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ABSTRACT: In the present study, ZnO nanoparticles were synthesized by using
aqueous extracts of Aerva persica roots. Characterization of as-prepared ZnO
nanoparticles was carried out using different techniques, including powder X-ray
diffraction (XRD), UV−vis diffuse reflectance spectroscopy (DRS), Fourier
transform infrared (FTIR) spectroscopy, field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM) and BET
surface area analysis. Morphological analysis confirmed the small, aggregated
flake-shaped morphology of as-synthesized ZnO nanostructures. The as-prepared
ZnO nanoparticles were analyzed for their potential application as anti-
inflammatory (using in vivo inhibition of carrageenan induced paw edema)
and antioxidant (using in vitro radical scavenging activity) agents. The ZnO
nanoparticles were found to have a potent antioxidant and anti-inflammatory
activity comparable to that of standard ascorbic acid (antioxidant) and
indomethacin (anti-inflammatory drug). Therefore, due to their ecofriendly
synthesis, nontoxicity, and biocompatible nature, zinc oxide nanoparticles synthesized successfully from roots extract of the plant
Aerva persica with potent efficiencies can be utilized for different biomedical applications.

1. INTRODUCTION
Nanotechnology is now regarded as a proven cutting-edge
technology with numerous applications in the food processing,
mechanical, chemical, and pharmaceutical industries. Nano-
technology can also be used in optics, computing, power
production, drug delivery, and environmental sciences.1 Since
the emergence of nanotechnology, numerous nanoscale
devices have been created utilizing several techniques,
including physical, chemical, and environmentally friendly
ways. However, the green synthesis route for nanomaterials is
found to be a simple versatile route that can be easily
engineered.2 There are certain limitations of conventional
nanoparticle synthesis methods (which include most physical
and chemical routes) including prolonged processing times,
high reaction temperature, high costs, and particularly the
utilization of toxic compounds. Due to these limitations, most
of the relevant research has focused on environmental benign
and rapid synthesis routes for nanoparticle synthesis.3−8 Green
synthesis of NPs, notably using plant extracts, is an emerging
trend in green chemistry that is regarded as simple,
economical, and safe.9−12 Several plant extract-mediated
syntheses of different metal and metal oxide-based materials
have been reported for application in different fields.13−15

Among different metal oxides, ZnO nanoparticles are
intriguing inorganic materials that offer innumerable benefits

involving various fields such as energy conservation,
electronics, textiles, cosmetics, healthcare, semiconductors,
chemical sensing, and catalysis. Interestingly, these nano-
particles are biocompatible, safe to employ, and have
tremendous biological functions.16−18 As an essential trace
element, zinc is widely present in all biological tissues,
including the brain, muscle, bone, and skin, among others.
Being the primary component of numerous enzyme systems,
zinc participates in the body’s metabolism and plays key roles
in the production of proteins and nucleic acids, hematopoiesis,
and neurogenesis.19 Because of its extremely small particle size,
nanosized ZnO enables zinc to be absorbed by the body with
greater efficiency. Furthermore, the US Food and Drug
Administration (FDA) has classified ZnO as a “GRAS”
(generally regarded as safe) chemical.20 When compared to
other metal oxide nanoparticles, ZnO NPs have outstanding
biomedical applications such as anticancer, drug delivery,
diabetic treatment, wound healing, anti-inflammation, anti-
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bacterial, and antioxidant.21−24 Based on earlier reports
different plant-extract-mediated methodologies have been
developed for the synthesis of ZnO nanoparticles using
extracts from different components like leaves, bark, shoots,
and roots of a plant.19 Several researchers have employed these
plant-extract-mediated synthesized ZnO nanoparticles as
improved antioxidant, antiinflammation, and anticancer
agents.25−29

For normal metabolism, free radicals and antioxidants are
present in balanced concentration. However, excessive creation
of free radicals is linked to oxidative damage as well as several
chronic disorders, including diabetes, inflammation, and
cancer. Consuming antioxidants can help to protect the body
against the harm that is caused by free radicals. Due to their
toxicity, synthetic antioxidants are no longer widely used. For
this reason, scientists are now investigating natural antiox-
idants.30,31

Inflammation is a defense process against a variety of threats,
such as pathogens, chemicals, immune responses, poisons,
hypoxia, and damaged tissues.32 The inflammatory response is
characterized by the activation of white blood cells as well as
the release of chemicals produced by the immune system.
These chemicals include pro-inflammatory cytokines such as
IL-1, IL-6, IL-12, IL-18, TNF, INF- γ, and granulocyte-
macrophage colony (GMS-CF) stimulating factor. The nuclear
factor-k beta (NF-kb) transcription factor is responsible for
regulating the expression of several genes, including those that
code for pro-inflammatory cytokines, adhesion molecules,
chemokines, growth factors, and inducible enzymes such as
COX-2 and iNOS, which are known to stimulate the
production of pro-inflammatory mediators.33

Nano-dimensional ZnO with a wide range of properties and
applications can be created using a variety of methods
(chemical, physical, and biosynthesis). Plant-mediated prep-
aration of ZnO nanoparticles has been reported many times in
the past; however, there is a lack of literature on their various
biological properties, such as antioxidant and anti-inflamma-
tory activities.

