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Introduction: ZnO nanoparticles (NPs) have garnered significant attention due to their remarkable multifunctionality, particularly in 
biomedical and environmental applications.
Methods: The study synthesized ZnO NPs using Citrus reticulata Blanco peel extracts. The structural, morphological, and optical 
properties of ZnO NPs have been analyzed. The antibacterial and antioxidant activity of ZnO NPs was assessed using disk diffusion 
and DPPH scavenging method, respectively. Molecular docking was further conducted to support our experiments. In addition, the 
photocatalytic activity of biosynthesized ZnO NPs was tested using methylene blue (MB) dye.
Results: X-ray diffraction (XRD) results indicate that NPs possess a hexagonal wurtzite crystal structure. The crystallite size of the 
NPs was 30.12 nm. Field emission scanning electron microscopy (FESEM) analysis revealed quasi-spherical and rod-shaped ZnO 
NPs. Energy Dispersive X-ray (EDX) showed that Zn and O were 86.59% and 13.41% of the total weight, respectively. Optical 
analysis revealed that the absorption edge was at 373 nm and the band gap was 3.09 eV for ZnO NPs. Moreover, the maximum zone of 
inhibition was measured at 16.17 ± 0.72 mm, 10.5 ± 0.28 mm, 16.17 ± 0.44 mm, and 12.17 ± 0.44 mm against Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, and Shigella flexneri, respectively. Compared with BHT, ZnO NPs showed 
promising antioxidant performance with an IC50 value of 149.01 µg/mL. The photocatalytic efficiency of the ZnO NPs was 6.8%, 
8.42%, and 10% after 30, 60, and 90 minutes, respectively. Hesperidin, naringin, rutin, and tangeritin, the principal constituents of C. 
reticulata peel, also showed higher and promising binding affinities against the receptors, with remarkable results compared to the 
standard in molecular docking analysis. The ADMET analysis also demonstrated that ZnO NPs exhibited low probabilities of 
hepatotoxicity (3%), nephrotoxicity (20%), and respiratory toxicity (20%), with moderate neurotoxicity (52%).
Conclusion: In summary, this study revealed morpho-structural features of green synthesized ZnO NPs and their photodegradation 
efficiency and bioactivity.
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Introduction
Since metal oxide nanoparticles, commonly referred to as MONPs, have a wide range of applications in energy, 
biomedical, electronics, sensor-based technology, solar cells, agriculture, medicine, and catalysis activity-they have 
ushered in a new era in the field of material science. The unparallel attributes of metal oxide nanoparticles emerge 
from their quantum confinement effects, scarce gravitational attraction, large active surface area, and strong electro-
magnetic field, resulting in the enhanced capacity to transfer heat, react as catalysts, exhibit exponential optical proper-
ties, and uphold chemical stability.1–3 In the range of metal oxide nanoparticles, ZnO nanoparticles (NPs) have emerged 
as a promising candidate due to their wide band gap (BG) of 3.7 eV and high excitation binding energy of 60 meV at 
ambient temperature.4 Owing to these properties, ZnO NPs, an n-type semiconductor, have been used in cutting-edge 
technologies of the modern era, such as gas sensors, solar cells, UV lasers, piezoelectric generators, memory devices, 
photodetectors, transistors, and spintronics.5–7 Biocompatibility and non-toxicity are unique features of ZnO NPs that 
make them suitable for biomedical applications. ZnO NPs have been shown to have a variety of applications, such as in 
drug delivery, cancer treatment, and wound healing.8

Bacterial diseases are often considered a significant concern in developing countries since they cause frequent illness 
and death among humans. The highly contagious nature of such diseases often makes the situation intractable.9 Hence, 
the quest for suitable antibacterial therapeutics is burgeoning day by day in biomedical industries. The organic 
antibacterial agents that are available now have limitations, such as thermal instability, short lifespan, and faster 
breakdown rate. In contrast, inorganic microbial-resistant compounds are free from such disadvantages. ZnO NPs are 
effective inorganic antimicrobial agents that have a tremendous capacity to combat death-causing bacteria.10 ZnO NPs 
have been widely recognized for their antioxidant potential. Recent advancements in green synthesis have highlighted the 
enhanced antioxidant properties of ZnO NPs synthesized using various biological resources, including Coptidis rhizoma, 
Berberis aristata, olive, and Eucalyptus globulus. These findings underscore the significance of biogenic approaches in 
tailoring the functional properties of ZnO NPs for biomedical applications.11–13

The scarcity of clean water is an immediate issue worldwide that certainly affects the health and well-being of billions 
of lives. Waste disposal from various sectors, including agriculture, medicine, textile, and other industries, causes severe 
water contamination. The significant degradation of water quality renders it unsuitable for drinking or using. The current 
situation has compelled the world to seek sustainable paths to access water free of contaminants.14,15 Over the decades, 
enormous methods such as adsorption, membrane separation, and coagulation have been adopted to remove pollutants 
from water. However, these approaches have been inadequate regarding persistent organic pollutants.16 Nonetheless, 
semiconductor oxide has gained immense familiarity as it efficiently decomposes organic contaminants by 
photocatalysis.17 Zinc oxide nanoparticles have remarkable photodegradation efficiency via a heterogenous photocata-
lysis mechanism, whereby they form reactive oxygen species (ROS) with potent capability of breaking down pollutants. 
Above all, the diminutive surface area and wide band gap of ZnO NPs render a reduced recombination rate that enhances 
its potential as a promising photocatalyst.5,7,18

Researchers have explored various chemical and physical routes for synthesizing nanoparticles. For example, precipita-
tion, emulsion, solvothermal, hydrothermal, sol-gel, organo-metallic synthesis, spray pyrolysis, thermal evaporation, 
microwave methods, mechanical milling, molecular beam epitaxy, sputtering, pulsed laser deposition, infrared irradiation, 
thermal decomposition, plasma irradiation, and ultrasonic irradiation are the most frequently used methods.19–22 However, 
there are many initial drawbacks to these methods. The toxic and harmful compounds employed in the chemical approaches 
have eventually become an enormous threat to our environment. In addition, the incorporation of state-of-the-art equipment 
and a substantial amount of energy supply is often required, bringing about a rise in the cost of the nanoparticle fabrication 
process.20,23,24 Addressing all the limitations, therefore, researchers are turning to new nanoparticle synthesis methods. The 
green synthesis route, indeed, has gained massive attention in recent times on that ground. The green or biological route is a 
noble approach for nanoparticle synthesis whose initial aim is to eliminate toxic and perilous chemicals, reduce overall cost, 
and maintain sustainability. This eco-friendly method involves using various biological substances from plant roots, leaves, 
flowers, and microorganisms, including algae and bacteria, that contain phytochemicals such as flavonoids, polyphenols, 
terpenoids, alkaloids which serve both as reducing and capping agents.25–27 Prior findings demonstrated that nanoparticles 
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synthesized by green route exhibited outstanding antibacterial properties compared to conventional methods due to the 
presence of these phytochemicals. In addition, the green route of nanoparticle synthesis emphasizes using benign solvents 
such as water (H2O) and ethanol (C2H6O), which is one of the critical objectives of green chemistry.28

