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Abstract

Introduction: Silver nanoparticles (AgNPs) exhibit potent antimicrobial activity, and their
combination with chitosan nanoparticles (CsNPs) may provide enhanced antibacterial effects.
Although numerous eco-friendly approaches for AgNP synthesis have been reported, the use of
green-synthesized AgNPs in combination with CsNPs for laser-assisted antibacterial applications
remains limited. This study aimed to develop a rapid microwave-assisted green synthesis of AgNPs
using Myrmecodia pendans extract and to evaluate the antibacterial and photodynamic effects
of AgNPs—CsNPs formulations.

Methods: AgNPs were synthesized using M. pendans extract as a natural reducing and stabilizing
agent rich in polyphenolic compounds. Antibacterial activity was evaluated against Staphylococcus
aureus and Pseudomonas aeruginosa using bacterial growth assessment. Photodynamic
inactivation was performed using a 405-nm blue laser with irradiation times of 90-180 s at
different nanoparticle concentrations. Experiments were performed in five replicates, and data
were expressed as mean +standard deviation. Statistical analysis was conducted using one-way
ANOVA followed by Tukey’s post hoc test.

Results: UV-Vis spectroscopy showed characteristic absorption peaks at approximately 430 nm
and 290 nm for AgNPs and CsNPs, respectively. Dynamic light scattering revealed particle sizes
below 45 nm for AgNPs and approximately 11 nm for CsNPs. The combined AgNPs—CsNPs
formulations demonstrated significantly greater antibacterial activity than M. pendans extract alone
against both S. aureus and P. aeruginosa (P<0.05). Following 405-nm blue laser irradiation for
90-180 s, the AgNPs—CsNPs formulations produced near-complete bacterial reduction, particularly
against P. aeruginosa, whereas non-irradiated treatments exhibited lower antibacterial activity.
Conclusion: Green-synthesized AgNPs produced using M. pendans extract can be effectively
combined with CsNPs to enhance antibacterial activity. The combination of AgNPs—CsNPs
with 405-nm blue laser irradiation showed enhanced photodynamic antibacterial performance,
indicating its potential as a laser-assisted antimicrobial strategy against bacterial pathogens.
Keywords: Silver nanoparticles, chitosan nanoparticles, microwave-assisted synthesis, Myrmecodia
pendans extract, photosensitizing antimicrobial materials.
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Introduction

The widespread and often indiscriminate use of antibiotics
has accelerated the emergence of resistant bacterial strains,
contributing to increased rates of illness and death."* Treating
infections caused by multidrug-resistant pathogens typically
involves extended therapeutic regimens and elevated medical
expenses, placing a heavy strain on healthcare systems.’
This resistance weakens the effectiveness of conventional
antibiotics, leading to both clinical and economic
challenges.*® Bacteria acquire resistance through multiple
pathways: genetic mutations, enzymatic modification of drug
molecules, and structural changes in their cell membranes.*”

Certain species also evade treatment by surviving within
host cells, where extracellular antibiotics have limited
access.*!? Biofilm formation worsens the problem by creating
protective barriers that shield bacteria from antibiotics and
environmental threats, making biofilm-associated infections
particularly difficult to eradicate."**

Antimicrobial resistance poses a significant challenge,
necessitating the development of novel antimicrobial
agents."* Conventional antibiotics often fail against
resistant and biofilm-associated infections, prompting
interest in nanomaterials as alternatives. Due to their
unique physicochemical properties, nanomaterials can
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effectively target bacterial cells, disrupt cell membranes,
and reduce resistance development.”® They also serve as
carriers to protect antimicrobial agents and penetrate
biofilm structures, making them promising candidates for
next-generation therapies.'***

Silver nanoparticles (AgNPs) are notable for their strong
antibacterial properties, effective against both Gram-
positive and Gram-negative bacteria.””* Their high surface
area-to-volume ratio enables mechanisms such as silver ion
release and reactive oxygen species (ROS) generation to
disrupt bacterial membranes, contributing to cell death.”
Recent research indicates that AgNPs™ antibacterial
efficacy improves under light exposure by enhancing
ROS production via surface plasmon resonance, offering
potential for targeted bacterial inactivation in biomedical
applications through photodynamic therapy while
preserving surrounding tissues.”? This controllability over
AgNPs’ effects suggests promising future in antimicrobial
applications.?**

Conventional synthesis methods for silver nanoparticles
(AgNPs) face challenges such as low yields, high energy
consumption, and environmental and safety risks.®
As a solution, green synthesis using plant extracts and
microorganisms has emerged, enabling safer, more
sustainable production.” Microwave-assisted synthesis
enhances this process by lowering activation energy and
accelerating reaction rates, leading to efficient nucleation
and nanoparticle growth.’®*! Plant extracts containing
metabolites such as alkaloids and polyphenols act as natural
reducing agents and stabilising ligands, supporting the
green chemistry approach.’*? This integrated method is
promising for scalable AgNP production and is applicable
in areas such as antimicrobial coatings and water
purification.””*

