DE GRUYTER

Nanotechnology Reviews 2025; 14(1): 20250240 a

Research Article

Waullapa Wongsinlatam, Jaruwan Thepsiri, Sasiporn Audtarat, Manop Sriuttha and Thananchai Dasri*

Synthesis of ZnO nanoparticles with different
morphologies using a microwave-based method
and their antimicrobial activity

https://doi.org/10.1515/ntrev-2025-0240
Received May 27, 2025; accepted October 14, 2025;
published online December 4, 2025

Abstract: Zinc oxide nanoparticles (ZnONPs) are versatile
nanomaterial that has consistently attracted research
attention. This work presents a simple and cost-effective
method for synthesizing ZnONPs using a microwave-based
method. ZnONPs with different morphologies can be ob-
tained by varying the sodium hydroxide (NaOH) reactant
concentration. The synthesized products were morphologi-
cally and structurally investigated using field emission
scanning electron microscopy (FESEM) and energy disper-
sive X-ray (EDX) analysis, Fourier transform infrared
spectroscopy (FTIR), and X-ray diffractometry (XRD). Addi-
tionally, the optical characteristics of the synthesized prod-
ucts were confirmed with UV-vis and Raman spectroscopy.
The UV-vis spectra exhibit a prominent absorption band
characteristic of ZnO. The FTIR spectra of ZnONPs in the
300-4,000 cm™ range consist of bands corresponding to
specific functional groups of biomolecules and metal oxides.
The obtained XRD diffraction peaks can be assigned to a
hexagonal wurtzite ZnO structure. The FTIR absorption
peaks in the 495-850 cm™ range confirm the structure of
ZnONPs. According to the antimicrobial testing results, the
products show growth inhibition against Gram-positive
Staphylococcus aureus and Bacillus subtilis, as well as Gram-
negative Escherichia coli and Klebsiella pneumoniae bacte-
ria. Therefore, ZnONPs of all morphologies could be applied
as antimicrobial agents.
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1 Introduction

Nanostructured metal and metal oxides, like Ag, Au, Cu,
Fes0,4, TiO,, CuO, and ZnO, among others, are increasingly
the focus of research in material science applications due to
their unique properties [1-12]. Their specific properties
depend on their morphology, size, concentration, sur-
rounding medium, and structure, which differ significantly
from bulk materials [13]. Due to the need for specific appli-
cations, many distinctive forms of nanoparticles (NPs), such
as pure NPs, core-shell NPs, multilayered core—shell NPs,
and polymer-coated metal oxide NPs, among others, have
been reported [9, 14, 15]. Among the metal oxides used as
benchmark materials, zinc oxide (ZnO) has remarkable ul-
traviolet (UV) absorbing, optical and optoelectronic proper-
ties owing to its wide band gap of 3.37 eV and large exciton
binding energy of 60 meV, making it valuable for various
commercial applications [16, 17]. Currently, ZnO nano-
particles (ZnONPs) have emerged in sectors like the food
industry [18-20], as well as agricultural and environmental
fields [17, 21, 22]. ZnONPs are used as inorganic antimicrobial
agents in biomedical applications [17, 21, 23-26], catalytic
and biological applications [27-29], as well as in cosmetics
[24, 30] and optical devices [24, 31-33]. Several ZnONP syn-
thesis methods have been presented in the literature,
including chemical co-precipitation, a hydrothermal pro-
cess, chemical vapor deposition, and a sol-gel process [17,
24]. However, these methods commonly produce toxic by-
products. Although the biosynthesis of ZnONPs using plants,
algae, yeast, and fungi can reduce the use of hazardous
chemicals [17, 24, 34-36], it faces numerous limitations,
including raw material selection, reaction conditions, and
product quality control. The synthesis time for many
biosynthesis methods is long, and the optimum temperature
is relatively high, requiring significant energy. Such pro-
cesses can be harmful to the environment, even when using
environmentally acceptable starting ingredients. Syntheses
that require less time and fewer harmful chemicals and are
easy to scale are also important [30]. Therefore, alternative
methods should be considered for the synthesis of ZnONPs.
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Microwave synthesis of ZnONPs has emerged as an efficient
technique with numerous advantages over chemical and
biological methods [37, 38]. Additionally, the main advantage
of the microwave method is the significant reduction in
overall synthesis process time, which is due to the high
heating rate. The application of microwave heating tech-
nology in the synthesis of ZnONPs has enabled the devel-
opment of new synthetic methods with properties such as
controllability, reproducibility, short synthesis time, low
cost and purity, which are considered environmentally
friendly. This research aimed to synthesize ZnONPs using
the microwave heating method, considering the synthetic
parameters affecting particle morphology, the potential of a
simple and rapid synthetic method, and antimicrobial
properties. The influence of sodium hydroxide (NaOH) con-
centration on the morphology of synthesized ZnONPs was
investigated. Morphological control directly affects the
physicochemical properties and antibacterial efficacy [39-
41]. It not only increases the surface area and reactivity of
ZnONPs but also plays a key role in regulating their inter-
action with bacterial cells. Following the formation of
ZnONPs and characterization of the synthesized material,
antimicrobial activity tests were performed using the
ZnONPs. According to the antimicrobial test results, ZnONPs
of all morphologies can potentially be applied as antimi-
crobial agents in various industrial applications.

