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Abstract

The synthesis of bimetallic nanoparticles (BNPs) has garnered significant interest due to their superior physicochemical and biological
properties compared to monometallic nanoparticles (MNPs). In this study, Ag/Au alloy nanoparticles were synthesized via pulsed laser
ablation in liquid (PLAL) and characterized for their optical, morphological, and antibacterial properties. The formation of Ag/Au alloy
nanoparticles was characterized through UV-Vis spectroscopy, transmission electron microscopy (TEM), and inductively coupled plasma
(ICP) analysis. The antibacterial efficacy of the synthesized nanoparticles was evaluated against Methicillin-Resistant Staphylococcus aureus
(MRSA) in vitro. Additionally, a femtosecond laser at 400 nm wavelength was employed to assess the synergistic effects of laser irradiation
and Ag/Au alloy nanoparticles on bacterial viability. Growth kinetics analysis revealed that femtosecond laser treatment alone significantly
reduced bacterial proliferation (P < 0.0001), whereas Ag/Au alloy nanoparticles required higher concentrations to exhibit noticeable
antibacterial effects. The combination of both approaches resulted in the most pronounced bacterial growth inhibition. This study unlocked a
new perception of synthesizing Ag/Au alloy nanoparticles via the laser ablation technique and their potential application in treating various
ocular infections particularly when used in conjunction with femtosecond laser-based antimicrobial photodynamic therapy. To our
knowledge, this is the first study to report the combined use of femtosecond laser irradiation and PLAL-synthesized Ag/Au alloy NPs for
antimicrobial photodynamic therapy, offering a novel approach to combating drug-resistant eye pathogens. Further studies are needed to
optimize the synthesis parameters and evaluate the biocompatibility of these nanoparticles for future clinical applications.

Keywords: Eye infection; Laser ablation, antibacterial, Ag/Au alloy nanoparticles, Biocompatibility, photodynamic therapy, Gram-positive
bacteria, Femtosecond laser, Quantum dots, MRSA.

1. Introduction

Monometallic nanoparticles (MNPs) have attracted considerable interest from researchers due to their exceptional optical,
biological, electrical, and chemical properties [1-3]. In contrast, bimetallic nanoparticles (BNPs) have opened new avenues by
offering superior features compared to MNPs, thanks to their synergistic effects [4]. The shape, size, and composition of
BNPs significantly influence their electrical, biological, optical, and catalytic properties, providing enhanced stability and
diffusion by fine-tuning the plasmonic band with an added degree of flexibility [4,5]. Notably, BNPs generally demonstrate
greater catalytic efficiency and selectivity than MNPs, especially in catalytic reaction processes [5]. Compared to MNPs,
BNPs have garnered greater interest due to the dual functionalities offered by each metallic component, along with enhanced
or newly discovered properties that hold significant application potential [5]. Ag/Au bimetallic nanoparticles have garnered
considerable interest owing to their exceptional and unique properties [4-6]. Ag/Au alloy NPs have been utilized in many
areas, such as antibacterial [7], drug delivery, cancer therapy [8], and nanoscale optical biosensors [9]. Currently, there are
various methods of synthesizing NPs, the most employed among them being chemical techniques [10,11]. However, these
techniques have their drawbacks, one of which is their toxicity. The most efficient approach is to use lasers, which are more
effective due to their ability to precisely control the laser radiation parameters, which helps to produce NPs with the proper
composition and morphology. The most widely used are laser ablation methods in liquid, vacuum, or gas [12-17]. Laser
ablation is a physical method for nanoparticle synthesis that operates predominantly through a top-down approach, where
nanoscale clusters are formed by removing small particles, such as atoms or ions, from a bulk material. In laser-based
procedures, the bulk material is heated to a high temperature using a laser, and then the vapors condense to produce
nanoparticles [18]. Severe ocular infections caused by bacteria, viruses, fungi, or parasites can lead to visual impairments or
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blindness if not properly treated [1,2]. Gram-positive and Gram-negative bacterial pathogens collectively account for
approximately 32% to 74% of eye infections globally [3,4]. The risk of developing an eye infection depends on the specific
type of bacterial pathogen involved [5]. Staphylococcus aureus is recognized worldwide as one of the most prevalent Gram-
positive bacteria linked to ocular infections [6,7]. Due to the continual overuse and misuse of antibacterial medications,
bacterial pathogens are developing antibiotic resistance at a rapid rate [8], which explains the continuous need for cutting-
edge alternative antibacterial therapies [9]. Nanomaterial-based therapeutic strategies have recently emerged as a highly
promising alternative for antimicrobial applications, attracting considerable attention due to their beneficial biological
attributes, including superior biocompatibility, remarkable adsorption capabilities, and the potential for easy surface
modification [10]. The antimicrobial activities of diverse metal and metal oxide nanoparticles, including silver, zinc oxide,
titanium oxide, and gold, have been the focus of extensive research [11,12]. Seeking a synergistic effect enhances the
antibacterial properties while maintaining biocompatibility.

