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Abstract

Plant-based nanoparticles have a number of benefits over traditional physicochemical approaches, and
they may be used in a variety of medical and biological applications. In recent study, a green synthesis
approach for zinc oxide nanoparticles (ZnO NPs) using Malva neglecta Wallr. leaf (MWL) and seed
(MWS) aqueous extracts were reported. MWL mediated ZnO NPs (MWL-ZnO-NPs) and MWS mediated
Zn0 NPs (MWS-ZnO-NPs) were synthesized using an environmentally friendly and simple technique with
minimal reaction time and calcination temperature. The structural and chemical characterization of the
biosynthesized ZnO NPs was performed using UV-Vis, FTIR, XRD, TGA, TEM, and EDX. Synthesized
nanoparticles showed the UV-Visible spectroscopy absorption peak at 372 and 376 nm for MWL and
MWS-ZnO-NPs, respectively, which confirm the synthesis of ZnO NPs. Furthermore, the FTIR spectrum
indicated bioactive functional groups and metal-oxygen groups. The TEM analysis displayed that two
different synthesized ZnO NPs, exhibited a somewhat spherical structure with an average particle size
between 40 and 50 nm, regardless of the type of extract. EDX analysis approved the Zn and O in the
synthesized ZnO NPs. The XRD results revealed that MWL-ZnO-NPs had a similar crystal structure to
MWS-ZnO-NPs. The dose-dependent free radical scavenging capability of zinc oxide nanoparticles was
determined using the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) test. Furthermore, the antibacterial
activity of ZnO NPs was investigated using the paper disc diffusion technique against two clinical strains
of Escherichia coli and Staphylococcus aureus using the zone of inhibition and minimum inhibitory
concentration (MIC).

1. Introduction

In recent years, nanotechnology has attracted much attention due to its wide applications in various
scientific fields such as chemistry, molecular biology, energy storage, micro fibrillation, pharmaceuticals,
and optics. [1] Various nanoparticles (NPs) owing to their unique and fascinating physical and chemical
properties, have a variety of uses in different areas, such as medicine, pharmaceuticals, cosmetics, food,
energy, environmental, catalytic, and material applications. [2, 3] Among the available large number of
nanoparticles, metal oxide nanoparticles attracted a great deal of researchers’ attention due to their
enormous potential across a broad range of research disciplines. [4] Zinc oxide nanoparticles (ZnO-NPs)
are considered the most significant between the metal oxides NPs for their biocompatibility, high UV
protection [5], low cost, non-toxicity, low electric resistance [6], thermal stability [7], and robustness [8]. So,
these nanostructures are widely used in various fields such as the food industry [9], agriculture, solar cell
[10], gas sensors [11], cosmetics [12], environmental remediation [13], and finally in medical fields such as
gene delivery, wound healing [14], bio-imaging, drug delivery, biomedicine, especially in the fields of
anticancer, antibacterial [15], anti-inflammatory, antioxidant, antifungal, and antidiabetic fields [16].

Zn0 nanostructures have been fabricated using a variety of physical and chemical techniques such as
thermal evaporation [17], pulsed laser deposition [18], sputtering [19], physical vapor deposition [20],
precipitation [21], solvothermal [22], hydrolysis [23], hydrothermal [24], sol-gel, sonochemical, microwave,
spray pyrolysis [25], etc. Though the synthesis of ZnO nanoparticles using these approaches is
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successful. It requires high-cost equipments, harsh experimental conditions, hazardous chemicals, toxic
reducing agents, and stabilizers [26] that are highly reactive and dangerous to the environment and living
systems.

