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ABSTRACT: Green nanotechnology facilitates the blooming of
zinc oxide (ZnO) and silver (Ag) nanoparticles (NPs) with
distinct flowerlike and spherical morphologies, respectively. The
well-characterized NPs with an average size of 35 nm (ZnO) and
25 nm (Ag) were functionalized on the cresty plates for
antibacterial inhibition against Staphylococcus aureus and Pseudo-
monas aeruginosa, with the flowerlike ZnONPs exhibiting 90.9%
inhibition and AgNPs exhibiting 100% inhibition. Further, the in
vivo underwater troughs for hematological, immunological, and
serological analysis in Labeo rohita exhibited 102 > 575 > 104 and
206 > 109 > 81% at concentrations of 1, 2, and 3 mg/L with 4-day
and 15-day treatment, respectively, over ZnONPs. However, AgNPs exhibited 257 > 408 > 124 and 86 > 202 > 43% with 4-day and
15-day treatment, respectively, at the same concentrations. The classical ZnNPs and AgNPs exhibited excellent inhibition potential
and significant transfiguration of hematological, enzymological, and protein parameters as safe nanomedicine, but ZnONPs were
found to be 58, 69, 29 and 34, 51, 70% more active than AgNPs with 4-day and 15-day treatment, respectively. Therefore, the onset
of ROX and antioxidant arena favors beneficial cellular drifting of NPs.
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1. INTRODUCTION

Nanotechnological advancements have approached a more
ecofriendly and biocompatible green method for the
formulation of NPs by collecting phytochemicals and
secondary metabolites as reducing and capping agents."”
This green arena has replaced hazardous chemicals and
considered natural chemical agents with higher intrinsic
potentials that govern higher efficacies.”* The more efficient
and biocompatible green-synthesized NPs have shown ground-
breaking medical studies against Gram-positive and Gram-
negative bacteria,>® anticancer and antitumor activities,”® and
other screenings like infection, inflammation, growth, and
catalysis due to the targeted penetration through the intact
physiological barriers.”' Correspondingly, Withania coagulans

emulsion-based nanoparticles are designed that could prevent
diseases, prevent contamination, and enhance water purifica-
tion and nutritional values using NPs.'” Primarily, the current
landscape of microbial resistance of various strains is being
controlled by ZnNPs categorized as “Generally Recognistan-
ceized as Safe” (GRAS) and AgNPs successfully,"® where the
NP-based ROX production amplifies the amplitude crest of
oxidative stress, leading to bacterial apoptosis.”” In a similar
way, the aquaculture trough of ZnONP- and AgNP-assisted
nanomedicines and feeds have promoted growth and
metabolism by means of feed utilization, antioxidation
potential, and nanocatalysis.”” Further, deep insight screening
has blueprinted closely related catalytic pathways mediated by
ZnO and AgNPs that connect hematological, enzymological,

plays an excellent role in the synthesis and surface enhance-
ment of NPs with a distinct morphology.'"'* The biointrinsic
potential of the diverse biological molecules enhances the
functionality of synthesized particles."> Moreover, ZnNPs and
AgNPs are considered as promising candidates for nano-
medicine as these NPs constitute a major proportion in human
medicine, aquaculture, and agriculture,m’15 where they serve as
antimicrobial, anti-inflammatory, anticancer, and wound-
healing agents as well as 6growth enhancers in aquaculture
and agricultural potential.'® But the major concerns to the
economical world is the microbial resistance, growth, and
productivity. Therefore, to overcome such crucial factors,
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and protein alterations when used as nanomedicine,”"** where
the nanoparticles are used as feed additives, nanomedicine,
sensors for mediating growth, and toxicity evaluation.””** The
Rohu (Labeo rohita) is one of the Indian major carps fish
commonly found and widely consumed in South Asia, India,
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Figure 1. Characterization of zinc oxide and silver NPs: (a) UV analysis of zinc oxide NPs and (b) silver NPs. (c) XRD analysis of zinc oxide and
silver NPs. (d, e) TEM analysis of zinc oxide and silver NPs. (f) antioxidant activity of zinc oxide and silver NPs.

