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1. Introduction

One of the major challenges in modern medicine 
is deciding whether to use antibiotics or simple 
therapeutic alternatives for bacterial infections. 
However, due to the increasing emergence of 
antibiotic-resistant bacteria, significant efforts 
have been made to synthesize biologically 
compatible nanomaterials that can potentially 
replace antibiotics in antibacterial applications.1,2 
The search for new and practical strategies to 
combat bacterial diseases has become critical 
in light of this growing global health threat. 
Nanomaterials have shown the ability to interact 
with bacterial cell membranes and interfere 
with the fundamental cellular processes, 
largely due to their extremely small size and 

relatively large surface area.3 The synthesis 
and development of materials at the nanoscale, 
typically with diameters ranging from 1  nm to 
100  nm, have enabled tremendous advances 
in nanotechnology. The chemical and physical 
properties of nanoparticles (NPs) distinguish 
them from their bulk counterparts, allowing for 
exciting applications in various fields.4-6 These 
properties, including a high surface-to-volume 
ratio, quantum effects, and increased biological 
reactivity, make NPs especially suitable for 
environmental and medical applications.7

Due to their small size and ability to penetrate 
cell membranes, NPs can directly affect bacteria 
by disrupting their cell walls, producing reactive 
oxygen species (ROS), or interfering with vital 
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intracellular processes.8 Zinc oxide (ZnO) NPs are among the 
most promising nanomaterials for antibacterial applications. 
They have a strong ability to penetrate bacterial cell walls and 
can damage proteins and DNA by generating ROS, which 
inhibit or kill the bacteria.9 Zinc is classified as an n-type 
semiconductor with a direct band gap of 3.27–3.50 eV. The 
distinctive properties of ZnO NPs, stemming from their 
unique crystalline structure and nanoscale dimensions, have 
made them the subject of extensive research across various 
scientific domains.10 NPs have proven effective against both 
Gram-positive and Gram-negative bacteria, making them 
suitable for alternative antibiotics, medical applications, and 
water purification technologies.11,12 Among the methods 
for NP synthesis, pulsed laser ablation (PLA) stands out as 
one of the most efficient and clean techniques. It enables the 
production of highly pure NPs without the use of chemical 
additives or impurities, thereby enhancing their biological 
compatibility and making them ideal for antimicrobial 
applications.13,14 In PLA, a high-energy pulsed laser is directed 
at a target material submerged in a liquid medium, causing 
vaporization and subsequent condensation into NPs.15 
Evaluating the antibacterial properties of NPs synthesized 
through PLA against common pathogenic bacterial strains, 
including Staphylococcus aureus (Gram-positive) and Escherichia 

coli (Gram-negative), has become an important research topic.

This study is novel in its elucidation of the relationship among 
shape, size, and efficacy of antibacterial NPs against E. coli and 
S. aureus, depending entirely on variable laser energy levels 
and antibacterial activity estimate. It represents a significant 
step toward developing effective nanotechnology-based 
alternatives for addressing contemporary microbial challenges. 
The study contributes to the optimization of methods for 
producing high-quality NPs. The optical, morphological, and 
structural properties of biosynthesized ZnO NPs, particularly 
how as well as their effects on bacterial growth, were examined 
in detail. Advanced characterization techniques, including the 
effects, were investigated to achieve a deep understanding of 
the fundamental mechanisms regulating bacterial growth. 
Atomic force microscopy, X-ray diffraction, ultraviolet (UV)-
visible (Vis) spectroscopy, and scanning electron microscopy 
(SEM) were used for detailed characterization employed to 
achieve a comprehensive understanding of the mechanisms 
underlying antibacterial activity.

2. Experimental procedure

ZnO NPs were synthesized using PLA. For ablation, a ZnO 
target (3 mm in thickness and 10 mm in diameter, purity of 
roughly 99.8%) in deionized water was obtained from Sigma 
Aldrich, Germany. NPs were created using a Nd-doped YAG 
solid-state laser system with of 1064 nm wavelength, delivering 
10 ns pulses at a repetition rate of 4  Hz. Laser energies of 
200, 300, 400, and 500 mJ were applied. The target-to-laser 
distance was maintained at 3  cm, as illustrated in Figure  1. 

During  ablation, the solution was continuously stirred to 
ensure uniform NP formation.

2.1. Assessment of antibacterial activity

S. aureus and E. coli specimens were obtained from the 
Department of Microbiology at Mustansiriyah University. 
Antibacterial activity was assessed using the agar well diffusion 
method for ZnO NPs synthesized at laser energies of 200 
and 500 mJ. Bacterial suspensions were adjusted to match 
the turbidity of a 0.5 McFarland standard. Each strain was 
sub-cultured in nutrient broth, and 0.5  mL of ZnO NPs at 
various concentrations (0.27, 0.30, 0.5, and 0.1 µg/mL) was 
added. Antibacterial efficacy was evaluated by measuring the 
zone of inhibition and determining the minimum inhibitory 
concentration for each sample against both bacterial strains.

