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ABSTRACT: In the present study, we have improvised a biogenic method to
fabricate zinc oxide nanoparticles (ZnO NPs) using chitosan and an aqueous
extract of the leaves of Elsholtzia blanda. Characterization of the fabricated
products was carried out with the help of ultraviolet−visible, Fourier transform
infrared, X-ray diffraction, field emission scanning electron microscopy, high-
resolution transmission electron microscopy, selected area electron diffraction,
and energy-dispersive X-ray analyses. The size of the improvised ZnO NP
measured between 20 and 70 nm and had a spherical and hexagonal shape. The
ZnO NPs proved to be highly effective in the antidiabetic test as the sample
showed the highest percentage of enzyme inhibition at 74% ± 3.7, while in the
antioxidant test, 78% was the maximum percentage of 2,2-diphenyl-1-
picrylhydrazyl hydrate scavenging activity. The cytotoxic effect was investigated
against the human osteosarcoma (MG-63) cell line, and the IC50 value was 62.61
μg/mL. Photocatalytic efficiency was studied by the degradation of Congo red where 91% of dye degradation was observed. From
the various analyses, it can be concluded that the as-synthesized NPs may be suitable for various biomedical applications as well as
for environmental remediation.

1. INTRODUCTION
Fabrication of low-cost, simple, and nonhazardous nanoparticles
(NPs) is gaining huge momentum with an ever-new product on
the rise. Their small size and large surface area are their greatest
advantages. Advancement in nanotechnology is indispensably
associated with modernization and advancement in all spheres
of human existence. The impact of nanotechnology includes in
science, drugs, healthcare, machinery, space programs, informa-
tion technology, electronics, optics, catalysis, environmental
remediation, agricultural practices, and so forth. Hollow C@
SnS2/SnS nanocomposites used as electrocatalyst,1 ZnS−Ag2S
NPs used for photothermal detection of a transcription factor,2

fluorescent ZnO−Au nanocomposite as a probe to elucidate
DNA interaction,3 and hybrid Ag−Fe3O4 obtained with the aid
of Rubia tinctorum as a reductant and a stabilizing agent4 are
some examples on the importance of nanotechnology.
Previously, many NPs with excellent biological as well as

chemical applications have been synthesized via chemical/
physical methods. This, however, has the disadvantage of using
hazardous substances. The green method of synthesizing NPs is
gaining ground in recent years. An alternative to the conven-
tional method of NP synthesis is the cleaner and greenermethod
involving bacteria, algae, yeast, actinomycetes, or plant parts as
this entails no perilous or hazardous substances.5 Size-

dependent antibacterial activity of ZnO NPs that were
synthesized using the leaf extract of Dysphania ambrosioides
was observed.6 A comparative study was made between green-
synthesized and chemically synthesized copper oxide NPs by
Sabeena et al.7 Many metallic and metal oxide NPs such as
palladium NPs,8,9 silver NPs,10 copper oxide NPs,11,12 and
bimetallic copper−silver NPs13 are synthesized using different
plant parts which have very useful biological and chemical
applications. An added advantage to the use of plant parts is that
the phytochemicals from plants enhance the properties of the
NPs. The biomolecules that are found in plant parts serve as
excellent reducing, stabilizing, and capping agents in the green
manufacturing of NPs. They are directly responsible for
reducing the metal precursors to their nanosize. Akhavan et al.
used ginseng, a herbal medicine, as a green reductant to obtain
reduced graphene sheets.14 The leaf extract of Eucalyptus
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globulus was used as a stabilizer to synthesize copper oxide
NPs.15 The zinc oxide NPs, synthesized by the mediation of the
leaf extract of Anoectochilus elatus, possessed strong antimicro-
bial, anti-inflammatory, and antioxidant properties.16 Faisal et al.
synthesized zinc oxide NPs using the aqueous fruit extract of
Myristica fragrans which had good antibacterial, antidiabetic,
antioxidant, antiparasitic, and larvicidal properties.17