Pakistan, Bangladesh, Myanmar, and Nepal. It is a major
source of protein and major nutrients like vitamin B12, vitamin
D, iodine, and selenium. But aquaculture production of L.
rohita is greatly threatened by aquatic pollution. Thereby,
proficient green nanotools with inhibitory and antioxidant
catalysis provide significant outcomes for cellular modula-

In this communication, we synthesized ZnONPs and AgNPs
using W. coagulans by one-pot synthesis. This plant is a
member of the family Solanaceae and is a traditional plant
found in the east of the Mediterranean region expanding to
South Asia, commonly being used for the synthesis of NPs. It is
known for its ethnopharmacological application, with diverse
biological activities, such as antioxidant, antidiabetic, anti-
inflammatory, antihyperglycemic,””** hemopoietin, antitumor,
anticancer, antimicrobial, immunosuppressive, hepatoprotec-
tive, and antidepressant activities.”” In addition, W. coagulans
serves as a reducing agent for nanoparticle synthesis. The well-
characterized flower-shaped ZnONPs and spherical AgNPs
with a size of 35 and 25 nm, respectively, were used against
Staphylococcus aureus and Pseudomonas aeruginosa for in vitro
analysis at different concentrations, exhibiting 90.9 and 100%
inhibition with ZnONPs and AgNPs with respect to the
control. The in vivo experiment was conducted on L. rohita,
where an adequate amount and optimized (1, 2, 3 mg/L)
concentration were added to investigate on the hematological,
enzymological, and protein parameters of L. rohita after 4 days
and 15 days of exposure. On average, ZnONPs were found to
be 58, 69, 29% on day 4 and 34, 51, and 70% on day 15, being
more active than AgNPs. The significant ROX and antioxidant
concentrations highlighted the mechanism of NPs for in vitro
and in vivo succession.
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2. MATERIALS AND METHOD

2.1. Instruments and Glassware. The following equip-
ment and instruments were used during the experimental
research:

Digital electronic balance (Denver Instrument), pH meter
(Hanna Instruments), micropipette (1000 uL, Biohit.), 96-well
plate, vortex mixer (VELP Scientifica), laminar flow cabinet
(Streamline, 5127 chemicals, oxoid), refrigerator (Sanyo Co.,
Ltd,, Japan), weighing balance, thermometer, incubator (VELP
Scientifica), spectrophotometer (Epoch, Biotek), falcon tubes
(Biologix), reagent bottles, shaker (Heidolph, Unimax 1010),
measuring cylinder, autoclave (Hirayama, model HVA-110,
Japan), hot plate stirrer, conical flask (Pyrex Iwaki, Asahi
Glass), beakers (500, 250, 100 mL Pyrex Boro 3.3), pestle and
mortar, funnel, Petri plates, spatula, syringes, yellow cap
vacutainer, purple cap vacutainer, and digital analyzer. The
materials and chemicals used are provided in detail in the
Supporting Information (Table S1).

2.2. Preparation of Extract. Withania coagulans seeds
were bought from the local market. W coagulans seeds were
first washed with tap water and then finally washed with
double-distilled water. Then, the seeds were dried until all of
the moisture was lost and then ground with a mortar and pestle
into coarse powder. Ten grams of plant powder was added to
200 mL of distilled water. This was boiled on a hot plate stirrer
for 45 min and then cooled and filtered with Whatman filter
paper; then, the filtered plant extract was stored at 4 °C in a
refrigerator for the next process for the formation of NPs
(Schematic Figure S1).

2.3. Synthesis of Zinc Oxide and Sliver NPs. Zinc oxide
and silver NPs were synthesized using a biological method.
The detailed procedure is provided in the Supporting
Information (S1 and S2).
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Figure 2. Activity of zinc oxide NPs against P. aeruginosa. (a—d) Efficiency of silver NPs against S. aureus. (e—h) MIC of zinc oxide NPs and silver
NPs for bacterial strains. (I) Effects of zinc oxide NPs and silver NPs on hematological, enzymes, and proteins parameter of L. rohita after 4 days. (j,
k) Effects of zinc oxide NPs and silver NPs on hematological, enzyme, and protein parameters of L. rohita after 15 days (I, m).

2.4. Ultraviolet—Vis Spectrometry. Withania coagulans
plant extract as an oxidizing and reducing agent was confirmed
by the synthesis of ZnONPs and AgNPs. UV-—visible
spectrometry was performed using a microplate spectropho-
tometer (Epoch, BioTek Instruments). This spectrum was
recorded after 1 h for different concentrations of samples of
ZnO and Ag nanoparticles.