Laser-based antimicrobial photodynamic therapy (Ib-aPDT) is another promising treatment strategy, offering a non-invasive
approach for effectively eradicating various infections [13]. Building on our earlier research on the bactericidal value of
femtosecond laser-based treatment [14,15], as well as the combination therapeutic antibacterial strategy utilizing various NPs
generated with PLAL [15-17]. Nanomaterial-based therapeutic strategies have recently emerged as a highly promising
alternative for antimicrobial applications, attracting considerable attention due to their biological attributes, including superior
biocompatibility, remarkable adsorption capabilities, and easy surface modification [18]. The antimicrobial actions of metal-
based nanoparticles such as silver, zinc oxide, and titanium oxide have been investigated against a wide range of pathogens,
including fungal species. Notably, silver nanoparticles have also demonstrated antifungal properties, as shown in their activity
against Aspergillus niger, expanding their antimicrobial spectrum beyond bacteria [18].

In this research, Ag/Au alloy NPs were generated using PLAL, and the effect of irradiating a mixture of the prepared
nanoparticles with a pulsed laser at different average powers (500-900) mW and different exposure times (5 - 30 min) was
studied as well as some measurements such as optical transmission and absorption, average size, and concentration of Ag/Au
alloy NPs were performed. Additionally, the antibacterial efficacy of the synthesized nanoparticles was evaluated in vitro,
both independently and in conjunction with femtosecond laser irradiation at a 400 nm wavelength, which lies in the visible
spectrum and has shown promising safety and efficacy in previous antimicrobial studies, with an average power of 50 mW
and an energy density of 159 J/cm?2. For the photoactivation experiment, a wavelength of 370 nm was also employed due to its
overlap with the absorption peak of Ag/Au alloy NPs, ensuring optimal excitation and potential enhancement of antibacterial
effects.

The main objective of this study is to investigate the synergistic antibacterial effects of femtosecond laser irradiation
combined with Ag/Au alloy nanoparticles synthesized by PLAL, and to evaluate their potential as a novel therapeutic
approach against drug-resistant ocular pathogens

2. Materials and Methods

2.1. Laser ablation and production of TiO2-NPs

As illustrated in Fig. 1, nanoparticles (NPs) were synthesized using standard pulsed laser ablation in water, employing an Nd:
YAG laser (Quanta-Ray Pro-350) with a 532 nm wavelength, a 10 ns pulse duration, and a 10 Hz repetition rate. The
synthesis of gold/silver alloy nanoparticles was carried out in two stages: first, separate ablation of high-purity (99.99%)
square bulk samples of silver and gold, each measuring 20x20x2 mm, was performed using pulsed laser irradiation.

The primary phase focused on the synthesis of Au and Ag nanoparticles, adhering to specific preparatory procedures. This
included polishing the bulk Au and Ag samples to detach any oxide layers, ensuring their surfaces were smooth and free of
burrs. The polished samples were then subjected to ultrasonic cleaning for 30 minutes using deionized water and ethanol to
eliminate any organic residues. Following this, each sample was positioned at the bottommost of a beaker containing 10 ml of
purified water, with the beaker securely attached to a monitoring speed device for precise control throughout the process. This
device rotates the beaker with the sample together at the same time to avoid engraving the sample or centering the laser beam
on the same point during the ablation process. Additionally, the speed had been adjusted to approximately 177 RPM.

