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The pulsed laser ablation in liquid (PLAL) method was used to synthesize ZnO NPs, which
were subsequently characterized for their structural, optical, and antibacterial properties.
FE-SEM showed the nanoparticles with needle morphology, of size 20-50 nm, which was
also confirmed by XRD analysis with high crystallinity of 28.09-31.86 nm for average
crystallite size. The absorption band at 284.5 nm revealed in UV-Vis spectroscopy was
characteristic of the use of ZnO NPs. Antibacterial activity testing was assessed by the well
diffusion assay in which inhibition zones of up to 25 + 1.2 mm for S. aureus and 20 + 1.5
mm for E. coli were seen at 50 uL (50 mg/10 mL) concentration. Results demonstrate that
ZnO NPs can act as effective antibacterial agents by damaging bacterial membranes.
Compared to the previous studies, which focused on spherical shapes or chemically
synthesized ZnO NPs, however, this work can show the macroporous fabrication of high-
purity, needle-shaped ZnO NPs with a single step, eco-friendly pulsed laser ablation in
liquid technique, leading to higher antibacterial activity by enhancing surface area
reactivity and crystallinity. The results of this study indicate that the pulsed laser ablation
in liquid method is a suitable way to produce high-purity ZnO NPs for potential use in

biomedical fields, including antimicrobial and wound healing applications.

1. INTRODUCTION

Zinc oxide nanoparticles (ZnO NPs) are multifunctional
materials with advantages as it is extremely photostable, cover
a large range of radiation absorption, and the electrochemical
coupling coefficient is quite high and chemically stable [1-3].
Because of its direct wide band gap energy (3.37 eV), high
thermal and mechanical stability at room temperature, large
exciton binding energy (60 meV) and its perspectives in the
electronics, optoelectronics, and laser technology ZnO has
high scientific and technical interest to the use ZnO as a sensor,
a converter, a photocatalyst and an energy producer for
syntheses of hydrogen devices because it possesses
pyroelectric and piezoelectric characteristics [4-6]. Its low
toxicity, biocompatibility, and biodegradability make it an
intriguing material for pro-ecological and biomedical systems.
Because of its hardness, stiffness, and piezoelectric constant,
it is an essential part of ceramic production [7, 8].

For the synthesis of ZnO nanoparticles, a variety of
techniques have been reported in the literature [9, 10]. These
methods, which fall into either the chemical or physical
categories, include spray conversion processing, sol-gel,
chemical vapour deposition, nanolithography, and
precipitation [11, 12]. Metal oxide nanoparticles have
undergone substantial research to determine their potential as
an antibacterial agent. When nanoparticles are deposited on
the surface of bacteria or accumulate in the cytoplasm or
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periplasm, membrane rupture and disorder ensue [13].
According to a similar theory, ZnO NPs can stop the growth
of bacteria by rupturing their membranes, which raises
membrane permeability and results in the buildup of
nanoparticles in the bacterial membrane and cell cytoplasm.
precipitation, or chemical vapor deposition, the pulsed laser
ablation in liquid (PLAL) technique offers several advantages.
It is a simple, one-step and eco-friendly method that avoids the
use of toxic reagents or complex reaction conditions, while
simultaneously ensuring high purity of the obtained
nanoparticles. Moreover, PLAL allows precise control over
nanoparticle morphology and size distribution by tuning laser
parameters, which is challenging to achieve with chemical
synthesis. These features make PLAL highly attractive for
biomedical applications, where purity and controlled
morphology directly affect biocompatibility and antibacterial
performance. Recent reports [5, 11-13] as well as more recent
studies [14, 15] have emphasized the growing importance of
PLAL in producing ZnO NPs with enhanced structural and
antimicrobial properties, confirming its timeliness as a
sustainable nanofabrication approach [16].

However, most previous studies relied on chemical
synthetic methods such as complex procedures, toxic reagents,
or had uncontrolled particle morphology. Additionally, very
little attention has been paid to the formation of ZnO
nanoparticles with well-defined shapes, i.e., needles, using
pulsed laser ablation in liquid (PLAL), and testing of their
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antibacterial activity. However, there is a gap to bridge in
using PLAL to produce high-purity ZnO NPs in a simple,
clean, and controlled manner, and to examine their structural
and antibacterial properties in detail [17]. The objective of this
study is to create needle-shaped, high-purity ZnO
nanoparticles utilizing an environmentally friendly, one-step
pulsed laser ablation in liquid (PLAL) approach in light of
these constraints. A structural, optical, and antibacterial
evaluation of the produced nanoparticles will be conducted. It
is anticipated that this method will provide ZnO NPs with
higher surface activity and crystallinity, providing better
antibacterial efficacy than particles that are traditionally
manufactured. The results of this investigation may aid in the
creation of safer and more efficient nanomaterials for use in
biological applications.