Therefore, to mitigate these problems, green processes can be used to synthesize ZnO nanoparticles.
Less hazardous, safe [27], biocompatibility [28], eco-friendly [29], easily scaled up, energy-efficient, and
cost-effective [15] are some of the advantages of these methods. Plants, fungi, bacteria, algae [30] are
commonly used for the green synthesis of ZnO nanoparticles. Plant-derived products have recently
gained significant popularity because of their low cost and less use of toxic chemicals [10]. Natural plant
extracts are rich in phytochemicals such as tannins, amino acids, polyphenols, polysaccharides,
terpenoids, flavonoids, and alkaloids, which act as strongly reduce and capping agents and lead to the
synthesis of stabilized ZnO NPs [31]. Redox reaction occurs in the solution, and the extracts facilitate the
electron transfer to the zinc ions to produce ZnO nanoparticles [8]. ZnO nanoparticles have been
synthesized using various plant sources such as Punica granatum leaf [32], Silybum marianum L. seed
[33], Mentha pulegium L. leaf [34], Solanum nigrum leaf [35], Maple |leaf [36], Berberis vulgaris [37],
Hibiscus sabdariffa [38], Calotropis gigantean [39], Nigella sativa seed [40], Monsonia burkeana [41] and
Camellia sinensis [42].

M. neglecta Wallr. is a herbaceous plant of the Malva genus that goes by the names common mallow,
dwarf mallow, cheese plant, cheese weed, buttonweed, and round leaf mallow [43]. The genus Malva is
distributed throughout the subtropical, tropical and temperate zones of Europe, Asia, and Africa [44]. The
leaves and roots of M. neglecta have traditionally been used as a salve for wound healing [45],
inflammation, bruising, and insect bites, as well as internally for respiratory and urinary tract infections
[46]. Various studies reveal the antioxidant [45], antibacterial [47], and anti-ulcerogenic [48] effects of this
plant. It is also used to treat several diseases such as asthma, colds, digestive and urinary problems, and
abdominal pain [49]. Accordingly, in this work, a green approach has been adopted to synthesize ZnO
nanoparticles using M. neglecta leaf & seed aqueous extracts as reducing agents. Moreover, the
antioxidant activity and antibacterial efficiency of synthesized MWL-ZnO-NPs and MWS-ZnO-NPs were
evaluated against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli).

2. Materials And Methods
2.1 material

All chemicals and solvents were obtained from Sigma-Aldrich and were used without further purification.
Distilled water was utilized in all experiments. M. neglecta was collected from Gonbad Kavous, Golestan
province, Iran. Plant identification was performed by an expert of the plant systematic center of Gonbad
Kavous University (herbarium number GKU/NO. 804117). The collected leaves and seeds were separately
washed with distilled water to remove any contamination, shade dried for 4 days, crushed to powder
using a spice grinder, and sieved through 60 Mesh. To avoid oxidation and humidity, the powder was kept
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dry in airtight containers. The bacterial species S. aureus (ATCC 9144) and E. coli (ATCC 25922) were
provided from the Persian Type Culture Collection, Tehran, Iran (PTCC).

2.2. Green synthesis of ZnO nanoparticles

2.2.1 Preparation of M. neglecta seed & leaf extract

To prepare the MWL and MWS aqueous extracts, 2 g of seed and leaf powder were poured separately in
100 mL of distilled water and heated at 90 °C for 3 hours. The resulting mixture was stirred at room
temperature for 1 hour. After filtration using Whatman No. 1 paper, the extract was stored at 4°C for
subsequent research.

2.2.2 Green synthesis of ZnO NPs

A solution of Zn(NO3),-6H,0 (2 gr) in 3 mL deionized water was added dropwise to 45 mL of MWL and
MWS extracts, separately. The resulting mixtures were stirred at room temperature for 1 hour. These
mixtures were heated continuously at 60 °C for an hour on a magnetic stirrer hotplate. Afterward, the
mixtures were dried in the oven at 150°C. Finally, the as-synthesized samples were calcined for 4 hours at
400°C in a muffle furnace. The resulting products were stored in airtight bottles for further analysis. High
product yields of 31.2 and 29.8% (w/w) were obtained for the MWL and MWS ZnO-NPs. MWL and MWS
extracts are used to synthesize ZnO nanoparticles depicted in Fig. 1.