2 Materials and methods
2.1 Chemicals and instrumentation

Zinc acetate dehydrate was purchased from QRéC
(New Zealand). Sodium hydroxide (NaOH) was procured
from RCI Labscan, Limited (Thailand). All chemical mate-
rials are of analytical grade and utilized without further
purification. Pathogenic bacteria, Gram-positive Staphylo-
coccus aureus (S. aureus) and Bacillus subtilis (B. subtilis) and
Gram-negative Escherichia coli (E. coli) and Klebsiella
pneumonia (K. pneumonia) were obtained from the Biosafety
Laboratory Level 2, Faculty of Interdisciplinary Studies,
Khon Kaen University, Nong Khai Campus, Thailand.

2.2 Microwave-assisted synthesis of ZnONPs

Zinc acetate dihydrate (0.149 M) was dissolved in 100 mL of
deionized water. Additionally, different concentrations
(0.50, 0.72,1.78, and 2.00 M) of NaOH were dissolved in 30 mL
of deionized water. Then, the zinc acetate dihydrate and
NaOH solutions were mixed until they were well combined.
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This mixed solution was then heated in a microwave oven at
800 W for 6 min. After that, the obtained solution was cooled
to room temperature. Finally, a solution containing a white
precipitate was centrifuged at 6,000 rpm for 3 min, washed
several times with deionized water, and dried for 24 h at 60 °
C in an oven. Samples prepared with four different NaOH
concentrations were evaluated in this work. Samples with
NaOH concentrations of 0.50, 0.72, 1.78, and 2.00 M are
referred to as Zn0-050M NaOH, Zn0-0.72M NaOH,
Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH, respectively.

2.3 Characterization

The synthesized ZnONPs forms in colloidal solution were
verified under UV-vis spectroscopy (Shimadzu UV-1900i,
Japan), over a 300-800 nm wavelength range. Field emission
scanning electron microscopy (FESEM) (TESCAN, Model
MIRA) was operated at a 7 keV accelerating voltage. Energy
dispersive X-ray spectroscopy (EDS) was performed to
obtain the surface elemental composition of composite ma-
terials. Functional groups were investigated through Fourier
transform infrared (FTIR) spectroscopy in the wave number
range from 400-4,000 cm ™. The crystalline phases of com-
posite materials were investigated using X-ray diffraction
(XRD) over the 20°-80° 20 range. Finally, Raman spectrom-
etry (HORIBA, Model XploRA plus) was employed to clarify
the quality and structure of the products in the wave number
range between 300 and 700 cm™.

