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Zea mays-mediated fabrication and characterization of zinc oxide nanoparticles with
enhanced antibacterial and antioxidant properties
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This study presents the synthesis of zinc oxide nanoparticles (ZnO-NPs) using Zea mays
leaf extract as a natural reducing and stabilizing agent. The synthesized ZnO-NPs were
comprehensively characterized using X-ray diffraction (XRD), scanning -electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and Fourier-transform
infrared spectroscopy (FTIR). XRD analysis confirmed the crystalline nature of the NPs,
while SEM revealed their morphology and size distribution. EDX confirmed the elemental
composition of the synthesized ZnO-NPs, and FTIR provided insights into the functional
groups involved in NPs formation. The antibacterial activity of ZnO-NPs was evaluated
against a selected bacterial strain using the agar well diffusion method. The results
demonstrated a zone of inhibition around the wells containing ZnO-NPs, indicating their
potential antibacterial efficacy. The antioxidant activity of ZnO-NPs was assessed by their
ability to scavenge ABTS (2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)) free
radicals. It was found that the scavenging activity got increased with the concentration of
ZnO-NPs, indicating their potential as antioxidants.
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1. Introduction

Nanotechnology has evolved as a multidisciplinary field since the 21* century. Currently,
it is known as the most promising technology with varied applications. Nanotechnology has
become more prominent in the fields of mechanics, energy science, food, environment,
pharmaceuticals, drugs, cosmetics, biomedical science, and electronics [1]. Nanomaterials are the
particles with nanoscale dimensions who secure chemical steadiness owing to their large surface
area to volume ratio, catalytic reactivity, optical properties, and thermal conductivity [2]. Various
methods that have been used previously for the fabrication of nanoparticles include microwave
assisted synthesis, autoclave synthesis, physical and chemical synthesis as well as the
microorganism mediated synthesis [3]. But, all of these methods are somehow not feasible
economically, owing to the utilization of some toxic compounds [4]. Currently, green synthesis
has enchanted the interest of researchers as it is simple, eco-friendly, and non-pathogenic.
Nanoparticles have extensive applications as antibacterial, antioxidant, and anticancer agents [5].
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ZnO nanoparticles refer to that atypical material that portrays versatile piezoelectric,
semiconducting, and pyroelectric properties along with a wide range of optical and electric
applications in chemical sensors, piezoelectric devices, personal care products, paints, spin
electronics, and coatings [6,7]. Zinc oxide’s wide range of applications and unique properties
make it an interesting entity which will serve various purposes in nanoscale materials. Owing to its
direct band gap of 3.7 to 3.8nm and band gap energy of 60meV, ZnO is a material of stupendous
interest as it is used for photocatalytic as well as semiconductor applications in a phenomenal way
[8]. The unusual properties of ZnO transform it into a multipurpose metal oxide. In the recent past,
it has been extensively used for various applications such as gas sensors, light emitting diodes,
photo-catalysts, solar cells, cosmetics, and pharmaceutical industries [9,10]. Not long ago, it has
been utilized as photo-catalyst and antibacterial agent [5]. Owing to the less toxic and more safe
nature, these nanoparticles have been preferred in food industries for packaging and processing of
food materials such as meat and vegetables. Based on the previous studies and experimental
evidences, it has been reported that the ZnO-NPs are beneficial if used against bacteria as they
effectively inhibit bacterial growth in minute concentration [11].

All bio-systems depend on the antioxidants for their proper functioning. In case of several
diseases like cardiovascular disorders, diabetes, arthritis, and cancer, it has been observed that an
oxidative stress is produced due to the overproduction of various HRRS (highly reactive radical
species) [12]. Resultantly, there is an urgent need for the production of some safe, natural, more
effective, and less toxic antioxidant. The abrupt increase in the antimicrobial resistance has
become the global concern. Additionally, there is evidence that widespread usage of anti-
inflammatory and antibacterial medications has led to the development of resistant strains that are
immune to antibiotics [13]. Also, they aggravate the toxicities and have chronic effects on immune
and physiological systems of humans. As a result, it is the need of the hour to search for some
effective antibacterial drug that can suppress resistance without damaging the immune system
[14]. The biogenically synthesized ZnO-NPs serve as effective antioxidants as they are
biocompatible. They can also serve as biomedicine against various microbial ailments. They
enhance the abilities of fungi and bacteria to metabolize the antibiotics, and so, play a role in
improving their absorption [8].

This study focuses on the fabrication of ZnO-NPs using Zea mays (maize) extract and its
physicochemical characterizations. The antioxidant and antibacterial properties of the ZnO-NPs
were also tested.