In the current study, zinc oxide nanoparticles were prepared
via a green method involving an aqueous root extract of the
Aerva persica plant. The plant Aerva persica has been shown to
have hypoglycaemic, antioxidant, antimalarial, anthelmintic,
analgesic, antivenin, and antikidney-disease and rheumatism
properties. A. persica also demonstrated antiviral, antiplasmo-
dial, and antidiabetic activities. Considering the already
established biological activities of Aerva persica, we have tried
to employ different phytochemicals present in the roots of
Aerva persica for the synthesis of ZnO NPs. The phytochemical
flavonoids, which are responsible for the ZnO nanoparticles
synthesis, primarily act as reducing and stabilizing agents.34−36

To the best of our knowledge, no report on the green synthesis
of ZnO-NPs using Aerva persica aqueous root extract is
available. The current study investigates the green synthesis of
ZnO-NPs, their characterization, and the investigation of in
vitro antioxidant activity.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. For synthesis of ZnO

analytical grade zinc nitrate, (Zn(NO3)2.2H2O, Merck, 13778-
30-8), Sodium hydroxide (NaOH, Merck, 1310-73-2),
Hexamethylenetetramine (HMTA), (C6H12N4, SRL, 100-97-
0), Ethanol (C2H5OH, SRL, 64-17-5), and double distilled
water were employed. In addition, L-Ascorbic acid (C6H8O6,
SRL, 50-81-7), 2, 2′-azino-bis-(3- ethylbenzothiazoline-6-
sulfonic acid) (ABTS) (C18H24N6O6S4, 30931-67-0), 2,2′-
diphenyl-1-picrylhydrazyl (DPPH) (C18H12N5O6, 1898-66-4),
Hydrogen peroxide, (H2O2, Sigma Aldrich, 7722-84-1),
Indomethacin (indocrom-50) (C19H16ClNO4, 53-86-1),
(Orion life science, Ahmedabad) was purchased from local
drug store. Carageenan, (CDH fine chemicals, New Delhi,
9000-07-1). In all the studies, the compounds were used in
their unpurified, as-bought form without any additional
pretreatment.

2.2. Plant Collection and Extraction. Aerva persica was
identified, and its roots were collected from the local area of
Jodhpur, Rajasthan. The plant species were identified and
authenticated by the Botany department of Biwal Medchem

Scheme 1. Schematic Representation of Possible Reaction Mechanism Involved in Synthesis of ZnO Nanoparticles
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and Research Laboratory Pvt. Ltd., Jaipur, Rajasthan with
Reference no: BMRL/PA/2021-16. The plant extract was
acquired by using a previously reported method.37 For the
preparation of extracts, the plant material was pulverized to a
fine powder using an electric grinder. Before heating to 150 °C,
50 g of plant powder was soaked for 20 min in 500 mL of
double-distilled water. To optimize extraction, the soaked
powder was maintained in an incubator at 37 °C overnight.
After the extract was filtered through Whatman filter paper no.
1823, the solvent was evaporated in a rotatory evaporator at 40
°C. The left-out plant extract was kept at 4 °C in the
refrigerator.

2.3. Synthesis of ZnO Nanoparticles. The zinc oxide
nanoparticles were synthesized by using a green, cost-effective
hydrothermal route. Briefly, 3.0 g of Zn (NO3)2·2H2O was
dissolved in 5 mL of double distilled water. In another beaker,
5 mL of plant extract was heated at 50 °C for 10 min, and a
previously prepared aqueous solution of Zinc nitrate dihydrate
was added dropwise into it. Afterward, 1.5 mmol (0.21 g) of
HMTA was poured into the above suspension. The pH of the
solution (pH 10) was maintained by using 0.06 M (10 mL)
NaOH solution, and the solution was kept at a magnetic stirrer
for 30 min at 800 rpm to obtain a turbid suspension. After that,
the suspension was placed inside an autoclave lined with
Teflon and heated to a temperature of 100 °C for a period of
twelve hours. The mixture was coolled and centrifuged once it
reached room temperature, and the resulting precipitate was
washed with distilled water and ethanol. Lastly, the product
was dried at 60 °C to produce ZnO nanoparticles (with
approximately 82% yield). The probable mechanistic steps
involved during the synthesis of ZnO NPs are depicted in
scheme 1. The influence of plant extract on the production of
ZnO nanoparticles was investigated by changing the ratio of
plant extract to zinc nitrate (v/w) and determining the
resulting ZnO nanoparticles yield which is calculated by using
eq 1:38

= ×
i
k
jjjjj

y
{
zzzzzYield (%)

Experimental weight of ZnO
theoretical weight of ZnO

100
(1)

The reaction setup and reaction steps used during the
synthesis of ZnO nanoparticles are shown in Figure 1.