A 10.5 cm convex lens was employed in the experimental setup. Additionally, the distance from the sample to the lens at the
focus was measured. Furthermore, the diameter of the laser beam at this distance is about 2 mm. At this stage of the
experiment, Au and Ag nanoparticles were synthesized by optimizing the exposure time to 30 minutes and the average power
to 700 mW. The second step involved the preparation of Au /Ag alloy nanoparticles using the standard setup illustrated in Fig.
1, with the exception that the convex lens was not employed. We added Ag and Au NP solutions at an equal volume ratio of 6
ml to 6 ml (1:1). Next, the combination was re-irradiated by the pulsed laser at various average powers of 500 - 900 mW and
various exposure times of 5-30 min. After the preparation of a mixture of Au/ Ag alloy NPs, various characteristics were
measured, including measuring the optical transmission spectrum by utilizing an ultraviolet-visible spectrophotometer and
identifying the structure and average size diffusion of NPs by utilizing the transmission electron microscope. Additionally, the
concentration of the colloidal nanoparticles was determined using an inductively coupled plasma (ICP) device.
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Figure 1: A schematic representation of the setup for the synthesis of monometallic nanoparticles using pulsed laser ablation in liquid

2.2. Microorganism and Cultural Conditions

The Gram-positive bacterial strain investigated in this research is Methicillin Resistant Staphylococcus aureus ATCC 43300
(MRSA), which was cultivated in Brain Heart Infusion (BHI) broth and incubated at 37°C. Before treatment, the microbial
suspension's turbidity was adjusted to the 0.5 McFarland standard (approximately 1.5x10® CFU/mL). Following this, a 100 uL
portion of the prepared suspension was dispensed into a 96-well microplate at specified wells.

2.3. Preparation and Treatment of Bacterial Pathogens Using a Femtosecond Laser System

In this study, a femtosecond mode-locked Ti: sapphire laser (MAI TAI HP, Spectra-Physics) was employed, delivering a
typical power of 1.5 — 2.9 W, operating at a repetition rate of 80 MHz, and emitting wavelengths in the 690 — 1040 nm range.
This laser served as a pump for the laser system - INSPIRE HF100 (Spectra-Physics), which generated 400 nm femtosecond
laser pulses.

As depicted in Fig. 2, a power meter (Newport 843R) was utilized to measure the laser's output power. Positioned 10 cm
above overnight-cultured microorganisms in a 96-well microtiter plate, a beam expander with two converging lenses was used
to enlarge the laser beam diameter from 2 mm to 10 mm. A laser attenuator (designated A) regulated the power reaching the
samples to 50 mW, and an adjustable iris (designated I) controlled the beam diameter. The laser beam was directed toward the
samples using mirrors M1 and M2.

Attenuator
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~
Inspire HF 100 >
Bacterial
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96-well plate

Figure 2: Setup for exposing bacteria to femtosecond laser irradiation. The laser beam was directed toward the samples using
mirrors M1 and M2. An attenuator (denoted as A) was used to regulate the laser intensity, adjusting the power to 50 mW directed to
the samples. Additionally, to adjust the beam diameter as required for the experiment, an adjustable iris (denoted as I) was used

2.4. Assessment of Growth Kinetics in MRSA Following Femtosecond Laser and/or Au/Ag alloy NPs Treatments
The Au/Ag alloy NPs were mixed at specified concentrations in double-strength BHI broth using a vortex mixer. Following
this, 100 pL of the prepared suspension was dispensed into each well of a 96-well microtiter plate. Using a multichannel
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pipette, 100 pL 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; Au/Ag alloy NPs Treatment, involving the addition of Au/Ag
alloy NPs dispersed in BHI broth to bacterial cultures; and Combined Treatment, where bacterial cultures received both laser
treatment and Ag/Au alloy NPs simultaneously. Microorganisms without treatment were placed in the positive control wells,
while the wells contained only BHI broth represented negative control. After treatment, the plate was incubated for 16 hours
at 37°C, during which optical density (OD) readings at a wavelength of 620 nm were taken every 30 minutes using a
microplate reader. To evaluate the potential antibacterial capabilities of the Au/Ag alloy NPs, growth curves and the
maximum growth rate (umax) were analyzed. The umax value was calculated using the following equation: X, = X, exp (U max
. t), where X, represents the absorbance at a specific time point, X, is the initial absorbance, and t denotes the time
corresponding to My

2.5. 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 was utilized for data representation. Using GraphPad Prism 7 software, one-
way ANOVA was performed for statistical comparisons among multiple groups, followed by Tukey's post hoc test. A P-value
of less than 0.05 was deemed statistically significant. All experimental procedures were performed in triplicate under sterile
conditions.

