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Abstract

Introduction: Nanotechnology holds promise for advancing antibacterial therapies, particularly through the utilization
of metal oxide nanoparticles and innovative treatment strategies.

Objectives: This study explores the synthesis and antibacterial properties of copper oxide nanoparticles (CuO NPs)
produced via Pulsed Laser Ablation in Liquids (PLAL) and their potential application in ocular infection treatments.

Methods: CuO NPs were synthesized by irradiating a copper sample with a 532 nm nanosecond laser at varying powers
(500-900 mW) for 30 minutes. The nanoparticles were characterized for their optical absorption, average size, and
concentration. The antibacterial effectiveness of these nanoparticles was evaluated against both Gram-positive bacteria
(Staphylococcus aureus) and Gram-negative bacteria (Pseudomonas aeruginosa). The study also evaluated the
biocompatibility of CuO NPs with retinal epithelial cells (ARPE-19) using the MTT assay.

Results: Transmission electron microscopy (TEM) confirmed the production of CuO NPs with dimensions ranging from
4.6 to 6.5 nm. Results indicated that CuO NPs exhibit a concentration-dependent antibacterial activity which is enhanced
when combined with femtosecond laser irradiation at 400 nm. Despite these antibacterial effects, the cytotoxicity of CuO
NPs remains a concern, highlighting the need for further research to optimize their safety and effectiveness for clinical
applications.

Conclusions: Optimal laser settings produced nanoparticles within the quantum dot size range, with the highest yields
achieved at 900 mW power. While the antibacterial efficacy of CuO NPs shows especially when combined with
femtosecond laser treatment, further studies are necessary to address safety concerns and refine production techniques
for clinical viability.

Keywords: Eye infection,; Laser ablation, antibacterial, Copper oxide nanoparticles, Biocompatibility, photodynamic
therapy, Gram-positive and Gram-negative bacteria, Femtosecond laser, Quantum dots, MRSA, Pseudomonas
aeruginosa
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INTRODUCTION

Nanotechnology constitutes vast and captivating domain of scientific inquiry, offering substantial advantages across a
multitude of disciplines. These encompass industrial applications, medical advancements, biotechnological innovations,
agricultural enhancements, electronic developments, energy solutions, and life sciences [1-6]. Recently, nanoscience has
emerged as a significant research area due to ongoing efforts to create nano-sized materials using a variety of tools and
techniques [7]. Nanoparticles (NPs) are a broad class of materials characterized by particles with at least one dimension
smaller than 100 nm [8]. These nanoparticles have unique capabilities that depend on their size and shape, making them
particularly interesting for various applications, especially in biological and medical fields such as drug delivery [9],
antibacterial agents [10], cancer treatment [11], and sensing [12-14].

Severe ocular infections caused by bacteria, viruses, fungi, or parasites can result in blindness and visual impairments if
left untreated [15, 16]. On an international scale, bacterial pathogens classified as either positive or negative Gram, which
both cause between 32% and 74% of complications from eye infections [17, 18]. The risk of an eye infection varies
depending on the type of bacterial pathogen [19]. Staphylococcus aureus and Pseudomonas aeruginosa are two of the most
prevalent Gram-positive and Gram-negative bacterial isolates found in ocular infections, respectively [20, 21]. The overuse
and misuse of antibacterial medications have led to a rapid increase in antibiotic-resistant bacterial pathogens [22],
highlighting the need for innovative alternative antibacterial therapies [23]. Nanotechnology-based strategies are
increasingly seen as a promising alternative antibacterial treatment [24].

Metal oxide nanoparticles, particularly copper oxide (CuO) NPs, have lately garnered interest for their antimicrobial
capabilities, making them a promising alternative antibacterial modality [25, 26]. To enhance their effectiveness, various
synthesis methods have been investigated [27]. Among these methods, Pulsed Laser Ablation in Liquids (PLAL) has gained
significant attention for its one-step, high-quality preparation process [28, 29]. The PLAL technique offers several
advantages, including simple and clean synthesis, ambient conditions without the need for high temperatures or special
physical conditions [30], and the elimination of surfactants, which are typically required in chemical synthesis methods to
create dispersed NPs [31]. The creation of nanoscale transition metal oxides such as copper oxide (CuO), iron oxide (FeO),
titanium oxide (Ti02), and tin oxide (SnO2) has attracted significant interest due to their strong antibacterial activity, high
thermal conductivity, and superior catalytic activity [32]. Among all metal oxides, CuO NPs have drawn the most attention
due to their distinctive characteristics and applications [33-35].