2.4. Characterizations. Powder X-ray diffraction analysis
with a D/Max 2500 diffractometer set at a scan rate of 5°/min
in the 2θ range 20−80° with Cu Kα radiation (1.54 Å) was
used to investigate the crystal structure, purity, crystallinity,
and phase of the as-prepared nanoparticles. Nanoparticles were
tested for their optical properties using a PerkinElmer 365
double-beam UV−vis diffuse reflectance spectrophotometer
(DRS) in the wavelength range 200−800 nm. Attenuated
Total Reflection-Fourier Transform Infrared (FTIR) Spectros-
copy was carried out, and spectra were recorded at FTIR
spectrophotometer model IR affinity 1. To analyze the
morphology, chemical composition, and elemental distribu-
tion, field emission scanning electron microscopy (FESEM)
and energy dispersive X-ray studies were performed using a
Zeiss Corporation Gemini SEM-500 apparatus at an
accelerating voltage of 20 kV. For FESEM investigation, to
prevent a surface charging effect, a dry sample was placed on
ultrathin gold-coated carbon tape. Using transmission electron
microscopy (TEM) with a FEI Tecnai G2 20 instrument at a
200 kV acceleration voltage, the size and morphology of as-
synthesized nanoparticles were determined. Powdered nano-
particles were ultrasonically dispersed in ethanol for 30 min
before being drop-cast onto carbon-coated copper grids for
TEM/HRTEM imaging. The surface area and pore size of as-
synthesized nanoparticles were measured using a Brunauer−
Emmett−Teller (BET) (Novatouch LX4, Quantachrome
Instruments Limited), surface area analyzer at liquid nitrogen
temperature (77 K). Before conducting the analysis, surface
contaminants and moisture were removed by carrying out an
overnight vacuum degassing process. This was accomplished
by inserting 0.08 g of sample in the sample cell and heating it
to 120 °C. Using the multipoint BET equation (eq 2), the
surface area of the as-synthesized nanoparticles was estimated.
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Figure 1. Schematic representation of reaction setup used, and reaction steps involved in synthesis of ZnO NPs using A. persica root extract.
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where P and P0 represent the equilibrium and saturation
pressure of adsorbates, respectively, V is the volume of the
adsorbate gas, Vm represents the volume of gas adsorbed in
monolayer adsorption, and c represents the BET constant.

2.5. In Vitro Antioxidant Activity. 2.5.1. DPPH Radical
Scavenging Activity. ZnO NPs were evaluated for their 2,2′-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity
to evaluate its antioxidant properties. During analysis, ascorbic
acid was employed as a standard antioxidant agent. In
methanol, a 0.1 mM DPPH solution was prepared, and 3
mL of this solution was mixed with 1 mL of ascorbic acid.
Similarly, ZnO NPs at various concentrations (100, 250, and
500 μg/mL) were mixed in 3 mL of methanol solution of
DPPH. After mixing the reaction mixture was sonicated and
placed in the dark for 30 min. At 517 nm, the absorbance of
the reaction mixture was measured. The percentage of DPPH
scavenging activity was evaluated using eq 3:39,40

= ×A A
A

Percentage of inhibition %
( )

( )
100c t

c (3)

Ac = absorbance of control; At = absorbance of test sample.
2.5.2. H2O2 Radical Scavenging Assay. ZnO NPs were

evaluated for their H2O2 radical scavenging activity using
ascorbic acid as a reference standard; 4 mM of H2O2 in a 0.6
mL of phosphate buffer (pH 7.4) was added to 0.5 mL of
known concentration of ascorbic acid, as well as to the various
concentrations of ZnO NFs (100, 250, 500 μg/mL in
phosphate buffer). The reaction mixtures were kept for 10
min. After 10 min, the absorbance of the reaction mixture was
taken at 230 nm using a blank solution (phosphate buffer and
hydrogen peroxide free). The absorbance was taken in
triplicate.41 Percentage inhibition was calculated by using eq 3.
2.5.3. 2, 2′- Azino-bis-3-ethylbenzothiazoline-6-sulfonic

