 9(a)-9(d) illustrate the
morphological characteristics at various magnifications
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and scales of synthesized ZnONPs, predominantly exhibit-
ing a spherical morphology. The average size of ZnONPs
was roughly 40 to 100 nm. The elemental composition and
chemical analysis of synthesized ZnONPs were assessed
using EDAX (Fig. 10(a)). The research examined Zn, O,
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and C within the ZnONPs. EDAX mapping revealed around
40% zinc and 60% oxygen (Figs. 10(b) and 10(c)). This
study indicates that the presence of carbon signifies the inte-
gration of the capping agent in the ZnONPs. The reference
indicated a comparable outcome for SEM analysis [53].

ng of ZnONPs

Cellular Viability Studies of ZnONPs

The MTT assay determined the in vitro cellular viability
against the tested samples. It describes cellular proliferation,
viability, and cytotoxicity and tracks how well cells respond
to different stimuli following treatment in culture media.
The cytotoxic effect of ZnONPs at various concentrations
(20, 30, 60, 120, 240, and 500 pg) in 3T3-L1 adipocytes for
24 h is depicted in Fig. 11. The findings showed that the cell
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Fig. 12 In vitro glucose uti- 80
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viability of 3T3-L1 adipocytes declines as the concentration
of ZnONPs increases. 3T3-L1 adipocytes may maintain cel-
lular viability at higher ZnONPs concentrations. Therefore,
a 500 pg concentration of ZnONPs is primarily responsible
for the observed cell viability of 73.47+1.59% on 3T3-L1
adipocytes. Cell viability was observed at 84.56+1.42% at
120 pg ZnONPs. This study proved no cytotoxic effects of
M. pudica ethanol extract-mediated synthesized ZnONPs.
Similarly, no cytotoxic effects were reported by Cyperus
Rotundus grass extracts-mediated synthesis of zinc oxide
nanostructures [54].

In Vitro Glucose Utilization Efficiency of ZnONPs

Using 6-NBDG, the impact of M. pudica-extract-mediated
ZnONPs on glucose utilization efficiency was measured.
Differentiated 3T3-L1 adipocytes were preincubated with
the M. pudica L. extract (100 pg), varying concentra-
tions of ZnONPs (20, 30, 60, 120, 240 and 500 ng), pio-
glitazone (10 pg), and metformin (10 pg) for 24 h. In
comparison to 100 pg M. pudica L. extract (38.28+1.64%),
10 pg pioglitazone (56.32+1.08%), and 10 pg metfor-
min (40.65+0.39%), the adipocytes treated with 120 pg
of ZnONPs demonstrated the highest uptake of glucose
(6-NBDG) (68+1.55%). 3T3-L1 adipocytes treated with
ZnONPs exhibit a dose-dependent rise in glucose absorp-
tion, a highly promising finding that can be attributed to the
impact of ZnONPs (Fig. 12). Additionally, in 3T3-L1 adipo-
cytes, the effect of glucose uptake on 60 pg of ZnONPs was
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higher than that of metformin (49.68+1.49%) and compara-
ble to 10 pg pioglitazone (56.32+1.08%). A class of glucose
transporter proteins (GLUT4) facilitates glucose uptake in
skeletal muscle and adipose tissue. When insulin levels are
low, GLUT4 stays lodged in the vesicles [55]. Following
its binding to the receptor, insulin phosphorylates the insu-
lin receptor substrate (IRS), which triggers the activation of
protein kinase B via a sequence of signaling cascade mole-
cules [56]. As aresult, GLUT4 can move from the vesicle to
the plasma membrane. As a result, the free glucose diffuses
into the cell more easily along its concentration gradient
[55]. Numerous plant-derived compounds have been shown
to improve glucose translocation and increase the insulin-
dependent pathway [57-59]. Enhanced blood glucose levels
and enhanced serum DPP-4 activity levels are hallmarks of
type 1 and type 2 diabetes. Based on the results of our study,
DPP-4 inhibition enhanced GLUT4 expression and mem-
brane insertion, increasing adipocytes’ glucose absorption.
These DDP-4 inhibitors of M. pudica bioactive substances
may reduce insulin resistance in the liver or muscle cells.
Although plant extract-mediated manufactured ZnONPs
show potential in diabetes management, their limitations
encompass conflicting findings across research, possible
interactions between metal ions and drugs, and the neces-
sity for more rigorous clinical trials to elucidate processes,
delivery, and dosing comprehensively. Additionally, the
complexity of plant extracts and the possibility for diversity
in preparation and extraction procedures might lead to con-
flicting outcomes.
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Conclusion

The research demonstrated that an ethanol extract of M.
pudica synthesized ZnONPs as an antidiabetic agent, effi-
ciently improving glucose utilization in 3T3-L1 adipocyte
cells via inhibiting DPP-4. Biosynthesized ZnONPs showed
better glucose utilization efficiency than the M. pudica
extract and metformin, which may be because nanosized
particles can penetrate the cells and modulate their func-
tion. The extract, rich in bioactive compounds, facilitates
the synthesis of nanosized ZnONPs that effectively infiltrate
cells and enhance glucose uptake from the bloodstream.
Green-synthesized ZnONPs exhibited non-toxic and cyto-
protective properties. Nonetheless, some limitations of the
early investigation must be recognized. The primary evi-
dent restriction is that the drug’s efficacy was not evalu-
ated in animal models. The potential clinical applications
of ZnONPs in antidiabetic therapy have established a novel,
economical alternative for treating diabetes mellitus. Fur-
ther, in vivo animal studies are necessary to elucidate the
molecular mechanisms responsible for the enhanced glu-
cose utilization in 3T3-L1 adipocyte cells induced by M.
pudica-mediated synthesized ZnONPs. Future study must
investigate their molecular activity, refine nanoformula-
tions, assess long-term safety, and examine therapeutic or
pharmacological applications. Connecting in vitro discover-
ies with in vivo applications will be essential for their effec-
tive translation into metabolic health therapies.
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