2. MATERIALS AND METHODS

PLAL was used to synthesize ZnO nanoparticles from a
zinc target (1 mm thickness, 99.99% purity). A glass vessel
containing 5 mL of deionized water and containing a piece of
zinc metal is placed at the bottom. After 10 minutes of
ultrasonic cleaning in acetone, the metal was rinsed with
distilled water to get rid of the impurities. The source was an
Nd: YAG laser with a Q-switch (first harmonic) to ablate the
Zn target vertically operated at 532 nm, and it delivered 200
pulses with an energy of 600 mJ, each of 8 ns duration, at a
rate of 10 Hz, ablation taking 4 minutes. The ablation fluency
was about 1.4 J/cm?®. In this case, the laser beam passed
through the lens but was focused on the lens itself at a distance
of 4 cm from the zinc bulk (focal length of the lens = 12 cm).
To create uniform nanoparticles, the vessel was rotated. The
schematic diagram of the employed equipment is displayed in
Figure 1 [18].

Figure 1. Ablation using pulsed laser in liquid techniques for
the formation of ZnO colloidal nanoparticles

To test both the gram-positive (S. aureus) and gram-
negative (E. coli) bacteria, the well diffusion assay method
was applied to determine the antibacterial properties of zinc
oxide nanoparticles. The implant's surface had a 6 mm
diameter hole drilled through with a 6 mm diameter sterile
hole drilled in a bacterial suspension of 20 ml per cell, which
was kept in a medium (muller hinton agar) and then planted in
dishes.

Each hole contained 50 pl of the extracts that were produced
for the drill. Figure 2 illustrates how ZnO affects the
manufactured bacteria's cells [19]. The extract's effectiveness
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was examined following a 24-hour incubation period at 37°
using the area of a hole at 37° in milliliters of inhibition. The
following formula is used to determine the scavenging ability

[20]:
)

where, the inhibition percentage is denoted by I (%), the
Control reaction absorbance is denoted by A, and the test
substance sample absorbance is denoted by B.

Two different species of bacteria were then exposed to the
produced NPs antimicrobial activities, the first is the bacteria
that cause wounds and burns, E. coli, and the second is the
bacteria that infect the intestinal tract (intestines), S. aureus.

% Inhibition = 100 x ( )

S. aureus
10 0T 10% DY 10°10% 104

E. coll

100 560 107 90% 104 104 10¢

Figure 2. Presents a schematic illustration of ZnO's
antibacterial action [18]

The structure and morphology of ZnO NPs were assessed
using a TESCAN MIRA3 field emission scanning electron
microscope (FE-SEM). To identify impurities and phases, X-
ray diffraction examination was performed using a Philips
X'pert diffractometer that used Cu-ka (A = 1.54 A) radiation
running at 40 kv and 30 mA. The Scherrer method and
elemental mapping were used to estimate the crystallite sizes
of the samples. Optical characterisation was performed using
a UV-Vis spectrometer (Analytikjena SPECORD®210 PLUS
double beam spectrophotometer).

3. RESULTS AND DISCUSSION
3.1 UV-Vis analysis

The PLAL-prepared ZnONPs' UV-visible absorption
spectra were measured between 280 and 680 nm in
wavelength. Figure 3 displays the colloidal ZnONPs sample's
optical absorbance after it was synthesized at 200 pulses. The
absorption spectra have a strong absorption band at about
284.5 nm, which is due to the nanostructure of the ZnO
nanoparticles distribution. The observed absorption peak at
284.5 nm is in close agreement with the results found by
Rashid et al. [11] for their synthesized ZnO NPs using PLAL.
The existence of well-dispersed nanoparticles with quantum
size effects is thus established. The slightly blue-shifted peak
compared to ZnO NPs made via chemical methods [5] here
implies smaller particle sizes and higher purity because of the
clean nature of PLAL.



