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Abstract 

Copper oxide (CuO) nanoparticles are promising antibacterial materials due to their broad 

spectrum antimicrobial activity and low cost. The pulsed laser ablation in liquid (PLAL) 

technique provides a green and contamination free means for CuO nanoparticles synthesis. The 

laser repetition rate is an important parameter influencing the formation and yield of 

nanoparticles. In this study, the effect of laser repetition rate on physicochemical properties 

and antibacterial activity of CuO nanoparticles stabilized with polyvinylpyrrolidone (PVP) 

synthesized by PLAL was studied. CuO nanoparticles were prepared by laser ablation of a 

copper target in 5 mM PVP solution using a Nd:YAG laser (1064 nm, 30 mJ, 7 ns) at 10, 15 

and 20 Hz repetition rates. The synthesized nanoparticles were characterized by UV–Vis 

spectroscopy, transmission electron microscopy (TEM) and Fourier transform infrared 

spectroscopy (FTIR). Antibacterial activity was determined by disk diffusion method against 

Staphylococcus aureus and Escherichia coli. The UV–Vis spectra showed the characteristic 

absorption peaks of CuO at 288–292 nm. With the increase in repetition rate, the absorbance 

intensity increased from 0.886 to 1.340 indicating the enhanced nanoparticle production. TEM 

analysis revealed average particle sizes of 5.70, 7.00 and 8.24 nm for the nanoparticles 

synthesized at repetition rates of 10, 15 and 20 Hz, respectively. The formation of CuO 

nanoparticles has been confirmed by FTIR analysis. The results of antibacterial test showed 

that the inhibition zone diameter increased from 1.30 to 3.10 mm against S. aureus and from 

0.90 to 2.40 mm against E. coli with the increase of repetition rate from 10 to 20 Hz. The 

increase in antibacterial activity was attributed to the higher nanoparticle concentration 

produced at higher repetition rates . The laser repetition rate is a key factor affecting the 

antibacterial performance, particle size and nanoparticle yield of PVP-stabilized CuO 

nanoparticles fabricated by PLAL. Higher repetition rates showed increased nanoparticle 



production and antibacterial activity suggesting that repetition rate is an effective parameter to 

tailor CuO nanoparticles for antimicrobial applications. 

Keywords: copper oxide nanoparticles (CuO); pulsed laser ablation in liquid; laser repetition 

rate; polyvinylpyrrolidone; antibacterial activity; nanoparticle synthesis. 

 

1. Introduction 

The increasing prevalence of bacterial infections and the emergence of antibiotic-resistant 

microorganisms have become major global health concerns [1–3]. Conventional antibacterial 

agents are often associated with limited effectiveness against resistant bacterial strains, 

motivating the development of alternative antimicrobial materials [4]. Among various 

nanomaterials, metal oxide nanoparticles have attracted considerable attention because of their 

unique physicochemical properties and broad-spectrum antibacterial activity [5, 6]. 

Nanoparticles can interact directly with bacterial cell membranes, generate reactive oxygen 

species (ROS), and induce cellular damage, making them promising candidates for 

antimicrobial applications [7, 8]. 

Copper oxide (CuO) nanoparticles have emerged as attractive antibacterial materials due to 

their low cost, chemical stability, environmental compatibility, and strong antimicrobial 

performance against both Gram-positive and Gram-negative bacteria [9–11]. The antibacterial 

activity of CuO nanoparticles has been attributed to several mechanisms, including the 

generation of reactive oxygen species, release of Cu²⁺ ions, disruption of membrane integrity, 

and interference with intracellular biomolecules [12–14]. Previous studies have demonstrated 

that the antibacterial performance of CuO nanoparticles is strongly influenced by their 

physicochemical characteristics, particularly particle size, morphology, and concentration [15–

17]. 

