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ABSTRACT
This comprehensive review explored synthesis, evaluation, and potential uses of plant extract-based zinc oxide
nanoparticles (ZnO NPs), with a particular focus on their potential role in diabetes management. Plant extract-
based green synthesis offered an eco-friendly alternative, addressing the environmental concerns associated with
traditional chemical methods. With an emphasis on a variety of plant sources, synthesis of ZnO NPs was
described with its unique characteristics, including structure, size and shape influencing their potential
applications in diabetes management. The anti-diabetic properties of these NPs were highlighted, showcasing
their efficacy in improving insulin levels, reducing fasting blood sugar levels, and impacting glucose
metabolism. A thorough exploration of characterization techniques, including morphological, structural, optical,
and thermal analyses, was presented. The article emphasized the importance of these techniques in
understanding NPs properties for diverse applications. Although ZnO NPs may have harmful effects on a
variety of organs and tissues, their toxicity was acknowledged and discussed. The toxicity studies underscored
the need for a comprehensive understanding of potential risks when considering the therapeutic applications of
these nanoparticles. The gathered insights aimed to guide researchers in harnessing the potential of ZnO NPs for
diabetes management while addressing safety concerns associated with their usage.
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selected bulk materials into fine particles [6]. This

1. INTRODUCTION process involves breaking down the material into

Advancements in global nanotechnology research
have been rapid, with a specific emphasis on
nanoparticles (NPs) due to their wide-ranging
applications in diagnostics, biomarkers, delivery of
drugs, and cancer treatment [1]. The rapidly
progressing field of material sciences delves into
the unique characteristics of NPs, considering
factors such as their shape, size, and structure [2]. It
is recognized that the size ranges from 1 to 100 nm
is particularly beneficial for creating effective NPs
[3]. NPs classified into two categories: inorganic,
covering semiconductor NPs (such as Zinc Oxide,
Zinc Sulfide, and Cadmium sulfide), metallic NPs
(like Gold, Silver, and Copper), and magnetic NPs
(like Cobalt, Nickel, and Iron); and organic,
predominantly consisting of carbon-related NPs
[4].

NPs (NPs) can be synthesized using two
distinct approaches, each of which uses a particular
technique (Fig. 1) [5]. The Top-Down method
involves using a variety of size reduction
techniques, such as ball milling, pulse laser
ablation, and evaporation-condensation, to break up

smaller components to achieve the desired NPs size
[7]. Conversely, Bottom-Up strategy entails
methodical synthesis of NPs using chemical and
biological techniques like atomic condensation, sol-
gel, and co-precipitation [8-10]. In this, atoms
undergo self-assembly, forming new nuclei that
subsequently grow into NPs at the nanoscale [11].
This complex bottom-up approach enables precise
manipulation of the characteristics of the produced
NPs. These two approaches provide researchers
with the flexibility to select the most suitable
technique according to the particular needs of their
nanoparticle synthesis, empowering them to
regulate particle size, structure, and characteristics
of resulting NPs [11].

While the latter method is unpredictable, the former
results in NPs that can be transferred chemically,
physically, and with a green approach, causing
atomic-sized particles to self-assemble [12].
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Fig. (1). Diverse strategies for synthesizing NPs

2. SYNTHESIS OF NANOPARTICLES
The synthesis of NPs includes various techniques,
including chemical, physical, and biological
methods [13]. The  Chemical methods include
precipitation, co-precipitation, colloidal, sol-gel,
microemulsion, hydrothermal techniques, that
depends on various parameters like temperature,
time, and concentration of reactants. Changes in
these parameters have an impact on the size and
shape of NPs [14-16]. The use of hazardous
reducing agents and solvents that endanger the
environment is a drawback of this technique [17].
The physical methods for NPs synthesis includes
various techniques such as ultrasonic treatment,
melt mixing, and physical vapour deposition and
ion implantation. However, these techniques are
having poor efficiency, significant energy use, and
environmental contamination [18, 19].

To tackle these challenges, the adoption of
green chemistry approaches for NP production has
become widespread. Green synthesis produces
stable NP production, is widely used, and is
economical [20-22].