Chitosan nanoparticles (CsNPs) are eco-friendly,
biocompatible, biodegradable materials derived from
crustacean shells and possess strong antibacterial
properties.” They target both Gram-positive and Gram-
negative bacteria by binding to negatively charged
components of bacterial cell surfaces, disrupting membrane
integrity and causing bacterial death.***” While numerous
studies have validated their effectiveness, the potential
for synergistic combinations with microwave-assisted,
plant-derived silver nanoparticles (AgNPs) remains
largely unexplored, especially for developing efficient
antimicrobial strategies.*>!

This work presents a rapid and straightforward synthesis
approach utilizing plant extract from Myrmecodia pendans
as areducing agent in the microwave-assisted preparation
of AgNPs. These nanoparticles are subsequently combined
with CsNPs to study the possibility of enhancing
antimicrobial efficacy at reduced dosages. The synergistic
antibacterial effects of AgNPs and CsNPs were evaluated
against Staphylococcus aureus and Pseudomonas aeruginosa
by assessing bacterial growth. Photodynamic inactivation
was performed using blue laser irradiation (the wavelength
within the 400-500 nm range) at varying exposure times
and nanoparticle concentrations.

Materials and Methods
Synthesis of Silver Nanoparticles and Chitosan
Nanoparticles
In this study, the bark of the Myrmecodia pendans plant,
commonly known as ‘pokok sarang semut’, was ground
into a fine powder and sieved prior to extraction.” For
the extraction process, 1 g of the powdered material was
mixed with 100 mL of distilled water and stirred at room
temperature for 10 minutes.”*” Subsequently, the mixture
was subjected to microwave irradiation at 30 W for 10
minutes.” The resulting plant extract solution was then
refrigerated for use in the subsequent reduction process.
Silver nanoparticles (AgNPs) were synthesisedsynthesized
using a green synthesis method by combining Myrmecodia
pendans extract with varying concentrations of silver
nitrate (AgNO,), then irradiating at 30 W for 10 minutes,
yielding a deep brown-red colour indicating completion.” !
Chitosan nanoparticles (CsNPs) were produced via ionic
gelation by preparing chitosan solutions at 0.05%, 0.08%,
and 0.10% in acetic acid. Sodium tripolyphosphate and
TWEEN-80 were then added, and the mixture was stirred
for 2 hours; the final product was analyzed for particle size
to confirm nanoparticle formation.

UV-Vis Spectroscopy and Particle Size Analyses

UV-Vis spectroscopy was conducted in the range of 200
- 800 nm using a Shimadzu 1800 spectrophotometer to
evaluate the optical absorption characteristics of the silver
nanoparticles (AgNPs) and chitosan nanoparticles (CsNPs).
This spectral range enables detection of characteristic
absorbance peaks. Particle size distribution of AgNPs and
CsNPs was determined using a BIOBASE BK-802N particle
size analyser, which employs the Dynamic Light Scattering
(DLS) technique.

Bacterial Culture

The initial stage of bacterial cultivation involved the
preparation of 10 mL of sterile tryptone soy broth (TSB)
medium in a test tube. Gram-positive strain Staphylococcus
aureus (S. aureus) and Gram-negative strain Pseudomonas
aeruginosa (P. aeruginosa) isolates were collected from agar
plates using a sterile inoculating loop and subsequently
cultured in the TSB medium. The cultures were incubated
at 37 °C for 18-24 hours. Following incubation, the bacterial
suspension was standardized according to the McFarland
turbidity standard prior to plating. The final bacterial
concentrations were standardized to 15x 10> CFU/mL for
S. aureus and 1.5x10* CFU/mL for P. aeruginosa.

Bacterial Growth Assessment

The antibacterial activity assay involved adding 50 uL of
bacterial culture to solutions of varying concentrations of
AgNPs (0.05%, 0.08%, and 0.10%) and CsNPs (1.0 mM, 1.5
mM, and 2.0 mM), mixed in a 1:1:1 ratio. The combinations
were denoted as xAgNPs+yCsNPs. After transferring the
suspension to Petri dishes and adding sterile tryptone soy
agar (TSA), the samples were incubated at 37 °C for 18-
24 hours, with five replicates for each group. Following

2 | Journal of Lasers in Medical Sciences 2026;17



Antibacterial effects of photosensitizing silver and chitosan nanoparticles

incubation, bacterial colonies were counted using the total
plate count (TPC) method, and the percentage reduction
in colonies was calculated®:

Nt

c

x100%

Colony reduction (%) =

c

where NcN_cNec is the colony count of the untreated
control, and NtN_tNt is the colony count of the treated
sample. The percentage reduction was calculated for
each replicate, and the final results are reported as
mean + standard deviation.®