The exponential growth of the world population has resulted in a massive increase in agricultural waste production 
across the globe. Hence, the global community addresses waste management as a pressing issue and seeks a sustainable 
solution to turning waste into a boon. Citrus is a familiar fruit family in the tropical and subtropical countries of Asia. 
Among 17 species of citrus fruits, Citrus reticulata, primarily referred to as mandarin or tangerine, is a prominent one.29 

According to a study in 2016, a large quantity of citrus fruit, over 88 million tons, was produced worldwide.30 

The statistics at the present day have burgeoned exponentially, leading to a waste issue. Utilizing agricultural fruit 
waste for the biosynthesis of nanoparticles would be a promising solution.31 Moreover, C. reticulata is an abundant 
source of phytochemical compounds (alkaloids, phenolic acid, flavonoids, limonoids, phenolic esters, triterpenoids, 
thiamine, volatile oils, and organic acids) that serve as effective reducing and capping agents in green synthesis. 
Furthermore, these compounds are responsible for significant anticancer, antioxidant, and antibacterial properties of 
NPs.9,29,32 Hesperidin (C1), naringin (C2), rutin (C3), and tangeritin (C4) are reported as the main constituents, making 
up about 86% of the total phenolics extracted from C. reticulata peel.29

The key objective of our study is to employ a sustainable and eco-friendly route to synthesize ZnO NPs and 
investigate their promising applications in biomedical and environmental aspects. Hence, the biosynthesis of ZnO NPs 
has been carried out using C. reticulata, commonly known as mandarin orange peel extracts, as a reducing and capping 
agent. Previously Z. Vasiljevic et al33 have investigated the synthesis of ZnO NPs using Citrus sinensis and Citrus 
reticulata peel extracts, focusing on both biological and photocatalytic activities. However, our study distinguishes itself 
employing a variant of C. reticulata, known as BARI Komla-1, which is quite familiar in Bangladesh.34 Additionally, our 
work follows a modified synthesis protocol for ZnO NPs. Furthermore, we have adopted an alternative method for 
evaluating antioxidant properties and assessed photocatalytic efficiency using methylene blue dye, contrasting with the 
acid green dye used in earlier study. This study further evaluated the antibacterial activity of ZnO NPs against 
Pseudomonas aeruginosa and Shigella flexneri, which are absent in the compared work. In addition, this study 
incorporates molecular docking and ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) predic-
tions to complement and substantiate the experimental findings on ZnO NPs. Along with ZnO, the key compounds C1, 
C2, C3, and C4 from C. reticulata peel have been subjected to molecular docking analysis for their prospective 
antioxidant and antibacterial potentials to assess the supportive relevancy for the biological studies of biosynthesized 
ZnO NPs using C. reticulata peel extract.

Materials and Methods
Materials
The precursor materials used in the synthesis of ZnO NPs, including zinc acetate dihydrate (CH3COO)2Zn.2H2O) [Merck 
Specialties, India], sodium hydroxide (NaOH) [Merck Specialties, India], and ethanol [Merck Specialties, India] were 
assured a high level of purity. C. reticulata (mandarin orange) was collected from the local market during winter season. 
It serves as a source of a reducing agent. C. reticulata was identified by Md. Arshed Alam, taxonomist, Department of 
Botany, University of Rajshahi, Bangladesh. The identification was confirmed against the departmental catalog (Coll. 
No. 75).

Preparation of Green Extract
Primarily, the peel of freshly collected C. reticulata fruit was rinsed gently with distilled water and kept in the dryer. The 
dried peel was ground into powder. Subsequently, dried powder was mixed into distilled water at a 1:2 ratio and boiled at 
70°C for 1 hour in a water bath. The extract of C. reticulata peel was collected by filtering with Whatman No.1 
Qualitative Filter Papers. Lastly, the peel extract was stored in refrigeration at a suitable temperature.
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Synthesis of ZnO Nanoparticles
A 0.5 molar solution of zinc acetate dihydrate (CH3COO)2Zn.2H2O was prepared in 100 mL distilled water; thereafter, 
the C. reticulata peel extract was poured into the solution at a 1:5 ratio while continuing stirring on a magnetic stirrer at 
40°C temperature. Subsequently, a few drops of NaOH solution were added to adjust the pH of the solution to 7–8. The 
solution was stirred vigorously for 3 hours using a magnetic stirrer to get a homogenous mixture. The appearance of 
white precipitation suggests the formation of NPs. Afterward, the resulting mixture was centrifuged at 4000 rpm and 
washed several times to remove impurities. Then, the collected precipitates were dried at 80°C for 8 hours. The 
dehydrated sample was placed in a furnace to be calcined at 400°C for 4 h. After well grinding, ZnO NPs were stored 
for further characterization. Figure 1 depicts a generalized green synthesis process, which we have adopted in this study.

Characterization of ZnO NPs
Different techniques were employed to investigate the crystalline structure, surface morphology and elemental composi-
tion of the biosynthesized ZnO NPs. The crystalline structure of ZnO NPs was revealed using X-ray diffraction (XRD) 
analysis. A SHIMADZU LabX XRD-6100 (Japan) diffractometer with Cu-Kα radiation (40 kV-30 mA) was employed. 
The scanning speed was set at 2° per minute, and the radiation was scanned at two theta values ranging from 10° to 80°. 
The surface morphology and elemental composition were identified using a field emission scanning electron microscope 
(JTM-800, Japan) coupled with an energy-dispersive X-ray spectroscope. In order to measure optical absorption a UV-vis 
spectrometer (SP-UV 500DB, Germany) was utilized. The similar instrument was employed to record absorbance spectra 
during the photocatalytic evaluation.

Antibacterial Assay of ZnO NPs
The antibacterial activity of biosynthesized ZnO NPs was evaluated by employing the disk diffusion method.35 The 
resistance of NPs against Gram-positive such as Staphylococcus aureus (ATCC25923) and Gram-negative such as 
Escherichia coli (ATCC25922), Pseudomonas aeruginosa (ATCC27853), Shigella flexneri (clinical isolate) was 
observed. All the microbes were embedded in Mueller–Hinton agar and subsequently spread homogenously by disin-
fected cotton swabs. Whatman paper-made sterilized disks were kept in an agar medium; thereafter, 10 µL of 100, 200, 
and 300 µg/mL specimens were placed on the disks. Ciprofloxacin (5 µg/disk) and methanol were used as positive and 
negative controls, respectively. Then, the prepared plates were placed for incubation at 37°C ± 1°C for 24 hours. Finally, 
the zone of inhibition was measured on an mm scale. The evaluation was carried out three times to ensure the 
reproducibility.