Table 1 outlines the benefits and drawbacks of the
techniques for NP synthesis.
Table 1: Overview of NPs Synthesis Methods

Benefits Drawbacks
Method
Chemical Controlled size Use of
synthesis High purity and hazardous
quality chemicals
NPs are
considerably
stable
Physical Absence of Costly
synthesis harmful High energy
components Stability is low
Rapid technique
High production
rates
High quality and
purity
Green Safe and toxicity-  Difficulty in
synthesis free controlling
Simple and cost-  physical
effective properties
Biocompatible

Eco-friendly

2.1. GREEN SYNTHESIS OF

NANOPARTICLES
The green synthesis approach provides a more
straightforward, convenient, less energy-demanding
and environmentally friendly option, minimizing
the reliance on harmful substances while
optimizing operational effectiveness. Three primary
categories of green synthesis exist: (i) use of yeast,
fungi, actinomycetes and bacteria; (ii) utilizing
templates such as membranes, viral DNA, and
diatoms; and (iii) harnessing plants and their
extracts (Fig. 2) [23].

The production of NPs, particularly from
plant extracts or organic sources, has attracted
significant attention because it is highly capable
and has a large variety of bioactive-reducing
metabolites. Plants, known for their resistance to
metal toxicity compared to bacteria and algae, offer
a more environmentally friendly alternative for
synthesizing NPs [24, 25]. Different components of
plants, including, fruit, leaves, latex, seeds, stems,
and roots are utilized for synthesizing NPs [26].
The green methodology that utilizes plant extracts
for nanoparticle manufacturing is a biological
approach that minimizes hazardous by-products
and eliminates the need for chemical agents or
toxic solvents that are employed in Conventional
methods (Chemical and Physical methods) [27].

The Plant extracts are high in bioactive
substances such polyphenols, flavonoids, alkaloids,
terpenoids, saponins, proteins, and carbohydrates.
By acting as stabilizing and reducing agents, these
compounds improve biocompatibility, inhibit
agglomeration and are used in the environmentally
friendly manufacturing of NPs [28]. Alkaloids and
terpenoids promote nucleation and surface
functionalization [29], whereas polyphenols and
flavonoids help with metal ion reduction and
capping [30]. Proteins and saponins increase
stability and dispersion [31], while carbohydrate
increases solubility [32]. By reducing harmful by
products [33, 34], this environmentally friendly
method provides a viable substitute for traditional
chemical synthesis.

By wusing extracts, several kinds of
metallic NPs were synthesized, like Copper oxide
(CuO) NPs [35], Cerium oxide (CeO>) NPs [36],
Palladium (Pd) NPs [37], Silver (Ag) NPs [38],
Zinc oxide (ZnO) NPs [39], and Gold(Au) NPs
[40]. ZnO NPs are unique among other metal
oxides because of their abundance, stability,
electric conductivity, and optical transparency [41].
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Fig. (2). Synthesizing Plant extract loaded ZnO
NPs

3. CHARACTERIZATION OF
NANOPARTICLES

Characterizing NPs is a pivotal process in

comprehending their characteristics,

guaranteeing their excellence, and establishing
their appropriateness for diverse applications.

Various analytical methods are utilized for this

purpose. The following are some techniques

[42].

e Assessing morphology and topography
involves the use of Scanning Electron
Microscopy (SEM) as  well as
Transmission Electron Microscopy (TEM)
to evaluate dimensions, configuration,
distribution, and grouping of NPs. SEM is
especially beneficial for thorough surface
analysis, offering high-resolution visuals
of nano as well as micro-sized structures
by utilizing electron beams. Its capability
to penetrate deeper into surfaces and offer
high magnification renders SEM images
beneficial for evaluating surface topology
of NPs based on their electron density.
Dynamic Light Scattering (DLS) is
employed for examining dimensions and
dispersion of NPs. Additionally, the
surface area of NPs is analysed by
Brunauer Emmett Teller (BET), while
Barrett Joyner Halenda (BJH) model
determines particle pore size.

e Structural & Chemical characterization-
Crystallinity of particles determined by X-
ray diffraction (XRD). The Debye-Scherer
equation is employed to approximate the
size of NPs.

o D=KkMBcob

In this context, wavelength of the x-ray is
represented by A, p denotes full width at
half maximum of diffraction peak, Bragg
angle is denoted by 0, and d indicates the
size of NPs in nanometer (nm). Scherrer
constant (0.9) is represented by k in this
equation.

e  Fourier-transform infrared (FTIR)
spectroscopy- Examining the relationship
between zinc precursors and plant extracts
can assist in identifying functional groups
in charge of reduction process. According

to FTIR analysis, extracts that contain
functional groups including C=C, C-N, C-
H, C=0, and N-H function as effective in
the synthesis of NPs.

e Optical characterization- The absorption,
reflectance, and band gap of NPs is
determined by UV-Vis spectroscopy.
Synthesized NPs are subjected to scanning
within the ultraviolet (UV) range of the
electromagnetic spectrum, usually
covering a wavelength range from 200 to
700 nm. Moreover, diffuse reflectance
spectroscopy (DRS) is utilized to evaluate
the photo activity and electrical
conductivity of NPs.