Figure 3. UV-Vis spectroscopy of ZnO nanoparticles
3.2 FE-SEM analysis

Figure 4(a) displays the ZnONPs FE-SEM images produced
by laser ablation in DDW using 200 pulses and 600 mJ of laser
energy. The resulting nanoparticles exhibit distinct needle-
shaped morphology with Particle sizes ranging between 20-50
nm, also some nanoparticle clusters due to van der Waals
forces. The characteristic needle-like shape of these particles
is attributed to several key factors: Laser energy used (600
mlJ), Number of laser pulses (200 pulses), and Properties of the
liquid medium (deionized water).
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Figure 4. (a) FE-SEM image of ZnO nanoparticles and (b)
EDX spectrum for ZnO colloidal elements
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EDX analysis of ZnO colloidal, which includes Zn, O, C,
and Na components in varying proportions, is shown in Figure
4(b). EDX Spectrum shows the chemical composition of the
nanomaterial with distinct Zn peak at ~1.0 keV and ~8.6 keV
and O peak at ~0.5 keV. The results indicate Zn/O ratio close
to the theoretical expectation (1:1) and Presence of minor
impurities attributed to Surface contamination during
preparation and Residual components from the surrounding
medium. Microscopic and chemical analysis of these
nanoparticles confirm the successful laser ablation synthesis
and explain the scientific basis of the antibacterial mechanism
of these nanoparticles.

However, the morphology and size distribution in this study
(20-50 nm, needle-like) agreed with the results given by the
previous study [5], with their process being different from this
study. Additionally, the morphology of cells in the current
study was more uniform in comparison with previous studies,
which is due to the rotational motion of the vessel and a
selected laser fluence. EDX results are consistent with a near
1:1 Zn:O ratio, which conforms to the observations in Alwan
et al. [12] where the PLAL synthesis of ZnO NPs offers
minimal impurities.

3.3 XRD analysis

The XRD pattern as shown in Figure 5 exhibits
characteristic diffraction peaks at 20 positions of 31.78°,
34.47°,36.26°, and 56.56°, which correlate to the (100), (002),
(101), and (110) crystallographic planes, respectively. No
extraneous peaks indicate that the samples have high purity,
free of any detectable crystalline impurities. Observation of
minor peaks at 12.2° and 22.5° is attributed to negligible
secondary phases, which do not affect the properties of the
material. The crystallite sizes as per the Scherrer Eq. (2)
calculations vary from 50 to 65 nm, and this crystal size has
important implications regarding antibacterial properties
because the smaller crystals (closer to 50 nm) have higher
surface areas that promote interaction with bacteria [21]. The
XRD pattern showed sharp diffraction peaks that can be
indexed to the hexagonal wurtzite structure, which agrees with
the crystallographic features reported by Alwan et al. [22],
Mohammed et al. [23], and Khalid et al. [24]. Additionally,
crystallite sizes determined using the Scherrer equation (28—
31 nm) are in agreement with the range reported by Swarnkar
et al. [25], however, the slightly higher peak intensities
indicate improved crystallinity here most likely due to
controlled energy delivery and short ablation time. The higher
surface area allows for the release of zinc ions, which are the
main mechanism of antibacterial action in zinc oxide
nanoparticles. The interaction of these ions with phosphate and
sulfide groups causes disruption of bacterial cell membranes
and generation of ROS, which causes oxidative stress and
bacterial DNA damage.

kA
- BcosB

2)

Specific peaks (especially at 43.26°) show an enhanced
intensity, characteristic of crystal growth orientation due to the
preferred enhancement of the energy source during deposition
techniques such as laser ablation.

The results of XRD confirm the complete laser-assisted
synthesis of ZnO nanoparticles with high purity and the most
optimal crystalline structure, and they have great potential in
different biomedical applications.
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Figure 5. XRD pattern for a ZnO sample using a 600 mJ
laser energy and a 200-laser pulse

3.4 Antibacterial activity

Figure 6 presents the results of antibacterial activity testing
for zinc oxide nanoparticles against two bacterial strains,
Escherichia coli (E. coli) (Gram-negative) and Staphylococcus
aureus (S. aureus) (Gram-positive). Clear inhibition halos
around wells containing nanoparticles indicate Halo diameter
(Antibacterial effect intensity) and Halo clarity (Material's
growth inhibition efficacy). The various bacterial types have
different values of cell wall sensitivity (Gram-negative vs
Gram-positive), which reflects the size variation. Zinc oxide
nanoparticles show differential bacterial sensitivity between
Gram-positive and Gram-negative bacteria.