3. Results and discussion

The transmission spectrum of Au and Ag nanoparticles produced by pulsed laser ablation and examined with a UV-Vis
spectrophotometer (Model: C-7200) are shown in Fig. 3. The nanoparticles were exposed for 30 minutes at an average power
of 700 mW. Their distinct colloidal coloration indicates variations in composition and microstructure [19]. These
nanoparticles exhibit characteristic solution colors, a property arising from free electrons' collective oscillation that is
triggered by the incident light's oscillating electromagnetic field, a phenomenon described by Mie theory as surface plasmon
resonance (SPR) [20]. As depicted in Fig. 3, the SPR for Au and Ag nanoparticles was apparent at 506 nm and 409 nm,
respectively. The nanoparticles' sphere-like morphology is indicated by the appearance of a single SPR peak [21,22].
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Figure 3: Transmission spectrum of Ag and Au NPs after pulsed laser ablation in liquid with insects of the absorption spectrum

10

Metal oxide nanoparticles, particularly Ag/Au alloy NPs, have lately garnered interest for their antimicrobial capabilities.
Titanium-based nanoparticles also exhibit excellent antibacterial properties and biocompatibility, especially when
biosynthesized, making them highly suitable for medical use [23].

Following the completion of the initial step, which involved synthesizing the individual Au and Ag NPs, we moved on to the
second step, which involved creating Au/Ag alloy NPs. An equal ratio of 1:1 Au and Ag colloidal NPs was mixed to estimate
the interactions between Au and Ag NPs. Additionally, before re-irradiation through a pulsed laser, the transmission spectrum
of the combination was measured. Figure 4 illustrates the measured transmission and absorption spectrum of the colloidal
Au/Ag alloy NPs combination. As shown, there are two distinct peaks for Au and Ag NPs in the combination. And the
bimodal spectrum's peak positions match the Au and Ag NPs' SPR absorption peaks. Due to the various volumes of
nanoparticles examined using a spectrophotometer, the absorption spectrum of the Au/Ag nanoparticle colloid mixture was
diminished, as shown in Fig. 4. A 2 ml colloidal solution was used to record the transmission spectra of the Au and Ag
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nanoparticles. However, for the combined colloid, equal volumes of 1 ml each of the Au and Ag nanoparticle solutions were
mixed, ensuring the total volume remained consistent. Reducing the volume of each NP colloidal solution by half resulted in a
decline in overall absorption.
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Figure 4: Transmission spectrum of Ag and Au (solid) NPs synthesized by pulsed laser ablation in liquid and the combination of
Ag/Au (dished dot) NPs before reirradiation

Experiments were conducted to determine the effects of varying average powers and exposure durations on the formation of
Ag/Au alloy NPs following the combination of an equal ratio of Ag to Au NPs. First, at a 15-minute exposure time, the effects
of reirradiation of a mixture of Au/Ag NPs with different average powers (500-900 mW) were investigated. Figure 5(a)
clarifies the transmission spectrum of Au/Ag alloy NPs at various average powers. At an average power of 500 mW, two clear
peaks recognized to Au and Ag NPs, and bandwidth (AL) was 178 nm. Additionally, there was a minor blueshift in the SPR
for the Au NPs and a redshift in the SPR for the Ag NPs. The change in optical properties of the colloidal solution NPs
highlighted the high sensitivity of the UV-Vis absorption spectrums to variations in their morphology and optical properties
[24]. At an average power of 700 mW, there was a slight shift in the two absorption peaks of the Au and Ag NPs, and the
bandwidth shrank to 135 nm from 500 mW. Furthermore, the bandwidth decreased from 500 to 700 mW to 127 nm upon re-
irradiation of the Ag/Au NP mixture at a high average power of 900 mW. A comparatively narrow peak is noticeable at 441
nm. Au/Ag alloy NP production was verified by the gradual alteration of the bimodal peak colloidal to narrow single SPR
absorption peak. Numerous studies confirm that a single SPR peak is a reliable indicator of Au/Ag alloy NPs [24-27].