Laser-based photodynamic therapy (Ib-aPDT) is another potential antibacterial therapeutic method. which offers a non-
invasive option for eradicating various infections [36]. Expanding on our previous research, we examine the bactericidal
effectiveness of antibacterial therapies utilizing femtosecond lasers [36, 37], as well as combined therapeutic antibacterial
strategies utilizing various NPs generated with PLAL [38-40].

OBJECTIVES

This research focuses on CuO NPs generated using PLAL. The study examines the effects of irradiating a copper sample
with a pulsed laser at different average powers (500-900 mW) and a constant exposure time of 30 minutes. Measurements
such as optical absorption, average size, and concentration of CuO NPs were performed. Moreover, the in vitro
biocompatibility with retinal epithelial cells and antibacterial activity of the produced NPs have been evaluated in
comparison to or in combination using femtosecond laser light at 400nm wavelength, 50 mW average power, and 159
J/em2 energy density.
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METHODS
Synthesis of CuO NPs by PLAL

A laser model of Nd: YAG (Quanta-Ray PRO-Series 350, which is a Spectra-Physics product) featuring a 10 ns pulsed
duration, which stem the wavelength of 532 nm spectrum, and 10 Hz rate of repetition was utilized in the experiment shown
in Fig. 1 to generate CuO NPs. CuO NPs colloidal solution was generated by exposing a rectangular piece of bulk Cu
measuring 25 x 20 x 2 mm with a purity of nearly 99.99% to the pulsed laser. Before the ablation procedure, the sample
underwent polishing to remove the oxide layer formed from exposure to air, ensuring the bulk surface was smooth and free
of protrusions. Subsequently, the sample was subjected to ultrasonic cleaning with alcohol and ethanol for thirty minutes
to eliminate any remaining organic residues. After being cleaned, the sample was put in a glass container with about 10
mL of distilled water. In order to avoid the laser beam from staying focused on the same point and ensure uniform ablation,
the beaker was subsequently mounted on a rotating apparatus that spun both the target and the water that had been distilled.
To aim the laser beam at the sample, mirrors and a 10.5 cm focal length convex lens were employed. were applied, and the
sample was positioned nearly in the lens's focus.
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Figure 1: Apparatus used in the experiment for producing CuO nanoparticles using pulsed laser ablation in water.
Laser Ablated CuO Nanoparticles Characterization

Using a spectrophotometer (Model: C-7200), the synthesized samples' UV-visible absorption spectra were ascertained. The
morphology and size of the CuO nanoparticles (NPs) were analyzed via transmission electron microscopy (TEM). TEM
images were utilized for size distribution measurements of each sample. The concentration of the synthesized NPs was
quantified employing ICP-OES with synchronized vertical dual view (SVDV) configuration using an Agilent 5100
instrument equipped with a Vapor Generator Accessory (VGA 77).

Microorganism and Culture Conditions.

The study examined two types of bacterial pathogenic organisms: Gram-negative P. aeruginosa (ATCC 9027) and Gram-
positive Staphylococcus aureus, or MRSA (ATCC 43300). Both cultures were cultivated in Brain Heart Infusion (BHI)
broth at 37°C. Prior to treatment, the microbial suspension's optical density was standardized to 0.5 McFarland standard,
corresponding to approximately 1.5x108 colony forming units (CFU/mL). Subsequently, 100 pL aliquots of the
standardized suspensions were dispensed into designated wells of a 96-well microtiter plate.