Acid (ABTS) Radical Scavenging Assay. The ABTS radical
was prepared as per Gonzaĺez-Palma et al., 2016. The reaction
mixture consisted of 0.07 mL of ZnO NPs and ascorbic acid
solution at various concentrations (100, 250, 500 μg/mL) 0
and 3 mL of prepared ABTS radical. The reaction mixtures
were incubated for 6 min. Afterward, the absorbance was
measured at 734 nm. Percentage Inhibition of ABTS
scavenging activity was calculated as formula given in eq 3
given above.42

2.6. In Vivo Anti-Inflammatory Activity. 2.6.1. Exper-
imental Animals. Wistar albino rats, aged 6−8 weeks, 170−
200 g, were procured and housed in the animal house facility of
Bilwal Medchem and Research Laboratory Pvt. Ltd., Reengua
Industrial area (RIICO), Sikar, Rajasthan. They were given a
standard diet and water ad libitum. The temperature was
maintained at 22 °C (±3 °C), humidity was maintained at 40−
60%, and artificial lighting was maintained as a 12 h light and
dark sequence. The experimental protocol was approved as per
the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) and Institutional Animals
Ethics Committee (IAEC) of Bilwal Medchem and Research
Laboratory Pvt. Ltd. (Reg No-2005/PO/RcBT/18/CPCSEA).
2.6.2. Inhibition of Carrageenan Induced Paw Edema.

There were three groups created from the Wistar albino rats.
Group I served as the negative control and received 0.1 mL of
carrageenan suspension in the subplantar region of the right
hind paw. Group II served as the standard and was
administered with indomethacin (50 mg/kg) and carrageenan
(0.1 mL). Group III served as the test group and received ZnO

NPs (36.5 mg/kg) and 0.1 mL of carrageenan. The volume
displacement (VD) of mercury in mL was measured using a
mercury plethysmometer at 0, 1, and 2 h of drug
administration.43,44 The percent inhibition of edema was
calculated as in eq 4:

=

×

Percentage of inhibition %
(VD in untreated group VD in treated group)

(VD in untreated group)

100 (4)

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction Analysis. For the examination of

structural properties, a powder X-ray diffractometer was
employed with a step size of 0.05° and a step time of 1 s,
from (2θ) 10° to 80°. To get correct lattice constants, the Kα1
reflections were used. Figure 2 shows the XRD diffraction

pattern of as-synthesized Aerva persica-mediated ZnO nano-
particles, which was well-matched with JCPDS card no. 80−
0075 for zinc oxide. The significant diffraction peaks observed
at 2θ values of 31.6, 34.4, 36.1, 47.5, 56.4, 62.6, 66.2, 67.8,
69.04, 72.4, 76.9 corresponds to the reflections from (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202) crystal planes of the hexagonal wurtzite zinc oxide
structure. No impure peaks corresponding to secondary phases
were identified, confirming the phase purity and monocrys-
tallinity of as-synthesized ZnO nanoparticles, whereas the
intense diffraction peaks of the as-prepared Aerva persica-
mediated ZnO nanoparticles indicate their high crystallinity.
By employing Debye−Scherrer’s formula eq 5, the average
crystallite size was calculated.45

=D K / cos (5)

where D represents crystallite size, K denotes Scherrer’s
constant (0.94), λ denotes wavelength of incident X-rays, β is
the full width at half-maximum (fwhm) value of diffraction
peaks, and θ indicates diffraction angle. The as-calculated
average crystallite size of the as-synthesized Aerva persica-
mediated ZnO nanoparticles was found to be 23.84 nm. The
lattice constants of as-synthesized Aerva persica ZnO nano-
particles were determined by using the below-mentioned eq
6.46

Figure 2. Powder X-ray diffraction pattern of as-synthesized Aerva
persica mediated ZnO nanoparticles.
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= + + +
d

h hk k
a

l
c

1 4( )
32

2 2

2

2

2 (6)

where d represents lattice spacing which was determined by
employing Bragg’s equation, i.e., 2d sinθ = nλ, and the volume
of the unit cell was also evaluated using relation V = 0.866 a2.
The values of as-calculated lattice constants and cell volume
were found to be a = b = 3.176 Å, c = 5.281 Å, and V = 45.66 Å
respectively.