Second, as shown in Fig. 5(b), the effects of various exposure times 5 - 30 min at a constant Avg. power of 700 mW on the re-
irradiation of Au/Ag alloy NPs were estimated. At 5 minutes, the absorption peak with a bandwidth (A)A) of 218 nm
significantly broadened, and two separate SPR peaks associated with Ag and Au NPs were visible. When a mixture of Ag and
Au NPs was re-irradiated to an exposure time of 15 min, it was found that the bandwidth of the peak dropped to a value of 5
min and accessed 135 nm. Furthermore, there were two peaks attributed to Ag and Au NPs. Additionally, when a mixture was
exposed to 30 minutes of radiation, its peak intensity decreased to a level equivalent to that at 15 minutes, and the bandwidth
was increased to 129 nm. At 454 nm, a comparatively solitary peak emerged. When the bimodal colloid gradually
transformed into a single SPR absorption peak, it was demonstrated that Ag/Au alloys were created.
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Figure 5: Transmission spectrum of Au/Ag alloy NPs after (a) At fixed exposure time of 15 min and average power ranging from 500
to 900 mW, and (b) At fixed average power of 700 mW and various exposure times from 5 to 30 min.
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Using an inductively coupled plasma (ICP) device (Agilent 5100 Synchronous Vertical Dual View (SVDV) ICP-OES, with
Agilent Vapour Generation Accessory VGA 77), the concentrations of Au and Ag NPs were determined to be 19.2 and 15
mg/L, respectively. Furthermore, following re-irradiation with the pulsed laser, the concentration of a mixture of Au/Ag
colloidal NPs was measured. At 500, 700, and 900 mW various average powers, the mixture's concentrations were 14.8, 17.2,
and 15.8 mg/L. At various exposure times 5, 15, and 30 min, the mixture's concentrations were 16.06, 17.2, and 15.34 mg/L.
The morphology of the nanoparticles and the average size distribution of Ag and Au NPs have both been examined using the
transmission electron microscope (TEM). The spherical shape of the nanoparticles for both Ag and Au samples is depicted in
Fig. 6 (a) and (b). The average size of Au NPs is 5.1 nm, while that of Ag NPs is 17.9 nm, according to the size distribution
histogram displayed as an inset in each figure. Since Au NPs have distinct physical, chemical, and thermal properties, their
average size indicates that we are approaching the quantum dot size, where the material behaves entirely differently.
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Figure 6: TEM images of the synthesized nanoparticles displayed (a) Ag NPs and (b) Au NPs. The histogram insets in both figures
show the size distribution of Ag and Au NPs, respectively

Figures 7 (a), (b), and (c) show both TEM and the average size distribution of the Ag/Au alloy after irradiating the samples to
the nanosecond laser at different excitation average power of 500 mW, 700 mW, and 900 mW and at a constant exposure time
of 15 min. The results indicate that when the excitation power increases the average size of the NPs decreases from 10.1 nm to
8.5 nm while retaining the spherical shape of the samples.

Figure 7: The size distribution histogram for a mixture of Au /Ag NPs at average powers of (a) 500 mW, (b) 700 mW, and (c) 900 mW
measured over a 15-minute exposure time. TEM images of the colloidal mixture provide the spherical shape of the Au/Ag NPs alloy

Figure 8 (a, b, and c), shows the effect of the exposure time at a fixed laser excitation power of 700 mW. The finding in Fig. 8
demonstrates that when the exposure time increases from 5 min to 30 min the average size of the nanoparticles decreases
gradually from 11.1 nm reaching the quantum dot size of 8 nm at the 30 min exposure time and retaining the spherical shape
of the produced nanoparticles.
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Figure 8: TEM images of the colloidal mixture of an Au/Ag NPs mixture at varying exposure times (a) 5 minutes, (b) 15 minutes, and
(c) 30 minutes—under an excitation average power of 700 mW. The corresponding histograms illustrate the size distribution and are
presented as insets within the figures