Antioxidant Assay of ZnO NPs
The antioxidant activity of biosynthesized ZnO NPs was evaluated by DPPH scavenging assessment, as demonstrated in 
a study by T. Safawo et al.36 A methanol solution of DPPH (3 mL) was mixed with 1 mL of ZnO NPs at various 
concentrations (25, 50, 100, 150, 200 ppm). The mixture was then kept in the darkness for half an hour. An absorbance 

Figure 1 Represents the mechanism of biosynthesis of ZnO nanoparticles using Citrus reticulata peel extract.
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spectrum was recorded at 517 nm using a UV spectrophotometer, while Tert-buty-1-hydroxytoluene (BHT) was 
considered as positive control.

DPPH scavenging activity was measured using the following equation:

Photocatalytic Assay of ZnO NPs
The efficiency of ZnO NPs as a photocatalyst was evaluated by measuring the rate of degradation of methylene blue 
(MB) dye exposed to UV radiation. A solution of MB dye at a concentration of 15 ppm was prepared by adding the 
required amount of dye to distilled water. 0.025 gm of the ZnO NPs was mixed with 25 mL of the prepared MB solution 
in a beaker. Then, the solution was placed in the darkness for 1 hour to become stable. Later, the solution was exposed to 
UV irradiation in the reactor, while subjected to stirring. At time intervals of 30, 60 and 90 minutes, 5 mL of solution was 
separated to carry out centrifugation that eventually removed the catalysts. The highest degree of absorbance was 
calculated from the absorbance spectra plotted using UV-vis spectroscopy within the wavelength range of 400–800 nm. 
The following equation was used to figure out the rate of degradation:

Here, the initial absorbance of the dye solution is denoted as A0, while A represents the absorbance of the dye solution at 
a specific reaction time.

In Silico Study: Molecular Docking
Software
The binding affinities of the selected four compounds from C. reticulata against two biologically active target receptor 
macromolecules were evaluated employing an in-silico approach. A range of software, including Discovery Studio 4.5, 
Swiss-PDB viewer, PyRx AutoDock Vina (version 1.1.2), and PyMOL 2.3, was employed to assess the molecular 
interactions comprehensively.

Target Protein Preparation
The potentials for antioxidant and antibacterial properties of the ligands were investigated. The target macromolecules 
were obtained as 3D crystal structures from the RCBS Protein Data Bank (https://www.rcsb.org/structure) in the PDB 
format. For antioxidant and antibacterial activity assessment, glutathione reductase (GLR) [PDB ID: 3GRS]37 and 
dihydrofolate reductase (DHFR) receptor [PDB ID: 4M6J]38 were employed. Then, with Discovery Studio 2021, all 
water molecules and heteroatoms were removed from the proteins, followed by Swiss-PDB Viewer’s energy minimiza-
tion tool arranging biomolecules with nonpolar hydrogen atoms, ensuring stable energy states for future research.

Ligand Preparation
The structures of compounds, namely, hesperidin (C1), naringin (C2), rutin (C3), and tangeritin (C4), along with the 
standard drug molecules, were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The 
ligands were downloaded in the 3D SDF format and serially loaded in the Discovery Studio 4.5. To improve the docking 
accuracy, a semiempirical technique was used to optimize all the Phyto-constituents.39 The ZnO NPs were also subjected 
to molecular docking studies against the target macromolecules. The hexagonal crystal structure of ZnO was acquired 
from the Materials Project database.

Ligand–Protein Interaction
Using a computer-aided ligand–protein interaction diagram, the probable binding patterns and binding affinities have 
been predicted to provide insights into the chemical interactions between molecules. PyRx AutoDock Vina, a very 
advanced program, was used for the molecular drug-protein linking process. In order to achieve accurate target docking, 
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a meticulous selection of specific amino acids, and their matching IDs was made from the scientific literature for each 
receptor separately. Following this, the protein was ready by loading and structuring as the required macromolecule, 
ensuring targeted ligand binding.

Using PyRx AutoDock Vina software’s Open Babel tool, ligand SD files were imported and converted into pdbqt 
format to improve the docking process with the selected macromolecules. Grid mapping, which followed predefined 
center and dimension axes, as shown in Table 1, revealed the active amino sites within certain grid boxes (Table 1). 
During this stage, essential supportive default functions remained unchanged.40

ZnO NPs were also docked against the respective macromolecules GLR and DHFR using PyRx AutoDock Vina 
software, the dimensions of the grid box, while docking with the receptor GLR, were as follows – for the center, x = 
60.8973075341, y = 50.4092743942, z = 15.7346707429 and for the size, x = 39.7734540029, y = 28.4484296239, z = 
30.9546585142. The dimensions of the grid box, while docking with the receptor DHFR, were as follows – for the center, 
x = 5.55074167591, y = −0.438411610047, z = −19.1706880895 and for the size, x = 28.8685166482, y = 
40.5768232201, z = 30.5540223485. Lastly, the data were analyzed, and the best 2D and 3D models were predicted 
using BIOVIA Discovery Studio version 4.5.

In Silico Study: Toxicity Profiling of ZnO
For the evaluation of toxicity profiling of ZnO, ProTox 3.0 (https://tox.charite.de/protox3/) was employed.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism 5.2 (GraphPad Software, Inc., La Jolla, CA, USA), with results 
presented as the mean ± standard error (SEM). To assess statistical significance, one-way ANOVA followed by Dunnett’s 
test was applied, where *p < 0.05, **p < 0.01, and ***p < 0.001 were considered significant.

Results and Discussion
X-Ray Diffraction (XRD) Analysis
The structural attributes of biosynthesized ZnO NPs were identified by the X-ray diffraction pattern shown in Figure 2. 
The prominent peaks coordinating the reflection surface (100), (002), (101), (102), (110), (103), (200), (112), (201), 
(004), and (202) reveal the hexagonal wurtzite structure of ZnO NPs, which show a comparable alignment with JCPDS 

Table 1 Selection of the Target Site and Grid Mapping of Target Receptors

Receptors Standards Target Binding Sites References Grid Box

GLR (3GRS) Butylated hydroxy 
toluene (BHT)

Ile 26, Gly 27, Gly 29, Ser 30, Gly 31, Val 49, Glu 50, Ser 51, Lys 
52, Gly 56, Thr 57, Cys 58, Val 61, Gly 62, Cys 63, Lys 66, Lys 
67, Gly 128, His 129, Ala 130, Ala 155, Thr 156, Gly 157, Gly 
158, Met 159, Ser 177, Phe 181, Tyr 197, Ile 198, Glu 201, Met 
202, Arg 291, Asn 294, Leu 298, Asp 331, Leu 337, Leu 338, Thr 

339, Pro 340, Ala 342, Val 370, and Phe 372

[37] Center x = 60.2281929041

y = 50.7847066882

z = 16.1294597491

Dimension x = 45.3056141918

y = 30.5173950739

z = 32.2433179011

DHFR (4M6J) Ciprofloxacin Ala 9, Ile 16, Lys 54, Lys 55, Thr 56, Leu 75, Ser 76, Arg 77, 
Glu 78, Arg 91, Ser 92, Leu 93, Gly 117, Ser 118, Ser 119, 

and Val 120

[38] Center x = 3.64995808269

y = −4.14237379858

z = −17.1454766056

Dimension x = 26.7652300259

y = 32.2142996732

z = 28.6296730353
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card no.96–230-0114 (Table 2). The sharp and narrow peaks of XRD patterns ensure good crystallinity, while the absence 
of any additional peaks ensures the purity of the NPs.