Various methods have been employed to synthesize CuO nanoparticles, including sol-gel, 

hydrothermal, precipitation, and chemical reduction techniques [18–20]. However, many of 

these methods require chemical reagents, reducing agents, or surfactants that may introduce 

impurities into the final products [21]. Pulsed Laser Ablation in Liquid (PLAL) has emerged 

as a promising alternative synthesis technique because it enables the production of high-purity 



nanoparticles in liquid media without the need for additional chemical reducing agents [22–

24]. During PLAL, a high-energy laser pulse interacts with a solid target immersed in a liquid 

medium, generating a plasma plume that subsequently cools and condenses into nanoparticles 

[25, 26]. 

Among the various synthesis parameters in PLAL, laser repetition rate plays a crucial role in 

determining nanoparticle formation and growth [27, 28]. Increasing the repetition rate increases 

the number of laser pulses delivered to the target per unit time, leading to enhanced material 

ablation and nanoparticle production [29]. However, the higher nanoparticle density generated 

at elevated repetition rates may also increase the probability of particle collisions and 

aggregation, thereby affecting particle size, colloidal stability, and other physicochemical 

properties [30, 31]. Previous studies have demonstrated that the characteristics of PLAL-

synthesized nanoparticles are strongly influenced by laser processing parameters, including 

pulse energy, wavelength, ablation time, and liquid medium. Nevertheless, studies specifically 

investigating the influence of laser repetition rate on the physicochemical characteristics and 

antibacterial performance of CuO nanoparticles remain limited [32, 33]. In particular, the 

relationship between repetition-rate-induced changes in nanoparticle yield, particle size 

evolution, and antibacterial activity has not been comprehensively established. Furthermore, 

the use of polyvinylpyrrolidone (PVP) as a stabilizing medium may influence nanoparticle 

growth dynamics and colloidal stability, thereby affecting the resulting biological activity. 

Therefore, a systematic investigation of repetition rate effects is necessary to better understand 

and optimize the antibacterial performance of PLAL-synthesized CuO nanoparticles. 

Therefore, this study aims to systematically investigate the effect of laser repetition rate on the 

physicochemical properties and antibacterial activity of polyvinylpyrrolidone (PVP)-stabilized 

CuO nanoparticles synthesized by PLAL. CuO nanoparticles were synthesized at repetition 

rates of 10, 15, and 20 Hz and characterized using UV–Vis spectroscopy, transmission electron 

microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). Their antibacterial 

activity against Staphylococcus aureus and Escherichia coli was evaluated using the disk 

diffusion method. The findings provide insight into the role of repetition rate in controlling 

nanoparticle formation and antibacterial performance, offering a simple strategy for tailoring 

CuO nanoparticles for antimicrobial applications. 



2. Materials and Methods 

2.1. Materials 

A copper plate (Cu, 99.95% purity) was used as the ablation target for nanoparticle synthesis. 

Polyvinylpyrrolidone (PVP, 5 mM) was employed as a stabilizing agent and deionized water 

was used as the solvent. Nutrient agar and bacterial cultures of Staphylococcus aureus and 

Escherichia coli were used for antibacterial activity evaluation. 

2.2. Synthesis of CuO Nanoparticles by Pulsed Laser Ablation in Liquid 

CuO nanoparticles were synthesized using the Pulsed Laser Ablation in Liquid (PLAL) 

method. The copper target was placed at the bottom of a glass vessel containing 10 mL of 5 

mM PVP solution. A Q-switched Nd:YAG laser operating at a wavelength of 1064 nm, pulse 

energy of 30 mJ, and pulse duration of 7 ns was focused onto the target surface using a convex 

lens. 

 

Figure 1. Schematic illustration of CuO nanoparticle synthesis by pulsed laser ablation in 

liquid. 

The synthesis was performed at repetition rates of 10, 15, and 20 Hz while maintaining identical 

experimental conditions. The ablation process was conducted for 180 min to obtain CuO 

nanoparticle colloids. During laser irradiation, the interaction between the laser pulses and the 



copper target generated a plasma plume, followed by rapid cooling and condensation in the 

liquid medium, resulting in the formation of CuO nanoparticles stabilized by PVP. 

2.3. Characterization of CuO Nanoparticles 

The optical properties of the synthesized CuO nanoparticles were investigated using UV–Vis 

spectroscopy in the wavelength range of 200–500 nm. The morphology and particle size 

distribution of the nanoparticles were analyzed using transmission electron microscopy (TEM). 