2.4 Antimicrobial activity tests

The antimicrobial performance of the Zn0-0.50 M NaOH,
Zn0-0.72 M NaOH, Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH
specimens was tested against Gram-positive S. aureus and
B. subtilis, as well as Gram-negative E. coli and Klebsiella
pneumoniae pathogenic bacteria, utilizing an agar-well
diffusion technique. The above bacteria were cultured in
nutrient broth (NB) overnight at 37 °C. Each bacterium was
adjusted to a 0.1 optical density at 600 nm (ODgqp), and the
bacteria were swabbed on nutrient agar (NA) plates using
sterile cotton swabs. Five wells were bored into the NA agar
using a sterile cork borer No.2 (6 mm diameter), and 100 uL
of ZnONPs (100 mg/mL) were put into the wells. An antibiotic
disc (streptomycin) was utilized as a positive control, and
sterilized DI was the negative control. The NA plates were
held for 1h to complete diffusion. After that, the NA plates
were incubated at 37 °C for 18 h. Finally, zones of inhibition
(ZOI) were recorded.
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2.5 Statistical analysis

The data were analyzed as mean + standard error using the
SPSS software. ZOI differences between morphologies were
assessed using a one-way analysis of variance. Next, analysis
of the differences in means of the samples with Duncan’s
multiple range tests (P < 0.05) was used.

3 Results and discussion

ZnONPs were synthesized using an aqueous solution of zinc
acetate dehydrate (at a fixed concentration, 0.149 M) and
NaOH in 4 different concentrations, 0.50, 0.72, 1.78, and
2.00 M. They were exposed to microwave radiation for 6 min
at 800 W. The samples are referred to as Zn0-0.50 M NaOH,
Zn0-0.72 M NaOH, Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH,
made with NaOH concentrations of 0.50, 0.72, 1.78, and
2.00 M, respectively. From visual observations, all the as-
synthesized products were white colloidal solutions, as
shown in the insets of Figure 1. The optical absorption
properties of the synthesized products in Figure la were
characterized using UV-vis spectroscopy over the 300-
700 nm wavelength range. A strong absorption band was
observed between 300 and 400 nm for all the samples, with
clear absorption peaks at around 360 nm (3.44eV) and
364 nm (3.41 eV), which corresponds to the absorption band
of ZnO in the UV light region [42—45]. This absorption band is
produced from the relaxation of excited electrons, which
transition between the 3d-sp interband of ZnO [42]. The
bandgap energy of ZnONPS was calculated using the Tauc

plot method, as shown in Eq. (1).
(ahv)® = A(hv - Eg) ()

where a is the absorption coefficient, h is Plank’s constant, v
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is photon frequency, A is the absorbance, and E, is the band
gap energy. The optical bandgap energies of Zn0-0.5M
NaOH, Zn0-0.72 M NaOH, Zn0-1.78 M NaOH, and ZnO-2.00 M
NaOH were 3.20, 3.12, 3.04, and 3.08 electron volts (eV),
respectively (Figure 1b). This indicates that as the particle
size decreases, the bandgap of ZnONPs widens [46].

To extract information about the as-synthesized prod-
ucts, the surface morphology of the samples was further
characterized to determine the influence of NaOH concen-
tration on their morphologies. FESEM was used at a magni-
fication of 50 kx. These results are shown in Figure 2 (on the
left side). Four remarkably different ZnO nanostructure
morphologies were observed. First, in Figure 2a at a NaOH
concentration of 0.50 M, the Zn0-0.50 M NaOH sample pre-
sents morphology exhibiting uniformly distributed spherical
and irregularly shaped particles of various sizes with little
agglomeration and an approximate diameter of 46nm
(Figure 2c). Whereas at an NaOH concentration of 0.72 M, the
Zn0-0.72M NaOH sample (Figure 2d) shows flake-like ZnO
nanostructures with an approximate diameter of 1.1um,
consisting of nanosheet building blocks with thicknesses of
about 53nm (Figure 2f). By further increasing the NaOH
concentration to 1.78 M, the Zn0O-1.78 M NaOH sample, the
morphology reveals flower-like ZnO nanostructures, shown
in Figure 2g), which consist of a rod structure with an
approximate diameter of 565 nm (Figure 2i). Last, morphology
presented in Figure 2j of the Zn0-2.00 M NaOH sample shows
rod-like ZnO nanostructures. The nanorods have various di-
mensions. Most of them show smooth surfaces forming per-
fect hexagonal rods with an approximate diameter of 490 nm
(Figure 21). From the FESEM results, it can be concluded that
the sizes and morphologies of as-prepared ZnO powders
depend markedly on the reactant concentration. However,
the report by Proniewicz and colleagues, the stability of
ZnONPs obtained by electrochemical dissolution of zinc was