The polycrystallinity nature of ZnO NPs was identified with the presence of the most acute peak in (101) crystal 
face.41–43

The average crystallite size of ZnO NPs was calculated by Debye–Scherer’s Equation (3).44

Here, β = Full width half maxima (FWHM), θ = Bragg angle, λ = wavelength of X-ray (1.5406Å) and k = 0.9.
To calculate the dislocation density, δ the following equation (4) was adopted, which indicates the concentration of 

defects in the crystal structure.45

Figure 2 Represents XRD pattern of biosynthesized ZnO nanoparticles.

Table 2 Comparison of XRD Data of Biosynthesized ZnO NPs with Standard Value

Miller Plane (hkl) JCPDS Card No. 96–230-0114 Biosynthesized ZnO NPs

2θ d-spacing (Å) 2θ d-spacing (Å)

100 31.928 2.80073 32.02 2.793

002 34.625 2.58850 34.68 2.585

101 36.445 2.46335 36.51 2.459

102 47.810 1.90095 47.81 1.901

110 56.898 1.61700 56.87 1.617

103 63.243 1.46918 63.13 1.471

200 66.744 1.40036 66.65 1.402

112 68.345 1.37141 68.22 1.373

201 69.478 1.35178 69.36 1.353

004 73.050 1.29425 72.82 1.298

202 77.424 1.23167 77.23 1.234
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The d spacing was measured from Bragg’s formula equation (5),

Here, lattice spacing is indicated by d, θ is the angle of incidence, wavelength is denoted by λ, and n is diffraction order.
The lattice parameters of the hexagonal wurtzite structure of ZnO NPs were calculated by the leading equation.41

Where h, k, and l represent the Miller Indices, d is interplanar distance, and a and c are lattice parameters.
Debye–Scherer’s method of calculating crystallite size overlooks the value of lattice strain, so it may appear 

inaccurate. Therefore, crystallite size is calculated using the William Hall method using the formula (7) rendered 
below. Moreover, the lattice strain was also measured from the plot (Figure 3).

Here, λ denotes the wavelength of dispersion, β assigned to the FWHM (full width at half maximum), θ and ε represent 
the diffraction angle and strain, respectively.

The slope of the W-H plot confirms that the micro-strain generated in the lattice system is a tensile one, as its value 
appeared positive.46 The calculated value for the average crystallite size of NPs is relatively larger (51.73 nm) than that 
of the Scherrer method (30.12nm).

The plausible reason for that is the consideration of lattice strain in the W-H method. All the calculated structural 
insights of ZnO NPs are listed in Table 3.

Morphological and Elemental Analysis
The surface morphology of biosynthesized ZnO NPs was investigated by employing field emission scanning electron 
microscopy (FESEM). Figure 4 illustrates that ZnO NPs are quasi-spherical and rod-like shaped. The biosynthesized NPs 
exhibited tendency of agglomeration. The quasi-spherical particles had an average diameter of 48.56 nm, while the rod- 
shaped particles displayed an average length of 254.36 nm and a width of approximately 114.98 nm. EDX analysis has 
been carried out to unleash the elemental composition of biosynthesized ZnO NPs. The results suggested that the 
fundamental elements of NPs were determined to be Zn and O, corresponding to 86.59% and 13.41% of the total weight, 

Figure 3 Represents Williamson-Hall (W-H) plot of ZnO nanoparticles.
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respectively (Figure 5). It is noteworthy that the theoretical calculations expected for ZnO NPs are Zn (80.3%) and O 
(19.7%).47 Therefore, our results strongly correlate with the fact.

Optical Property Analysis
Figure 6a represents the UV-visible absorption spectra of biosynthesized ZnO NPs, a widely recognized method to ensure 
the formation of nanoparticle.32 In the spectra, the absorption maxima (λmax) observed at 373 nm correspond to the 
excitation of electrons from the valence band to the conduction band of ZnO, confirming the formation of ZnO NPs. 
Moreover, the emergence of a single peak ensured the purity of ZnO NPs. The optical band gap of biosynthesized ZnO 
NPs, calculated using the Tauc plot (Figure 6b), was found to be 3.09 eV—noticeably lower than that of bulk ZnO.48 The 
discernible reduction in the band gap can be attributed to several influencing factors such as crystallite size, particle size 
and morphology, and calcination temperature.49,50 To provide a comprehensive context, Table 4 presents the optical 
properties of ZnO NPs synthesized using different green element and parameters.

Table 3 The Structural Parameters of ZnO Nanoparticles

Structural parameters ZnO NPs

Structure Hexagonal

Space group P63mc

FWHM at (101) 0.24153

d spacing 2.46

a = b (Å) 3.23

C (Å) 5.19

Volume (Å)3 46.77

Average crystallite size (Scherrer method) (nm) 30.12

Crystallite size (W-H method) (nm) 51.73

Dislocation density, δ (nm−2) 0.001102

Lattice strain, ε 0.00106 ± 0.000235702

Figure 4 Represents FESEM image of ZnO NPs where yellow circle indicates the quasi spherical and the blue circles indicates rod like shape.
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Antibacterial Activity
The antibacterial activity of ZnO NPs synthesized using C. reticulata peel extract was evaluated against both Gram- 
positive (Staphylococcus aureus) and Gram-negative (Escherichia coli, Pseudomonas aeruginosa, Shigella flexneri) 

Figure 5 Represent EDX spectrum of ZnO nanoparticles indicating the presence of compositional elements.

Figure 6 Represents (a) optical absorption and (b) the Tauc plot of ZnO nanoparticles.

Table 4 Optical Properties of ZnO Nanoparticles Synthesized from Various Green Element Extracts

Green Element Particle Size Calcination Absorption Maxima Band Gap Ref.

Temperature Time

Brocolli extract 14 nm 450 °C 1 hour 303 nm 4.09eV [42]

Tomato extract >38 nm 600 °C 3 hours 392 nm 3.16 eV [51]

Sansevieria trifasciata root extract 20 nm 650 °C 3 hours 365 nm 3.13 eV [52]

(Continued)
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human pathogenic microorganisms. Figure 7 ensures that the NPs showed a remarkable inhibitory zone against those 
bacteria. It was found that at a dose of 100 µg/mL, the pathogens E. coli, P. aeruginosa, S. aureus, and S. flexneri had 
zones of inhibition of 6.17 ± 0.17 mm, 0 ± 0 mm, 7.5 ± 0.28 mm, and 7 ± 0.28 mm, respectively. Further increase of the 
inhibitory zone was observed at a dose of 200 µg/mL with a zone of inhibition of 11.83 ± 0.44 mm, 8.5 ± 0.28 mm, 12.17 
± 0.44 mm, and 10.5 ± 0.28 mm against E. coli, S. aureus, P. aeruginosa, and S. flexneri, respectively (Table 5). At 300 
µg/mL, the NPs exhibited notable resistance against E. coli, S. aureus, P. aeruginosa, and S. flexneri. The measured zones 
of inhibition were 16.17 ± 0.72 mm, 10.5 ± 0.28 mm, 16.17 ± 0.44 mm, and 12 ± 0.44 mm, correspondingly (Table 5).