2. Materials and methods

2.1. Reagents

The analytical grade chemicals and solvents used in this research work were brought from
Sigma-Aldrich. The ZnCl,.2H>O was used as precursor salt, the sodium hydroxide was used as a
base for pH adjustment, and deionized water was used for the preparation of solutions. Dimethyl
sulfoxide (DMSO) was used as a solvent for the suspension preparation. The agar nutrient was
used to grow the bacterial culture, and ABTS was used to generate its free radicals.

2.2. Extract preparation

Zea mays leaves were collected from the local field in the village Parshali district Buner
and thoroughly washed with tap water followed by deionized water. The clean leaves were then
cut down into small pieces with a sterile cutter and 10 g of these cut leaves were added to an
airtight jar containing 1000 mL hot water. It was left for five hours. The crude extract was then
filtered to separate the leaf pieces, followed by centrifugation to eliminate uncoordinated
biomolecules. The clear upper layer from the centrifuge tube was collected in a volumetric flask
and stored at 4°C.
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2.3. Synthesis of ZnO-NPs

The 50 mM stock solution of ZnCl,.2H,O was prepared by dissolving 2.59 g in 1000 mL
deionized water. For the synthesis of ZnO-NPs, 70 mL of the stock solution and 30 mL extract
were mixed in a titration flask, and the pH was adjusted to 9 after 5 min of mixing. The reaction
mixture was heated (50 °C) and stirred (250 rpm) for 40 min and aged for 6 h. The solid product
obtained was collected through the centrifugation process, dried at 150°C, and stored in an airtight
glass bottle.

2.4. Instrumentation

The synthesized ZnO-NPs were characterized by several physico-chemical techniques.
The crystalline nature was assessed through X-ray diffraction (XRD) analysis employing the
Philips X'Pert model. The crystallite size of the synthesized nanostructures was determined using
the Debye-Scherrer equation. Microstructure and surface topology were examined using a
scanning electron microscope (SEM), specifically the JEOL JSM-5600LV model from Tokyo,
Japan. To confirm the composition of the sample, an energy-dispersive X-ray (EDX) examination
was conducted. Surface functional moieties were investigated using the Nicolet 560 FTIR model,
which operated within the 4000-400 cm™ range.

2.5. Antibacterial activity

The antibacterial activity of ZnO-NPs against the chosen bacterial species was
investigated using the agar well diffusion method. To spread bacterial cultures across agar plates,
swabs were used while wells were bored with a sterile borer. The NPs suspensions were made with
an ultrasonic dispersion of 0.5, 1, 2 and 4mg of these NPs in 1 mL of DMSO. At a specific volume
in microliters (uL), the prepared suspension was loaded into the wells of each plate and incubated
at 37°C. The activity of NPs against selected bacterial species was measured in millimeters after
24 hours (mm) [15].

2.6. Antioxidant activity

ABTS free radicals were generated by mixing ABTS solution (14 mM) with potassium
persulfate solution (SmM) where the mixture was allowed to react in the dark for 16 h. The
absorbance of the resulting ABTS free radical solution was checked at 734 nm. A series of
reaction mixtures were prepared, each containing ABTS free radical solution and a specific
concentration of ZnO-NPs (50, 100, 200, and 300 um). The mixtures were incubated at room
temperature for 30 min and the decrease in absorbance was measured using a UV-Vis
spectrophotometer at 734 nm. The percentage inhibition of ABTS free radical by ZnO-NPs was
calculated using equation 1, where Ac is the absorbance of ABTS radical cation solution without
ZnO-NPs and As is the absorbance of ABTS radical cation solution with ZnO-NPs.

Antioxidant activity (%) = [(A”A;AS)] x 100 (1)

c

3. Results and discussion

3.1 XRD study

The XRD pattern of ZnO-NPs shown in Fig.1 possessed the diffraction reflections at the 2
theta position along with the hkl values 31.69 (100), 34.39 (002), 36.24 (101), 47.60 (102), 56.68
(110), 63.07 (103), 68.06 (200), which due to the constructive interference of X-rays scattered by
the crystal lattice planes. These reflections represented the diffraction angles (20) at which the X-
rays were diffracted by the crystal lattice of the ZnO-NPs. All the reflections were matched with
JCPDS card 01-080-0075. The ZnO had a hexagonal wurtzite crystal structure, where the lattice
was made up of alternating planes of zinc (Zn) and oxygen (O) atoms. The (hkl) values
corresponded to specific crystallographic planes within the lattice.