2.5. X-ray Diffraction Analysis (XRD). To determine the
crystalline size and structural properties of ZnONPs and
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AgNPs, XRD analysis was performed (XRD, Rigaku, Ultima
IV, X-ray Diffractometer System). XRD was carried out using
Cu Ka radiation, and all diffracted intensities were recorded at
40 kv and 30 mA current in the range of 20 to 80°.

2.6. Transmittance Electron Microscope (TEM). A
transmittance electron microscope was used to measure the
size and shape of ZnONPs and AgNPs. Selected areas within

the TEM sections were subjected to elemental composition

https://doi.org/10.1021/acsomega.2c02178
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analysis using an energy-dispersive X-ray spectroscopy micro-
analysis system.

2.7. Antioxidant of Biologically Synthesized Zinc
Oxide And Silver NPs. The DPPH method was used to
evaluate the radical scavenging potential of the ZnONPs and
AgNPs by the spectrophotometric method, with slight
modification (S3)

2.8. Biological Properties of Zinc Oxide and Silver
NPs. The antibacterial activity of ZnONPs and AgNPs was
studied against Gram-negative (P. aeruginosa) and Gram-
positive (Staphylococcus aureus) strains (S4). The minimum
inhibitory concentration (MIC) was determined to calculate
the minimum concentration of synthesized ZnONPs and
AgNPs required to constrain the growth of microorganisms
(S5). Details on fish collection and acclimatization and
experimental design and exposures of NPs (S6), hematological
study, biochemical studies, assessment of LFT enzymes,
histology of fish, histological examination, section cutting
using a microtome (87), and enzymological parameters of the
L. rohita fish on exposure to ZnONPs and AgNPs (S8) are
provided in the Supporting Information.

3. RESULTS AND DISCUSSION

The synthesis of functional nanomaterials is a challenging task
for the unique and novel applications.’”*" These nanomaterials
can be used for multiple purposes in many research areas.”” "
In this work, a parallel series of synthesis of nanoparticle was
confirmed by ultraviolet—vis spectrometry (UV), which
provided a sharp peak at 360 nm (Figure la) and 430 nm
(Figure 1b) for ZnONPs and AgNPs, respectively (S2, S3,
ESI). Current results were compared with previously reported
work, and it has been observed (UV) that zinc oxide and silver
NPs showed better and authentic confirmation.*>*® These
particles were further characterized using X-ray diffraction
analysis (XRD) in the range of 20—80°. The intense and
narrow diffraction peaks of ZnONPs revealed a cubic phase
and high purity with distinct diffraction peaks in the 022, 101,
102, 110, 103, and 201 planes,37 whereas AgNPs also revealed
a cubic phase and high purity with distinct diffraction peaks at
the 111, 022, and —402 planes (Figure 1c). The structures of
zinc oxide and silver were matched with already reported work,
and it was found that the current structure for silver and zinc
showed confirmation and can be used for physical, chemical,
and biological applications.”*” High-resolution microscopy
using a transmittance electron microscope (TEM) showed fine
flower-shaped structures of ZnONPs measuring 25 nm (Figure
1d) and AgNPs measuring 30 nm with a regular spherical
structure (Figure le). The well-characterized particles were
tested for their antioxidant potential by conducting in vitro and
in vivo trials.*® Therefore, the antioxidant potential of
synthesized NPs was evaluated against 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radicals. The electron-donating
ability of ZnONPs and AgNPs was measured by the bleaching
of a purple-colored ethanolic solution of DPPH. Ten
microliters of ZnONPs, AgNPs, and ascorbic acid at 5, 10,
and 15 mg/mL were added separately in different wells of a
microtiter plate, and then 70 yL of DPPH was added to each
well. After 1 h of incubation, the absorbance was measured at
517 nm. The amplitude of signals showed 77% radical
scavenging activity with ZnONPs and 80% with AgNPs
compared with the standard ascorbic acid, which is 90%. The
results showed that the free radical scavenging activity of the
green-synthesized NPs on DPPH radicals increases with the

increasing concentration of NPs. By comparing our results with
previously reported NPs, it has been observed that green-
synthesized NPs showed better results as compared to
chemically synthesized NPs*' (Figure 1f). The biologically
active ZnONPs and AgNPs exhibited strong antioxidant
potential that governs antioxidant reactions with higher
efficacies. These results were compared with previous reports
regarding the characterization and their biomedical applica-
tion.">*