It is discernible that the NPs exhibited better resistance against Gram-negative bacteria than that of Gram-positive 
ones. The structural and compositional differences between Gram-negative and Gram-positive bacteria are considered the 
prime reason behind that phenomenon. Gram-negative bacteria, for instance, E. coli and P. aeruginosa have a thinner 

Table 4 (Continued). 

Green Element Particle Size Calcination Absorption Maxima Band Gap Ref.

Temperature Time

Gamboge fruit Extract 20–30 nm 410 °C 2 hours 370 nm 3.33 eV [22]

Myristica fragrans fruit extract 43.3 to 83.1 500 °C 2 hours – 2.57 eV [53]

Pisonia Alba leaf extract – 500 °C 2 hours 375 nm 2.96 eV [54]

Figure 7 Represents the zone of inhibition of ZnO NPs against different human pathogenic bacteria.
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peptidoglycan cell membrane.55,56 However, the proposal lacks a strong foundation and requires thorough investigation 
and supporting evidence. The gradual enhancement of the inhibitory zone and concentration confirms that the anti-
bacterial activity of NPs is a concentration-dependent phenomenon.

Antibacterial resistance of NPs is size and shape-dependent. It is well-defined that NPs, synthesized by various 
methods, appeared with a notable inhibitory zone against different bacteria when the size of particles is below 100 nm. 
ZnO NPs with a size range of 12 nm showed unparalleled resistance against S. aureus as it not only restricted bacterial 
growth but also exterminated it utterly.57 The zone of inhibition of ZnO NPs (average size: 25.97 nm) was shown to be 
14.5 mm against E. coli.46 ZnO NPs were synthesized using Myristica fragrans extracts; the resulting size ranged from 
43.3 to 83.1 nm. An evident notable inhibitory zone was observed against S. aureus (14.3 ± 0.7), P. aeruginosa (15.6 ± 
0.7), E. coli (17.3 ± 1.3), K. pneumoniae (16.3 ± 0.7).53 ZnO NPs with a size range of 30–55 nm, synthesized biologically 
using Arthrospira platensis extract, have shown a reasonable degree of resistance against both Gram-positive and Gram- 
negative microbes such as Bacillus subtilis (~24.1), Staphylococcus aureus (~21.1), Pseudomonas aeruginosa (~19.1), 
Escherichia coli (~19.9), and Candida albicans (~21.6) at a concentration of 200 mg/mL.26

Previous studies have explained the probable mechanisms of the antibacterial activity of ZnO NPs (Figure 8). The 
initial microbial cell damage can occur from the frontal attack of ZnO NPs. In the vicinity of water, ZnO NPs generate 
soluble Zn2+ ions that alter the pH level of bacterial cells. Eventually, a specific disruption of cell function happens. 

Table 5 Zone of Inhibition (Mm) of ZnO NPs Against Human Pathogenic Bacteria

Name of Bacteria Zone of Inhibition (mm)

Ciprofloxacin 5µg/mL  
(Positive Control)

Methanol  
(Negative Control)

100µg/mL 200µg/mL 300µg/mL

Escherichia coli 26.67 ± 0.88*** 0# 6.17 ± 0.17*** 11.83 ± 0.44*** 16.17 ± 0.72***

Staphylococcus aureus 30.83 ± 0.44*** 0# 7.5 ± 0.28*** 8.5 ± 0.28*** 10.5 ± 0.28**

Pseudomonas aeruginosa 26.67 ± 0.88*** 0# 0 12.17 ± 0.44*** 16.17 ± 0.44***

Shigella flexneri 25 ± 0.57*** 0# 7 ± 0.28*** 10.5 ± 0.28*** 12.17 ± 0.44***

Notes: Data are represented as Mean ± SEM (n = 3). When comparing the data to the control group, Dunnett’s t-test reveals statistical significance at **p < 0.01, and 
*** p < 0.001, along with # denotes control to be compared with.

Figure 8 Represents the mechanism of antibacterial resistance of ZnO nanoparticles.
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Notably, the solubility of Zn2+ ions is size-dependent and maintains an inverse relationship. Finally, the most prominent 
mechanism denotes the formation of reactive oxygen species (ROS). Up to a threshold point, the generation of ROS can 
be stabilized by the antioxidants produced in the bacterial cell. However, a significant rise in ROS generation occurs in 
large-scale oxidative stress that results in the breaking down of the cellular components into fragments.57–60

Antioxidants Activity
The widely regarded DPPH scavenging technique was employed to assess the antioxidant activity of ZnO NPs. Figure 9 
demonstrates the inhibition rate for BHT (standard) and ZnO NPs at various concentrations. The results denote that the 
percentage of inhibition gradually increases with respect to the concentration elevation. The absorbance of BHT, ZnO 
nanoparticles and control with respect to concentration is presented in Table 6. The measured IC50 value for the positive 
control, BHT, was determined to be 13.43 μg/mL, whereas the IC50 value for ZnO NPs was found to be 149.01 μg/mL 
(Table 7).

In the metabolic process, a high degree of reactive oxygen species (ROS), such as superoxide, hydroxyl, and peroxy 
radicals with unpaired electrons, can emerge, leading to disruption in cell functionality and potentially causing severe 
health issues.61 In the biological route of nanoparticle synthesis, green elements are used as reducing agents, which are 
abundant in phytochemicals that are a remarkable source of antioxidants. As mentioned earlier, C. reticulata peel is an 

Figure 9 Represents the rate of inhibition of BHT and ZnO nanoparticles at different concentrations (25, 50, 100, 150, 200 mg/mL).

Table 6 Concentration and Corresponding Absorbance of BHT (Butylated 
Hydroxytoluene), ZnO Nanoparticle and Control

Concentration (μg/mL) Absorbance

BHT ZnO Nanoparticle Control

200 0.312 ± 0.005*** 0.831 ± 0.004*** 1.775 ± 0.003#

150 0.478 ± 0.003*** 0.872 ± 0.005*** 1.775 ± 0.003#

100 0.554 ± 0.005*** 0.972 ± 0.012*** 1.775 ± 0.003#

50 0.638 ± 0.016*** 0.950 ± 0.002*** 1.775 ± 0.003#

25 0.751 ± 0.014*** 1.085 ± 0.005*** 1.775 ± 0.003#

Notes: Data are represented as Mean ± SEM (n = 3). When comparing the data to the control group, 
Dunnett’s t-test reveals statistical significance at *** p < 0.001, along with # denotes control to be compared 
with.
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excellent reservoir of flavonoids, polyphenols, terpenoids, and alkaloids. Such substance has a tremendous ability to 
inhibit the radicals that are built in our body. Flavonoids and polyphenols, in particular, are noteworthy in this regard.62,63 