In this study, MRSA samples were subjected to 400 nm femtosecond laser irradiation, which falls within the visible spectrum
and is considered comparatively safer for therapeutic use [28,29]. The procedure utilized a final energy density of 159 J/cm?,
corresponding to an average power of 50 mW and exposure duration of 15 minutes, as illustrated in Fig. 2. It is worth
mentioning that energy density, also referred to as fluence (J/cm?), represents the energy applied per unit area [30], and can be
calculated as:

Averrage power X Exposure duration

Energy density = Spot size (r2)

Ag/Au alloy nanoparticles have recently gained attention as a promising alternative in antibacterial therapy due to their
enhanced physicochemical properties [31,32]. Several studies have shown that the incorporation of gold into silver
nanoparticles can improve their antimicrobial efficacy. Gold contributes to a more controlled and sustained release of Ag*
ions while simultaneously enhancing the biocompatibility of the resulting nanoparticles [33,34]. As a result, researchers have
explored various synthesis strategies to optimize these effects [35].

AuNPs have been widely acknowledged for their applications in biological and medical fields due to their exceptional
chemical stability, excellent biocompatibility, minimal acute cytotoxicity, and remarkable catalytic and plasmonic properties
[13,36-39]. The antimicrobial properties of nanoparticles are primarily driven by three concurrent mechanisms [40]: (1)
disruption of the cell wall and membrane [41], (2) induction of oxidative stress [42], and (3) intracellular component damage
[43]. In recent years, bimetallic gold-silver nanoparticles (Au—Ag NPs) have garnered significant attention for their distinctive
attributes. Their antibacterial activity, a prominent focus in nanomedicine research, is enhanced by the combination of gold
and silver, making them highly effective against bacteria while remaining compatible with human cells [44]. These findings
provide valuable insights for tackling drug-resistant bacteria in future studies. Additionally, the incorporation of gold
enhances the biocompatibility of these bimetallic nanoparticles. Nonetheless, further investigations are essential to gain a
deeper understanding of their mechanisms and to optimize their properties for real-world applications.

The preparation circumstances and laser parameters significantly influence the physicochemical properties of the produced
nanoparticles in PLAL. In summary, the present study shows that even though the laser power in PLAL ranged from 500 to
900 mW, with a constant exposure duration of 15 minutes using a 532 nm, 10 Hz nanosecond laser system, the resulting
Ag/Au alloy NPs had a consistent particle size within the range of quantum dots (10.1 — 8.5 nm). Yet, the concentration of
Ag/Au alloy NPs was highest when the laser power was set at 900 mW.

Our latest study [45] investigated the impact of Ib-aPDT on the growth kinetics of S. aureus. We explored how different
femtosecond laser parameters might be used to enhance treatment effectiveness and achieve optimal results. In our study, we
established that a 15-minute exposure to either a 390 nm or 400 nm femtosecond laser at an average power of 50 mW
produced the most pronounced reduction in bacterial viability. Specifically, we treated various microbial cultures with an
energy density of 159 J/cm? using a 400 nm femtosecond laser a wavelength within the visible spectrum, regarded as safer for
therapeutic applications compared to shorter wavelengths [28,29]. These findings highlight the potential of the safer 400 nm
wavelength as a promising option for clinical use. The antimicrobial effects of lasers and other light sources are often
attributed to the production of reactive oxygen species (ROS), which play a key role in mediating these effects. ROS are
byproducts of cellular oxidative metabolism, and at controlled levels, they exert beneficial effects on cells [11]. However,
exposure to external stimuli can cause a significant increase in ROS levels [11]; excessive amount of ROS can have
detrimental effects on cell differentiation, signaling, and viability [46].