3. Results and discussion

3.1. X-ray diffraction analysis

Figure  2 presents an analysis of ZnO NPs synthesized by 
pulsed laser ablation in liquid (PLAL) at varying laser energy 
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Figure 1. Experimental setup for pulsed laser ablation in a liquid system
Abbreviations: Nd: Neodymium; YAG: Yttrium aluminum garnet; 
Zn: Zinc

Figure  2. X-ray diffraction of zinc oxide nanoparticles at different 
laser energy levels



Biomater Transl. 2025� 3

� Ali, K.M., et al.Original Research

levels (200–500 mJ). X-ray diffraction was used to evaluate the 
crystallographic structure and crystallite size of the samples. 
Three distinct peaks are observed at 2θ angles corresponding 
to (100), (002), and (101) planes, which match the hexagonal 
structure of zinc. This finding indicates that the synthesized 
NPs possess the same crystal structure as pure ZnO.16 The 
crystallite size was determined using the Scherrer equation. 
Based on the (002) diffraction peak, the crystallite size of the 
samples prepared at 500 mJ was estimated to be approximately 
19.4 nm. As the laser energy increases from 200 mJ to 500 mJ, the 
intensity of the peaks, especially the (002) peak, also increases. 
This result indicates that higher laser energy improves the 
crystallinity of the samples, resulting in a more ordered 

atomic structure. In addition, the peaks become sharper with 
increasing laser energy, suggesting an increase in crystallite 
size and enhanced crystal quality. At lower energies (200 and 
300 mJ), the peaks are broader and less intense, corresponding 
to smaller crystallite sizes (as low as 10.8 nm). The d-spacing 
remains constant across all energy levels, indicating that the 
hexagonal crystal phase of ZnO is preserved and unaffected by 
energy variation. These results show that increasing the laser 
energy during PLAL improves the crystallinity and quality of 
ZnO NPs by enlarging the crystallite size and reducing lattice 
strain, while maintaining structural integrity.

3.2. Relationship between laser energy and crystallite size

Figure  3 illustrates the relationship between laser energy 
and the resulting crystallite size of ZnO NPs. A clear trend is 
observed: crystallite size increases with laser energy, reflecting 
improved crystallinity and crystal growth under higher 
ablation energy conditions.

3.3. Optical properties

Figure 4 presents the UV-vis spectra confirming the formation 
of ZnO NPs synthesized through PLAL at varying energy levels 
(200–500 mJ). The absorption spectra and corresponding 
band gap values illustrate the influence of laser energy on 
the optical properties of the ZnO NPs. The optical band gap 
of ZnO is observed to decrease with increasing laser energy. 
This reduction is attributed to an increase in NP size and 
the presence of crystal defects, which diminish the quantum 
confinement effect and introduce internal energy levels that 
lower the optical band gap.12,17 This phenomenon arises due 
to the more intense ablation or evaporation of the zinc target 
at higher laser energies. In addition, defects such as oxygen 
vacancies or zinc interstitials contribute to the formation of 

Figure 3. Crystallite size of zinc oxide nanoparticles at different laser 
energy levels

Figure 4. Ultraviolet–visible absorption and band gap of zinc oxide nanoparticles at different laser energy levels
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energy states within the band gap, further reducing the band 
gap energy.18 A decrease in band gap enhances the absorption 
of visible light, promotes electron excitation and energy 
generation, and increases oxygen availability factors that 
enhance bacterial killing under low light conditions. These 
effects lead to greater production of electron-vacuum pairs, 
which react with water and oxygen to form ROS that destroy 
bacteria. Therefore, a lower band gap improves antibacterial 
effectiveness even under limited light exposure.19

3.4. Relationship between the laser energy and band gap

Figure 5 depicts the inverse relationship between laser energy 
and the optical band gap of ZnO NPs. As laser energy increases, 
the energy gap decreases, confirming the role of particle size 
and defect density in modulating the optical properties of the 
synthesized NPs.

3.5. SEM analysis

Figure 6 shows SEM images of ZnO NPs prepared at different 
laser energy levels, highlighting changes in morphology 
and particle size. The ZnO NPs exhibit a homogeneous 
distribution, with particle diameters ranging from 19.6 to 
36.58 nm. At 200 mJ, the particles appear small and resemble 

rice grains. At 300 mJ, the particles grow in size and adopt a 
flower-like morphology, surrounded by smaller, dispersed 
particles. At 400 mJ, further growth is observed, with particles 
forming a cauliflower-like structure. At 500 mJ, the surface 
shows dense particle distribution with overlapping and partial 
agglomeration. These morphological changes indicate that 
higher energy laser enhances the rate of ablation from the 
metal surface and increase particle agglomeration, leading to 
larger NP sizes. This trend aligns with the findings from both 
the band gap analysis and X-ray diffraction measurements, 
confirming a consistent relationship between laser energy, 
particle size, and crystallinity.