3.2. UV−Vis DRS Studies. As-prepared Aerva persica-
mediated ZnO nanoparticles were examined by employing
diffuse reflectance UV−vis reflectance spectroscopy to
investigate the optical properties. Figure 3a displays the

reflectance plot of as-synthesized ZnO nanoparticles attained
from DRS analysis, and Figure 3b displays the Kubelka−Munk
plot which is the plot of photon energy (hυ) versus [F(R) hυ]2
on x and y-axis respectively. The band gap is calculated by the
linear extrapolation of the Kubelka−Munk plot. Figure 3a
shows that the optical reflectance spectra reveal the absorption
peak around ∼400 nm, which is consistent with reported
studies.47 By employing the Kubelka−Munk equation, the
optical band gap is calculated which is expressed in eq 7.

= =F R s R R( ) / (1 )/22 (7)

where F(R) represents the Kubelka−Munk function, α is the
absorption coefficient, s denotes the scattering factor, and R
denotes the reflectance of a material. The estimated band gap
value for as-synthesized Aerva persica-mediated ZnO nano-
particles agrees with recently reported studies and was found
to be 3.18 eV.48

3.3. Fourier Transform Infrared Spectroscopy. As
illustrated in Figure 4, FTIR spectroscopy was done in the
range 500−4000 cm−1 to characterize the functional groups in
the aqueous extract of Aerva persica roots and zinc oxide
nanoparticles. Figure 4a displays the FTIR spectra of aqueous
extract of Aerva persica roots where the strong adsorption band
around 2882, 2185, 1856, 1683, 1382, and 1106 cm−1

corresponds to O−H/N−H/C−H, C�O and C−Cl/C−S
stretching/bending vibrations respectively indicate the pres-
ence of amino acids, alkenes, nitrates, ethers, organic halogen
compounds and carbohydrates in the root extract of Aerva
persica. The presence of carbonyl functional groups is indicated
by the bands appearing at around 2882 cm−1 (C−H
stretching), 1683 cm−1 (C�O stretching), and 1382 cm−1

(C−CO−C stretching). The very strong adsorption band
around 3571, 3260, and 2882 cm−1 is due to the presence of
bonded N−H/C−H/O−H stretching of amines and amides.
Figure 4b displays the FTIR spectra of Aerva persica root

extract-mediated ZnO NPs. The peak around 500 cm−1 was
attributed to bonding vibrations between zinc and oxygen M−
O bond.49 The peak noticed at 1640 cm−1 is due to the water
molecule’s O−H bending vibration. The O−H stretching
vibrations of water molecules and the N−H stretching
vibrations of amines and amides50 are responsible for the
extended band from 3150 to 3650 cm−1. The peak around
2108 cm−1 is attributable to the C�C stretching vibration.51

The C�O stretching vibrations of carboxylic acid are situated
at 1380 and 1116 cm−152 respectively. The results obtained
from FTIR analysis confirm the presence of biomolecules
including terpenoids, flavonoids, tannins, and proteins that
may be present in as-synthesized Aerva persica-mediated ZnO
nanoparticles.

3.4. Field Emission Scanning Electron Microscopic
Studies. The morphological analysis of as-synthesized Aerva
persica-mediated ZnO nanoparticles was done by the SEM
technique. Figure 5a displays the SEM micrograph of as-
synthesized ZnO nanoparticles at 5 μm scale which shows tiny
flakes-like particles that are highly agglomerated to form rough
and coarse morphology of nanoparticles. Figure 5b displays the
high-resolution micrograph which shows flakes-like particles
that overlap, which results in the growth of nanoparticles.

3.5. Energy Dispersive X-ray Analysis. The elemental
composition of as-synthesized Aerva persica-mediated ZnO
nanoparticles was investigated by employing EDX analysis.
Figure 6 displays the EDX spectra of as-synthesized Aerva
persica-mediated ZnO nanoparticles, which exhibited strong
EDX peaks for oxygen (O) and Zinc (Zn) elements. The peak
observed at 0.5 keV corresponds to the K-shell of oxygen and
peaks at 1.0 and 8.6 keV corresponds to zinc. The inset of
Figure 6 displays that the atomic weight of oxygen is found to
be 61.97%, while its weight present is 28.50%. Moreover, the
atomic weight of zinc is found to be 38.03%, and its weight
present is 71.50%. There are some other minor constituents
present in the as-synthesized nanoparticles due to the presence
of a plant extract.

Figure 3. (a) UV−vis reflectance spectra (b) Kubelka−Munk plot for
band gap of as-synthesized Aerva persica mediated ZnO nanoparticles.