The particle size distribution was estimated from the TEM micrographs by measuring 

individual nanoparticles and constructing size distribution histograms. Fourier transform 

infrared spectroscopy (FTIR) was performed on a representative CuO nanoparticle sample to 

identify the functional groups present and to confirm the formation of Cu–O bonds. 

2.4. Antibacterial Activity Test 

The synthesized CuO nanoparticles were evaluated for antibacterial activity against Gram-

positive Staphylococcus aureus and Gram-negative Escherichia coli by disk diffusion 

method. The bacterial suspensions were adjusted to turbidity equal to a 0.5 McFarland 

standard (≈1.5 × 10⁸ CFU mL-1). Sterile paper disks of 6 mm in diameter were immersed in 

CuO nanoparticle colloids synthesized with repetition rates of 10, 15 and 20 Hz. The disks 

were then placed on agar plates inoculated with bacterial cultures and incubated for 48 h at 37 

°C. A commercial antibacterial liquid soap containing silver nanoparticles was used as a 

positive control and a 5 mM PVP solution without CuO nanoparticles was used as a negative 

control. The antibacterial activity was assessed by measuring the diameter of inhibition zone 

formed around each disk after incubation. 

3. Results and Discussion 

3.1. Visual Observation of CuO Nanoparticle Colloids 

Figure 1 presents the appearance of CuO nanoparticle colloids synthesized in a 5 mM PVP 

solution at laser repetition rates of 10, 15, and 20 Hz. All colloidal samples exhibited a pale 

yellow coloration, indicating the successful formation of CuO nanoparticles in the liquid 

medium. No visible sedimentation or phase separation was observed immediately after 

synthesis, demonstrating the effectiveness of PVP in stabilizing the nanoparticle dispersion. 



As shown in Figure 1, the color intensity of the colloidal suspension increased with increasing 

repetition rate. The sample synthesized at 20 Hz exhibited the darkest yellow coloration, 

followed by the samples synthesized at 15 Hz and 10 Hz. This observation suggests that a 

higher repetition rate promotes greater material ablation from the copper target, resulting in a 

larger quantity of nanoparticles dispersed in the solution. 

 

(a)                                 (b)                                (c)  

Figure 2. CuO nanoparticle colloids prepared by PVP 20 Hz (a), 15 Hz (b), and 10 Hz (c) 

The increased nanoparticle concentration at higher repetition rates can be attributed to the 

greater number of laser pulses delivered to the target per unit time. More frequent laser-target 

interactions enhance plasma generation and material removal, thereby increasing nanoparticle 

production during the PLAL process. The enhanced antibacterial activity at higher repetition 

rates is consistent with the increased absorbance intensity observed in the UV–Vis spectra, 

indicating a higher concentration of CuO nanoparticles available to interact with bacterial 

cells. 

3.2. UV–Vis Absorption Analysis 

The optical properties of the synthesized CuO nanoparticles were investigated using UV–Vis 

spectroscopy, and the obtained absorption spectra are presented in Figure 2. All samples 

exhibited a prominent absorption peak within the wavelength range of 288–292 nm, which is 

commonly attributed to CuO nanoparticles. The absorption maximum was observed at 

approximately 288 nm for the sample synthesized at 10 Hz, whereas the samples synthesized 

at 15 Hz and 20 Hz exhibited absorption maxima at around 292 nm. 



As shown in Figure 2, the absorbance intensity increased significantly with increasing laser 

repetition rate. The maximum absorbance values were 0.886, 1.180, and 1.340 for the samples 

synthesized at repetition rates of 10, 15, and 20 Hz, respectively. The increase in absorbance 

intensity indicates a higher concentration of CuO nanoparticles in the colloidal suspension. 

This phenomenon can be attributed to the greater number of laser pulses delivered to the copper 

target per unit time at higher repetition rates, resulting in enhanced ablation efficiency and 

increased nanoparticle production. 