2.3 Characterizations of green synthesized nanostructured
Zn0O

Confirmation of nanoparticle synthesis was obtained using a UV-Vis spectrophotometer (Shimadzu).
Fourier-transform infrared spectra were recorded on an FTIR spectrophotometer (Perkin Elmer, USA). X-ray
diffraction (XRD) patterns of the samples were obtained using X-Ray Diffraction Equipment (PANalytical
X'Pert Pro MRD). The thermal behavior of the samples was studied by Thermogravimetric Analysis (TGA)
equipment (STA 504, TA Instrument). The analysis of the elemental composition of samples was
recorded by using energy dispersive X-ray (FE-SEM, UK). TEM images were obtained on a Philips EM208
microscope (Phillips, Eindhoven, Netherlands) with an accelerating voltage of 100 kV. The average
particle size of each sample was obtained using ImageJ software.

2.4 Phytochemical analysis: total phenolic (TPC) and total
flavonoid contents (TFC).

To get total phenolic content (TPC), Folin—Ciocalteu reagent was used with some modifications, and it
was expressed as mg of gallic acid (GAE) per gram of dry weight (mg/g) [50]. The mixture consisted of
20 pL of extract solution (2% w/v), 100 uL Folin—Ciocalteu reagent, and 1.16 mL water was mixed for 8
min. Then 300 pL sodium carbonate (Na,CO5; 20% w/v) was added and incubated at 40°C for 30 min. A
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spectrophotometer measured the absorbance of the samples in comparison to a prepared blank at a
wavelength of 765 nm. Finally, gallic acid is employed as a reference material.

A standard curve (Y = 0.0086X - 0.0104) from the gallic acid with concentrations of 10-100 pg/mL have
been calculated.

TFC might be measured using an aluminum chloride colorimetric technique [51]. 0.5 mL of each extract
was added to 1.5 mL of 95% alcohol, 0.1 mL of aluminum chloride (10%), 0.1 mL of potassium acetate
1M and 2.8 mL of water. The mixture was incubated at room temperature for 30 minutes. The blank was
used to measure the mixture's absorbance at 415 nm. The TFC was measured using quercetin standard
curves (Y = 0.0071X + 0.0338) and reported as mg quercetin (QE) per gram of dry weight (mg/g).

2.5 Antioxidant activity using DPPH assay

MWL-ZnO-NPs and MWS-ZnO-NPs antioxidant activity was determined using the DPPH method, as
previously described by Sohail et al. [14], with some modifications. The DPPH free radical scavenging
assay was used to determine the antioxidant activity of MWL-ZnO-NPs and MWS-ZnO-NPs. Briefly, 200
uL of various concentrations of the samples (15.62-250 ug/mL) were added to 1.8 mL of methanolic
solution of DPPH (0.1 mM) and was shaken vigorously. The reaction mixtures were incubated in the dark
at room temperature for 1 hour, then the absorbance of each sample was determined at 517 nm. DPPH
solution was used as positive controls. The free radical scavenging activity of each sample was
determined using the following equation:

Abs(control) — Abs(sample)

Antioxidantactivity = Abs(control) x 100

2.6 Antibacterial assay

The bacterial growth inhibitory activity of MWL-ZnO-NPs and MWS-ZnO-NPs were measured using broth
dilution and agar disc diffusion methods.

2.6.1 Broth dilution method

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were
calculated using a broth dilution method in accordance with Clinical & Laboratory Standards Institute
(CLSI) guidelines [52]. Briefly, serial dilutions of MWL-ZnO and MWS-ZnO nanoparticles (500, 250, 125,
62.5,31.25, 15.62 pg/mL) were prepared in 2 mL of nutrient broth culture medium. The green synthesized
ZnO0-NPs suspension (200 pL) was inoculated with the microbial suspension (100 pL) at 37°C for 24 h.
As negative and positive controls, tubes containing growth media alone or bacterial culture without ZnO
nanoparticle suspensions were utilized. After 24 hours of incubation, the lowest dose at which no visible
bacteria grow was determined to be the MIC. Subsequently, for the MBC test, 100 ul of broth from each
test tube that did not show growth was inoculated in a nutrient agar plate at 37°C for 24 h. The lowest
concentration of ZnO nanoparticles that bacteria did not grow was reported as the minimum bactericidal
concentration.
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2.6.2 Antibacterial screening by agar disc diffusion method