4. APPLICATIONS OF PLANT
EXTRACT-BASED ZnO NPs

As previously discussed various metallic NPs
synthesized using plant extract ZnO NPs, silver
NPs, CuO NPs, and cerium oxide NPs offer a more
promising approach to managing diabetes with
fewer side effects. ZnO NPs exhibit diverse
biological properties, including antimicrobial,
antitumor, antioxidant, antifungal, antiviral, anti-
inflammatory, wound healing, and anti-diabetic
properties [43].

4.1. AN OVERVIEW OF ZnO NPs AS

ANTIDIABETIC
Over 300 enzymes in the body are activated by
zinc, a vital metal that is involved in many
metabolic processes, including the metabolism of
glucose [44]. Zinc enhances glucose consumption
by stimulating hepatic glycogenesis via the insulin
pathways [45]. Supplementing with zinc helps
diabetic humans and animals maintain glycaemia
control [45, 46].

ZnO NPs are promising delivery vehicles
for zinc that may be used to treat diabetic mellitus
(DM). Because of their small size, they can be
absorbed by cells, interacting with biomolecules
and triggering specific biological reactions [47]. In
numerous studies ZnO NPs have been shown to
decrease blood glucose level in diabetic animals
[48-51]. One study elaborated the decrease in blood
glucose level in a concentration- and time-
dependent manner When ZnO NPs (1-10
mg/kg/day) were given orally to diabetic rats for 56
days [52].

Pancreatic dysfunction and damage play a
crucial role in the onset and progression of diabetes
mellitus (DM), as the pancreas are responsible for
regulation of glucose levels by production of
insulin [53]. Pancreatic B cells contain several zinc
transporters, including zinc transporter 8, which is
important for insulin secretion [54]. Apart from its
function in the production, preservation, and
release of insulin it is also recognized for its role in
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preserving of structural integrity of insulin [55].
Some study demonstrates the  decreased
histological alterations in diabetic rat pancreas,
after administration of oral ZnO NPs (10
mg/kg/day) for 4 weeks, either by itself or in
combination with vildagliptin (10 mg/kg/day) for 7
weeks [56, 57]. Furthermore, it was found that ZnO
NPs (1-10 pg/ml) increased the proliferation of
insulin-secreting RIN-5F cells in a dose-dependent
manner after 24hour incubation [58].

Another mechanism for ZnO NPs to lower
blood glucose level is to improve insulin regulation
in diabetes models [59]. Glucose transporter 2
(GLUT?2) functions as glucose sensor in pancreatic
B-cells and control the release of insulin [60].
According to studies conducted, a 24-hour
treatment with ZnO NPs (1-10 pg/ml), which is
comparable to 0.1 IU/ml insulin, increased GLUT4
translocation and glucose uptake in rat L6
myoblasts and mouse 3T3-L1 adipocytes [61].

Enzymes are essential for the management
of diabetes as they control the metabolism of
carbohydrates and the absorption of glucose.
Postprandial blood glucose levels can be managed
by inhibiting important enzymes such as a-amylase
and a-glucosidase. ZnO-NPs successfully inhibited
a-amylase from human saliva and the pig pancreas,
according to research on enzyme inhibition [62,
63]. Furthermore, ZnO-NPs decreased o-
glucosidase activity in the colon (98% suppression)
and pancreas (21% inhibition) of mice.
Interestingly, they had a marginally stronger
inhibitory impact on intestinal glucosidase than the
common antidiabetic medication acarbose [64].

Protein tyrosine phosphatase 1B (PTP1B)
as a key negative regulators of the insulin
signalling pathway, plays a crucial role in
management of type 2 diabetes mellitus (T2DM)
[65]. It was found that Inhibition of PTP1B
enhances glucose metabolism and insulin
sensitivity by prolonging and insulin signalling.
One study revealed a 1.5-fold enhancement in
PTP1B phosphorylation by deactivating it in
HepG2 cells by administration of ZnO NPs at 10
pg/ml [61]. Thus, by above specific mechanisms
ZnO NPs can demonstrate potential role in
improving insulin  sensitivity and glucose
utilization, addressing diabetes-related
complication (Fig. 3).

The increasing focus on environmentally
friendly methods for synthesizing ZnO NPs,
alongside their prospective uses in diabetes
management  through  diverse  mechanisms,
underscores their attractiveness for review. Thus,
this review seeks to offer detailed insights into
plant extract-based green synthesis of ZnO NPs,
specifically exploring their anti-diabetic properties
as reported in recent literature. The article presents
a thorough examination of ZnO NPs synthesis
utilizing various plant extracts, their

characterization, and their application in diabetes
management through various approaches.