Femtosecond laser system preparation and treatment of bacterial pathogens

In this investigation, a femtosecond-locked Ti: sapphire laser with an 80 MHz repetitive rate, a typical power level of 1.5—
2.9 W, and wavelengths spanning from 690 to 1040 nm was employed (MAI TAI HP, Spectra-Physics). This laser
apparatus pumped Femtosecond pulses at 400 nm in wavelength were generated by the Spectra-Physics INSPIRE HF100
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laser system.

The output power of the laser was measured using a Newport 843R power meter. The distance of the laser's beam was 10
cm over the 96-well microtiter plate containing the overnight-cultured microbial organisms as shown in Fig. 2. Initially,
the beam diameter was expanded from 2 mm to 10 mm using a beam expander composed of two converging lenses.
Although the adjustable iris (designated as I) was used to modify the laser beam's diameter, the laser attenuator (labeled as
A) was used to reduce the laser power that reached the samples to 50 mW. Laser beam focus on the samples was achieved
by means of mirrors M1 and M2.

Mai-Tai HP
690 nm — 1040 nm
=100 fs

Inspire HF 100
345 nm - 2500 nm

=100t Beam

expander

/_\u

96 well plate with
Bacterial sample

Figure 2: The experimental configuration aims to expose bacteria to femtosecond laser radiation. The laser beam was

directed towards the samples using the highly reflecting mirrors M1 and M2. The laser power that reached the samples

was modulated using an attenuator (designated as A), with a setting of 50 mW for this particular experiment. The laser
beam's diameter was adjusted via an iris (designated as I) that could be adjusted.

Assessment of Growth Kinetics in Gram-Positive and Gram-Negative Bacterial Pathogens Following Femtosecond
Laser and/or CuO NPs Treatments

CuO nanoparticles (NPs) were vortexed at specified concentrations in double-strength BHI broth. Subsequently, 100 pL
of this mixture was added to each well of a 96-well microtiter plate. Using a multichannel pipette, 100 puL aliquots of
prepared bacterial cultures, whether laser-treated or untreated (control), were then added to the plate. Each well of the
microtiter plate contained bacterial suspensions treated as follows: Laser Treatment, where microorganisms were exposed
to femtosecond laser pulses; CuO NPs Treatment, involving the addition of CuO NPs dispersed in BHI broth to bacterial
cultures; and Combined Treatment, where bacterial cultures received both laser treatment and CuO NPs simultaneously.
While the negative control wells contained only BHI broth, the positive control wells contained untreated microorganisms.
The plate was treated and then incubated for 16 hours at 37°C. Every thirty minutes throughout the incubation phase, data
was gathered and each well's optical density (OD) was determined using a microplate reader calibrated to 620 nm.

Growth curve and growth rate analysis (umax) were determined to validate the possible antibacterial effect of CuO NPs.
The following equation was used to obtain pmax , in where t is the time at which umax was reached, Xt is the growth
absorbance at a given time point, and XO is the initial growth absorbance. Xt = X0 exp (umax . t)

Biocompatibility of CuO NPs with ARPE-19 cells evaluated by MTT assay

The MTT method was used to examine the metabolic process of the adult retinal pigment epithelial cell line (ARPE-19) in
order to evaluate the biocompatibility of produced CuO nanoparticles (NPs). This colorimetric method relies on the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), a yellow tetrazolium salt, to purple
formazan crystals by metabolically active cells. ARPE-19 cells were cultured in T-75 tissue culture flasks supplemented
with 10% v/v fetal bovine serum and 1% antibiotic-antimycotic solution, along with RPMI 1640 medium. The cells were
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cultured for 48 hours at 37°C in a CO2 incubator before being separated using trypsin. Then, cells were sown at a density
of 4 x 104 cells/cm?2 into a 96-well microtiter plate (100 pL/well). After overnight incubation to enhance adhesion, the cell
monolayer was subjected to a two-fold multiple dilution of CuO NPs and cultured for an additional day at 37°C in CO2
incubators.