In-vitro disc diffusion method [53] was used to evaluate the bactericidal ability of green synthesized zinc
oxide nanoparticles. Petri dishes containing 10 mL of nutrient agar were inoculated with 100 pL of the
bacterial suspension. After inoculating the plates, they were allowed to dry for 20 minutes. Green
synthesized ZnO-NPs solutions at concentrations of 62.5, 125, 250, and 500 pg/mL were loaded onto
sterile discs 6 mm in diameter. Negative controls included a blank disc impregnated with solvent (0.9%
NaCl solution), while positive controls included tetracycline (5 pg/disc). During the first hour at room
temperature, the green nanostructured ZnO was allowed to diffuse across the surface, and then the plates
were incubated at 37°C for 24 hours. Finally, to determine the antibacterial activity of the ZnO-NPs and
controls, we measured the clear zones of inhibition surrounding each disc and recorded the result in
millimeters. In each case, sterilized forceps were used to place discs containing various fractions on the
inoculated plates carefully and gently pressed against the agar to ensure contact.

2.6. Statistical analysis

The data were statistically analyzed using a two-way analysis of variance (ANOVA). The results were
expressed as mean + SD.

3. Results And Discussion
3.1 Characterization of the ZnO nanoparticle
3.1.1 UV-Visible spectroscopic analysis

The UV-Vis absorption of biosynthesized ZnO nanoparticles is presented in Fig. 2. The MWL-ZnO-NPs
and MWS-Zn0O-NPs annealed at 400°C showed a strong absorption band at 372 and 376 nm, respectively.
The obtained results demonstrated good agreement with the previously reported literature on green
synthesized ZnO NPs [54], they confirmed the formation of biosynthesized ZnO nanoparticles.

3.1.2. Fourier-transform infrared (FTIR) spectroscopy

MWL-ZnO-NPs, MWS-ZnO-NPs, as-prepared samples, MWL, and MWS extracts were recognized using
FTIR spectroscopy. As illustrated in Fig. 3, the FTIR spectrum of MWL and MWS extracts a broad peak at
around 3400 cm™" attributed to the stretching vibrations of OH and —NH, functional groups of the
polyols. Moreover, the stretching vibrations of C=C and C=0 bonds on the aromatic rings of the phenolic
compounds were observed at around 1400 and 1600 cm™", respectively [55]. The peak at about 1100
cm™! represented the stretching vibration of the hydroxyl C-O bond of flavonoids and phenolic
compounds. The FTIR spectra of biosynthesized ZnO nanoparticles for samples annealed at 400°C

revealed additional absorption peaks between 440 and 500 cm™" corresponding to the stretching
vibration of Zn-0 bonding, confirming the creation of ZnO nanoparticles. Furthermore, the peak at

around 3400 cm™ corresponds to OH vibrations caused by the hydrogen bond interaction of ZnO
nanoparticles with water. [56]. It is noteworthy that the FTIR spectrum of ZnO nanoparticles exhibited
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several peaks at the same position of the FTIR spectrum of the extracts. This may be due to the low
annealing temperature of ZnO nanoparticles, which does not allow complete decomposition of organic
compounds. As illustrated in Fig. 3, there is some blue shift of typical peaks at around 1100, 1400, and
1600 cm™ for ZnO NPs that confirm the interaction of the phenolic compounds with the surface of the
MWL-Zn0O and MWS-ZnO NPs [57, 55].