Inhibition of Protein tyrosine
phosphatase 1B (PTP1B)
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Fig. (3). Schematic Representation of ZnO NP’s
role in Diabetes Management

4.1.1. Helichrysum cymosum shoots

extracts ZnO nanoparticles

Nkemzi et al. carried out synthesis of ZnO NPs
using aqueous extract of Helichrysum cymosum.
Zinc nitrate hydrate was used as a precursor for the
synthesis. Different analytical methods, such as
UV-Vis spectroscopy, SEM-EDX, XRD, TEM, and
zeta potential were utilised to characterise the NPs.
The TEM and XRD analysis revealed a spherical
structure  of nanoparticle, with an average
dimension of 28-58.3 nm. The zeta potential
evaluation indicated the stability of ZnO NPs. The
toxicity studies revealed the cytotoxic effect at
higher concentration range. There was a significant
increase in the inhibitions of alpha-glucosidase
enzyme indicating beneficial antidiabetic effects
[66].

4.1.2. Propolis extract ZnO nanoparticles
The propolis methanolic extract was used to
synthesize ZnO NPs in the research conducted Da
et al. using zinc nitrate hexahydrate as a precursor.
The synthesized ZnO NPs was characterised to
have a hexagonal wurtzite shape with a particle size
ranging from 30-50 nm and zeta potential of -
60.567 mV. The FTIR analyses also confirmed the
role of phytoconstituents in propolis methanolic
extract for stabilizing NPs. Obtained Pro-ZnO NPs
were proven as NPs with. The in vitro assays
confirmed the o-amylase and o-glucosidase
inhibitory activity with ICso of 43.57 mg/mL and
40.69 mg/mL respectively, significant as compared
to standard Metformin [67].

4.1.3. Silybum marianum L. seed extracts

ZnO nanoparticles

Mohammadi et al. employed a microwave-assisted
method to synthesize ZnO NPs, utilizing an
aqueous extract of S. marianum L. Seeds using zinc
nitrate.

Methods were utilized to examine the shape,
crystalline structure, chemical makeup, surface
features, thermal behaviour, and optical
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characteristics of the produced NPs. These
techniques encompassed XRD, SEM, TEM, EDX,
FT-IR, TGA, and UV-Vis spectroscopy. NPs
exhibited diffraction peaks indicative of a
hexagonal crystalline structure known as wurtzite,
with a size of 40 nm. EDX detected the presence of
elements such as zinc (Zn) and oxygen (O),
suggesting robust bonding between ZnO NPs and
organic molecules. The possible anti-diabetic
properties of ZnO NPs synthesized using S.
marianum extract in diabetic rats were evidenced
by reductions in fasting blood sugar (FBS) levels,
enhancements in insulin levels as well as improved
lipid profiles. These findings suggest promising
therapeutic uses for managing hyperlipidemia [68].
4.1.4. Vaccinium arctostaphylos L. leaf
extracts ZnO nanoparticles
Bayrami and colleagues outlined a method for
producing ZnO NPs utilizing zinc nitrate sourced
from an aqueous extract of  Vaccinium
arctostaphylos L.  leaves, facilitated by
ultrasonication. SEM and TEM analysis showed
that NPs had a hexagonal wurtzite structure with a
particle size of 40 nm. Additionally, Bayrami et al.
illustrated the potential uses of these NPs in
diabetes management. Their findings indicated
improvements in diabetic rats, including reduced
fasting blood sugar (FBS) levels, enhanced insulin
levels, enhanced glucose transport, and beneficial
alterations in lipid profiles, such as elevated HDL
and reduced triglyceride levels [69].
4.1.5. Momordica charantia fruit extracts
ZnO nanoparticles
In the conducted study by Kalakotla et al. ZnO NPs
were synthesized using zinc nitrate and aqueous
extract of  Momordica  charantia. The
characteristics of these NPs such as crystalline
structure, particle size, and functional groups, were
thoroughly examined using various techniques such
as SEM, XRD, particle size analysis, and FTIR
spectroscopy. XRD affirmed hexagonal structure of
NPs. SEM images depicted uniform and
symmetrical morphological shapes with a size of
55.8 nm. Moreover, these NPs exhibited notable
anti-diabetic properties, restoring insulin levels to
baseline in rats treated with ZnO NPs compared to
control (p< 0.001) [70].
4.1.6. Quercus infectoria galls extracts
ZnO nanoparticles
An aqueous extract of Quercus infectoria was
utilized by Jawahar and group for synthesizing
ZnO NPs with zinc acetate as the precursor and
sodium hydroxide to regulate pH. Furthermore, the
NPs underwent characterization through XRD,
SEM, TEM, and FT-IR analysis. XRD patterns
revealed presence of a hexagonal wurtzite in
synthesized ZnO  NPs.The authors also
demonstrated a dose-dependent increase in
inhibitory activity of ZnO NPs from Quercus
infectoria, against the a-amylase enzyme. The NPs