Engineered metal oxide NPs such as copper oxides,18

manganese oxides,19 titanium oxides,20 aluminium oxides,21

iron oxides,22 cerium oxides,23 and silver oxides24 are among the
most commonNPs having unique properties and applicability in
diverse fields. Behaving as a good n-type semiconductor, ZnO
NPs are gaining significant interest among researchers. This is
attributed to their unique properties and applicability in varied
fields due to their nontoxic nature, low cost, high catalytic
activity, biocompatibility,25 and so forth. Another important
characteristic nature of ZnO is its UV filtering capacity which is
why it is widely used in cosmetic products. Besides, ZnO also
plays a significant role in many medicinal uses such as wound-
healing, anticancer, antimicrobial, anti-inflammatory, and drug
delivery.26 Recent work showed the synthesis of Rosmarinus
officinalis-mediated Ca−ZnO-based nanoghosts which had
significant biological applications.27 Rajabi et al. synthesized
ZnO NPs using the aqueous extract of Suaeda aegyptiaca which
exhibited good antimicrobial, antifungal, and antioxidant
properties.28 The adsorbance of carcinogenic bisphenol-A
from the water bodies by chitosan/gelatin loaded with ZnO
NPs/Chlorella vulgaris is a good example of environmental
remediation by NPs.29

Elsholtzia blanda, commonly known as the pleasant
Himalayan mint, is an aromatic herb with plentiful volatile oils
as its main constituent. Traditionally, fresh leaves are eaten to
lower blood pressure and in treating dysentery, stomach pain,
and other gastrointestinal disorders. They are also found to
possess antibacterial, antioxidant, cardioprotective, and reno-
protective effects.30 Besides their medicinal uses, the plant is also
used as a vegetable and spice. Flavonoids, particularly luteolin,
are found to be the major constituents of the Elsholtzia family.31

Phenylpropanoids, terpenoids, and cyanogenic glycosides are
other biomolecules found in the plant.32

Chitosan is obtained by deacetylation of chitin, which in turn
is obtained from the exoskeleton of crustaceans. The hydroxyl
amino groups in chitosan aremainly responsible for their various
properties, such as reducing activity, which leads to the
formation of NPs or their ability to bond with other metal or
metal oxides. As a result, its physicochemical and biological
qualities are improved.33,34 As a coordinating agent, chitosan
also helps in the nucleation and growth of the NPs.35 Being
biodegradable and void of toxicity, it is widely used in tissue
engineering and as antibacterial agents. The primary −NH2
group found in chitosan plays a pivotal role in many of its
activities.
Previous works in the literature suggest that plant

components can be used to synthesize ZnO NPs, some of
which are Eriobotrya japonica,36 Asparagus racemosus,37 Cayratia
pedata,38 Cassia auriculata,39 Averrhoa carambola,40 Parthenium
hysterophorus,41 Albizia lebbeck,42 Mentha pulegium,43 Carissa
edulis,44 and Aloe socotrina.45 Chitosan and plant extract-
mediated metal oxide NPs in the literature include MgO,46

TiO2,
47 CuO,48 and ZnO.49

The present work gives an insight into the investigative study
of the antioxidant, antidiabetic, cytotoxic, and photocatalytic
efficiencies of ZnO NPs synthesized through the mediation of

the leaf extract of E. blanda and chitosan. Very few works are
reported in the literature on the dual use of leaf extract and
chitosan to synthesize NPs. The novelty of our work lies in the
method which followed a purely green scheme involving no
hazardous substances and which was time- and cost-effective.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Zinc nitrate hexahydrate [Zn(NO3)2·

6H2O] was purchased from Sisco Research Laboratories Pvt.
Ltd. Maharashtra, India, chitosan was purchased from Sisco
Research Laboratories Pvt. Ltd., and sodium hydroxide
(NaOH) and acetic acid (CH3COOH) were obtained from
Spectrum Reagents and Chemicals Pvt. Ltd. Edayar, Cochin.
They were of analytical grade and did not require any additional
purification.
2.2. Leaf Collection and Extract Preparation. Fresh

leaves of E. blanda were gathered from Punanamei village,
Manipur, India in September. They were properly cleansed in
flowing tap water to remove any harmful or undesired
substances before being dried in the shade at room temperature.
The leaves were taxonomically authenticated at the Department
of Botany, D.G.Vaishnav College Chennai, Tamil Nadu, India.
5 g of the leaves that were shade-dried were placed in a 200

mL beaker which had 100 mL of double-distilled water and
heated for 30 min at 85 °C. After cooling the mixture, Whatman
filter paper no. 1 was used to filter it, and the filtrate was
employed as the plant extract for the biosynthesis of the required
NPs.
2.3. Biosynthesis of ZnONPs. 20mL of the leaf extract and