The larger active surface area of ZnO NPs absorbs a high degree of antioxidant substance present in the citrus fruit peel 
extract, which eventually renders an enhanced rate of inhibition of free radicals by creating a shell of antioxidant 
substance around the NPs.64 Scavenging of free radicals by ZnO NPs occurs while the electron of oxygen (outer shell) 
transfers to the DPPH that neutralizes the radicals.13 ZnO NPs were synthesized successfully using Ceropegia cande-
labrum, Coccinia abyssinica, and Solanum nigrum. The value of IC50 of those NPs was observed at 95.09 µg/mL, 127.74 
µg/mL, and 126.14 µg/mL, respectively.36,64,65

Photocatalytic Activity
An investigation has been carried out to determine the photodegradation efficiency of ZnO NPs using methylene blue 
(MB) dye exposed to UV irradiation under different time intervals (0–90 min). It was observed from the absorbance 
spectra of MB in Figure 10a that the peak height at 664 nm declines along with time intervals, which indicates the 
photodegradation of MB by ZnO NPs. The disappearance of MB was recorded at 30-minute, 60-minute, and 90-minute 
periods. Figure 10b shows that the degradation of MB by ZnO was 6.8%, 8.42%, and 10%, respectively.

Table 7 Value of IC50 of BHT (Butylated 
Hydroxytoluene) and Biosynthesized ZnO 
Nanoparticles

Compound Value of IC50 (µg/ mL)

BHT 13.43

ZnO NPs 149.01

Figure 10 Represents the photocatalytic activity of biosynthesized ZnO nanoparticles (a) absorbance vs wavelength spectra (b) plot of degradation (%) vs time (min).
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The equations (8–15) stated below render a comprehensive description of the photocatalytic degradation mechanism 
of methylene blue (MB) dye using ZnO NPs as exposed to UV light,

which is further illustrated in Figure 11.46,66,67

As per the illustration, the process of generating electron–hole (e-/h+) pairs begins with UV light irradiation. Whenever 
the energy of irradiated UV light is equal to or beyond the energy of the band gap (BG) of ZnO NPs, a shift of electrons (e−) 
occurs from the valence band (VB) to the conduction band (CB) where they form electron–hole (e−/h+) pairs. The reaction is 
followed up by a redox reaction in the presence of water and oxygen. An oxidation reaction of water with priorly generated 
holes (h+) leads to the formation of OH radicals, while the reduction reaction between oxygen and electrons (e−) present in 
CB converts in OH radical from hydrogen peroxide. Further degradation of dye is encountered from the gradual fading of 
MB dye color as the interaction between free OH radical and MB dye occurs.

According to our finding, the photocatalytic activity of biosynthesized ZnO NPs was not satisfactory. There might be 
several underlying reasons as the photocatalytic activity of ZnO NPs is dependent on several factors. One crucial factor is 
the band gap energy, which significantly influences photocatalytic efficiency. In our case, the absorption maxima (λmax) 
observed at 373 nm confirmed the formation of ZnO NPs, and the calculated band gap was lower than that of bulk ZnO, 

Figure 11 Represents the mechanism of Methyl Blue (MB) dye degradation by ZnO nanoparticles.
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theoretically creating favorable conditions for photocatalytic activity.68 However, the degradation of methylene blue 
(MB) dye in the presence of these ZnO NPs was notably slow.

Particle size and shape of nanoparticles play a crucial role in the degradation efficiency. The diminutive particle size 
of nanoparticles provides an enhanced surface area that is available for photocatalytic reaction with MB, thereby leading 
to an elevation of photocatalytic efficiency.69 Variations in the shape of NPs influence dye photodegradation in the 
presence of ZnO NPs. Spherical-shaped NPs exhibited notable efficacy compared to rod-shaped and spindle-shaped NPs 
due to their enhanced active surface area.67 In our findings, it is discernible that our synthesized ZnO NPs do not possess 
superior shape homogeneity. Although, there have been observed diminutive spherical particles, yet the presence of rod 
shape ZnO NPs were found. Moreover, the particle size was beyond 100 nm in some cases. Besides, the biosynthesized 
NPs possess the tendency of agglomeration. It can be a probable reason for the lower photocatalytic activity of ZnO NPs. 
However, the size and shape uniformity nanoparticles are influenced by a complex interplay of factors. Green elements, 
functioning as reducing and capping agents, are pivotal in this process, with their type and quantity playing a significant 
role. Moreover, synthesis conditions such as pH and temperature critically affect particle dimensions. Notably, prior 
studies have revealed that elevated calcination temperature and prolonged duration further contribute to changes in 
particle size.70,71 Previously, a slower degradation of 13% of RhB dye was observed under 120 minutes in the presence of 
ZnO NPs.72 ZnO NPs, green synthesized using Garcinia xanthochymus, have shown a negligible decomposition of MB 
dye when exposed to UV irradiation. The degree of efficiency was less than 20% after 90 minutes.48

In Silico Study: Molecular Docking
Upon in silico study, the binding affinity of the selected vital compounds from C. reticulata peel towards the GLR target 
is depicted in Table 5. For the receptor GLR, C1, C2, C3, C4, ZnO NPs showed significant binding scores of −11.1, −9.7, 
−8.9, −7.1 and −3.6 kcal/mol, respectively, while compared to the standard BHT with a binding score of −5.8 kcal/mol.

Among the four compounds, hesperidin (C1) deciphered the highest binding affinity with interactions of pi-cation, pi- 
anion, pi-sigma, alkyl, conventional hydrogen bond, and carbon-hydrogen bond with amino acids (Table 6 and 
Figure 12). The 3D and 2D graphical representations of the molecular interactions of these compounds, ZnO and the 
standard BHT with GLR enzyme are depicted in Figures 12–14.

Glutathione reductase (GLR) is one of the key enzymes in cellular antioxidant defense. It keeps the ratio of oxidized 
to reduced glutathione in check, which is essential for maintaining redox equilibrium and shielding cells from oxidative 
stress. An important cellular antioxidant, glutathione disulfide (GSSG), is reduced by this enzyme to its sulfhydryl form 
(GSH).73 Researching the interactions between ligands and GLR may help develop treatments for oxidative stress-related 
illnesses such as cancer, cardiovascular disease, and neurological problems.74 Antioxidants promote GLR activity, 
maintain the general health and functionality of cells, and may provide protection against a number of disorders 
associated with oxidative stress. The combined antioxidant actions of BHT and GLR can provide enhanced protection 
against oxidative damage, supporting overall cellular health.75 The promising binding affinities of the aforementioned 
vital compounds of C. reticulata peel and ZnO NPs against the GLR receptor might explain why ZnO NPs decipher 
antioxidant potential.

Furthermore, in a computational molecular docking study, the standard drug Ciprofloxacin showed −8.2 kcal/mol 
binding affinity for the DHFR receptor. At the same time, hesperidin (C1) exhibited the highest binding score of −10.1 
kcal/mol among all the compounds including van der Waals, carbon-hydrogen bond, unfavorable acceptor–acceptor 
bond, amide-pi stacked bond, alkyl and pi-alkyl bond interactions with the respective amino acids (Tables 8, 9 and 
Figure 13). The other compounds also demonstrated prominent scores with −9.4 kcal/mol (C2 & C3) and −8.1 kcal/mol 
(C4) as per Table 8, whereas ZnO NPs exhibited −3.4 kcal/mol binding score while interacting with the respective amino 
acids summarized in Tables 8 and 9.