(b)
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UV-visible spectrum (a) and band gap energy (b) of ZnO-0.5M NaOH, Zn0-0.72M NaOH, ZnO-1.78M NaOH, and Zn0O-2.00M NaOH.
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monitored immediately after synthesis and several times over
the next 2 years by DLS analysis. It was found that the stability
of ZnONP remained over time [42]. Figure 2 (on the middle)
shows EDS analysis of all dried products to confirm the
presence of ZnO nanostructures. The insets of Figure 2b, 2e,
2h, and 2k show the relative atom and weight ratio of oxygen
(0), and zinc (Zn) for Zn0-0.50 M NaOH, Zn0-0.72 M NaOH,
Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH samples, respec-
tively. According to the EDS results, the atomic percentages of
Zn for Zn0-050M NaOH, Zn0-0.72M NaOH, Zn0-1.78 M
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NaOH, and Zn0-2.00 M NaOH were 46.80, 45.77, 66.81, and
48.25 %, respectively.

Next, the components and crystalline nature of the as-
synthesized products were investigated using an XRD tech-
nique, with results shown in Figure 3. The XRD spectrum for
each product exhibits sharp diffraction peaks at around
20 = 31.87°, 34.51°, 36.35°, 47.61°, 56.69°, 62.93°, 66.40°, 68.19°,
69.12°, 72.50°, and 77.02°, attributed to the (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202) planes of
Zn0 nanostructures, respectively. Obtained values agreed

(c
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Figure 2: FESEM images (on the left side), EDX spectra were obtained from FESEM images (on the middle), and particle size distribution histograms (on
the right side) of (a-c) Zn0-0.50 M NaOH, (d-f) Zn0-0.72 M NaOH, (g-i) ZnO-1.78 M NaOH, and (j-I) Zn0-2.00 M NaOH.
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with those for previously reported ZnO nanostructures [42—
45]. The XRD results confirm that each synthesized product
with its various morphologies exhibited the typical single
phase of the hexagonal wurtzite structure of ZnO material
within the P6;mc space group indexed by the standard da-
tabases JCPDS card No. 751526 [45]. Additionally, no other
diffraction peaks were observed in the spectrum of each
sample. This suggests that the synthesized samples are
highly pure wurtzite ZnO materials. The sharpness and in-
tensity of peaks indicated that the products were well
crystallized.

From the diffracted XRD peaks in Figure 3, the lattice
parameters can be obtained from the following formula [42]:

1 4<h2+k2+hk>

2 2
diyg 3 a

lZ

c*

@

The lattice parameters a, and ¢, in Eq. (2) can be calcu-
—4__ where A

lated using the formulae a = m and ¢ = 4 o
is the X-ray radiation wavelength (1.5418 A) employed,
sinfyqp and By are the angles of diffraction peaks (100) and
(002), respectively. Additionally, the h, k, and [ indices of Eq.
(2) indicate the crystal planes of the materials. Table 1 shows
that the obtained “dp,,” parameters are in good agreement

with literature values [42, 43]. This suggests that the
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synthesized ZnONPs product has a crystalline form in a
hexagonal wurtzite structure, according to the XRD results
in Figure 3. Additionally, the unit cell volume for a hexagonal
structure (V) can be obtained using the formula
Ve = %azc [42, 43]. The calculated lattice parameters are
shown in Table 2.