Figure 6. Antibacterial activity of laser-ablated ZnO NPs
against (a) E. coli and (b) S. aureus demonstrated by well
diffusion assay

This antibacterial effect (Figure 6) can be explained by two
complementary mechanisms: the release of Zn?* ions, which
disrupt bacterial membranes and intracellular processes, and
the generation of reactive oxygen species (ROS), which cause
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oxidative stress and damage to proteins, lipids, and DNA. The
slightly higher inhibition zone observed for S. aureus
compared to E. coli is attributed to the porous nature of the
Gram-positive cell wall, which facilitates ion penetration and
ROS activity, whereas the outer membrane of Gram-negative
bacteria provides partial resistance.

This research supports further biomedical applications in
antimicrobial therapy. According to here observed
antibacterial activity of ZnO NPs, inhibition zones up to 25
and 20 mm are observed towards S. aureus and E. coli,
respectively, which is comparable or even higher than that
reported in Salih et al. [20] for chemically synthesized ZnO
NPs. The results of this study may, in addition, be due to
smaller size, higher crystallinity, and needle-like morphology
increasing the surface contact with bacterial membranes and
increasing the rate of Zn** ion release.

A clear trend in ZnO NPs antibacterial activity could be
found correlated to the size in the data presented in Table 1
and Figure 7. For S. aureus and E. coli, it was also found that
the inhibition zone was significantly larger on smaller
nanoparticles that were 20—30 nm, also near 25 £+ 1.2 mm and
20 + 1.5 mm, respectively, at 50 pL. On the other hand, much-
reduced activity (> 50 nm) was demonstrated, with zones of
12 + 0.5 mm for 12 nm particles and 8 + 0.8 mm for 8§ nm
particles, respectively. The size aspect correlation is derived
from these two critical factors: 1) Enhanced Surface Area to
Volume Ratio which can be shown in Eq. (3) [26] where it is
sebematd that the smaller the radii of the particles, the higher
the SAV ratio is and hence Increased Zn?** ion release and 2)
The Knudsen coefficient which depends on the radius of the
particle, hence the smaller the radius, the greater is the
correlation and Elevated reactive oxygen species (ROS)
production [26, 27].

3

r

SAV = 3)

where,  is the radius of the particle.

Table 1. ZnO NPs' inhibition zone diameters against S.
aureus and E. coli at various particle sizes

. Inhibition Inhibition .
Particle Concentration
Size (nm) Zone (mm) Zone (mm) Used
for E. coli for S. aureus

50 pL (50

20-30 20+1.5 25+12 mg/10 mL)
30-50 15+1.0 20+ 1.0 50 Ml
>5( 8+0.8 12+0.5 50 Ml
LR

i
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Figure 7. Size-dependent antibacterial activity of ZnO
nanoparticles: Zones of inhibition for S. aureus and E. coli



4. CONCLUSION

The pulsed laser ablation in liquid (PLAL) method was
successfully employed to synthesize Zinc Oxide Nanoparticles
(ZnO NPs) with needle-like morphology, high crystallinity,
and small particle size (20-50 nm). FE-SEM and XRD
analyses confirmed their structural integrity and high purity,
while UV-Vis spectroscopy revealed a characteristic
absorption band at 284.5 nm. The antibacterial evaluation
demonstrated significant inhibition zones up to 25 £ 1.2 mm
for S. aureus and 20 £ 1.5 mm for E. coli, with higher
efficiency than many chemically synthesized counterparts.

Beyond demonstrating their structural and antibacterial
properties, the findings of this study suggest several promising
biomedical applications for PLAL-synthesized ZnO NPs.
Their strong antibacterial performance highlights their
potential use in wound healing dressings, antimicrobial
coatings for medical devices, and protective surface layers in
hospital environments. Furthermore, due to their high purity
and eco-friendly synthesis, these nanoparticles can be further
explored for applications in drug delivery systems, biosensors,
and photocatalytic disinfection in healthcare settings.

In summary, this work confirms that controlling
nanoparticle morphology through PLAL not only enhances
antibacterial efficiency but also opens new directions for ZnO
NPs in safe, sustainable, and effective biomedical
applications.
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