60 mL of 0.05 M zinc nitrate solution were mixed and stirred at
70 °C for 30 min using a magnetic stirrer before adding 2.0 M
NaOH dropwise till pH ∼ 9 was attained. 20 mL of chitosan
solution obtained by dissolving 1 g of chitosan in 100 mL of 1%
acetic acid was further added to the mixture, and stirring was
continued for another 3 h at 80 °C. Color change was noticed
from being colorless to brownish before it finally became
yellowish-white jelly. This method helped in obtaining E. blanda
and chitosan-assisted ZnO NPs (ZPCB). E. blanda-assisted
ZnO NPs (ZPB) were also prepared similarly without adding
chitosan to the mixture. The formed NPs were washed
thoroughly with double-distilled water, filtered, and dried in
an oven for 4 h at 200 °C. A schematic illustration of the
procedure and mechanism involved is shown in Figure 2.
2.4. Characterization. The various characterization techni-

ques employed to characterize the biosynthesized NPs were
UV−vis spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDAX),
transmission electron microscopy (TEM), and selected area
electron diffraction (SAED).

2.4.1. UV−Vis Spectroscopy. A noticeable change was noted
in the solution’s color as it became yellowish-white, indicating
the formation of NPs. UV−visible spectra using a wavelength
spanning from 200 to 800 nm with a 1 nm data interval were
used to analyze the optical property and confirm the formation
of ZnO NPs. It was measured employing a UV spectropho-
tometer (Jasco V-670 Serial no. B072061154).

2.4.2. FTIR Spectra. The FTIR spectra were recorded using a
Nicolet iS50 (Thermo Scientific, USA) spectrometer. In this,
KBr pellets were used and the measurement was taken in the
range of 4000−400 cm−1 with a resolution of 4 cm−1. This
helped in establishing the identity of the phytochemicals that
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helped in reducing, capping, and stabilizing the NPs as well as
the Zn−O bonds.

2.4.3. XRD. The crystal phase, purity, and average crystal size
were estimated with the help of XRD crystallography using a D8
ADVANCE (Bruker, Germany) diffractometer fitted with a 2.2
kW Cu-anode ceramic tube as the radiation source. The
measurement was taken over the range of 2θ = 10−90°.

2.4.4. Field Emission SEM with EDAX. Surface morphology
and particle size analyses were performed by SEM which was
equipped with EDAX to analyze the elemental composition.

2.4.5. High-Resolution TEM with SAED. The structural
morphology, shape, and size of the NPs were determined with
the help of high-resolution transmission electron microscopy
(HRTEM) combined with SAED for phase identification. The
particles were scanned at an accelerating voltage of 200 kV.

2.5. Biological Activities. 2.5.1. Antidiabetic Potential (α-
Amylase Assay). Taking acarbose as the standard, the in vitro
antidiabetic activity of ZnONPs was investigated employing the
inhibitory effect of α-amylase. Constraining the activity of α-
amylase helps to reduce the glucose absorption rate as the
enzyme plays a vital role in hydrolyzing the carbohydrates. The
potential of ZnO NPs as an antidiabetic was analyzed through
the alpha amylase assay using the approach described by Prasad
et al. with few changes.50 To 390 mL of phosphate buffer
containing varied concentrations, that is, 5, 10, 15, 20, and 25
μg/mL of the sample solution, 10 μL of α-amylase solution
(0.025 mg/mL) was added. The mixture was incubated for 10
min at 37 °C, and 100 μL of the starch solution was added as a
substrate. Incubation was carried out for another hour before
adding 0.1 mL of 1% iodine solution and 5 mL of double-
distilled water. Taking acarbose as the control, the absorbance
was studied at 565 nm. The percentage of enzyme inhibition was
obtained using the formula

A A
A

% of inhibition 100c s

c
= ×

(1)

Here, Ac refers to the absorbance of the control and As to the
absorbance of the sample.