FTIR measurements were performed over the wave-
number range from 400 cm™ to 4,000 cm™ to investigate
molecular functional group adsorbing species on the sur-
faces of the as-synthesized samples and to detect molecular
impurities. The obtained results reveal numerous absorp-
tion bands, shown in Figure 4. The solid (a), (b), (c), and
(d) lines represent Zn0-0.50 M NaOH, ZnO-0.72M NaOH,
Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH samples, respec-
tively. From the FESEM images, as the concentration of
NaOH was varied from 0.50 to 0.72 M, the morphology of the
synthesized ZnONPs changed from a spherical shape (see
FESEM image in Figure 2a) to a flake-like structure
(Figure 2d). However, a slight change in the FTIR spectrum
was observed (see solid line (a) and line (b) in Figure 4). They
became flower and rod shapes of the synthesized ZnONPs as
the NaOH concentration was increased to 1.78 and 2.00 M,
changing the FTIR spectrum (see solid line (c) and line (d) in
Figure 4), compared with the two previous spectra. In the

a: ZnO-0.50M NaOH
b: Zn0-0.72M NaOH
¢: ZnO-1.78M NaOH

d: ZnO-2.00M NaOH

(103)

70 75
20 degree

Figure 3: XRD patterns of the as-synthesized ZnO: (a) Zn0-0.50 M NaOH, (b) Zn0-0.72 M NaOH, (c) ZnO-1.78 M NaOH, and (d) ZnO-2.00 M NaOH.
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Table 1: Interplanar spacing (dp) from XRD compared with literature
value [42] for corresponding (hk/)plane, percentage of variation of dj.

hkl 20 [degree] dhkl [A] dhkl [A]

This work (Standard)
(100) 31.87 2.80 2.81
(002) 34.51 2.60 2.61
(101) 36.35 2.47 2.48
(102) 47.61 1.91 1.91
(110) 56.69 1.62 1.63
(103) 62.93 1.42 1.48
(200) 66.40 1.40 1.38
(112) 68.02 1.37 1.36
(201) 69.12 1.35 1.35

Table 2: Comparison between literature value and calculated unit cell
parameters, cell volume, and ¢ ratio of ZnONPs obtained from XRD

data [42].

Information alA] c[A] Vi [A%]
This work 3.24 5.19 46.10
Standard 3.25 5.21 47.63

present investigations, the FTIR spectrum obtained from all
samples shows an absorption peak centered at around
3,380 cm ™., which can be attributed to the O-H stretching
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vibration mode. This may be due to the absorption of water
in the solution during the mixing process by microwave
radiation [47-49]. The other band peaks at around 1,336—
1,640 cm™ represent the stretching vibrations of the C=0
mode [47-49]. The absorption band centered at 920-
1,045 cm ™ is due to C-N stretching and C-H mode bending
vibrations, respectively [47-49]. At lower concentrations of
conditions of the reaction (0.50, 0.78 M) are used, reaction is
not fully complete, and more acetate residues remain. The
bands at 1,017 and 1,045cm™ are presented the C-O
stretching [50]. In addition, at higher NaOH concentration
conditions (1.78 and 2.0 M) appeared the band of 920 em™!
which indicated the structural change or the formation of
new surface species, and it associated with Zn-O-H bending
confirms the formation of Zn(OH),, as the acetate is more
removed [51]. The bands 0f 1,396 cm ™ and 1,636 cm ™ present
C=0 and C-H vibration due to the presence of partially
transformed aldehyde or ketone groups are contributed
from the zinc acetate as precursor [52]. At low wave
numbers, the IR bands observed at approximately 446—
677 cm™ correspond to the stretching mode of ZnO nano-
structures [53, 54]. Moreover, because during the synthesis of
ZnONPs using alkaline solutions of NaOH, there is a possi-
bility that zinc hydroxide (Zn(OH),) may be produced in the
samples [53]. Zn(OH), typically is formed when zinc ions
(Zn**) react with hydroxide ions (OH"). The results were
presented in Figure 4. By identifying through FTIR

€Sve~

2800 3200 3600 4000

Wavenumber (cm™?)