exhibited potent inhibitory effects on starch
absorption, suggesting their potential as starch
blockers compared to standard drugs like acarbose
[71].
4.1.7.  Wattakaka volubilis leaf extracts
ZnO nanoparticles
Jeyabharathi et al. devised a method for producing
ZnO NPs using Wattakaka volubilis leaf extract
treated with zinc acetate, followed by
centrifugation and sonication. In the present study,
characterization via XRD, EDX analysis, FTIR,
UV-Vis spectroscopy, and SEM confirmed ZnO
NPs, showing a 16.79 nm crystallite size, peak at
wavelength 291nm in UV spectroscopy and at
414.70 ¢cminFTIR analysis. Evaluation of ZnO
NPs on alloxan-induced zebrafish demonstrated
significant reductions in glucose levels, with
variations dependent on dosage and duration,
indicating potential antihyperglycemic effects [72].
4.1.8. Vaccinium arctostaphylos L. fruit
extracts ZnO nanoparticles
Bayrami et al. investigated hypoglycemic impact of
ZnO NPs, produced by combining ethanolic extract
of Vaccinium arctostaphylos L. and zinc nitrate.The
characterization of synthesized NPs was conducted
with the help of multiple techniques. Examination
through XRD and SEM revealed a hexagonal
crystalline structure with a particle size of
20nm.FT-IR analysis revealed bands for Zn-O and
O-H stretching vibrations. At last, the authors
concluded that significant decrease in fasting blood
sugar levels, attributing it to ZnO NPs' insulin-like
function, zinc's influence on glucose metabolism,
and synergistic effects [73].
4.1.9. Areca catechu leaf extracts ZnO
nanoparticles
The use of Areca catechu leaf extract in creating
ZnO NPs by employing zinc nitrate as an oxidizing
agent was investigated by Shwetha et al [74]. This
resulted in the creation of milky white ZnO NPs.
The authors verified that synthesized ZnO NPs
demonstrated a hexagonal wurtzite arrangement,
with crystallite size 29nm.
Moreover, analysis using EDX verified elemental
composition of NPs, revealed existence of zinc
(Zn) and oxygen (O). Furthermore, the study
investigated the influence of ZnO NPs on glucose
uptake in yeast cells, indicating a potential
antidiabetic effect within concentration range of
50-250 pg/mL.
4.1.10. Myristica fragrans fruit extracts
ZnO nanoparticles
Faisal and group detailed production of ZnO NPs
using extract derived fromfruits of Myristica

fragrans and zinc acetate. Different techniques for

characterization, including TEM, FTIR
spectroscopy, and SEM, were applied to analyze
NPs. The TEM and SEM examinations verified that
synthesized NPs exhibited an elliptical form, with
crystallite size of 66nm.Additionally, FTIR analysis
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was employed to confirm functional groups
accountable for stabilizing and coating ZnO NPs.
The study assessed inhibition of a-amylase as well
as o-glucosidase enzymes by NP samples,
demonstrating significant activity, with a maximum
inhibition of 6521 + 0.49 for a-glucosidase
enzyme and 73.23 £ 0.42 for a-amylase enzyme at
the concentration 400pug/mL [75].