The width of the diffraction peaks in XRD patterns was related to the size of the
crystalline domains or crystallites. A broader peak indicated smaller crystallites. The Scherrer
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equation (eq.2) is commonly used to estimate the average crystallite size from peak broadening:
where D is the average crystallite size, K is the Scherrer constant (typically around 0.9), 4 is the X-
ray wavelength, £ is the full width at half maximum (FWHM) of the diffraction peak and 6 is the
diffraction angle. The average crystallite size was 38.92 nm.
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Fig. 1. XRD pattern of the ZnO-NPs.
3.2. SEM study

The SEM was used to study the surface morphology and structure of materials at high
magnifications. The low and high magnification SEM images of ZnO-NPs are presented in Fig. 2,
The low magnification image (a) showed that the small particles were in close contact with each
other and led to the formation of different irregular shaped structures; however, the exact
structures were unclear in the low magnification image. These aggregates were seen to possess
almost smooth surface and were unevenly distributed, which led to the creation of different sized
cavities in the sample. The presence of these cavities between the aggregated particles might be
due to a lack of uniform packing during aggregation. To get more insight into the morphology of
the ZnO-NPs, a high magnification image (x20,000) was acquired, which showed petals like
configuration of the small particles in larger aggregates. Some of the floral/semi floral structures
were seem to have stigma surrounded by petals while in other, the particles only showed the
petaloid arrangement with no stigma. The number of petaloid particles were different in different
aggregates and this variation in the number of petals in different flower-like structures could be
attributed to different growth rates or orientations during the self-assembly process.

st

Fig. 2. Low and high magnification SEM images of the ZnO-NPs.
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3.3. EDX study

The EDX was used to analyze the elemental composition of a material by detecting the
characteristic X-rays emitted when the material was exposed to an electron or X-ray beam. The
peaks in an EDX spectrum corresponded to the energies of these emitted X-rays and they provided
information about the elements present in the sample. The EDX spectrum shown in Fig. 3,
displayed peaks for zinc (Zn) that indicated the existence of different energy levels within the Zn
electronic structure. The energy levels corresponded to different electronic transitions within the
atom. The energy values (1 keV, 8.6 keV, and 9.5 keV) suggested that different electronic shells
were involved in the X-ray emission process. The peaks at 8.6 keV and 9.5 keV likely
corresponded to higher energy electronic transitions. The peak for oxygen (O) present at 0.5 keV
indicated the X-ray emissions from the oxygen atoms present in the ZnO-NPs. The energy level
suggested that the detected X-rays were more likely related to the K-alpha X-ray emission of
oxygen. The absence of other significant peaks in the EDX spectrum could indicate that the
sample primarily consisted of zinc and oxygen. The estimated weight percent along with atomic
percent in parenthesis for Zn and O were 70.13(37.78) and 29.87(62.22).

N7 Spectrum 1
o]
in
Kin
A . S A
e RRREEEESS Treerer TR TR RABARRSER BAABERARL RASRRARRR BBAARBRARN LERSSEEL T
0 2 4 g g 10 12 14 16 18 20
Full Scale 2477 cts Curzor: 200194 kel (0 cts) ke

Fig. 3. EDX spectrum of the ZnO-NPs

3.4. FTIR study

The FTIR spectrum shown in Fig.4 exhibited the peaks corresponded to specific
wavenumbers (cm™) at which transmission of infrared radiation occurred. The peak at 3447.61 cm™
! was in the region of O-H stretching vibrations. It could be indicative of hydroxyl groups or water
molecules adsorbed on the surface of the NPs. The peak at 1724.74 cm™ corresponding to C=0
stretching vibrations was might be due to the adsorption of CO; on the surface of NPs. The peak
1636.93 cm™! was related to the bending vibration of adsorbed water molecules or hydroxyl groups.
The peak at 1359.50 cm™ appeared might have been caused by the asymmetric stretching of O-Zn-
O whereas the peak at 1220.79 cm™ was characteristic of Zn-O-Zn stretching vibrations, indicating
the bonding between zinc and oxygen in the ZnO-NPs [16]. The peak at 1089.44 cm™ could be
related to Zn-O stretching vibrations as well, potentially from different crystallographic directions.
The peak at 615.05 cm™ corresponded to Zn-O bending vibrations, providing further information
about the ZnO lattice structure whereas the peak at 527.22 cm™ was related to Zn-O bending
vibrations, possibly from different directions. It could also be associated with lattice vibrations of
ZnO.
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Fig. 4. FTIR spectrum of the ZnO-NPs.

3.5. Antimicrobial study

Using the agar well diffusion method, the ZnO-NPs were evaluated for their antibacterial
activity against both gram positive and gram negative bacteria including B. subtilis and S. aureus
as well as E. coli and P. aeruginosa, respectively. Inhibitions, measured in millimetres, were
formed as a result of the activity zone as shown in Fig. 5 and table 1. According to the findings,
raising the suspension concentration in wells boosted the antibacterial activity of NPs. This
happened because of the smaller size and bigger surface area of ZnO-NPs, which resulted in the
generation of an excessive amount of cobalt cation, which could inhibit more bacterial species
[17,18].