Figure 4: FTIR spectrum of the synthesized ZnONPs: Solid lines (a) were Zn0-0.50 M NaOH, (b) Zn0-0.72 M NaOH, (c) ZnO-1.78 M NaOH, and (d)

Zn0-2.00 M NaOH.
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spectroscopy, the compound exhibits broad O-H stretching
bands (~3,400-3,500 cm™) from the hydroxyl groups, and
Zn-OH related bands (~920 cm™) [55, 56]. In addition, XRD
can also identify Zn(OH), in the sample. As reported in
Ref. [56, 57], diffraction peaks at 20 = 32.8° and 33.5° corre-
spond to Zn(OH),. However, the characteristic peaks of
Zn(OH), were not observed in this study, possibly because
the Zn(OH), content is below the detection limit of the XRD
device. For Raman spectroscopy analysis, it cannot be sen-
sitive enough to distinctly detect Zn(OH),, which can there-
fore be complemented with FTIR and XRD as mentioned
above [56, 57].

The Raman scattering technique was utilized to clarify the
quality and structure of the products. Hexagonal wurtzite ZnO
belongs to the Cg, space group with two formula units in the
primitive cell. The vibrational modes of phonons at the I'oy
point of the Brillouin zone were deduced from the following
formula: I'yye = Ay + 2By + E; + 2E; [54, 58, 59], where the
parameters A; and E; present polar modes and are both
infrared and Raman active, while the mode B, is both infrared
and Raman inactive (silent modes). The two non-polar E,
modes (E; and E,y, where L and H are denoted as low and
high, respectively) are only Raman active. Additionally, modes
A; and E; can be split into transverse (TO) and longitudinal
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optical (LO) phonons. The Raman spectra of the synthesized
Zn0 products were measured over a range of 300-700 cm ™,
and the corresponding results are illustrated in Figure 5.
Figure 5 shows the Raman spectra of Zn0-0.50 M NaOH,
Zn0-0.72 M NaOH, Zn0-1.78 M NaOH, and Zn0-2.00 M NaOH
samples. For all samples, a peak position, P;, detected at
around 330 cm™! corresponds to Epy-E;ymode, which is
recognized as a second order vibration mode occurring from
the zone boundary phonon [54, 58]. A low intensity peak
located at around 380 cm™ (shown byP,) is ascribed to the
Ajrmode. The strongest peak, located at around 437 em™
marked by Ps, is a characteristic mode E,y for the hexagonal
phase of ZnO, corresponding to oxygen vibration [54, 58]. The
peak at around 583 cm™, shown by P, is ascribed to the
Ejpmode, corresponding to second-order Raman scattering
[58]. The peak positions of all synthesized products the de-
tails of vibration modes are summarized in Table 3,
compared with theoretical value [59]. The experimental
values show a clear shift in A;p and E;;, modes, compared to
the theoretical. The shifting of these modes is due to a
combination of factors. First, it is possibly due to the defect
engineering of ZnO. A partial presence of Zn(OH),, especially
at high NaOH concentrations (see Figure 5), disturbs the ZnO
crystal lattice, affecting the shift of the Raman-active modes

(d)

600 650 700

Raman shift [cm™?!)

Figure 5: Raman spectra of the synthesized samples in the range 300-700 cm™": Solid lines (a) were Zn0-0.50 M NaOH, (b) Zn0-0.72 M NaOH, (c)

Zn0-1.78 M NaOH, and (d) Zn0O-2.00 M NaOH.
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Table 3: Summary of the phonon mode frequencies of the synthesized samples compared with the theoretical results [59].
Peak no. Assignment Raman shift [cm™"]

Theory [59] Sample 1* Sample 2* Sample 3* Sample 4*
P Eon-EoL 333 335.99 333.44 329.26 335.99
P, At 380 383.51 382.96 389.53 389.69
Ps Eon 437 438.42 436.43 436.43 436.43
P EL 583 568.66 575.23 575.23 574.62

*Samples 1, 2, 3, and 4 denote Zn0-0.50 M NaOH, Zn0-0.72 M NaOH, ZnO-1.78 M NaOH, and Zn0-2.00 M NaOH, respectively.

[60]. The second factor is phonon confinement (size effect),
proposed by Korepanov and coworkers [61]. As crystal size
decreases, the vibrational coherence length shortens. And
surface atoms, which have fewer neighboring atoms, vibrate
differently from those in the bulk. These effects collectively
contribute to phonon confinement, resulting in the shift of
the Raman spectral peak as found in Figure 5.