4.1.11. Withania somnifera leaf extracts

ZnO nanoparticles

The utilization of Ashwagandha, also known as
Withania somnifera, a versatile medicinal plant, for
producing ZnO NPs, was investigated by
Malaikozhundan et al. An aqueous solution was
extracted and NPs were synthesized through a heat-
induced reaction with zinc acetate. Several
characterization techniques, such as HR-TEM, UV-
vis spectroscopy, zeta analysis, EDX analysis,
XRD, and SAED pattern were utilized. The
successful synthesis of NPs was confirmed by UV-
vis absorption peaks, which exhibited a prominent
peak at 384 nm.XRD analysis identified a
hexagonal structure in NPs, with a particle size of
15.6 nm. An elemental zinc composition of 88.06%
was validated by EDX analysis. Zeta analysis
revealed a zeta value of -12.14 mV. Significant
anti-diabetic effects were demonstrated, with
inhibition of a-glucosidase and a-amylase enzymes
to 95% and 90% at a concentration 100ug/mL
respectively, surpassing the positive control
acarbose. The potential therapeutic implications of
ZnO NPs derived from Ashwagandha were
underscored by the study [76].
Bambusa arundinacea leaf extracts ZnO
nanoparticles.
The synthesis of ZnO NPs utilizing ethanolic
extract of Bambusa arundinacea was detailed by
Jayarambabu et al. [77] employing a green
approach involving the interaction of tannins,
flavonoids, phenols, glycosides, and alkaloids with
zinc acetate. SEM analysis confirmed agglomerated
spherical ZnO NPs, while TEM analysis revealed
spherical particles ranging from 7-20 nm. EDX
analysis confirmed existence of zinc (Zn) as well as
oxygen (O) elements, as well as atmospheric
absorbed carbon (C), ensuring the purity of ZnO.
XRD indicated a crystalline structure, and the zeta
potential distribution of -27.4 mV suggested long-
term stability. The NPs exhibited hepatoprotective
effects against streptozotocin (STZ)-induced cell
damage in liver segments and potential
hypoglycemic effects by enhancing insulin
secretion in islet P-cells, indicating anti-
hyperglycemic  activity  through  improved
pancreatic insulin production.

4.1.12. Elsholtzia blanda. C leaf extracts

ZnO nanoparticles

Maheo et al. elaborated on the chitosan-assisted
synthesis of ZnO NPs utilizing E. blanda leaf
extract and zinc nitrate. The NPs were

characterized with the help of multiple tools
including FTIR spectroscopy, UV-vis spectroscopy,
X-ray diffraction, SEM, EDX, and TEM, which
revealed rod-shaped NPs with a particle size of
43nm. In vitro evaluation of anti-diabetic activity,
particularly through the a-amylase enzyme
inhibition assay, revealed significant inhibition
(74%) by ZPCB at the maximum inhibitory
concentration, with ICso value of 14.46pg/mL. The
enhanced inhibitory potential of ZnO NPs was
attributed to synergistic effect of chitosan as well as
biomolecules extracted from leaves, emphasizing
its promising role in diabetes management [78].

4.1.13. Tridax procumbens L. leaf extracts

ZnO nanoparticles

The antidiabetic investigations of ZnO NPs
significantly reductions in glucose levels in diabetic
rats in a dose-dependent manner, surpassing effects
of reference drug glibenclamide. Ahmed et al
produced ZnO NPs using Tridax procumbens L.
Leaf extract, employing double-distilled water and
a magnetic stirrer. The extract, combined with zinc
sulfate solution as a precursor, underwent
characterization through UV-Vis spectroscopy,
SEM imaging, FTIR analysis, zeta potential
measurement, and DLS-based PSD (Particle size
distribution). The results confirmed of ZnO NP
synthesis with a peak absorbance at 380 nm and
identified functional groups in the FTIR spectrum.
A zeta potential of -26.5 mV indicated uniform
distribution and potential long-term stability. SEM
revealed spherical NPs with size of 75.8 = nm. DLS
showed uniformity with low polydispersity index
(PDI) of 0.56 [79].

4.1.14. Amygdalus scoparia stem extracts

nanoparticles

The extraction and synthesis of ZnO NPs using an
aqueous extract of Amygdalus scoparia stem, zinc
acetate, and a magnetic stirrer were outlined by
Norouzi et al. Characterization methods, including
UV-visible spectroscopy, SEM, TEM, EDX, and
XRD, validated successful synthesis and provided
insights into the shape, composition, and structure
of NPs. UV-vis spectroscopy confirmed ZnO NP
formation, showing peak absorption at 368 nm.
SEM analysis unveiled primarily spherical ZnO
NPs with a diameter of 29 nm, which was
supported by TEM observations ranging from 10 to
60 nm. Presence of zinc and oxygen was indicated
by EDX, accounting for 68.7% and 31.3% of the
weight, respectively.XRD analysis verified a
hexagonal wurtzite structure with a crystallite size
of 19.14 nm. Both 4. scoparia stem extract as well
as synthesized zinc oxide NPs reduced blood
glucose levels in diabetic rats, indicating potential
anti-diabetic effects alongside increased insulin and
beneficial gene expression [80].
Andrographis paniculata leaf extracts
nanoparticles
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Rajakumar investigated the extraction, synthesis,
characterization, and antidiabetic uses of ZnO NPs
obtained from Andrographis paniculata leaves
[81]. The aqueous leaf extract facilitated ZnO NPs
biosynthesis with a magnetic stirrer and zinc
nitrate. TEM, SEM, EDX analysis, and XRD were
utilized for characterization, confirmed hexagonal
wurtzite structure of ZnO NPs, with a particle size
of 13.8 nm. SEM showed spherical and hexagonal
NPs with agglomeration, while TEM displayed
oval, spherical, and hexagonal shapes sized around
57nm, confirming their nanocrystalline nature. ZnO
NPs exhibited moderate a-amylase inhibition (ICso:
121.42 pg/mL), suggesting their potential in
diabetes management by impacting glycogenolysis,
gluconeogenesis, and glucagon secretion.