Photodynamic Laser Treatment of Bacteria Using Laser
Treatment

Photodynamic inactivation was carried out using blue laser
irradiation within the 400-500 nm range, with a wavelength
of 405 nm selected for this study. The peak wavelength was
verified using a Jasco CT-10 monochromator.* The laser
power output was measured at 2.49 mW with an OMM-
6810B-220V power meter, and the beam spot area was 0.13
cm.” The irradiation dose was determined by calculating
the energy density according to the following equation®:

Energy density ( J/cm® ) = Intensity ( W /cm? ) xirradiation time (s)

The study involved a laser probe positioned 10 mm
from a 96-well microplate containing bacterial cultures.
We prepared a treatment suspension by adding bacterial
culture to combinations of AgNPs and CsNPs, then
diluting with sterile water. Each well received blue laser
irradiation for 90s, 120s, 150s, or 180s. After irradiation,
we transferred the samples to Petri dishes, mixed them
with TSA medium, and incubated them at 37 °C for 18-24
hours. We conducted tests in five replicates and assessed
bacterial reduction using the total plate count method.®
Five groups were categorised: a control group; groups with
Staphylococcus aureus and Pseudomonas aeruginosa with
and without laser treatment; and groups supplemented
with either M. pendans extract or AgNPs and CsNPs
combinations.

Statistical Analysis

All antibacterial experiments were performed in five
replicates. Colony-forming units were counted using
the total plate count method, and bacterial reduction
was calculated for each replicate relative to the untreated
control. Results are presented as mean + standard deviation.
For non-irradiated antibacterial assays, differences among
treatment groups were analyzed using one-way ANOVA
followed by Tukey’s post hoc test. For laser-treated
samples, two-way ANOVA was used to evaluate the
effects of nanoparticle formulation and irradiation time,
followed by Tukey’s post hoc test. Statistical significance
was accepted at P<0.05. In all figures, error bars represent
standard deviation, and different letters indicate significant
differences between groups.

Results

Figure 1 illustrates the visual differences between four
samples: (a) the Myrmecodia pendans extract, which
appears light brown; and (b-d) silver nanoparticles (AgNPs)
synthesized using precursor concentrations of 1.0 mM, 1.5
mM, and 2.0 mM, respectively. Hereafter, these solutions
will be referred to as 1.0 mM AgNPs, 1.5 mM AgNPs, and
2.0 mM AgNPs. A progressive change in colour intensity
from pale reddish-brown to deep reddish-brown is
observed with increasing AgNPs concentration, indicating
possible variations in nanoparticle formation and surface
plasmon resonance characteristics. Accordingly, UV-vis
spectroscopy and particle size analysis were conducted to
evaluate the absorbance characteristics and particle size
distribution, respectively.

UV-Vis Spectroscopy

UV-Vis spectroscopy was performed within the visible
light range (325-800 nm) to characterize the optical
properties of AgNPs and CsNPs. AgNPs synthesized
using precursor concentrations of 1.0 mM, 1.5 mM, and
2.0 mM consistently displayed maximum absorbance peaks
at 430 nm (Figure 2a). Moreover, the absorbance intensity
increases proportionally with the concentration of AgNPs,
indicating a direct correlation between nanoparticle
amount and optical response.

In contrast, chitosan nanoparticles with concentrations
0f 0.05%, 0.08%, and 0.10% exhibited absorption peaks at
lower wavelengths, approximately 290 nm, as shown in
Figure 2b, attributed to the t>n* electronic transition of
the amino groups.®””° This transition involves the excitation
of electrons from bonding m orbitals to anti-bonding n*
orbitals upon light absorption. Similarly, the absorbance
intensity increases proportionally with the concentration
of CsNPs. This size-dependent optical behaviour will be
further validated through particle size analysis (PSA) in
the following section.

Particle Size Analysis

The particle size of AgNPs synthesized using precursor
concentrations of 1.0, 1.5, and 2.0 mM was determined
using the dynamic light scattering (DLS) technique, as
shown in Figure 3 (a-d). The simple microwave-assisted
green synthesis process successfully produced nanoparticles

Figure 1. Physical appearance of (a) extract of bark ‘pokok sarang semut’
(Myrmecodia pendens), (b) AgNPs 1.0 mM, (c) AgNPs 1.5 mM, and (d)
AgNPs 2.0 mM
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with sizes ranging from 41 to 45 nm, with the highest
concentration exhibiting the smallest particle diameter.
Similarly, chitosan nanoparticles with concentrations of
0.05%, 0.08%, and 0.10% displayed nano-sized particles
in a range of 41-45 nm, as illustrated in Figure 4 (a-d).
The ion-gelation synthesis method demonstrated effective
production of nanoparticles within the size range of 7-11
nm. Notably, the lowest CsNPs concentration (0.05%)
resulted in the smallest average diameter, indicating a
concentration-dependent effect on particle size reduction.