The impact of a 400 nm femtosecond laser and/or Ag/Au alloy nanoparticles synthesized via laser ablation at varying energy
levels on the growth of Methicillin-resistant Staphylococcus aureus (MRSA) was investigated. As illustrated in Fig. 9, the
comparative analysis focused on Ag/Au alloy NPs of different average sizes: 10.1 nm (A1), 8.9 nm (A2), 8.5 nm (A3), 11.1
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nm (A4), and 8 nm (AS). All samples were maintained at a constant concentration of 13.2 pg/mL, and the growth kinetics of
S. aureus was assessed, as shown in Fig. 9. Across all treatment conditions (X-axis), cultures exposed to laser irradiation alone
showed significantly reduced bacterial growth rates compared to the untreated control group (P < 0.0001, Tukey’s test). In
contrast, treatment with Ag/Au alloy NPs alone at 13.2 ug/mL did not result in statistically significant differences from the
control (P > 0.05). These results demonstrate that laser irradiation effectively inhibited the growth kinetics of the tested eye
pathogens in vitro, while treatment with NPs alone showed no significant effect, likely due to the relatively low sample
concentration of 13.2 pg/mL. The relatively low antibacterial activity observed for Ag/Au alloy NPs alone at a concentration
of 13.2 pg/mL may be attributed to several factors. Firstly, the generation of reactive oxygen species (ROS), a critical
mediator of nanoparticle-induced bactericidal effects, is often enhanced under photoactivation. Without external irradiation,
the intrinsic ROS production by these NPs may be insufficient to induce significant oxidative stress in bacterial cells.
Secondly, the interaction kinetics between nanoparticles and bacterial membranes play a key role in antimicrobial efficacy. At
sublethal concentrations, nanoparticles may exhibit delayed or limited adhesion and penetration into bacterial cells, reducing
their disruptive potential. Furthermore, alloying silver with gold, while beneficial for biocompatibility and NP stability, can
modulate the release rate of Ag* ions, which are essential for antibacterial action. Gold’s inert nature may partially mask the
silver surface or alter ion exchange dynamics, thereby attenuating the antimicrobial effect under non-activated conditions
[47,48]. Seeking enhancement of the Ag/Au alloy NPs’ antibacterial efficacy, we studied the photoactivation of Ag/Au alloy
NPs, by exposing them to femtosecond laser before 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, and the growth kinetics of these NPs were
compared. This choice was based on the overlap of the 370 nm wavelength with the absorption spectrum of the prepared NPs,
allowing for more efficient energy transfer and enhanced interaction with bacterial targets. Again, the effect of Ag/Au alloy
NPs was not evident when treated with femtosecond laser compared to sole femtosecond laser treatment.
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Figure 9: The bar graph illustrates the growth kinetics of methicillin-resistant Staphylococcus aureus (MRSA), comparing the log-
phase growth rate kinetics of the control culture (C) with bacterial cultures subjected to various treatments. These treatments include
femtosecond laser exposure (L), Ag/Au alloy NPs at different preparations (A1, A2, A3, A4, A5), Ag NPs, Au NPs, or Ag/Au mixture.
The femtosecond laser treatment was performed at a wavelength of 400 nm, with an average power of 50 mW for 15 minutes. The
cultures were exposed to five samples of Ag/Au alloy NPs: sample (A1) prepared at 500 mW for 15 min., sample (A2) prepared at 700
mW for 15 min., sample (A3) prepared at 900 mW for 15 min., sample (A4) prepared at 700 mW for 5 min., and sample (AS5)
prepared at 700 mW for 30 min. Significance was tested by ANOVA followed by the Tukey test (**** P < 0.0001, *** P < 0.001).

Our findings suggest that combining femtosecond laser and Ag/Au alloy NPs might greatly inhibit bacterial growth,
potentially minimizing their harmful impacts in many scenarios. Overall, femtosecond laser irradiation and Ag/Au alloy
nanoparticles demonstrated antimicrobial activity against MRSA, primarily through a "contact-killing" mechanism, consistent
with observations reported in previous studies [49-51].

Using Ag/Au alloy 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
preparation of alloy nanoparticles are being investigated to mask the toxicity while enabling the effect to take place [52,53].
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Recent advancements in artificial intelligence (AI) have further enhanced the potential of nanotechnology by enabling
predictive modeling, optimizing synthesis protocols, and accelerating discovery cycles [54] These capabilities may contribute
significantly to future research focused on fine-tuning the optical, morphological, and antimicrobial features of bimetallic
nanoparticles.

4. Conclusions

These results unlocked a new perception of synthesizing Ag/Au alloy nanoparticles via the laser ablation technique and their
potential application in treating various ocular infections. Our results reveal that these alloys exhibit antibacterial activity
against bacteria, either independently at higher concentrations or in synergy with 400 nm femtosecond laser treatment.
However, the safety profile and enduring effects of Ag/Au alloy nanoparticles on the human body remain critical challenges,
emphasizing the need for ongoing research into innovative or improved nanoparticle production methods.
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