After the incubation period, cellular morphology changes due to CuO NPs treatment were assessed using a phase-contrast
inverted microscope. After that, the cells were treated with an MTT solution (0.5 mg/mL) for 4 hours at 37 °C. Following
removing excess medium, the formazan generated by metabolically active cells were dissolved in DMSO, and the intensity
of absorption was determined at 570 nm using a plate microtiter analyzer. To calculate the proportions of cytotoxicity and
cell viability, the following formulas were utilized:

% cytotoxicity = 1 — (mean absorbance of treated cells/mean absorbance of control).
% viability = 100 - % cytotoxicity.
Statistical analysis

Data analysis included plotting growth curves to monitor microbial proliferation over time, followed by assessing growth
rates and kinetics. Mean values =+ standard error were utilized for data representation. Tukey's post hoc test and one-way
ANOVA were carried out using GraphPad Prism 7 software for statistical analyses compared to multiple groups. Statistical
significance was set at P < 0.05. Within a class II biological safety cabinet (MSC-Advantage™), a sterile laminar flow
hood, the experimental procedures were carried out in triplicate.

Lorem ipsum dolor sit amet, consectetur adipiscing elit, sed do eiusmod tempor incididunt ut labore et dolore magna aliqua.
Oreci a scelerisque purus semper eget duis at tellus at. Quisque egestas diam in arcu cursus. Pulvinar mattis nunc sed blandit.
Tempus iaculis urna id volutpat lacus laoreet non curabitur. Morbi tincidunt ornare massa eget egestas purus viverra
accumsan in. Vehicula ipsum a arcu cursus. Sapien et ligula ullamcorper malesuada proin. Ut diam quam nulla porttitor.
Tincidunt dui ut ornare lectus sit. Neque ornare aenean euismod elementum nisi quis eleifend. Mus mauris vitae ultricies
leo integer. In nulla posuere sollicitudin aliquam ultrices. Eget duis at tellus at urna condimentum mattis. Tellus molestie
nunc non blandit. Quam quisque id diam vel quam elementum pulvinar. Integer quis auctor elit sed vulputate mi.
Pellentesque elit eget gravida cum sociis natoque penatibus et. Aliquet risus feugiat in ante. Commodo ullamcorper a lacus
vestibulum sed.

Congue nisi vitae suscipit tellus mauris a diam maecenas. Aliquet nec ullamcorper sit amet risus. Pulvinar sapien et ligula
ullamcorper malesuada proin libero nunc consequat. Non consectetur a erat nam at lectus urna duis convallis. Purus viverra
accumsan in nisl nisi scelerisque eu. Netus et malesuada fames ac turpis egestas maecenas pharetra convallis. Sed turpis
tincidunt id aliquet. Et malesuada fames ac turpis egestas sed tempus urna et. In dictum non consectetur a erat nam at.
Nulla aliquet porttitor lacus luctus accumsan tortor posuere. Nunc consequat interdum varius sit amet mattis vulputate enim
nulla. Cras tincidunt lobortis feugiat vivamus. Venenatis a condimentum vitae sapien pellentesque habitant morbi. Suscipit
adipiscing bibendum est ultricies integer. Et ultrices neque ornare aenean. Ut porttitor leo a diam sollicitudin tempor id eu.
Lorem ipsum dolor sit amet consectetur adipiscing elit. Morbi tincidunt ornare massa eget egestas purus viverra accumsan
in. Sit amet consectetur adipiscing elit duis tristique.

Ipsum dolor sit amet consectetur adipiscing. Arcu felis bibendum ut tristique. Lectus sit amet est placerat in egestas. In
massa tempor nec feugiat nisl pretium. Vel pharetra vel turpis nunc eget lorem dolor. Ornare aenean euismod elementum
nisi quis eleifend quam. Tellus id interdum velit laoreet id donec. Eget arcu dictum varius duis at consectetur lorem donec
massa. Amet facilisis magna etiam tempor orci eu lobortis. Consectetur adipiscing elit duis tristique sollicitudin.
Pellentesque dignissim enim sit amet venenatis urna cursus eget.