The 3D and 2D graphical representations of the molecular interactions of these compounds and the standard 
Ciprofloxacin with DHFR enzyme are depicted in Figure 13.

DHFR is another crucial enzyme in all living organisms that converts dihydrofolate to tetrahydrofolate using the 
cofactor NADPH (reduced nicotinamide-adenine dinucleotide phosphate).76 This process is essential for synthesizing 
thymidylate, purines, and amino acids. Inhibiting bacterial DHFR disrupts nucleic acid synthesis, resulting in cell 
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Figure 12 Graphical representation of the molecular interactions of the selected phytocompounds with the GLR (Glutathione reductase) enzyme with 3D and 2D 
visualization.
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Figure 13 Graphical representation of the molecular interactions of the selected phytocompounds with the DHFR (dihydrofolate reductase) enzyme with 3D and 2D 
visualization.
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death.77 Ciprofloxacin has the potential to be an antibacterial medication by targeting DHFR, which leads to the death of 
bacterial cells, effectively treating infections.78 ZnO NPs might exhibit antibacterial activity because the aforementioned 
essential components of C. reticulata peel have promising binding affinities against the DHFR receptor.

In Silico Study: Toxicity Profiling of ZnO
ZnO exhibits low toxicity against most human organ systems as demonstrated in Table 10. It shows inactive hepato-
toxicity (97% probability), nephrotoxicity (80%), and respiratory toxicity (80%). However, ZnO presents moderate 
neurotoxicity (52% probability), indicating some potential for neurological effects. Overall, ZnO demonstrates a 
relatively safe profile with limited risks to major organs, except for mild neurological concerns. Therefore, the low 
toxicity profile of ZnO highlights its potential for safe application in nanotherapeutics derived from C. reticulata peel. 
This depicts that the synthesized ZnO NPs can be effectively utilized for photocatalytic, antioxidant, and antibacterial 
purposes with minimal risk to human health.

Figure 14 Graphical representation of the molecular interactions of ZnO nanoparticles with the GLR (Glutathione reductase) and DHFR (dihydrofolate reductase) enzyme 
with 3D visualization.
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Table 8 Binding Affinities of the Selected Compounds from Citrus Reticulata and Respective Standards 
Against Two Receptors, GLR (Glutathione Reductase) and DHFR (Dihydrofolate Reductase) 
Representing Antioxidant and Antimicrobial Activities Respectively

Compound Code Compound Name Molecular Weight (g/mol) Binding Affinity (kcal/mol)

Antioxidant Antibacterial

GLR (3GRS) DHFR (4M6J)

C1 Hesperidin 610.6 −11.1 −10.1

C2 Naringin 580.5 −9.7 −9.4

C3 Rutin 610.5 −8.9 −9.4

C4 Tangeritin 372.4 −7.1 −8.1

– ZnO NPs 81.4 −3.6 −3.4

Standards BHT 220.35 −5.8 –

Ciprofloxacin 331.34 – −8.2

Table 9 Bond and the Binding Site of Identified Best Bounded Compounds from Citrus Reticulata Against Target Receptors, 
GLR (Glutathione Reductase) and DHFR (Dihydrofolate Reductase)

Receptor Compound 
Code

Binding Affinity  
(kcal/mol)

Bond Type Amino Acids

Ser 30, Cys 58, Thr 57, Thr 156, Asp 178, Thr 339

Gly 29 and Asp 104

Pi-cation Lys 53 and Asp 178

Pi-anion Lys 53 and Asp 178

Pi-sigma Val 61

Alkyl Ala 155 and Ala 342

C2 −9.7 Conventional hydrogen bond Ser 51, Lys 53, Asn 60, Gly 128, Gln 182, and Asn 
294

Carbon-hydrogen bond Gly 27

Unfavorable donor-donor Glu 50

Unfavorable acceptor- 
acceptor

Glu 50

Pi-sigma Val 61

Pi-pi stacked His 52

C3 −8.9 Conventional hydrogen bond Ser 30, Glu 50, Ala 155, and Asp 331

Carbon-hydrogen bond Gly 27, Gly 29, Glu 50, Thr 57, and Gly 157

Pi-donor hydrogen bond Thr 156 and Asn 294

Alkyl Ala 155

Pi-alkyl Val 61 and Met 159

(Continued)
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Table 9 (Continued). 

Receptor Compound 
Code

Binding Affinity  
(kcal/mol)

Bond Type Amino Acids

C4 −7.1 Conventional hydrogen bond Asn 294

Carbon-hydrogen bond His 52, Ala 130, and Asp 178

Alkyl Ile 26, Val 61, His 129, Met 159, Pro 160, and Leu 298

ZnO NPs −3.6 - Ser 161, Ser 177, Trp 287, and Gly 290

BHT −5.8 Pi-pi T-shaped Phe 372

Alkyl Leu 338, Val 370, and Phe 372

Pi-alkyl Val 370

DHFR (4M6J) C1 −10.1 Van der waals Asp 21

Carbon-hydrogen bond Val 115 and Gly 117

Unfavorable acceptor- 
acceptor

Tyr 121

Amide-pi stacked Gly 20

Alkyl Val 8, Ile 16, Lys 54, and Tyr 121

Pi-alkyl Lys 55

C2 −9.4 Conventional hydrogen bond Ile 7, Ala 9, and Ser 59

Carbon-hydrogen bond Ser 59 and Tyr 121

Pi-sigma Lys 55

Alkyl Ile 16 and Tyr 121

C3 −9.4 Conventional hydrogen bond Thr 56, Val 115, and Gly 117

Carbon-hydrogen bond Gly 20 and Ser 118

Pi-sigma Lys 55

Alkyl Ala 9

Pi-alkyl Lys 55

C4 −8.1 Carbon-hydrogen bond Glu 30, Ser 118, and Thr 146

Pi-sigma Leu 22

Pi-pi T-shaped Tyr 121

Alkyl Ala 9, Phe 34, and Lys 55

Pi-alkyl Ala 9 and Ile 16

ZnO NPs −3.4 - Val 8, Glu 30, and Thr 136

Ciprofloxacin −8.2 Conventional hydrogen bond Ala 9

Carbon-hydrogen bond Val 8, Thr 56, and Ser 118

Pi-alkyl Ile 16, Leu 22, and Lys 55
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Table 10 Toxicity Profile of ZnO Nanoparticles Against Human Cells