4.1.15. Mussaenda frondosaL.stem extracts

nanoparticles

The study by Jayappa et al. 2020 presented a
method for synthesizing ZnO NPs (ZnONPs) via
solution combustion synthesis (SCS) with zinc
nitrate and aqueous extract of Mussaenda frondosa
L. By using XRD, EDX, SEM, DLS UV-Vis
spectroscopy, and FTIR, NPs were characterized,
confirming the hexagonal wurtzite crystal structure,
with UV-Vis absorption spectra revealing a peak
absorbance at 370 nm. SEM showed flat hexagonal
formations with a particle size of 12nm, while
presence of zinc and oxygen was affirmed by EDX
spectra. FTIR spectra indicated bioreduction and
stabilization roles of functional groups, with
metallic ZnO stretching vibrations at 486 cm™!. The
synthesized NPs exhibited high stability (zeta
potential: -25.4), suggesting potential for stable
colloidal formation. Green-synthesized ZnO NPs
showed promising antidiabetic properties by
inhibiting key enzymes involved in carbohydrate
hydrolysis, with an ICsp value of 47.66ug/mL,
indicating potential for managing postprandial
hyperglycaemia [82].

4.1.16. Urtica  dioica leaf  extracts

nanoparticles

An aqueous extract of Urtica dioica leaves was
used for synthesis of ZnO NPs using a magnetic
stirrer [83]. To form a complex with the extract,
zinc nitrate was used, along with sodium hydroxide
to maintain pH. The authors utilized a range of
characterization techniques to assess the NPs,
including XRD, FTIR, TEM, TGA, SEM, EDX,
and UV-Vis DRS.XRD analysis of ZnO samples
confirmed their wurtzite hexagonal crystalline
structure. SEM and TEM analyses revealed a
spherical nature of particles with a size of 60 nm.
EDX analysis detected oxygen and zinc as common
elements. FTIR analysis revealed a ZnO absorption
peak at 555 c¢m’!, confirming its presence. TGA
analysis illustrated the thermal resilience of the
ZnO extract, sustaining stability up to 600°C,
characterized by two stages of weight loss: initial
water evaporation and combustion of Urtica dioica

leaf extract. The study revealed that ZnO NPs
exhibited insulin-mimicking effects and
significantly lowered fasting blood sugar levels in
diabetes-induced rats.
Table 2. Plant-Derived Zinc Oxide NPs: Eco-
Friendly Synthesis and Applications
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5. TOXICITY ASSESSMENT OF ZINC
OXIDE NANOPARTICLES:
CHALLENGES AND PERSPECTIVES
Despite the use of ZnO NPs in a variety of
commercial products, human exposure is growing.
Several investigations have examined toxic effects
of ZnO NPs in mammals through In-vitro and In-
vivo studies. Within cells, NPs dissolve in
lysosomes, resulting in cytotoxicity, oxidative
stress, lipid peroxidation, and changes in
mitochondrial membrane potential, destabilization
of lysosomes, the release of inflammatory
cytokines, DNA damage, and cell death [81]. The
cytotoxicity of ZnO NPs was found to fluctuate
depending on variables such as nanoparticle
concentration, type of cells, and duration of
exposure involved [84, 85].

Furthermore, Yousef et al. confirmed that
ZnO NPs caused liver and kidney toxicity in male
Wistar rats [86]. In another study, ZnO NPs and

their bulk counterpart in suspensions was accessed
the impact of their acute oral toxicity at doses of
300 and 2000 mg/kg in healthy female Wistar rats.
ZnO NPs produced more toxicological effect as
compared to their bulk particles [87]. ZnO NPs
were found to have low sub-chronic toxicity via
inhalation in mice, with minimal pulmonary
inflammation and cytotoxicity observed [88]. Even
the ZnO NPs were also found to induce acute lung
injury in rats that characterized by increased airway
resistance, excessive inflammatory response and
lung histological damage [89].