Further, the in vitro analysis included the strong antibacterial
activity against both Gram-positive (S. aureus) and Gram-
negative (P. aeruginosa) bacteria by the disk diffusion method
(S4, ESI). The green-synthesized ZnONPs and AgNPs
exhibited excellent bacterial inhibition with respect to previous
studies,** where ZnONPs exhibited 59.5:76:83.3:100% against
S. aureus and at 54:68:81:90.9% against P. aeruginosa (Figure
2a—d) with respect to the control at 5:10:15:20 mg
concentration (Figure 2). And AgNPs exhibited
52.3:69:80.9:100% against S. aureus (Figure 2e-h) and at
45.4:63:70.4:100% against P. aeru§inosa with respect to control
at 5:10:15:20 mg concentration. ° In addition, to determine
the minimum value of NPs to kill bacteria, an assay was
performed, that is, the minimum inhibitory concentration
(MIC) analysis assay (SS, ESI) performed using 100 uL of
broth culture and 50 uL of synthesized NPs on serial dilution
and 24 h incubation provided significant results. The results
showed that ZnONPs exhibited an MIC value of 2.5 for P.
aeruginosa and 1.25 for S. aureus. And in the case of AgNPs, the
values were 1.26 and 0.625 for P. aeruginosa and S. aureus,
respectively. These MIC values elucidate that a low
concentration of AgNPs was required for bacterial inhibition
as compared to ZnONPs, which is consistent with previous
studies (Figure 2i). The underlying mechanism is ROS
production and green surface facilitation,** indicating that a
high concentration of ROS mediates and catalyzes bacterial
inhibition mark up. The cascade of hydroxyl, superoxide, and
hydrogen peroxide lightens up the apoptotic pathway with an
amplified magnitude and leads to bacterial cell death.”” The in
vivo study of ZnONPs and AgNPs was conducted in L. rohita,
where the NPs were added to the feed in three different
concentrations: 1 mg/10 g (T1), 2 mg/10 g (T2), and 3 mg/$S
g (T3) for ZnONPs and 1 mg/10 g (T4), 2 mg/10 g (TS), 3
mg/10 g (T6) for AgNPs (S6, ESI). The mentioned
treatments were carried out for 4 and 15 days. In vivo trials
at different concentrations and days were tested for
hematological parameters (S7) (Table S2), enzymological
parameters (Table S3), and protein parameters (Table S4). As
shown in Figure 2jk, after the uptake of silver and zinc oxide
nanoparticles for 4 days with the food, it was observed that
zinc oxide and silver nanoparticles strongly influence the
metabolites of the blood. Similarly, after 15 days of absorption,
these nanoparticles showed a very strong effect (Figure 2KkI).

Initially, hematological parameters after treatment for 4 days
with 1 mg/5 g concentration, ZnONPs were 3% more potent
compared to treatment with 1 mg/S g AgNPs for 4 days.
Similarly, as for the average effect of 2 mg/5 g ZnONPs and
AgNP:s for 4 days, ZnONPs exhibited 90% potency compared
with Ag treatment. For 3 mg/5 g concentration, ZnONPs is
exhibited 81% potency with 4-day treatment compared with
AgNPs, ie, 1 mg/10 g > 2 mg/10 g > 3 mg/10 g
concentration showing an average percentage of 3 > 90 >
81%, respectively.
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Figure 3. (a) Hematological changes in silver and zinc oxide nanoparticles in L. rohita after 4 and 1S days for different treatments; (b)

enzymological parameters; and (c) protein parameters.