Pellentesque adipiscing commodo elit at imperdiet. Lectus proin nibh nisl condimentum id venenatis. Dignissim diam quis
enim lobortis scelerisque fermentum dui faucibus in. Volutpat diam ut venenatis tellus. Vehicula ipsum a arcu cursus vitae.
Volutpat maecenas volutpat blandit aliquam etiam. Sed id semper risus in. Eget nulla facilisi etiam dignissim diam quis
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enim lobortis scelerisque. Tellus in hac habitasse platea dictumst. Non enim praesent elementum facilisis leo. A cras semper
auctor neque vitae tempus quam pellentesque. Dolor magna eget est lorem ipsum dolor sit amet consectetur.

Neque laoreet suspendisse interdum consectetur libero id faucibus. Ac turpis egestas maecenas pharetra convallis. Sagittis
aliquam malesuada bibendum arcu vitae elementum curabitur vitae nunc. Nulla facilisi cras fermentum odio eu feugiat
pretium nibh. Tortor at auctor urna nunc id cursus. Bibendum enim facilisis gravida neque convallis a cras semper auctor.
Feugiat vivamus at augue eget arcu. Et netus et malesuada fames ac turpis egestas. Quisque id diam vel quam elementum.
Amet est placerat in egestas erat. Egestas maecenas pharetra convallis posuere morbi leo. Sagittis aliquam malesuada
bibendum arcu vitae. Ultricies lacus sed turpis tincidunt id aliquet risus. Ipsum dolor sit amet consectetur adipiscing elit.
Cursus sit amet dictum sit amet justo donec.

RESULTS & DISCUSSION

The color of CuO nanoparticles (NPs) prepared by pulsed laser ablation in liquid is shown in Fig. 3. The color variation
was generated due to the high absorption and light scattering induced by the CuO NPs. The absorption and scattering
impacts are highly dependent on the concentration of the created NPs as illustrated in Fig. 3. Due to the ablation producer,
the solutions gained an olive color, which is attributed to the presence of CuO nanoparticles. It was found that intensity of
the olive color varied with an average power which may indicate that the optical characteristics also depend on particle
density. The UV-absorption spectrum of CuO nanoparticles (NPs) is illustrated in Fig. 4, determined using a
spectrophotometer (Model: C-7200). The surface plasmon resonance (SPR) of CuO NPs absorption peaks appears in the
range of 200-300 [41]. This figure shows the effects of different average powers (500-900) mW at a constant exposure
time of 30 min. Moreover, it was observed that with increased average power from 500 mW to 900 mW, the intensity of
the absorption peaks exhibited to be greater. The increase of peak absorbance indicates that the concentration of CuO
nanoparticles increased, additionally, the intensity of color increased.
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Figure 3: CuO NPs colloidal solutions were synthesized by pulsed laser ablation in liquid at a constant exposure duration
of 30 minutes with varying average laser powers: (a) 500 mW, (b) 600 mW, (c) 700 mW, (d) 800 mW, and (e) 900 mW.
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Figure 4: UV/Vis absorption spectrum of CuO NPs synthesized via pulsed laser ablation at different average powers
(500-900 mW).

The CuO nanoparticles (NPs) were analyzed for their structure and average size using a 200 kV transmission electron
microscope (HR-TEM, JEM-2100, Joel, Japan). A little amount of the colloidal solution was placed onto a copper grid that
had been coated using carbon, and the grid was left to dry at room temperature to prepare the samples for TEM
investigation. The diameters of several dispersed particles were measured in TEM images using the software ImagelJ to
estimate the particle size [42]. Fig. 5 illustrates the size distribution histogram of CuO NPs colloidal solutions prepared by
pulsed laser ablation at various average powers (500-900 mW) with a constant exposure time of 30 minutes. The TEM
images of colloidal CuO NPs created by pulsed laser ablation, shown in the insets of Fig. 5a-e, confirm that the synthesized
CuO NPs were spherical. When the Cu sample was exposed to average powers of 500, 600, 700, 800, and 900 mW, the
average sizes of the CuO NPs were 6.5, 6.0, 5.7, 5.6, and 4.6 nm, respectively.
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Figure 5: Histogram showing the size distribution of CuO NPs colloidal solutions synthesized at different average powers:
(a) 500 mW, (b) 600 mW, (c) 700 mW, (d) 800 mW, and (e) 900 mW, with a constant exposure time of 30 minutes. TEM
images demonstrating the morphology of the synthesized CuO NPs are inset in panels (a)-(e).