 

Figure 3. UV-Vis absorption spectrum of CuO nanoparticles at various laser repetition rates 

The slight shift of the absorption peak from 288 nm to 292 nm may be associated with changes 

in particle size and nanoparticle concentration induced by variations in repetition rate. Similar 

behavior has been reported in PLAL-synthesized metal oxide nanoparticles, where laser 

processing parameters influence the optical response through modifications in particle growth 

dynamics and colloidal characteristics. 

Furthermore, the UV–Vis results are consistent with the visual observations shown in Figure 

1. The darker yellow coloration observed in the colloid synthesized at 20 Hz corresponds to its 

higher absorbance intensity, indicating a greater nanoparticle yield compared to the samples 

synthesized at 10 Hz and 15 Hz. These findings demonstrate that laser repetition rate plays an 

important role in controlling the production of CuO nanoparticles during the PLAL process. 



3.3. Morphological Analysis of CuO Nanoparticles 

The morphology of the synthesized CuO nanoparticles was examined using transmission 

electron microscopy (TEM), and the corresponding micrographs are presented in Figure 3. The 

TEM images confirm the successful formation of CuO nanoparticles at all investigated 

repetition rates. The nanoparticles appear as dark contrast regions dispersed within a lighter 

background, indicating the presence of Cu-containing nanostructures embedded in the PVP 

matrix. 

As shown in Figure 3(a–c), the synthesized nanoparticles exhibit irregularly shaped 

nanostructures with a tendency to form aggregates. Such aggregation is commonly observed in 

PLAL-synthesized nanoparticles due to their high surface energy and frequent interparticle 

interactions during particle growth. Despite the presence of PVP as a stabilizing agent, partial 

agglomeration can still occur during nanoparticle formation and subsequent drying of the TEM 

samples. 

 

Figure 4. TEM images of CuO nanoparticles 10 Hz (a), 15 Hz (b), and 20 Hz (c). 

A noticeable difference in particle assembly can be observed as the repetition rate increases. 

The nanoparticles synthesized at 10 Hz exhibit relatively smaller aggregates, whereas larger 

and denser particle clusters are observed in the samples synthesized at 15 Hz and 20 Hz. This 



behavior suggests that increasing the repetition rate enhances nanoparticle production, leading 

to a higher probability of particle collision and aggregation within the colloidal suspension. 

The morphological observations indicate that laser repetition rate influences not only 

nanoparticle yield but also the growth and aggregation behavior of CuO nanoparticles during 

the PLAL process. A more detailed quantitative analysis of particle size distribution is 

discussed in the following section. 

3.4. Particle Size Distribution 

The particle size distribution of the synthesized CuO nanoparticles was estimated from the 

TEM micrographs, and the corresponding histograms are presented in Figure 4. The average 

particle sizes were determined to be 5.70 nm, 7.00 nm, and 8.24 nm for the samples synthesized 

at repetition rates of 10, 15, and 20 Hz, respectively. 

As shown in Figure 4, the particle size distribution gradually shifted toward larger diameters 

with increasing repetition rate. The CuO nanoparticles synthesized at 10 Hz exhibited a 

relatively narrow size distribution dominated by particles below 7 nm. In contrast, the samples 

synthesized at 15 Hz and 20 Hz displayed broader size distributions and slightly larger average 

particle diameters. At higher repetition rates, the interval between successive laser pulses 

becomes shorter, increasing the nanoparticle concentration within the ablation zone. This 

condition enhances particle–particle interactions and coalescence, resulting in gradual particle 

growth and broader size distributions. 

The increase in particle size with repetition rate can be attributed to the higher density of 

nanoparticles generated during the PLAL process. At elevated repetition rates, laser pulses are 

delivered more frequently to the target surface, producing a greater amount of ablated material 

within the liquid medium. The resulting increase in nanoparticle concentration enhances the 

probability of particle collisions and coalescence, leading to gradual particle growth. 