It was also reported that the inspiration of
ZnO NPs leads to their entry in lungs, causing
hazardous effects and inducing inflammatory
responses due to their acidic nature [88]. The
neurotoxicity study of the ZnO NPs showed
interactions  with  neuronal cells, inducing
mitochondrial —impairment, cell death, and
apoptosis in various neural cell types [89]. It has
been noted that the NPs enter the brain via a variety
of pathways, leading to oxidative stress, memory
and learning impairment, and release of
inflammatory cytokines [90]. Furthermore, Streit
and team illustrated glial cell toxicity due to ZnO
NPs' interaction with glial cells, which are essential
for brain homeostasis and immune function [91].

However, oral administration in rats
revealed more significant toxicological effects
compared to bulk particles, including alterations in
hematological and biochemical parameters and
histopathological lesions in liver and kidney tissues
[92, 93]. Intravenous and intraperitoneal
administration in  rats showed  potential
hepatotoxicity, with some anomalies in liver
histology, ion content, and antioxidant systems
[94]. Ecotoxicology assessments using Artemia
salina  and zebrafish demonstrated physical
malformations and bioaccumulation, particularly in
the gastrointestinal tract of zebrafish [95]. These
studies highlight the importance of considering
exposure route, dose, and model organism when
assessing ZnO NP toxicity.

6. CHALLENGES IN THE
COMMERCIALIZATION OF ZnO NPs.

The commercialization of ZnO NPs from
laboratory to market faces various challenges.
Green syntheses counter issues like batch-to-batch
variability and specific synthesis conditions. The
process involves extreme temperatures, prolonged
reaction times, and inert atmospheres, making it
complex and challenging to scale up. The
heterogeneous size and irregular shapes of NPs
synthesized from different plants further complicate
matters [96]. Before using ZnO NPs, their safety
needs to be thoroughly investigated, as they have
been associated with hepatic, renal, neuronal,
pulmonary, and reproductive toxicity [97]. Their
entry into biological systems through dermal,
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inhalation, and ingestion routes raises concerns,
with factors like dose, size, physicochemical
properties, and exposure duration influencing
toxicity [98, 99]. It takes a lot of effort and time to
get regulatory approval for novel NPs due to
stringent safety, efficacy, and quality requirements.
Transitioning from laboratory to large-scale
production poses challenges in maintaining
efficiency, cost-effectiveness, and product integrity.
NPs may change over time, like aggregation or
degradation, necessitating efforts to ensure their
long-term stability as well as shelf-life for
commercial [100]. The translation and
commercialization of ZnO NPs necessitate a
collaborative approach that involves scientists,
regulators, and manufacturers, as well as
comprehensive research, rigorous safety
assessments, adherence to regulations, and efficient
manufacturing protocols.

7. CONCLUSION

This review provides a comprehensive examination
of ZnO NPs as potential agents to manage diabetes,
focusing particularly on their eco-friendly synthesis
utilizing plant extracts. Zinc, being an essential
metal, plays crucial role in different physiological
processes, like glucose metabolism, insulin
regulation, and enzyme activation.

The environment friendly synthesis of
ZnO NPs using plant extracts is a key highlight of
this review. This approach not only promotes
sustainability but also offers potential therapeutic
benefits. Various plants have been used for green
synthesis of ZnO NPs, and the review discusses
their synthesis processes in detail. Additionally,
emphasis is placed on characterizing these NPs and
evaluating their therapeutic effects. Studies
involving diverse plant extracts have shown
promising outcomes, including enhanced insulin
levels, lowered fasting blood sugar levels, and
beneficial changes in lipid profiles, suggesting the
potential of NPs in diabetes management.

However, despite promising results,
translation of laboratory findings into practical
applications faces several challenges. Regulatory
approval, safety concerns, and scalability issues are
among the hurdles that need to be addressed to
bring ZnO NPs based anti-diabetic therapies to the
market. Furthermore, the review explores the
toxicological aspects of ZnO NPs, shedding light
on their potential adverse effects on various organs
like liver, lungs, and kidneys. Understanding
toxicological profile of ZnO NPs is essential for
ensuring their safety in therapeutic applications.

In conclusion, the review emphasizes the need for a
multidisciplinary approach to overcome challenges
associated with translation of ZnO NPs into
practical anti-diabetic therapies. Collaboration
between  researchers, clinicians, regulatory
agencies, and manufacturers is crucial for

addressing safety concerns, obtaining regulatory
approval, and scaling up production. By addressing
these challenges collectively, ZnO NPs have
potential to emerge as effective and sustainable
therapies for managing diabetes.
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