The relationship between the variation in average NP size and various average powers (500-900 mW) at a constant exposure
time of 30 minutes is plotted in Fig. 6. The figure demonstrates that as the average power increases from 500 mW to 900
mW, the average nanoparticle sizes decrease from 6.5 nm to 4.6 nm. This trend illustrates the fragmentation mechanism
observed in nanoparticle sizes with increasing average power [38, 43, 44].

91 Exposure time =30 min = Exp. data

Linear fit

Avg.NPs size (nm)
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Avg. power (mW)

Figure 6: Variation in the average size of CuO NPs with different average powers (500-900 mW) at a constant exposure
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time of 30 minutes.

Using an Agilent 5100 Synchronous Vertical Dual View (SVDV) ICP-OES and an Agilent Vapor Generation Accessory
VGA 77, an inductively coupled plasma was used to quantify the amount of CuO NPs produced by pulsed laser ablation
in water. The effect of different average powers on the concentration of CuO NPs colloidal is shown in Fig. 7. The figure
demonstrates that the concentration of CuO NPs colloidal increased with the average power. As mentioned in Fig. 4, the
increase in absorption intensity and solution color intensity of CuO NPs indicates a rise in the concentration of CuO NPs.
The concentrations are 13.2, 14, 22.6, 32, and 50 mg/L at average powers of 500, 600, 700, 800, and 900 mW, respectively,
with a constant exposure time of 30 minutes. Increasing the exposure of the copper sample to a higher average power of
900 mW resulted in a concentration of CuO NPs suspended in distilled water reaching 50 mg/L, compared to the lower
concentrations at reduced average powers.

50 . Ei);pe.ac:af:: Exposure time=30 min ™

40 1
304

20 1

Concentration (mg/L)

104

500 600 700 800 900
Avg.power (mW)

Figure 7: Variation in the concentration of CuO NPs with different average powers (500-900 mW) at a constant
exposure time of 30 minutes.

Our latest study [45] investigated the impact of 1b-aPDT on the growth kinetics of Staphylococcus aureus. We studied the
possibility of increasing therapeutic efficacy by femtosecond laser parameter adjustment. A 15-minute exposure to a
femtosecond laser at 390 nm or 400 nm wavelengths, with an average power output of 50 mW, was shown to cause a
significant decrease in bacterial viability. In this study, we subjected different microbial cultures to a 400 nm femtosecond
laser, delivering an energy density of 159 J/cm?2. This wavelength, situated within the visible spectrum, is regarded as safer
for therapeutic use compared to shorter wavelengths [46, 47]. These results indicate that the 400 nm wavelength is a
promising candidate for clinical applications. The antibacterial effects of lasers and other light-based technologies are
generally attributed to the production of reactive oxygen species (ROS), which serve as the primary mediators of the
antimicrobial activity observed at specific wavelengths. ROS are byproducts of cellular oxidative metabolism and, at
optimal levels, benefit cellular functions [48]. However, external stimuli can significantly increase ROS levels [48], and
excessive amounts of ROS can have detrimental effects on cell differentiation, signaling, and viability [49].

The impact of a 400 nm femtosecond laser and/or CuO nanoparticles (NPs), synthesized via laser ablation at different
energies, on the growth of Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa was
investigated. As depicted in Fig. 8, we analyzed the effects of CuO NPs with varying sizes: sample (a) with an average size
of 6.5 nm, sample (b) with 6.0 nm, sample (c) with 5.7 nm, sample (d) with 5.6 nm, and sample (e) with 4.6 nm, all at a
fixed concentration of 13.2 pg/mL.

The growth kinetics of S. aureus and P. aeruginosa were assessed, as shown in Fig. 9. Cultures treated with the laser
exhibited markedly slower growth and significantly reduced growth kinetics (Y-axis) compared to untreated control
cultures (X-axis), with a P-value < 0.0001. These results demonstrate that laser irradiation effectively suppressed the

3516



Frontiers in Health Informatics www.healthinformaticsjournal.com
ISSN-Online: 2676-7104

growth kinetics of both pathogens in vitro. In contrast, the NPs treatment alone did not produce a significant effect, likely
due to the relatively low concentration of 13.2 pg/mL used in this study [50, 51].