2.5.2. Antioxidant Potential (DPPH Assay). The 2,2-
diphenyl-1-picrylhydrazyl hydrate (DPPH) radical scavenging
efficiency of the prepared NPs was compared with that of the
standard ascorbic acid. 3 mL of methanolic 0.004% DPPH
solution was mixed with different concentrations (5, 10, 15, 20,
and 25 μg/mL) of the synthesized ZnO NPs. The mixture was
shaken vigorously to attain homogeneity and was kept in the
dark for half an hour at room temperature. The absorbance of
the mixture was then measured at 517 nm with the help of a
UV−Vis spectrophotometer (LMSP-UV1000B). The antiox-
idant activity (D) was further calculated using the equation

Figure 1.UV−vis absorption spectra of (a) ZPCB and (b) ZPB. Tauc’s
plot (inset) of (c) ZPCB and (d) ZPB.

Figure 2. Hypothesized mechanism involved in the formation of ZnO NPs.
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D
A A

A
(%) 100c c

c
= ×

(2)

where Ac and As are the absorbances of the control and sample,
respectively.

2.5.3. Cytotoxicity Potential (MTT Assay). MG-63 cell line
(human osteosarcomas cell) was utilized to investigate the
cytotoxic potential of the biosynthesized ZnO NPs. MG-63 cell
line was purchased from NCCS, Pune. DMEM medium which
was supplemented with FBS (10%), penicillin (100 μg/mL),
and streptomycin (100 μg/mL) was used to culture the cell lines
and was incubated at 37 °C in an atmosphere of 5% carbon
dioxide. The cells were then seeded in a 96-well tissue culture
plate at a density of 1 × 105 cells/mL and left to stand for 24 h at
37 °C. The original medium was discarded, and ZPCB samples
at varying concentrations were added to the well and placed in
an incubator for a day. When the incubation was completed for
24 h, 20 μL of MTT (5 mg/mL) was further added to the wells
and reincubated for another 4 h. At the end of 4 h of incubation,
the medium was carefully removed and washed with 200 μL of
phosphate-buffered saline before adding 100 μL of dimethyl
sulfoxide to dissolve the formazan crystals. The plate was then
shaken for 5 min for efficient mixing. The absorbance was finally
recorded at 570 nm using a microplate reader, and the
percentage of cell viability and IC50 value were calculated. The
percentage of cell viability was calculated using the formula

cell viability % test OD/control OD 100= × (3)

2.6. Photocatalytic Potential. The photocatalytic poten-
tial of the biosynthesized ZnO NPs was evaluated by the
decomposition of Congo red under light irradiation. The
experiment was carried out using a double-beam UV−vis
spectrophotometer (ELICO-SL218). For this purpose, a
working solution of 100 μg/mL of the dye was prepared.
Varying concentrations (10, 20, 30 40, and 50 μg) of ZnO NPs
were then added to the working solution which had equal
volumes and allowed to stand for 10 h. In another condition,
keeping the concentration of the NPs constant, that is, 50 μg/
mL, the working solution was exposed to light for varying
lengths of time (0, 2, 4, 6, 8, and 10 h). The photocatalytic
potential of the NPs was thus estimated centered on two factors,
concentration and duration of time exposed to light. The
absorbance was taken at Congo red absorption value which is
497 nm. The reactions were carried out in triplicate to get a
concordant reading.

3. RESULTS AND DISCUSSION
3.1. UV−Vis. The UV−vis spectra of ZPCB and ZPB are

shown in Figure 1. A strong absorption peak was observed at 356
nm in the spectra which is characteristic of ZnONPs. The purity
of the sample is confirmed by the occurrence of a single peak
each for the two NPs without any additional peaks. The position
of the absorption peak depends largely on the particle size,
shape, and concentration. Similar results with absorption peaks
ranging from 350 to 380 nm for ZnO NPs were reported in the
literature.51−53

The optical band gap determined by using Tauc’s plot [Figure
1 (inset)] showed a band gap of 3.1 eV for both the green-
synthesized NPs. Previously reported band gap values ranged
from 3.1 to 3.4 eV.54−57