Finally, the antimicrobial activity of the Zn0-0.50 M
NaOH, Zn0-0.72 M NaOH, Zn0O-1.78 M NaOH, and Zn0-2.00 M
NaOH was tested against E. coli, K. pneumoniae (Gram-
negative), S. aureus, and B. subtilis (Gram-positive) patho-
genic bacteria using an agar-well diffusion method. The in-
hibition zones of all specimens are displayed in Figures 6 and
7. DI shows no ZOLI. It was used as a negative control for all
four bacterial strains. Zn0O-0.50 M NaOH showed higher
antimicrobial activity than other samples, with maximum
Z0I diameters for S. aureus (20 + 1.00 mm), B. subtilis
(23.67 £ 2.31 mm), E. coli (17.33 + 1.15 mm), and K. pneumoniae
(12.83 + 0.76 mm) as shown in Table 4. Our findings
demonstrate that spherical-shaped ZnONPs manifest supe-
rior antibacterial efficacy when compared to flakes, flower,
and rod morphologies. This might be attributed to the
greater surface space and the smaller size of the spherical-
shaped ZnONPs, which allows for better movement and
passage through cell membranes, leading to greater anti-
microbial activity [62]. However, Zn0O-1.78 M NaOH has a
flower-like morphology and is the largest in size, resulting in
a low surface area, which results in low antibacterial activ-
ity. Additionally, the absence of core defects associated with
zinc vacancies in the flower-like morphology results in a less
efficient antibacterial effect. The existence of core defects
associated with oxygen vacancies in all morphologies can
damage bacterial cells’ membranes with hydroxyl radicals,
causing cell death [63]. Despite morphological differences, all
morphological forms have antibacterial properties. Addi-
tionally, Zhang and colleagues report coupled recombinase
polymerase amplification (RPA) with a lateral flow immu-
noassay (LFIA) readout system for S. aureus and Vibrio
parahaemolyticus detection, showing great potential to
address the on-site detection of foodborne pathogens in the

future. Demonstrates the wide biomedical applications of
nanomaterials [64]. Chandrasekaran and Pandurangan’s
report examined the cytotoxicity of ZnONPs against 3T3-L1
adipocytes and cocultured C2C12 myoblastoma cancer cells.
The results indicated that ZnONPs caused a marked
apoptosis and inhibited C2C12 cell proliferation more than
3T3-L1 cells. According to these findings, ZnONPs may be able
to specifically trigger the death of cancer cells, making them
a viable option for cancer treatment [65]. However, Elshafie
and colleagues synthesize ZnO-NPs using chemical or green
methods and investigate their antifungal activity against
Alternaria citri. Results demonstrated that a concentration
of 2,000 yg/mL was able to inhibit fungal growth by about
61% (green ZnO-NPs) and 52 % (chemical ZnO-NPs). The re-
sults of this study showed that ZnONPs have high antifungal
efficacy [66]. The antimicrobial efficacy of NPs may be based
on their concentration, shape, size, and surface area among
other factors [67, 68]. The produced ZnONPs have greater
antimicrobial activity against Gram-positive bacteria than
Gram-negative microorganisms. This phenomenon is
possibly related to the structure of bacterial cell walls in
interactions with ZnONPs. The ZnONPs bind to the exterior
of the bacterial cell wall. Gram-positive bacterial cell walls
have holes that allow ZnONPs to permeate. This results in
internal leakage and cell death. Conversely, Gram-negative
bacterial cell walls comprise phospholipids, lipopolysac-
charides, and lipoproteins that function as a barrier to
ZnONP penetration [69].