3.1.1 Transmission Electron Microscopy (TEM) & Energy
Dispersive X-Ray (EDX) analysis

The morphology and particle size of MWL-ZnO-NPs and MWS-ZnO-NPs annealed at 400°C were
characterized using TEM analysis. Both MWL and MWS-ZnO-NPs samples represented somewhat
spherical shape morphology and were aggregated to some extent, as revealed in Fig. 4(a). The particle
size distribution curve for the green synthesized zinc oxide nanoparticles are represented in Fig. 4(b). The
mean particle size was 40.46+7.25 and 46.60+11.90 nm for the ZnO NPs synthesized by MWL and MWS
extract, respectively. As shown by the results, MWL extract is slightly more effective for the synthesis of
smaller ZnO-NPs than MWS extract. Due to polycrystalline aggregation, the particle sizes of MWL-ZnO
and MWS-Zn0 nanoparticles were greater than their crystal sizes predicted from XRD profiles [58]. Energy
Dispersive X-Ray (EDX) spectroscopy was used to determine the compositional analysis of
biosynthesized ZnO nanoparticles. As depicted in Fig. 5, the Zn Ka, Zn La, Zn KB and O Ka were observed
in the EDX spectrum for both NPs, thereby confirming the green synthesis of MWL-ZnO-NPs and MWS-
ZnO-NPs. The weight percentage of zinc and oxygen elements were received in 72.08, 20.50%, for MWL-
ZnO-NPs, and 62.64, 25.64% for MWS-ZnO-NPs, respectively. There is also some weak signal and weight
loss, which could be related to the plant compounds used for the biosynthesis of ZnO nanoparticles.

3.1.3 X-ray diffraction (XRD) analysis of ZnO NPs

Figure 6 illustrates the X-ray diffraction (XRD) patterns of the as-prepared and ZnO-NPs. As can be seen,
the as-prepared sample lacked crystal structure as a result of the low-temperature synthesis. While, in the
XRD pattern of green synthesized ZnO nanoparticles, the sharp peaks with a definite line broadening
displayed the synthesized ZnO particles in the nano-scale range. MWL-ZnO-NPs showed strong
diffraction peaks at 31.80, 34.45, 36.29, 47.56, 56.60, 62.91, 66.54, 67.96, 69.06, 72.43, 77.09, and 81.38.
While MWS-ZnO-NPs had strong diffraction peaks at 31.89, 34.55, 36.36, 47.64, 56.67, 62.99, 66.54,
68.05, 69.20, 72.72, 76.95, and 81.49. All the biosynthesized Zn0O nanoparticles diffraction peaks
corresponded to the crystallographic (100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
(202), and (104) planes respectively. Notably, the XRD pattern of the synthesized NPs is highly
compatible with the wurtzite hexagonal structure of ZnO [59]. The obtained pattern was consistent with
JCPDS card no. 01-089-0510 and 01-075-0576 for MWL-ZnO-NPs and MWS-ZnO-NPs, respectively.
Furthermore, using the Debye—Scherrer equation, the crystallite size of the MWL-ZnO-NPs and MWS-ZnO-
NPs was determined to be 34.2 and 42.2 nm, respectively, from the diffractogram's high-intensity peak at
(101) plane [60]. Consequently, by comparing the XRD results of the MWL-ZnO-NPs and MWS-ZnO-NPs, it
was found that the natural resources used in the fabrication of nanoparticles might have a greater impact
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on the size of the ZnO nanoparticles than their crystal structure. [31] The crystallite size determined by
XRD analysis is consistent with the particle size distribution calculated from TEM analysis.

3.1.4 Thermogravimetry analysis (TGA)

Thermogravimetry diagram of the synthesized as-prepared ZnO samples and ZnO NPs in Fig. 7.
Compared with the as-prepared sample, the MWL-ZnO-NPs and MWS-ZnO-NPs samples exhibited nearly
no weight loss. For the as-prepared sample, the thermogram showed two distinctive regions of weight
losses. At 100 °C, weight loss was detected as a result of moisture and volatiles evaporating from the
particles' surfaces. The remaining precursors are eliminated and emitted as CO, between 100 and 400 °C.

At 400 °C, the weight loss appeared to stabilize, indicating that the majority of organic contaminants had
been eliminated. Weight loss was minimal in the annealed samples, owing primarily to moisture and CO,

absorption [25].