With 15-day treatment with 1 mg/10 g concentration,
ZnONPs appear to be 33% more effective with respect to
AgNP treatment. With 2 mg/S g concentration treatment,
ZnONPs were 34% more effective than that for AgNP
treatment for 15 days, i.e.,1 mg/10 g > 2 mg/10 g. Therefore,
the results elaborate that 4D ZnONPs treatment is very
effective on the hematological parameters™ (Figure 3a).
Subsequently, as for enzyme analysis, treatment with 1 mg/L
concentration for 4 days showed that ZnONPs were found to
be 84% more active compared with treatment with AgNPs for
4 days. Similarly, in 2 mg/L concentration treatment, ZnONPs
were found to be 52% more potent than AgNPs.”” As for 3
mg/L concentration, the average effectiveness of ZnONPs was
71% with respect to AgNPs treatment, ie, 1 > 2 > 3 mg/L
concentrations, showing an average percentage of 84 > 52 >
71%, respectively. As for treatment with 1 mg/L ZnONPs for
15 days, ZnONPs exhibited 56% potency compared with
AgNPs. Similarly, at a concentration of 2 mg/L, ZnONPs
exhibited 47% potency compared to AgNPs, i.e,1 > 2 mg/L
concentrations showed an average percentage of 56 > 47%,
respectively. Therefore, we conclude that after 15 days of
treatment, ZnONPs exhibited greater activity for enzyme
parameters (Figure 3b). Further, as for protein analysis results
for ZnONP treatment for 4 days, the potency level was the
same for ZnONPs and AgNDPs, i.e,, 100%. Upon treatment with
2 mg/L concentration for 4 days, ZnONPs were found to
exhibit 75% potency compared with AgNPs. As for treatment
with 3 mg/L concentration for 4 days, ZnONPs exhibited 13%
potency compared to AgNPs, ie,l > 2 > 3 mg/L
concentrations showed an average percentage of 100 > 75 >
13%, respectively. However, upon treatment with 1 mg/L ZnO

34774

for 4 days, ZnO exhibited 64% activity compared with AgNPs.
Similarly, upon treatment with 2 mg/L concentration,
ZnONPs were 71% more effective than AgNPs, ie. 1 > 2
mg/L, showing an average percentage of 64 > 71%,
respectively. Therefore, on evaluating the average result,
AgNPs were found exhibit greater activity for protein
parameters (Figure 3c). All of these nanomedicinal treatments
provided with nontoxic and favorable results, indicating the
antioxidant and catalytic potential of NPs.* ZnONPs are
considered significant owing to their special morphological
features and enhanced surface chemistry that provides
numerous active sites and biomolecular arena for higher
functionality.”’ The already determined antioxidant potential
of particles reduces oxidative stress and at the same time
mediates antibacterial properties, thereby directly maintaining
health and reducing contamination. Also, the enzymatic
antioxidant activity of the particle catalyzes several vital
reactions and enzymes involved in metabolic pathways.

As seen in Figure 4a, all of the values from the experimental
results under different treatments were totally different and
significant as compared to the control. The values were
different in the case of 4-day treatment in both silver and zinc
nanoparticles. In the same way, with 15-day treatment, the
values were different and showed different distinct colors,
which indicates significant data. These results were a lot better
as compared to previously reported results regarding the
influence of silver and zinc nanoparticles on fish physiology or
their metabolite functionality.”” Figure 4b shows the
percentage value of different parameters like hematology,
enzymology, and changes in protein content and showed
marked significant difference with 4-day and 15-day treat-
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Figure 4. (a) Heatmap showing the effect of silver and zinc oxide nanoparticles after 4 days and 15 days with different treatments. (b) Uptake of
silver and zinc nanoparticles with food and their biochemical effect on fish hematology, enzymology, and protein.

ments. The heatmap shows the entire alteration of all
parameters through changes in the color intensity with
ZnONPs and AgNPs at all of the set treatments along with
trial duration. Thereby, the details are provided in the
manuscript. The aligned parameters on the right show specific
variations in accordance with the time and treatment using
different intensities. As far as the alterations get more
significant, the intensity from red shifts to blue, representing
the intense change in the parameter. The maximum changes
occurred in the hematological parameters, followed by protein
and enzyme parameters, as clearly seen through the heatmap.

4. CONCLUSIONS

In conclusion, the highly purified ZnONPs and AgNPs were
synthesized by the green method using the natural plant extract
of Withania coagulans, which enhanced inhibitory, antioxidant,
and catalytic properties. The synthesized particle enduring
green surface chemistry and distinct morphology provides
significant outcomes through in vitro and in vivo analysis.
Interestingly, in vitro analysis exhibited on-plate bacterial
inhibition, with nearly complete inhibition of 91 and 100%
using ZnONPs and AgNPs, respectively. In vivo studies
provided improved haematological, enzymological and protein
parameters in L. rohita that enhanced the survival potential and
improved the cellular modulations. Altogether, the in vitro and

in vivo cellular drifts of NPs added a vote to the nanomedicinal

world that provide safe and significant outcomes.
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