 

(a)                                                                      (b) 

 

(c) 

Figure 5. Particle size distribution histograms of CuO nanoparticles 10 Hz (a), 15 Hz (b), and 

20 Hz (c). 

In addition, the shorter interval between consecutive laser pulses at higher repetition rates may 

influence plasma evolution and nanoparticle growth dynamics. The accumulation of 

nanoparticles in the ablation zone can promote secondary interactions among particles, thereby 

contributing to the observed increase in particle size. Similar trends have been reported in 

PLAL-based synthesis, where increasing repetition rate enhances nanoparticle production 

while simultaneously promoting particle growth. 

Despite the increase in average particle size, all synthesized CuO nanoparticles remained 

within the nanometer scale (<10 nm), indicating that the PLAL method combined with PVP 

stabilization is effective for producing ultrafine CuO nanoparticles. The particle size evolution 



observed in Figure 4 is consistent with the TEM images presented in Figure 3, which show a 

gradual increase in aggregate size as the repetition rate increased from 10 Hz to 20 Hz. 

3.5. FTIR Analysis 

FTIR analysis was performed on a representative CuO nanoparticle sample synthesized in PVP 

solution to identify the functional groups and confirm Cu-O bond formation. As shown in 

Figure 5, a broad absorption band was observed in the region of 3260–3540 cm⁻¹, which is 

attributed to O–H stretching vibrations originating from adsorbed water molecules and surface 

hydroxyl groups. The presence of hydroxyl groups is commonly observed in metal oxide 

nanoparticles synthesized in aqueous environments and contributes to their surface reactivity. 

 

Figure 6. FTIR spectrum of CuO nanoparticles 

A distinct absorption band at approximately 1649 cm⁻¹ corresponds to C=O stretching 

vibrations, which may be associated with residual organic species from the PVP stabilizer. The 

absorption band observed around 1400–1500 cm⁻¹ can be assigned to C–O related vibrations, 

indicating interactions between the nanoparticle surface and stabilizing molecules. 

In the lower wavenumber region, characteristic absorption bands were observed at 

approximately 712 cm⁻¹ and 431 cm⁻¹. These bands are attributed to Cu–O stretching vibrations 

and are considered characteristic fingerprints of copper oxide nanoparticles. The presence of 

these bands confirms the successful formation of CuO during the PLAL process. 



Overall, the FTIR analysis verifies the existence of hydroxyl groups, residual PVP-related 

functional groups, and Cu–O bonds, supporting the successful synthesis of CuO nanoparticles 

in the PVP medium. 

3.6. Antibacterial Activity 

The antibacterial activity of the synthesized CuO nanoparticles was evaluated against Gram-

positive Staphylococcus aureus and Gram-negative Escherichia coli using the disk diffusion 

method. Figure 7 shows the bacterial culture media before incubation, whereas Figure 8 

presents the inhibition zones formed after 48 h of incubation. The corresponding inhibition 

zone diameters are summarized in Table 1. 

As shown in Figure 8 and Table 1, the synthesized CuO nanoparticles exhibited antibacterial 

activity against both bacterial strains. For S. aureus, the inhibition zone diameter increased 

from 1.30 mm at 10 Hz to 2.05 mm at 15 Hz and reached 3.10 mm at 20 Hz. Similarly, for E. 

coli, the inhibition zone diameter increased from 0.90 mm to 1.60 mm and 2.40 mm with 

increasing repetition rate. These results indicate that higher repetition rates enhance the 

antibacterial performance of the synthesized CuO nanoparticles. 

 

Figure 7. Antibacterial disc diffusion assays against S. aureus (a), E. coli (b). 



 

Figure 8. Antibacterial activity of CuO nanoparticles against S. aureus (a), E. coli (b). 

Table 1 

Inhibition zone diameters against S. aureus and E. coli. 

Sample Name DIZ (mm) Methods 

Positive control 4.80 

Disc 

(Staphylococcus Aureus) 

Negative control Resistance 

10 Hz 1.30 

15 Hz 2.05 

20 Hz 3,10 

Positive control 5.00 

Disc 

(Escherichia Coli) 

Negative control 1.10 

10 Hz 0.90 

15 Hz 1.60 

20 Hz 2.40 

The observed trend is consistent with the UV–Vis results, which showed increased absorbance 

intensity with increasing repetition rate. Higher repetition rates generate a larger number of 

laser pulses per unit time, resulting in greater material ablation and higher nanoparticle 

production. Consequently, the increased concentration of CuO nanoparticles in the colloidal 

suspension enhances their interaction with bacterial cells, leading to larger inhibition zones. 