3.2 Total phenol and flavonoid contents.

The antioxidant activity of phenolic extracts is correlated with the TPC and TFC. They reduce and
stabilize metal ions during the production of metal nanoparticles [61, 62]. The TPC and TFC levels in M.
neglecta seed and leaf extracts were determined using the Folin—Ciocalteu reagent and the aluminum
chloride colorimetric method, respectively. The values for total phenol and flavonoid are shown in Table 1.
Seed and leaf extracts contain sufficient amounts of phenolic and flavonoid compounds. The TPC value
was higher in the leaf extract (202.8+3.52 mg GAE/g) than the seed extract (109.9+2.79 mg GAE/qg). Also,
TFC values were 28.27+2. mg QE/g and 21.1+2.14 mg QE/g for seed and leaf extracts, respectively. The
formation of ZnO nanoparticles may be influenced by various biomolecules in aqueous plant extracts,
including polyphenols and flavonoids. Also, high levels of total phenols in these extracts are responsible
for their high antioxidant capacity [63].

The TPC and TFC of seedTaanb(:eI;af extracts of M. neglecta.
Plant part Total phenols Total flavonoids
mg GAE/g DW mg quercetin/g DW
M. neglecta Seed extract 109.9+2.79 28.27+2.01
Leaf extract 202.8+3.52 21.1+£2.14

GA: Gallic acid, DW: dried weight. All data represented the mean * standard deviation of three
independent experiments.

3.3 Antioxidant Activity

DPPH radical scavenging assay was used to determine the antioxidant activity of the green synthesized
Zn0 NPs. As shown in Fig. 8, at concentrations of 15.62-250 uyg/mL, the MWS-ZnO-NPs and MWL-ZnO-
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NPs had antioxidant activity between 22.39+1.53% to 49.08+1.90% and 23.59+1.18% to 55.33+2.30%,
respectively. The results reveal that with increasing the concentration of ZnO-NPs, the absorption of
DPPH radicals increased and a maximum of 55.33% was observed at 250 ug/mL. The results indicate
that ZnO-NPs are effective inhibitors of reactive oxygen species with a wide range of activity.

3.4 Antibacterial activity

The antibacterial activity of biosynthesized ZnO-NPs against pathogenic gram-positive (S. aureus) and
gram-negative (E. coli) bacteria was initially determined using two assays, disc diffusion and MIC-MBC.
Zones of inhibition of E. coliand S. aureus by standard drugs, MWL-ZnO-NPs, and MWS-ZnO-NPs at
concentrations ranging from 62.5 to 500 pg/mL are depicted in Fig. 9. Table 2 shows the mean values of
the zone of inhibition (mm) for three replicates. MWL-ZnO-NPs and MWS-Zn0O-NPs shown moderate
antibacterial effectiveness against both gram-positive and gram-negative bacteria when compared to
standard antibiotics (Tetracycline). No single dose has shown more substantial potential than the
positive control. Statistical analysis showed no significant difference between the antibacterial effects of
green synthesized ZnO nanoparticles on the studied bacterial strains. Furthermore, the natural resources
(M. neglecta leaf & seed) don't have a significant influence on the bactericidal activity of the ZnO NPs
toward E. coliand S. aureus. The antibacterial activity also significantly increased with increasing
concentrations of biosynthesized ZnO-NPs, and the maximum inhibitory zone was observed at 500
pg/mL of MWS-ZnO-NPs and MWL-ZnO-NPs for both strains S. aureus and E. coli. This was in agreement
with previous studies where ZnO nanoparticle activity was dose-dependent [64].

MWS-Zn0O-NPs and MWL-ZnO-NPs were tested for bacteriostatic and bactericidal effects using the MIC-
MBC method at concentrations of 15.62, 31.25, 62.5, 125, 250, 500, and 1000 pg/mL. According to Table
3, the MIC-MBC assay values were consistent with the disc diffusion assay results. MWL-ZnO-NPs and
MWS-Zn0O-NPs had MIC values of 31.25 pug/L and 62.5 ug/L, respectively, against E. coliand S. aureus. In
addition, MBC values of 125 and 62.5 pg/ mL were observed for MWS-ZnO-NPs and MWL-ZnO-NPs,
respectively, against both E. coliand S. aureus.