Figure 4. FTIR spectra of (a) Aerva persica root extract and (b) as-
synthesized Aerva persica-mediated ZnO nanoparticles.
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3.6. Transmission Electron Microscopic Studies. To
further investigate the shape and size of as-syntchesized Aerva
persica-mediated ZnO nanoparticles, TEM analysis was carried
out. Figure 7a,b shows the TEM micrographs of as-synthesized
ZnO nanoparticles at two different resolutions. It could be
seen that as-synthesized ZnO nanoparticles have rough
morphology with no defined shape. It can be observed that
the edges of the ZnO nanoparticles were not smooth. Using
Image J software size distribution of as prepared sample was
determined as shown in the size distribution histogram in
Figure 7c. The average particle size calculated from the TEM
micrograph is shown in Figure 7b using ImageJ software, which
was found to be ∼45 nm.

3.7. BET Surface Area Studies. The surface area is the
most important parameter to be investigated before analyzing
the different activities of nanoparticles. The high surface area
of metal oxide-based nanoparticles enhances their properties,
resulting in better efficiency in different applications. It is
estimated that better results for biological activities will be

Figure 5. FESEM micrographs at two different resolutions (a) 5 μm and (b) 200 nm of as-synthesized Aerva persica-mediated ZnO nanoparticles.

Figure 6. EDX spectra of as-synthesized Aerva persica-mediated ZnO
nanoparticles.

Figure 7. TEM micrographs at two different resolutions (a) 100 and (b) 200 nm and (c) particle size histogram of as-synthesized Aerva persica
mediated ZnO nanoparticles.
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achieved through synthesizing nanomaterials with a high
surface area. By employing the multipoint BET method, the
surface area of as-synthesized Aerva persica-mediated ZnO
nanoparticles was determined through nitrogen adsorption−
desorption measurements. Figure 8 shows the nitrogen

adsorption−desorption isotherm of as-prepared Aerva persica-
mediated ZnO nanoparticles, which followed a type III BET
isotherm pattern and an H3-type-hysteresis loop.53 The surface
area of as-synthesized ZnO nanoparticles was found to be 43
m2/g. The comparative analysis of the BET surface area of
ZnO nanoparticles synthesized by using Aerva persica plant
extract with previously reported literature is given in Table 1.

3.8. In Vitro Antioxidant Activities. In the present study,
biosynthesis of ZnO NPs was carried out by Aerva persica root
extract, and its antioxidant activity was evaluated using
different radical scavenging activities.
3.8.1. DPPH Radial Scavenging Activity. DPPH free radical

scavenging activity is widely used as an in vitro model for the
evaluation of antioxidant activity. An antioxidant donates its
hydrogen which leads to reduction of DPPH solution to
diphenylpicyl hydrazine.56 Percent of DPPH radical scavenging
activity of ZnO NPs and ascorbic acid were evaluated using the
above-mentioned approach, and the obtained results are

presented in table 2. DPPH scavenging activity of ZnO NPs
was found to be lower than ascorbic acid at 100 μg/ml (p <
0.0001). However, DPPH radical scavenging activity of ZnO
NPs is higher as compared to ascorbic acid at 250 μg/ml, while
as no significant difference was observed in 500 μg/ml, which
signifies that the DPPH radical scavenging activity of ZnO NPs
was comparable to that of standard ascorbic acid. In addition
to ZnO NPs antioxidant activity of root extract used to
synthesize nanoparticles was analyzed and no significant
activity was observed which confirms that reduction of
DPPH is solely carried out by ZnO nanoparticles.
3.8.2. H2O2 Scavenging Activity. Hydrogen peroxide is a

mild oxidizing agent that directly inactivates few enzymes by
oxidizing their crucial thiol (−SH) groups. It may swiftly
traverse cell membranes; once within the cell, it may combine
with Fe2+ and perhaps Cu2+ ions to produce hydroxyl radicals,
which may be the source of many of its harmful effects.
Although it is not harmful by itself,57 however, can be
transformed to much more dangerous radicals such as OH by
the Fenton reaction or hypochlorous acid by the myeloper-
oxidase enzyme.58 Hence, the elimination of H2O2 and O2

•− is
essential for antioxidant defense in cellular or dietary systems.
By donating electrons to H2O2, a robust antioxidant might
neutralize it into water.59 Therefore, as efficient antioxidants,
different nanoparticles have been investigated. Here antiox-
idant properties of ZnO NPs were evaluated using the above-
discussed method. Percent of H2O2 scavenging activity of ZnO
NPs and ascorbic acid is presented in Table 3. When compared
to ascorbic acid, no significant difference was found in the
radical scavenging activity of ZnO NPs, which signifies that the
antioxidant effect of ZnO NPs was comparable to that of
standard ascorbic acid.
3.8.3. Percent ABTS Radical Scavenging Activity. ABTS

assay evaluated the capacity of antioxidants to scavenge the
stable radical cation 2,2′-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid (ABTS•+). In this assay, (ABTS•+) is produced
by a strong oxidant such as peroxide and persulfate mediated
conversion of ABTS. Strong antioxidants act either by donating
electrons and the radical or by donating hydrogen atoms which
scavenges the radical. During this mechanism, in the presence
of antioxidants, a blue-green chromophore with maximum
absorption at 734 nm is produced, and hence, it is selected as
the optimum wavelength by investigators.60 The results
obtained by using ZnO NPs and ascorbic acid as antioxidants
are presented in Table 4, and the percent ABTS scavenging
activity of ZnO NPs was comparable to that of ascorbic acid as
no significant difference was observed between them, which
signifies that the antioxidant effect of plant extract ZnO NPs
was comparable to that of standard ascorbic acid.
3.8.4. Stability of As-Prepared Aerva persica-Mediated