Fig. 5. Antibacterial activity of ZnO-NPs against selected bacterial strains i.e. (a= B. subtilis,
b= S. aureus, c= E. coli, d= K. pneumoniae.
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Table 1. Antibacterial activity of ZnO-NPs against selected bacterial strains.

Bacterial strain Zone of inhibition in millimeter (mm)
0.5mg/mL Img/mL 2mg/mL 4mg/mL
Gram positive B. subtilis 0.25 (£0.05) 0.90 (£0.05) 3.15(0.05) 5.50(x0.05)
bacteria S. aureus 0.78(£0.05) 1.16(£0.05) 3.80(%0.05) 6.21(x0.05)
Gram E. coli 1.63(£0.05) 2.42(£0.05) 4.70(x0.05) 7.95(x0.05)
negative P. aeruginosa 0.50(+0.05) 1.80(x0.05) 3.98(+0.05) 6.50(+0.05)
bacteria

The ZnO-NPs were found to be more effective against Gram negative bacteria than Gram
positive bacteria. This resulted because the cell walls of these two bacterial species had different
chemical compositions. Strong peptidoglycan coating on the cell walls of gram-positive bacteria
made it challenging for ZnO-NPs to enter and reduced its activity. In Gram negative bacteria, the
presence of phospholipid and lipopolysaccharide had a significant surface negative charge, which
interacted with ZnO-NPs and disrupted the bacterial cell [19-23].

Several methods can be used to explain the antibacterial effect of metal oxide NPs.
Aqueous solutions of ZnO-NPs yield reactive species like zinc cation, super oxide radical anions,
and hydroxyl radicals. Metallic oxides release metal cations, which interact with the thiol group of
a vital bacterial enzyme, causing inactivation and cell death, or radicals present in aqueous ZnO-
NPs interact with the negatively charged surface of the bacterial cell, disrupting vital life functions
like respiration and cell replication [24—26].

3.6. Antioxidant study

The antioxidant activity of ZnO-NPs was assessed based on the percentage inhibition of
ABTS free radicals where ascorbic acid was used as a standard. The results demonstrated a dose-
dependent increase in antioxidant activity with increasing concentrations of ZnO-NPs (50 to 300
ng). The highest antioxidant activity was observed at the highest concentration of 300 pg/mL. The
antioxidant activity of ZnO-NPs against ABTS free radicals indicated the NPs ability to neutralize
these radicals, thus protecting cells and tissues from oxidative damage. In this experiment, it was
observed that the antioxidant activity increased with higher doses of ZnO-NPs. The 1Cso value of
127.65 pg/mL suggested that it took a concentration of 127.65 pg of Zn(OH),-NPs to achieve a
50% reduction in ABTS radicals, while the ICs value of ascorbic acid (73.89 pug/mL) indicated its
higher potency in achieving the same reduction [27].

The proposed chemical reactions to explain the neutralization of ABTS free radical cation
in the presence of ZnO-NPs are given as equations 3 and 4, where the ZnO-NPs interacted with
ABTS free radical cation and led to the formation of the complex (ZnO-ABTS). This
complexation was probably due to the electron/hydrogen donating ability of ZnO-NPs, followed
by the protonation process that led to the formation of ABTS-H. ZnO-NPs were regenerated and
ready to be involved in further scavenging reactions.

ABTS** + Zn0 — Zn0O — ABTS + H* (3)

Zn0 — ZBTS + HY > ZnO + ABTS — H 4)

4. Conclusion

The Zea mays-mediated synthesis of ZnO-NPs yielded promising results where a highly
pure product was produced that was comprehensively characterized. The process was an efficient
and environmentally friendly approach for the NPs fabrication. The XRD analysis revealed the
well-defined crystalline structure, while SEM images showcased the distinctive flower-like
morphology of ZnO-NPs. The EDX analysis provided evidence of the elemental composition,
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confirming the high purity of the obtained ZnO-NPs. FTIR spectroscopy offered insights into the
functional groups present, further reinforcing their purity and successful synthesis.

The antibacterial activity demonstrated the potency of ZnO-NPs against the selected
bacterial strain, with notably higher activity observed against E. coli compared to other bacterial
strains. The ZnO-NPs exhibited antioxidant activity against ABTS free radicals, particularly at
higher concentrations. This highlighted the ZnO-NPs’ potential biological applications as an
effective antibacterial and antioxidant agent.
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