In accordance with the results of Zhang et al. [65], the bactericidal ability of ZnO nanoparticles is due to
reactive oxygen species (ROS). As ZnO NPs interact with the bacterial membrane or enter through

bacterial transport channels, they release ROS, predominantly H,0,, OH®, and O, radicals, damaging the

bacterial DNA and cell walls. In addition, zinc oxide nanoparticles have a surface zeta potential. This
makes it easier to adhere to bacteria's surfaces. Zinc oxide inhibits bacterial growth by causing damage
to the cell membrane or extrusion of cytoplasmic content [66].
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Table 2
Antibacterial assessment of the biosynthetic ZnO-NPs.

Bacterial Concentration (ug/mL) of ZnO NPs Blank disc Tetracycline
species (-ve control) (
+ve
500 250 125 62.5 control)
E. coli seed 12.35+0.08 10.82+0.09 9.53+0.07 No No zone 19.46+0.26
zone
leaf 12.40+£0.15 11.00£0.28 9.66+0.08 No No zone 19.46+0.26
zone
S. aureus seed 12.30+0.28 10.90+0.15 9.62+0.09 No No zone 19.49+0.08
zone
leaf  12.42+0.18 10.95¢0.35 9.85#0.21 No No zone 19.49+0.08
zone
Zones of inhibition (mm) are presented as mean + SD.

Table 3
MIC and MBC of MWL and MWS-ZnO-NPs against E. coli and
S. aureus.

Bacterial species MIC (ug/mL)  MBC (ug/mL)
E. coli seed 62.5 125

leaf  31.25 62.5
S. aureus seed 62.5 125

leaf  31.25 62.5

4. Conclusion

We effectively produced ZnO nanoparticles in this study by employing aqueous extracts of M. neglecta
leaf and seed as a reducing agent in an environmentally safe and green method. The UV-Visible spectrum
confirms the synthesis of ZnO NPs. The FTIR spectrum indicated bioactive functional groups and metal-
oxygen groups. TEM analysis displayed a somewhat spherical structure with an average particle size of
40.46 and 46.60 nm for the ZnO NPs synthesized by MWL and MWS extract, respectively. Both extracts
formed ZnO NPs with similar crystal structures, as shown by XRD. Also, the capacity of zinc oxide
nanoparticles to scavenge free radicals was comparable. We found that the natural resources (M.
neglecta leaf & seed) had no significant effect on the microstructural characteristics, antioxidant
capacity, and bactericidal activity of ZnO NPs against E. coliand S. aureus. The results reveal that both
types of synthesized zinc oxide nanoparticles could be effective in biological applications.
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Figure 1

Schematic diagram of the biosynthesis of ZnO nanoparticles using M. neglecta leaf and seed extract.
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Figure 2

UV-Vis spectrum of ZnO nanoparticles.
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Figure 3

The Fouriertransform infrared spectra of MWL, MWS extract, as-prepared Zn0O, and ZnO NPs.
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Transmission electron micrographs (TEM) of MWL mediated ZnO NPs (A, B) and MWS mediated ZnO
NPs (C, D); Size distribution of particles in TEM images of MWL-ZnO-NPs (E), and MWS-ZnO-NPs (F).
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EDX spectra of MWL-ZnO-NPs (A) and MWS-ZnO-NPs (B).
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prepared ZnO samples and ZnO NPs.

The X-ray diffraction pattern of the as
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Figure 7

Thermogram (TG) of the as-prepared ZnO and ZnO NPs annealed at 400 °C.
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DPPH radical scavenging. (* p < 0.05, ** p < 0.01, *** p < 0.001, and p = 0.05 considered non-
significant).
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Figure 9

Antibacterial activity of MWL-ZnO-NPs, MWS-ZnO-NPs, and reference antibiotic (tetracycline) against E.
coliand S. aureus (a: 500 pg/mL; b: 250 pg/mL; c: 125 pg/mL and d: 62.5 pg/mL of biosynthesized ZnO
NPs).
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