Growth Kinetics Analysis of
methicillin-resistant Staphylococcus aureus
after femtosecond Laserand/or CuO NPs treatment

d:60
0.75]
0.70-]
0.65]
0.60-]
0.55-]

< 0.504

1=
£ 045
% 0.40-
o
= 0.35
2. 0.30-

Figure 8: The bar graph presents the growth kinetics of methicillin-resistant Staphylococcus aureus (MRSA), comparing
the log-phase growth rates of control cultures (C) with those subjected to different treatments: laser treatment (L), CuO NP
treatment (C + a, b, ¢, d, or e), and combined laser and CuO NP treatment (L + a, b, c, d, or ¢). The femtosecond laser
operated at a wavelength of 400 nm, with an average power of 50 mW applied for 15 minutes. Five distinct samples of
CuO NPs were used: sample (a) with an average size of 6.5 nm, sample (b) with 6.0 nm, sample (c) with 5.7 nm, sample
(d) with 5.6 nm, and sample (e) with 4.6 nm, each at a concentration of 13.2 pg/mL. Statistical significance was assessed
using ANOVA followed by Tukey's test (**** P < 0.0001, *** P <0.001, ** P <0.01, * P <0.05).

Growth Kinetics Analysis of Pseudomonas aeruginosa
after femtosecond Laser and/or CuO NPs treatment

0.80
0.754
0.704
0.65+

Figure 9: The bar graph illustrates the growth kinetics of Pseudomonas aeruginosa, comparing the log-phase growth rates
of control cultures (C) with those subjected to different treatments: laser treatment (L), CuO NP treatment (C + a, b, ¢, d,
or e), and combined laser and CuO NP treatment (L + a, b, ¢, d, or e). The femtosecond laser was applied at a wavelength
of 400 nm with an average power of 50 mW for 15 minutes. Cultures were treated with five different samples of CuO NPs:
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sample (a) with an average size of 6.5 nm, sample (b) with 6.0 nm, sample (¢) with 5.7 nm, sample (d) with 5.6 nm, and
sample (e) with 4.6 nm, each at a concentration of 13.2 ug/mL. Statistical significance was evaluated using ANOVA
followed by Tukey's test (**** P < 0.0001, *** P <0.001, ** P <0.01, * P <0.05).

Seeking enhancement of the CuO NPs’ antibacterial efficacy we studied the photoactivation of CuO NPs, sample (e), by
exposing them to femtosecond laser prior to addition to the tested pathogens. The irradiation parameters used for
photoactivation were almost the same exposure parameters of the experiment except the wavelength, which was selected
to be 370 nm, a wavelength included in the absorption spectrum of the prepared sample as shown before in Fig. 4, and the
bacterial Growth kinetics after treated with these photoactivated NPs were compared to nonactivated ones as shown in Fig,
10. Again the effect of CuO NPs was not evident which could be attributed to their low concentration of 13.2 pg/mL.

Growth Kinetics Analysis of
methicillin-resi: Staphyl is aureus and Pseudomonas aeruginosa
after femtosecond Laser and/or CuO NPs treatment
“Effect of pre-activated CuO NPs”
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Figure 10: The bar graph shows the growth kinetics of (a) methicillin-resistant Staphylococcus aureus and (b)
Pseudomonas aeruginosa, comparing the log-phase growth rates of control cultures (C) with those treated under various
conditions: laser treatment (L), CuO NP treatment (C + e), laser + CuO NP treatment (L + ¢), and preactivated CuO NPs.
The femtosecond laser was applied at a wavelength of 400 nm with an average power of 50 mW for 15 minutes. Cultures
were exposed to a selected sample of CuO NPs (sample ¢) with an average size of 4.6 nm, all at a concentration of 13.2
pg/mL. Statistical significance was determined using ANOVA followed by Tukey's test (**** P < 0.0001, *** P < 0.001,
** P <0.01, * P<0.05).