Prediction of Toxicity of ZnO

Classification Target Prediction Probability

Organ toxicity Hepatotoxicity Inactive 0.97

Organ toxicity Neurotoxicity Active 0.52

Organ toxicity Nephrotoxicity Inactive 0.8

Organ toxicity Respiratory toxicity Inactive 0.80

Organ toxicity Cardiotoxicity Inactive 0.98

Toxicity end points Carcinogenicity Inactive 0.66

Toxicity end points Immunotoxicity Inactive 0.99

Toxicity end points Mutagenicity Inactive 0.59

Toxicity end points Cytotoxicity Inactive 0.79

Toxicity end points BBB-barrier Active 0.99

Toxicity end points Ecotoxicity Active 0.77

Toxicity end points Clinical toxicity Inactive 0.85

Toxicity end points Nutritional toxicity Inactive 0.59

Tox21-Nuclear receptor signaling 

pathways

Aryl hydrocarbon Receptor (AhR) Inactive 0.97

Tox21-Nuclear receptor signaling 

pathways

Androgen Receptor (AR) Inactive 1

Tox21-Nuclear receptor signaling 

pathways

Androgen Receptor Ligand Binding Domain (AR-LBD) Inactive 0.88

Tox21-Nuclear receptor signaling 

pathways

Aromatase Inactive 0.93

Tox21-Nuclear receptor signaling 

pathways

Estrogen Receptor Alpha (ER) Inactive 0.94

Tox21-Nuclear receptor signaling 

pathways

Estrogen Receptor Ligand Binding Domain (ER-LBD) Inactive 0.86

Tox21-Nuclear receptor signaling 

pathways

Peroxisome Proliferator-Activated Receptor Gamma (PPAR-Gamma) Inactive 0.86

Tox21-Stress response pathways Nuclear factor (erythroid-derived 2)-like 2/antioxidant responsive element 

(nrf2/ARE)

Inactive 0.79

Tox21-Stress response pathways Heat shock factor response element (HSE) Inactive 0.79

Tox21-Stress response pathways Mitochondrial Membrane Potential (MMP) Inactive 0.95

Tox21-Stress response pathways Phosphoprotein (Tumor Suppressor) p53 Inactive 0.89

Tox21-Stress response pathways ATPase family AAA domain-containing protein 5 (ATAD5) Inactive 0.88

Molecular Initiating Events Thyroid hormone receptor alpha (THRα) Inactive 0.90

Molecular Initiating Events Thyroid hormone receptor beta (THRβ) Inactive 0.78

(Continued)
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Limitations and Future Direction
While our current study offers valuable insights into biosynthesized ZnO NPs, certain limitations must be addressed. This 
study does not include the emerging challenges in the scalability of ZnO NPs using the green route. The structural and 
compositional attributes of ZnO NPs were revealed by several techniques, which confirmed the successful synthesis of 
ZnO NPs. However, by employing several advanced techniques such as TEM, and XPS we might potentially gain a 
better perspective.79 The photocatalytic activity was performed in a controlled laboratory setup that does not fully imitate 
the real-world environment. The photocatalytic efficacy of ZnO NPs was evaluated for only methylene blue dye, while 
the assessment could be extended for different categories of dyes at various concentration levels. In our work, several 
preclinical studies, such as the antibacterial and antioxidant activity of ZnO NPs, were carried out. The results are still 
promising. Further, in vitro bioavailability testing must be conducted to adjudicate future clinical trial studies. In 
addition, it is necessary to evaluate the safety, efficacy, and toxicity profiles, as these parameters will play a vital role 
in the assessment of the optimum dose limit of ZnO NPs.80,81 Our research can be expanded in the future to mitigate the 
highlighted limitations. On that ground, our current study will act as a linkage, providing useful insights that unleash the 
potential of biosynthesized ZnO NPs in wastewater management, bacterial resistance, and oxidative stress management. 
The important findings from several characterizations will contribute to the study’s future progress.

Table 10 (Continued). 

Prediction of Toxicity of ZnO

Classification Target Prediction Probability

Molecular Initiating Events Transtyretrin (TTR) Inactive 0.97

Molecular Initiating Events Ryanodine receptor (RYR) Inactive 0.98

Molecular Initiating Events GABA receptor (GABAR) Inactive 0.96

Molecular Initiating Events Glutamate N-methyl-D-aspartate receptor (NMDAR) Inactive 0.92

Molecular Initiating Events Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor 

(AMPAR)

Inactive 0.97

Molecular Initiating Events Kainate receptor (KAR) Inactive 0.99

Molecular Initiating Events Achetylcholinesterase (AChE) Inactive 0.97

Molecular Initiating Events Constitutive androstane receptor (CAR) Inactive 0.98

Molecular Initiating Events Pregnane X receptor (PXR) Inactive 0.92

Molecular Initiating Events NADH-quinone oxidoreductase (NADHOX) Inactive 0.97

Molecular Initiating Events Voltage gated sodium channel (VGSC) Inactive 0.95

Molecular Initiating Events Na+/I- symporter (NIS) Inactive 0.98

Metabolism Cytochrome CYP1A2 Inactive 0.96

Metabolism Cytochrome CYP2C19 Inactive 0.95

Metabolism Cytochrome CYP2C9 Active 0.68

Metabolism Cytochrome CYP2D6 Inactive 0.88

Metabolism Cytochrome CYP3A4 Inactive 0.93

Metabolism Cytochrome CYP2E1 Inactive 0.94
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Conclusion
To conclude, the ZnO NPs were biosynthesized using a sustainable and eco-friendly approach. The presence of various 
phytochemicals in Citrus reticulata peel acted as reducing agents as well as stabilizing agents. Various characterization 
techniques were adopted to analyze the structural, morphological and optical attributes of ZnO NPs. XRD pattern of ZnO 
confirms the hexagonal wurtzite structure with an average crystallite size of 30.12 nm. The biosynthesized ZnO NPs 
exhibited relatively larger particle size with irregular shape homogeneity. Both quasi-spherical and rod-like particles were 
identified by FESEM micrographs. The elemental mapping was carried out by EDX, which showed the successful 
synthesis of nanoparticles. The optical band gap of ZnO NPs was calculated to be 3.09 eV. The biosynthesized ZnO NPs 
exhibited promising antibacterial activity against both Gram-positive and Gram-negative bacteria. The maximum zone of 
inhibition was measured at 16.17 ± 0.72 mm, and 16.17 ± 0.44 mm against E. coli, and, P. aeruginosa at concentrations 
of 300 µg/mL. ZnO NPs were found effective in the inhibition of radicals with an IC50 value of 149.01 µg/mL. However, 
the ZnO NPs exhibited a lower photocatalytic activity. The degradation of MB dye was found to be slower, yet it 
maintained an upward trend with time intervals. Molecular docking studies that key compound, including hesperidin 
(C1), exhibited high binding affinities towards GLR (−11.1 kcal/mol) and DHFR (−10.1 kcal/mol), surpassing standard 
drugs BHT (−5.8 kcal/mol) and Ciprofloxacin (−8.2 kcal/mol), justifying the relevant antioxidant and antibacterial 
potentials. ZnO nanoparticles displayed low toxicity with probabilities of hepatotoxicity (3%), nephrotoxicity (20%), and 
respiratory toxicity (20%), but moderate neurotoxicity (52%). These findings highlight the potential of ZnO nanoparticles 
for safe and effective nanotherapeutic applications targeting oxidative stress and bacterial infections.
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