3.2. Plausible Mechanism of Biosynthesis of ZnO NPs.
Varied biomolecules found in the leaf extracts possess strong
reducing, capping, and stabilizing properties. These are essential

for the synthesis of NPs. The main phytochemicals found in the
leaf extract of E. blanda are flavonoids, terpenoids, polyphenols,
tannin, luteolin, and phenylpropanoids. The hydroxyl group
found in these biomolecules forms a metal complex with the
dispensed Zn2+ which on reduction and stabilization yields the
desired product.58 The hypothesized reaction that takes place in
the process is shown in Figure 2.
3.3. FTIR. FTIR (Figure 3) shows evidence of functional

groups found in biomolecules that were responsible for reducing

the metal precursor to the desired product. Besides, the
formation of the Zn−O bond too is confirmed by their
characteristic absorption peak. In Figure 3a,b, the bands at 3421
and 3483 cm−1 corresponded to the stretching and bending
vibrations of the OH group. The peaks at 1649 and 1655 cm−1

matched with C�O vibrations, 1513 cm−1 is indicative of C
stretching in polyphenols, 1412 cm−1 corresponds to C−C
stretching in aromatic groups, 1338 and 1366 cm−1 indicate C−
N stretch of aromatic amines, and 1021 and 1055 cm−1 match
with the C−O stretching mode of esters.59 The absorption
region at 902 and 942 cm−1 can be assigned to HO−C�O
stretching bands.60 The tetrahedral coordination of Zn is
revealed by the peaks at 840 and 845 cm−1.61 The peak at 721
and 772 cm−1 implies the presence of a metal oxide bond. The
Zn−O bond is allotted to the bands at 648 and 670 cm−1. The
FTIR results of the leaf extract (Figure 3c) demonstrated the
presence of the functional groups of biomolecules that were
responsible for the reduction of the metal precursor to the
desired products. A broad band at 3273 cm−1 matched with the
O−H stretching of phenols and N−H stretching of amides,
while the weak band at 2969 cm−1 is associated with the C−H
bend of the aldehydic group. The absorbance at 1570 cm−1 is
due to the asymmetric C�O stretching of the carboxylate
group.62 The vibrational band at 1406 cm−1 corresponds to
−NH2 of flavonoids and amines,63 while the broad strong peak
at 1027 cm−1 is associated with the C�O amide band of the
aliphatic carboxylic acid group.42 The inferences thus point to
the presence of phenols, flavonoids, primary amines, and amino
acids in the leaf extract.

Figure 3. FTIR spectra of (a) ZPCB, (b) ZPB, and (c) plant extract.
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3.4. XRD. Phase purity, average crystallite size, and
crystallinity of ZPCB and ZPB were examined by XRD, the
spectra of which are shown in Figure 4. The XRD peaks were

sharp, indicating that the NPs are in good crystalline form. The
XRD patterns of ZPCB demonstrated some unique diffraction
peaks situated at 2θ values of 32.1, 34.8, 36.5, 47.8, 56.9, 63.1,
and 68.3°which could be indexed to (111), (002), (101), (102),
(110), (103), and (112), respectively. For ZPB, the peaks were
observed at 2θ = 32, 34.8, 36.4, 47.7, 56.9, 63.1, and 68.1°
corresponding to (111), (002), (101), (102), (110), (103), and
(112), respectively. These patterns point to the hexagonal
wurtzite structure of the pure phase with highly crystalline peaks.
The values too corresponded well with JCPDS card no. 00-013-
0311. The crystallite size of ZPCB was 17.9 nm, while ZPB had
an average crystallite size of 19.4 nm which was calculated with
the help of the Debye Scherrer equation given by pure-phase
monoclinic crystalline morphology

D
0.9

cos
=

(4)

Here, D is the crystallite size, λ is the wavelength of the X-ray
sources whose value is 0.15406 nm, β is the full width at half-
maximum in radians, and θ is the Bragg diffraction angle in
degrees.
3.5. FESEM with EDAX. FESEM helped in investigating the

surface morphology and structure of the NPs whose
corresponding images are displayed in Figure 5a,b. The images
display rodlike and semispherical structures for both ZPCB and
ZPB.
The qualitative and quantitative analyses of the samples was

carried out with the help of EDAX analysis, the results of which
can be observed in Figure 5c,d. The presence of Zn and O as
elemental compositions was confirmed by EDAX results. In
ZPCB, the weight percentage of Zn was 68.94% and that of O
was 15.82%. The 15.25% of C observed in ZPCB could be due to
the use of chitosan and plant extract. In ZPB, the weight
percentage of Zn was 62.98, while O had 37.61%. Beside the Zn
and O peaks, some unknown peaks are observed at around 2.00
and 3.8 keV. These peaks may be due to different elements
present in the plant extract.