At a laser ablation power of 900 mW, CuO nanoparticles (NPs) were produced at higher concentrations (~50 pg/mL in
sample (e)). The effect of gradually increasing these concentrations on the growth kinetics of S. aureus and P. aeruginosa
was tested, as depicted in Fig. 11. The figure shows that the antibacterial effect of CuO NPs increases with higher
concentrations for both pathogens. Similar conclusions were drawn from laser-treated samples; however, the impact of
femtosecond laser treatment on the growth kinetics of both pathogens was so pronounced that it overshadowed the effect
of combined therapy.
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Figure 11: The graph illustrates the growth kinetics of (a) methicillin-resistant Staphylococcus aureus and (b)
Pseudomonas aeruginosa. It compares the growth rates during the logarithmic phase between control cultures (C) and those
subjected to laser treatment (L) with varying concentrations (0, 6.25, 12.5, 25, and 50 pg/mL) of CuO nanoparticles (NPs)
with an average size of 4.6 nm. The femtosecond laser treatment was administered at a wavelength of 400 nm with an
average power of 50 mW for a duration of 15 minutes. Statistical significance was assessed using ANOVA followed by
Tukey's test (¥*** P <(0.0001, *** P <0.001, ** P <0.01, * P <0.05).

Overall, CuO NPs in a concentration-dependent consequence could show antimicrobial tendence against both Gram-
positive and Gram-negative pathogens exhibiting a “contact-killing” mechanism. This mechanism was previously observed
in different studies [52-54]. We can recommend using parameter 900 mW for the preparation of CuO NPs by PLAL as it
gives higher concentrations with even smaller sizes for further antibacterial investigations. However, seeking an alternative
treatment should highlight the biocompatibility of the approach for a successful clinical application. Hence the
biocompatibility of the freshly produced CuO NPs by PLAL was tested with retinal epithelial cells ARPE-19 cells
evaluated by MTT assay as shown in Fig. 12. As widely known, the cytotoxic effects of CuO NPs are a huge concern
which was also evident in our study with variations that could be attributed to the variation of the final concentration of
each sample.
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Figure 12: The bar graph shows the survival percentage of ARPE-19 cells following exposure to different concentrations
of freshly prepared CuO nanoparticles synthesized via pulsed laser ablation in liquid (PLAL). Statistical significance was
determined using ANOVA with subsequent Tukey's test (¥**** P <(0.0001, *** P <0.001, ** P <0.01, * P <0.05).
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Our findings suggest that combining femtosecond laser and CuO NPs might greatly inhibit bacterial growth in all tested
bacteria, potentially minimizing their harmful impacts in many scenarios. Using CuO NPs as an alternative antibacterial
modality is still a trade of between the higher effects with increasing concentration and the safety concerns of this approach
even with PLAL synthesis method that is why research proposals like the preparation of alloy nanoparticles are being
investigated to mask the toxicity while enabling the effect to take place, which will be the focus of our following research
investigations [55, 56].

CONCLUSIONS

This study introduces a new perspective on the synthesis of CuO NPs using the pulsed laser ablation technique and their
potential for treating various ocular infections. The physicochemical properties of nanoparticles produced by PLAL are
significantly influenced by preparation conditions and laser parameters. Our research demonstrates that using a 532 nm,
10 Hz nanosecond laser system with laser power ranging from 500 to 900 mW and a constant exposure duration of 30
minutes, CuO NPs consistently maintained particle sizes within the range of quantum dots (4.6 - 6.5 nm). Notably, the
highest concentration of CuO NPs was achieved at a laser power of 900 mW. Our findings indicate that CuO NPs exhibit
a concentration-dependent antibacterial activity against both Gram-positive and Gram-negative bacteria, either
independently at higher concentrations or in combination with femtosecond laser treatment at 400 nm. However, the safety
and long-term effects of CuO NPs on the body remain major barriers to their clinical use, underscoring the need for
continued research into novel or modified NP production methods.REFRENCES
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