ZnO NPs. The stability and reusability of as-synthesized Aerva
persica-mediated ZnO NPs were examined by performing

Figure 8. BET isotherm of as-synthesized Aerva persica mediated ZnO
nanoparticles.

Table 1. Comparative BET Surface Area of the As-
Synthesized ZnO Nanoparticles with the Previously
Reported Literature

sample synthesis approach
surface area

(m2/g) ref

ZnO nanoparticles Aerva persica mediated 43 this work
ZnO nanoparticles sol−gel 10.52 54
ZnO nanoparticles solid-state pyrolytic 12−30 55

Table 2. Percent DPPH Scavenging Activity of Ascorbic Acid, and ZnO NPs at Various Concentrationsa

DPPH radical scavenging activity

s. no drugs 100 μg/mL 250 μg/mL 500 μg/mL

1 ascorbic acid 67.54 ± 0.64 75.34 ± 5.81 91.563 ± 1.60
2 ZnO NPs 54.30 ± 0.461α 91.56 ± 1.603nsα 84.07 ± 0.94nsα

aData are expressed as mean ± SEM; analysis was done using GraphPad Prism version 9, where data are analyzed using one-way ANOVA followed
by Dunnett’s test of multiple comparisons. Criteria of statistical significance was p < 0.05. 1p < 0.000; ns denotes not significant (n = 3);
αcomparison to ascorbic acid.
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DPPH-free radical scavenging activity of recovered nano-
particles by using the above-mentioned approach. To perform
the stability test, the reaction mixture after analyzing the
scavenging activity was centrifuged to recover the nano-
particles, then washed, dried in the oven, and reused for the
next cycle of DPPH radical scavenging activity. Figure 9

displays the stability and reusability of as-synthesized ZnO NPs
up to four consecutive cycles. From the results, it was observed
that no significant changes were observed in antioxidant
activity after four cycles of reaction batches, which confirmed
the stability of as-prepared ZnO NPs.

3.8.5. In Vivo Anti-Inflammatory Activity. 3.8.5.1. Inhib-
ition of Carrageenan-Induced Paw Edema. The carrageenan-
induced paw edema model is commonly applied to estimate
the anti-inflammatory effects of natural and synthesized
compounds. Carrageenan is an antigen-free physiological
agent with no discernible systemic effects. Carrageenan’s
stimulation of phospholipase A2 begins the early phase of
inflammation, whereas cytotoxic actions promote the pro-
gression of inflammation. Carrageenan model is often
associated with cyclooxygenase pathway activation. In this
preclinical model, glucocorticoids and prostaglandin antago-
nists demonstrate anti-inflammatory action. Carrageenan-
induced edema is illustrated as a biphasic curve. The initial
phase of inflammation caused by carrageenan is partially
attributed to injection trauma and the release of acute
mediators including serotonin and histamine. Prostaglandins
are the primary mediators of the second phase of carrageenan-
induced inflammation, which begins around 3 h after
carrageenan administration.61

Injection of carrageenan-induced edema in rat paw and an
efficient anti-inflammatory drug will be able to reduce the
carrageenan-induced edema, which was measured by volume
displacement of mercury by the edematous paw. Table 5
presents volume displacement and percent inhibition of
inflammation by indomethacin and ZnO NPs. At 0 h, the
difference in volume displacement of mercury by rat paw of
indomethacin-treated and ZnO NP-treated rats compared to
the negative control rat was found to be insignificant. After 1
and 2 h of the drug administration, a significant reduction in
the mercury volume was found in indomethacin-0 and ZnO
NP-treated group (p < 0.0001. The difference in volume
displacement of mercury between indomethacin and ZnO NPs
was found to be insignificant which signifies that the potency
of the ZnO NPs in reduction of inflammation was found to be
equivalent to that of standard indomethacin. Also, the percent
inhibition of inflammation by ZnO NPs was found to be 78.57
and 79.76% at 1 and 2 h respectively, which was found to be
very close to that of indomethacin which is 79.76 and 80.95%
at 1 and 2 h. Therefore, from this investigation, it was observed
that ZnO NPs were effectively able to combat carrageenan-
induced paw edema and are depicted to be a potent anti-
inflammatory agent.