3.6. HRTEM with SAED. The synthesized NPs’ size and
morphology were evaluated by HRTEM as shown in Figure
6a,b. The images confirmed the rodlike and semispherical
structure of the NPs as seen in SEM. In ZPCB, some hexagonal
shapes are also observed. Rod-shaped and hexagonal ZnO NPs
are reported by Velsankar et al. Spherical and hexagonal-shaped
ZnO NPs are found in the literature (refs 58, 64, and 65). The
efficacy of the NPs in various applications depends much on
their morphology and size.
The bright circular spots in the SAED patterns observed in

Figure 6c,d give us information regarding the polycrystalline
nature of the NPs. The d-spacing values for ZPCB were 0.23 and
0.29 nm, coinciding with the XRD pattern, and were assigned
the hkl values of (002) and (101), respectively. The d-spacing
values for ZPB were 0.28, 0.26, and 0.24 nm which agrees well
with the XRD value of ‘d,’ confirming the hexagonal wurtzite
structure of the ZnO NPs. The concentric rings were assigned
the values of (111), (002), and (101) in agreement with XRD
findings.
Figure 6e,f displays the histogram of the particle size. The size

of ZPCB ranged from 25 to 60 nm with 43 nm as the average
size. ZPB’s size ranged from 20 to 70 nm and had an average size
of 45 nm. The small-sized NPs bearing the advantage of
possessing a larger surface area are of greater advantage in terms
of their various applications.
3.7. Antidiabetic Potential. The nanomedicine approach

which could be an effective alternative to insulin in treating
diabetes is gaining ground in the field of research. Studies of
previous works of literature show that ZnO is known to possess
antidiabetic properties.17,50,66 Constraining the activity of α-
amylase aids in reducing the glucose absorption rate as the
enzyme plays a vital role in hydrolyzing carbohydrates. The
present study on the role of the synthesized ZnO NPs as
potential α-amylase inhibitors revealed that they are good
antidiabetic agents. Figure 7 and Table 1 show the percentage of
inhibition profile of ZPCB and ZPB for α-amylase activity. The
highest activity was noticed in ZPCB with 74% inhibition at the
highest concentration and having an IC50 value of 14.46 μg/mL.
The synergistic effect of chitosan and biomolecules from the leaf
extract is credited with ZPCB having a higher inhibitory effect. It
is also observed that at lower concentrations, the inhibitory
potential of ZPCB is even higher than that of acarbose which was
used as the standard. ZPB too exhibited good antidiabetic
efficiency with 72% inhibition, and its IC50 value was 17.51 μg/
mL. From the results, it is evident that the inhibitory activity
increases with an increase in the concentration of NPs and vice
versa.
3.8. Antioxidant Potential. Reactive oxygen species

(ROS) which are highly reactive are produced during the
mitochondrial oxidative metabolism.67 An excess of ROS leads
to oxidative stress that results in cellular damage or abnormal cell
growth. Antioxidants, therefore, help in preventing or reducing
ROS-induced oxidative damage either by reacting directly with
free radicals or by constraining the activities of the free radical-
generating enzymes.68

DPPH, a stable free radical, has an absorbance between 512
and 520 nm in its oxidized state. DPPH can accept an electron or
hydrogen radical to form a stable diamagnetic molecule. A shift
in color from purple to yellow denotes a decrease in the
absorbance of the DPPH radical which ultimately demonstrates
that the antioxidant material interacted with the free radical. In
this method, antioxidants present in the sample reduce the stable
nitrogen radical in DPPH, leading to a drop in the absorbance.

Figure 4. XRD pattern of (a) ZPCB and (b) ZPB.
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In the present work, the antioxidant potential of the
biosynthesized ZnO NPs was assessed by the in vitro DPPH
radical scavenging assay. The results as observed in Figure 8 and
Table 2 indicate that with an increase in the NP concentration,
their effectiveness too increased. In ZPCB, a gradual increase in
the inhibitory percentage is noticed, reaching a maximum of
78% at its highest concentration, while in ZPB, a sudden leap in
their activity is observed on reaching 800 μg/mL. ZnO NPs
transfer their electron density toward the free radical which is
situated at the nitrogen atom in DPPH.69 Similar reports on the
effective antioxidant property of ZnO NPs are reported in the
literature (Table 3).70−72