3.6. Atomic force microscopy analysis

Figure  7 shows the surface roughness of ZnO NPs. Their 
bacterial inhibition characteristics were examined using atomic 
force microscopy. Grain size increases with higher laser energy. 
The variations in granular size as a function of laser energy are 
displayed in Table 1. As atom mobility on the substrate surface 
increases due to improved interaction between the ZnO 
surface and laser energy, average roughness increases with 
energy level.20,21 The greater the surface roughness, the higher 
the likelihood of bacterial adhesion and biofilm formation, 
which often leads to increased bacterial activity.

At low and medium laser energies, partial dissolution of 
the surface and particle rearrangement reduce roughness. 
In contrast, high laser energy may cause rapid evaporation 
and/or agglomeration of material, increasing particle positioning 
irregularities and forming bumps that increase roughness.22

3.7. Antimicrobial Activity

Figure  8 illustrates the antibacterial activity of ZnO NPs 
prepared at laser energies of 200, 300, 400, and 500 mJ against 
S. aureus and E. coli. The low sensitivity of bacteria to ZnO NPs 
prepared at high laser energies is attributed to the presence 
of a murein layer, which hinders NP entry.23 In addition, 
increased dislocation and adhesion among NPs at high laser 
energy seem to impair their penetration into bacterial cell Figure  5. Relationship between optical band gap and laser energy 

used in nanoparticle synthesis

Table 2. Antibacterial activity of zinc oxide nanoparticles

Laser energy 

(mJ)

Inhibition (mm)

Staphylococcus aureus Escherichia coli

200 13.5 15

300 17 13

400 0 0

500 0 0

Table  1. Atomic force microscopy analysis of zinc oxide 
nanoparticles prepared at variable laser energy levels

Samples Energies (mJ) Root mean 

square (nm)

Average 

roughness (nm)

ZnO 200 13.20 11.90

ZnO 300 13.80 11.48

ZnO 400 10.40 8.98

ZnO 500 24.10 20.40

Figure 6. Scanning electron microscopy images of ZnO nanoparticles 
prepared at variable laser energy levels (A) 200 mJ; (B) 300 mJ; 
(C) 400 mJ; (D) 500 mJ

B

C D
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and 300 mJ leads to distinct zones of inhibition.26 The ROS 
produced by NPs damages bacterial membranes, causes leakage 
of cytoplasmic contents, DNA damage, and bacterial cell 
rupture. Cell lysis and collapse are outcomes of the electrostatic 
interactions between positively charged zinc and the negatively 
charged bacterial film.27

These findings suggest that ROS production induced by ZnO 
NPs (prepared at 200 and 300 mJ) depends on dose and surface 
charge, causing oxidative stress, subsequently disrupting 
bacterial cell membranes, and resulting in cell death.28 At 

walls.24 The antibacterial activity of zinc oxide nanoparticles 
is shown in Table 2. Our  results indicate that electrostatic 
interactions between the ZnO surface and bacterial cell surface 
significantly contribute to the high antibacterial efficacy of 
ZnO NPs prepared at lower energy levels (200 and 300 mJ) 
against both Gram-positive and Gram-negative bacteria. 
The form, size, and surface-to-mass ratio of the NPs directly 
affect their antibacterial effectiveness.25 Because of their large 
surface-to-volume ratios, smaller NPs offer more effective 
antibacterial activity. ROS generation at laser energies of 200 

Figure  7. Three-dimensional atomic force microscopy of zinc oxide nanoparticles at variable laser energy levels: (A) 200 mJ; (B) 300 mJ; 
(C) 400 mJ; (D) 500 mJ. Magnification = 5 × 5µm2; scale bar = 1 µm.

B

C

D

A
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higher zinc concentrations and laser energies, some bacteria 
exhibit growth resistance.29 The reduced antibacterial activity 
of ZnO NPs prepared at high energies (400 and 500 mJ) may 
result from particle aggregation and changes in NPs shape, 
which reduce the available surface area for interaction with 
bacteria.30 SEM confirms this phenomenon. In addition, the 
observed resistance in certain bacterial species suggests that 
antibacterial efficacy cannot be generalized across all species.

The observed inhibition results from direct interaction with 
bacterial cells, disrupting the permeability of their outer 
membrane.

4. Limitations

This work has several limitations, including a limited number 
of experiments and constrained experimental conditions. 
As a result, the findings may not be fully generalizable. 
Future research with expanded parameters and additional 
characterization techniques is necessary to validate and extend 
these results.

5. Conclusion

High-purity ZnO NPs were successfully synthesized through 
laser ablation of zinc metal in water. The optical properties of 
the ZnO NPs were significantly influenced by the laser energy, 
leading to a reduced energy band gap. The NPs exhibited 
decreased absorption in the visible and infrared regions, 
with increased absorption in the UV range. Moreover, the 
average particle size increased with higher laser energy. ZnO 
NPs prepared at lower laser energies demonstrated notable 
antibacterial activity, attributed to their small size and ability 
to disrupt bacterial cell walls.
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