Table 3. Percent H2O2 Scavenging Activity of Ascorbic Acid, and ZnO NPs atVarious Concentrationsa

percent H2O2 scavenging activity

s. no. drugs 100 μg/mL 250 μg/mL 500 μg/mL

1 ascorbic acid 63.42 ± 1.74 76.47 ± 1.26 85.32 ± 1.69
2 ZnO NPs 64. 56 ± 1.20nsα 80.25 ± 1.90nsα 81.39 ± 2.12nsα

aData are expressed as mean ± SEM. Analysis was done using GraphPad Prism version 9, where data are analyzed using one-way ANOVA followed
by Dunnett’s test of multiple comparisons. Criteria of statistical significance was p < 0.05. ns denotes not significant (n = 3).

Table 4. Percent ABTS Radical Scavenging Activity of
Ascorbic Acid, and ZnO NPs at Various Concentrationsa

ABTS radical scavenging activity

s.
no. drug 100 μg/mL 250 μg/mL 500 μg/mL

1 ascorbic
acid

55.97 ± 4.32 86.35 ± 1.94 79.91 ± 1.05

2 ZnO NPs 56.40 ± 2.31nsα 87.82 ± 3.00nsα 84.15 ± 1.89nsα

aThe data are presented as a mean ± SEM. The analysis was
performed in GraphPad Prism version 9, with one-way ANOVA and
Dunnett’s test for multiple comparisons used to examine the data.
Criteria of statistical significance was p < 0.05. ns denotes not
significant (n = 3).

Figure 9. Stability and reusability of as-synthesized Aerva persica-
mediated ZnO NPs

Table 5. Volume Displacement of Mercury by Rat Paw in the Carrageenan-Induced Paw Edema Model of Inflammationa

volume displacement of mercury (mL) percent inhibition of edema

s. no. treatment groups 0 h 1 h 2 h 1 h 2 h

1 negative control 0.82 ± 0.03 0.85 ± 0.03 0.86 ± 0.025 −3.65 −4.87
2 indomethacin (50 mg/kg) 0.84 ± 0.03nsα 0.17 ± 0.0161α 0.16 ± 0.021α 79.76 80.95
3 ZnO NPs (36.5 mg/kg) 0.84 ± 0.03nsαβ 0.18 ± 0.0171αnsβ 0.17 ± 0.0111αnsβ 78.57 79.76

aThe data are presented as a mean ± SEM. The analysis was performed in GraphPad Prism version 9, with one-way ANOVA and Dunnett’s test for
multiple comparisons used to examine the data. Criteria of statistical significance was p < 0.05. 1p < 0.0001, ns denotes not significant (n = 6).
αComparison to negative control; βcomparison to indomethacin.
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The antioxidant and anti-inflammatory activity of as-
prepared ZnO nanoparticles was compared with the already
reported activity of different plant extract-mediated metal
oxides, which is tabulated in Table 6.

4. CONCLUSIONS
Aerva persica root extract-mediated ZnO nanoparticles were
synthesized successfully through a simple, green, and facile
route. The powder X-ray diffraction confirms the monocrystal-
line nature and high crystallinity of as-synthesized ZnO
nanoparticles with an average crystallite size of 23.8 nm. The
band gap was estimated using UV-DRS studies and calculated
using the Kubelka−Munk equation, which is found to be 3.18
eV. Furthermore, the morphological analysis was done with
FESEM and TEM studies in which the high-resolution FESEM
micrograph shows flakes-like particles overlapping which
results in the growth of nanoparticles. The average particle
size was calculated from the TEM micrograph which was
found to be ∼45 nm. The surface area of as-synthesized ZnO
nanoparticles was also evaluated by using BET surface area
studies, which is estimated as 43 m2/g. In vitro antioxidant
activities revealed that ZnO NPs exhibited strong DPPH
radical, H2O2 radical, and ABTS radical scavenging activity
with potency comparable to that of the standard. Similarly, the
in vivo anti-inflammatory model revealed that ZnO NPs
showed a significant reduction of carrageenan induced paw
edema in experimental rats. Therefore, it has been concluded
that ZnO NPs show significant antioxidant and anti-
inflammatory activity, which is comparable to standard samples
and can be further explored for different biomedical
applications. In addition, more research is needed to explore
the mode of action to understand the mechanism involved in
these applications. In the future, this study can be further used
as a basis to explore the mechanism involved in the antioxidant
and anti-inflammatory action of different metal oxides.
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