3.9. Cytotoxicity. Cell morphological variations such as
retardation of cell growth or cell ruptures were studied to
investigate the cytotoxic nature of the NPs. The in vitro
cytotoxic potential of ZnO NPs was performed against MG-63
human osteosarcoma cells, and the viability of the cells was
studied using theMTT assay. On exposure to the NPs, there was
a noticeable reduction in cell viability in a dose-dependent
manner. The IC50 value which was calculated by employing the
linear regression equation was found to be 62.61 μg/mL. At the

highest concentration (500 μg/mL), the percentage of cell
viability was found to be 10.65%. Figure 9 shows the images of
negative control cells and ZPCB-treated cells at different
concentrations, whereby one can notice the change in
morphology as well as the reduction in terms of cell viability.
The known mechanisms involved in the cytotoxicity of

nanomaterials are physical direct interaction of extremely sharp
edges of nanomaterials with the cell wall membrane,73 ROS
generation74 even in the dark,75 trapping the cells within the
aggregated nanomaterials for bacteria76 and for spermatozoa,77

oxidative stress,78 DNA damaging and chromosomal aberra-
tion,79 Zn ion release,80 neuronal81 and hormonal82 side effects,
and contribution in generation/explosion of nanobubbles.83 A
mechanism proposed for the cytotoxic effect in our current work
is the production of ROS which in turn leads to cellular damage
and thereby apoptosis. The generation of ROS by metal oxide
NPs is due to their semiconductor nature by which electrons and
holes are generated. These electrons and holes, in turn, interact
with oxygen and hydroxyl ions, thereby resulting in extremely
reactive free radicals which are responsible for oxidative damage
to cells.84

Figure 5. FESEM images of (a) ZPCB and (b) ZPB. EDAX of (c) ZPCB and (d) ZPB.
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3.10. Photocatalytic Potential. The photocatalytic
potential of biosynthesized ZnO NPs was investigated using
two factors: dye concentration and contact time. Decolorization
of the dye indicated its degradation, and the associated
absorbance was recorded with the help of a UV−vis
spectrophotometer. The dose-dependent outcome is evident
as the percentage of dye degradation increased with an increase
in the concentration and contact time (Figure 10). In the graph,
the lighter shade represents the concentration of the dye, while
the darker shade denotes the percentage of dye degradation. It is

clear from the graph that as the concentration of the NPs and the
exposed time duration increased, dye degradation increased,
while the dye concentration decreased. A maximum of 91% of
dye was degraded in the presence of ZPCB with an IC50 value of
26.36 μg/mL, while for ZCB, the maximum percentage of dye
degradation was 84% and the IC50 value was 33.90 μg/mL.
ZPCB, being slightly smaller in size, had better photocatalytic
efficiency. The smaller NPs have the advantage of quicker
photocatalytic reaction due to the larger surface area.

Figure 6.HRTEM images of (a) ZPCB and (b) ZPB. SAED images of (c) ZPCB and (d) ZPB. Histogram of particle size of (e) ZPCB and (f) ZPB.
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On light irradiation of the particles, the valence band electrons
get excited and jump to the conduction band, creating an equal
number of electrons (e−

cb) and holes (h+vb). The e−
cb, on

reacting with molecular oxygen yield O2
• which further react

with H+ and form HO2
•, finally converting into H2O2 and O2.

Figure 7. (a) Antidiabetic activities of ZPCB, ZPB, and standard (acarbose). (b,c) Linear regression graph to determine IC50 values of ZPCB and ZPB,
respectively. The results are denoted as means ± standard error (SE) of the mean, and the error bar size reveals the sample variation of triplicates.

Table 1. α-Amylase Inhibition Activity of Acarbose, ZPCB,
and ZPB at Different Concentrations

concentration (μg/mL) (std.) acarbose (%) ZPCB (%) ZPB (%)

5 27 ± 0.35 29 ± 0.47 14 ± 0.70
10 33 ± 0.65 40 ± 1.12 28 ± 0.42
15 47 ± 1.35 50 ± 1.52 35 ± 0.75
20 62 ± 2.11 63 ± 2.15 60 ± 2.10
25 77 ± 2.83 74 ± 2.71 72 ± 2.60

Figure 8. Antioxidant activities of ZPCB, ZPB, and standard (ascorbic
acid). The results are denoted as means± SE of the mean, and the error
bar size reveals the sample variation of triplicates with the statistical
significance at p < 0.05.