The positive controls exhibited inhibition zone diameters of 4.80 mm and 5.00 mm against S. 

aureus and E. coli, respectively, confirming the effectiveness of the antibacterial assay. In 

contrast, the negative control showed no inhibition against S. aureus and only a very small 

inhibition zone of 1.10 mm against E. coli. These findings indicate that the antibacterial activity 

primarily originated from the synthesized CuO nanoparticles rather than the stabilizing 

medium. 

Furthermore, the inhibition zones observed for S. aureus were consistently larger than those 

for E. coli. This difference can be attributed to variations in bacterial cell wall structure. Gram-

negative bacteria such as E. coli possess an additional outer membrane composed of 

lipopolysaccharides, which acts as a protective barrier against external antimicrobial agents. In 

contrast, Gram-positive bacteria such as S. aureus lack this outer membrane, making them 

more susceptible to CuO nanoparticle-induced damage. 

A schematic illustration of the proposed antibacterial mechanism of CuO nanoparticles is 

presented in Figure 9. The antibacterial activity of CuO nanoparticles is generally attributed to 

multiple synergistic mechanisms, including membrane disruption, Cu²⁺ ion release, and 

reactive oxygen species (ROS) generation. Initially, CuO nanoparticles interact with the 

bacterial cell surface and disrupt membrane integrity, resulting in increased membrane 

permeability and leakage of intracellular components. Simultaneously, Cu²⁺ ions released from 

the nanoparticle surface can penetrate the cell and interact with intracellular biomolecules, 

causing protein denaturation, enzyme deactivation, and DNA damage. 



 

Figure 9. Antibacterial mechanism of CuO nanoparticles 

In addition, CuO nanoparticles promote the formation of ROS, including hydroxyl radicals 

(•OH), superoxide radicals (O₂•⁻), and hydrogen peroxide (H₂O₂). Excessive ROS production 

induces oxidative stress, leading to lipid peroxidation, protein oxidation, and nucleic acid 

damage. The combined effects of membrane disruption, Cu²⁺ ion release, and ROS generation 

ultimately result in irreversible cellular damage and bacterial cell death. 

Overall, the results demonstrate that increasing laser repetition rate enhances the antibacterial 

performance of PLAL-synthesized CuO nanoparticles. The higher nanoparticle yield produced 

at elevated repetition rates provides more active sites for bacterial interaction and promotes 

stronger antibacterial effects, with the highest activity observed for the sample synthesized at 

20 Hz. 

4. Conclusions 

CuO nanoparticles were successfully synthesized in a 5 mM PVP solution using the Pulsed 

Laser Ablation in Liquid (PLAL) method with repetition rates of 10, 15, and 20 Hz. The 

repetition rate significantly influenced the physicochemical characteristics of the synthesized 

nanoparticles. UV–Vis analysis showed that increasing the repetition rate enhanced the 

absorbance intensity, indicating a higher nanoparticle yield. TEM observations confirmed the 

average particle size increased from 5.70 nm to 8.24 nm as the repetition rate increased from 



10 Hz to 20 Hz. FTIR analysis further verified the formation of CuO nanoparticles. The 

synthesized CuO nanoparticles exhibited antibacterial activity against both Staphylococcus 

aureus and Escherichia coli. The inhibition zone diameter increased with increasing repetition 

rate, reaching the highest values for nanoparticles synthesized at 20 Hz. This enhancement was 

attributed to the greater nanoparticle concentration generated at higher repetition rates, which 

increased the interaction between CuO nanoparticles and bacterial cells. These findings 

demonstrate that laser repetition rate is a key parameter for tailoring the physicochemical 

properties and antibacterial performance of PLAL-synthesized CuO nanoparticles, 

highlighting the potential of PLAL as a simple and environmentally friendly approach for 

producing antibacterial CuO nanoparticles with tunable properties. 
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