The antimicrobial mechanism of ZnONPs remains
controversial and may be explained by several factors. One
of the main factors affecting the antimicrobial activity is the
release of zinc ions (Zn**). The released Zn** has the effect of
inhibiting transport, disrupting amino acid metabolism, and
affecting the enzyme system [70]. Pasquet et al. [71] revealed
that the Zn*" release mechanism is affected by the physico-
chemical properties of the ZnONPs, such as porosity, con-
centration, particle size, and morphology. In addition, Peng
et al. [72] found that the morphology-dependent release of
Zn** was observed, with the spherical structure exhibiting
the greatest increase in Zn”" release compared to the rod
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Figure 6: Antimicrobial activity of ZnONPs
against (a) Staphylococcus aureus, (b)

B. subtillis, (c) Escherichia coli, and (d) Klebsiella
pneumoniae by agar well diffusion method. (1;
_— 3 DI, 2; Zn0-0.50 M NaOH, 3; Zn0O-1.78 M NaOH,
E. co[i K' pneu”l()niae 4; Zn0-0.72 M NaOH, 5; Zn0-2.00 M NaOH,

and 6; streptomycin).
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Figure 7: Comparison of the antimicrobial activity of ZnONPs against four pathogenic bacteria.
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Table 4: Zone of inhibition (ZOI) values of different morphologies of ZnONPs against four pathogenic bacteria.
Sample Zone of inhibition (mm) + SD

Staphylococcus aureus Bacillus subtilis Escherichia coli Klebsiella pneumoniae
Zn0-0.5 M NaOH 20.00 + 1.00° 23.67 +2.31° 17.33 £ 1.15° 12.83 + 0.76°
Zn0-0.72 M NaOH 15.83 + 0.29° 22.00 + 0.58° 14.33 + 0.58" 11.00 + 1.00°
Zn0-1.78 M NaOH 1133 £1.15° 14.33 + 1.00° 6.00 +0.00° 8.33 + 0.58°
Zn0-2.00 M NaOH 13.00 + 1.00° 16.67 + 0.58° 10.00 + 0.50° 9.17 £ 0.29°

Mean values with different superscripts in each row are significantly different by Duncan’s multiple range test (p < 0.05).

structure. It has been explained that the curvature of the
smaller surface of the spheres results in a higher solubility in
equilibrium [72]. The release of Zn** attaches to the bacterial
cell wall, leading to damage. Additionally, Zn** attacks DNA,
causing damage and disrupting bacterial DNA replication,
leading to bacterial death [73, 74]. The generation of reactive
oxygen species (ROS) is the factor affecting the antibacterial
activity of ZnONPs due to their high reactivity and oxidizing
properties. Such reactive species are hydrogen peroxide
(H,0,), hydroxyl radicals (OH"), and superoxide anions
(«0,") [75]. Electrons and holes react with water (H,0) to
produce «OH and H*, while O, molecules form superoxide
anions («0,"), which react with H" to produce HOs,. In
addition, HOe, disrupts electrons to form hydrogen peroxide
(+HO,), which combines with H* to form hydrogen peroxide
(H,0,) molecules [70]. The latter can penetrate cell mem-
branes and may damage or kill bacteria. ROS reacts with
proteins, enzymes, genetic materials, and other cellular el-
ements, causing oxidative stress. The result is damage to
bacteria and cell death [76].

4 Conclusions

In this study, ZnONPs with different morphologies were
synthesized using a microwave-based process, with vary-
ing concentrations of NaOH. The synthesized ZnONPs were
morphologically and structurally characterized using
FESEM, EDX, FTIR, and XRD. The optical features of the
ZnONPs were confirmed with UV-vis and Raman spec-
troscopy. The UV-vis spectra exhibit a prominent absorp-
tion band characteristic of ZnO. The diffraction peaks in the
XRD pattern correspond to the (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), and (202) planes of the ZnO
hexagonal wurtzite structure. FTIR was confirmed by the
presence of an absorption peak at 495-850 cm™ corre-
sponding to specific functional groups of ZnONPs. The
synthesized ZnONPs with different morphologies show
growth inhibition against Gram-positive S. aureus and

B. subtilis, as well as Gram-negative E. coli and K. pneumo-
niae. According to the antimicrobial test results, ZnONPs of
all morphologies can be used as antimicrobial agents.
However, the current study is limited in its comprehensive
efficacy testing in vivo and cytotoxicity tests. Further testing
is needed in the future to investigate the efficacy of ZnONPs
against multidrug-resistant bacteria and their mechanism
of action.
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