Table 2. DPPH Radical Scavenging Activity of Ascorbic Acid
(Standard), ZPCB, and ZPB at Different Concentrations

concentration
(μg/mL) (std.) ascorbic acid (%) ZPCB (%) ZPB (%)

200 19 ± 0.75 69 ± 1.45 29 ± 0.45
400 39 ± 0.95 72 ± 1.60 30 ± 0.51
600 57 ± 1.32 76 ± 1.86 37 ± 0.85
800 81 ± 2.10 77 ± 1.73 62 ± 1.33
1000 >99 ± 2.73 78 ± 1.90 68 ± 1.40

Table 3. Photocatalytic Efficiency of ZPCB and ZPB

(i) at varied concentration

% of dye degradation
concentration of dye

(μg/mL)

concentration of
ZnO NPs (μg) ZPCB ZPB ZPCB ZPB

0 0 0 100 ± 3.20 100 ± 3.18
10 21 ± 0.05 6 ± 0.30 78 ± 2.74 93 ± 3.35
20 38 ± 0.90 19 ± 0.75 61 ± 2.05 80 ± 3.01
30 60 ± 2.12 34 ± 0.97 39 ± 0.75 65 ± 2.25
40 75 ± 2.71 64 ± 2.23 24 ± 0.22 35 ± 0.76
50 91 ± 3.19 86 ± 3.21 8 ± 0.14 13 ± 0.72

(ii) at varied time.

% of dye degradation concentration of dye (μg/mL)

time (h) ZPCB ZPB ZPCB ZPB

0 0 0 100 ± 3.12 100 ± 3.15
2 16 ± 0.80 8 ± 0.40 83 ± 3.12 91 ± 3.05
4 36 ± 0.96 14 ± 0.71 63 ± 2.27 82 ± 2.91
6 59 ± 1.87 34 ± 0.76 40 ± 1.06 67 ± 2.35
8 77 ± 2.85 57 ± 1.85 22 ± 1.19 40 ± 1.06
10 88 ± 3.40 84 ± 3.06 9 ± 0.45 13 ± 0.65
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H2O2, in the presence of light, produces OH•. The h+vb too react
with water, forming H+ and OH•. These generated reactive

species are strong oxidizing agents, responsible for oxidizing the
dye and degrading them.85 The green-synthesized ZnONPs can

Figure 9. Images showing the negative control cells and ZPCB-treated cells at different concentrations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07530
ACS Omega 2023, 8, 10954−10967

10962

https://pubs.acs.org/doi/10.1021/acsomega.2c07530?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07530?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07530?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07530?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thus serve as an agent to address environmental issues, especially
those that pertain to pollution, arising out of the use of dye. ZnO
NPs, as a potential candidate for dye degradation, have been
reported in previous findings too86−88

4. CONCLUSIONS
ZnO NPs were synthesized by the biogenic method, and a
comparative study between the ZnONPs fabricated through the

mediation of chitosan and aqueous leaf extract of E. blanda
(ZPCB) and mediation of leaf extract alone (ZPB) was carried
out. ZPCB was found to be more effective in all activities that
were carried out�antidiabetic, antioxidant, cytotoxic, and
photocatalytic. The higher efficiency is attributed to the
synergistic effect of chitosan and biomolecules found in the
leaf extract. The study concludes that the green synthesis of NPs
bears the greater advantage of easy availability, time, and cost-

Figure 10. Photocatalytic activity of ZPCB and ZPB at (a ,b) different concentrations and (c,d) at different times. (e,f) Linear regression graph to
determine the IC50 values of ZPCB and ZPB.
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effectiveness and is environmentally benign. The results of the
various tests prove that the biosynthesized ZnO NPs could be
effectively used for various biomedical applications and also for
the treatment of contaminated wastewater.
The limitation of our work lies in carrying out all biological

activities in vitro. Hence, the future scope of our research work
includes the following:

• In vivo studies of biological activities to prove biomedical
applications.

• Testing for the degradation of more dyes and other
pollutants which could serve as potential precursors for
environmental remediation.
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