Synergistic Effect of Silver Nanoparticles and Chitosan
Nanoparticles

The bacterial growth of S. aureus and P. aeruginosa was
assessed using two experimental conditions: (a) one without
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laser exposure and (b) with laser treatment. In both setups,
the bacterial strains were incubated for 18-24 hours at 37
°Cin (i) plant extract M. pendans and (ii) xAgNPs+yCsNPs
combinations. Following incubation, the viable bacterial
colonies were calculated using the TPC method. The
antibacterial effect was evaluated based on the reduction
in bacterial colonies compared to the control group.

Synthesis of Silver Nanoparticles and Chitosan Nanoparticles
M. pendans extract is rich in polyphenolic compounds that
act as reducing agents, facilitating the reduction of silver ions
(Ag*) to metallic silver (Ag®).”"”> The selected microwave-
assisted synthesis technique overcomes the heating
inhomogeneity typically encountered in conventional
thermal methods by providing rapid volumetric heating
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Figure 2. UV-Vis spectra of (a) AgNPs synthesized using precursor concentrations of 1.0 mM, 1.5 mM, and 2.0 mM, (b) CsNPs with different concentrations
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Figure 3. PSA of AgNPs synthesized using precursor concentrations of (a) 1.0 mM, (b) 1.5 mM, and (c) 2.0 mM, and (d) comparison of size at concentration variations

4 | Journal of Lasers in Medical Sciences 2026;17



Antibacterial effects of photosensitizing silver and chitosan nanoparticles

and enhanced reaction kinetics.” This leads to faster initial
heating, accelerated reaction rates, efficient consumption
of starting materials, and higher product yields.” The
rapid, uniform heating also promotes a high nucleation
rate, yielding numerous small nuclei and limiting extensive
particle growth.” Simultaneously, polyphenol-rich M.
pendans extract acts as a capping and stabilizing agent
by adsorbing onto emerging nanoparticle surfaces and
preventing aggregation. This stabilization influences the
observed localized surface plasmon resonance (LSPR) near
430 nm and the DLS-measured size distribution.**”*”” Thus
microwave-assisted synthesis combines fast kinetics and
particle surface stabilization, explaining the nano-sized
AgNPs and their optical signatures reported in this work.

Chitosan nanoparticles were formed via ionic
gelation, where protonated amino groups on chitosan
electrostatically interact with the polyanionic TPP, forming
ionically crosslinked nanoscale domains and generating
a stable colloidal system.”®*® Rapid complexation upon
mixing yields many nucleation sites, and the resulting
particle size is governed by the chitosan concentration,
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chitosan: TPP ratio, pH, stirring conditions, and presence
of surfactants.**® In our methodology, the addition of
Tween-80 improved chitosan solubility and provided steric
stabilization, limiting aggregation and contributing to the
microspheres.”*#

Without Laser Irradiation on S. aureus and P. aeruginosa
The synergistic antibacterial properties of xAgNPs+yCsNPs
formulations against S. aureus and P. aeruginosa can
be observed in Figure 5 (a & b), as bacterial growth was
progressively suppressed with increasing nanoparticle
concentration. For S. aureus, approximately 27% bacterial
death was observed in M. pendans extract, while mixtures
containing increasing concentrations of AgNPs and CsNPs
produced progressively greater death (29 — 60%), with the
strongest effect at 2 mM AgNPs+0.10% CsNPs resulting
in an 86% reduction. In contrast, P. aeruginosa exhibited
only ~10% reduction in the plant extract alone; however,
a marked increase was achieved with the xAgNPs+yCsNPs
combinations. Complete inhibition (100% bacterial
death) was observed at 1 mM AgNPs+0.10% CsNPs and
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Figure 4. PSA of CsNPs with different concentrations: (a) 0.05 %, (b) 0.08 %, (c) 0.10 %, and (d) comparison of size at concentration variations
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Figure 5. Bacterial reduction of (a) S. aureus and (b) P. aeruginosa after treatment with M. pendans extract and different AgNPs—CsNPs formulations under non-
irradiated conditions. Data are presented as mean=SD, n=5. Different letters indicate statistically significant differences between treatment groups based on

one-way ANOVA followed by Tukey’s post hoc test, P<0.05.
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maintained at higher concentrations.

Laser irradiation studies on S. aureus and P. aeruginosa
The effect of photodynamic treatment against S. aureus and
P. aeruginosa can be observed in Figure 6 and Figure 7 (a - d)
respectively, as bacterial growth was completely suppressed
with increasing irradiation exposure time. The bacterial
suspensions were prepared in two different solutions: (i)
M. pendans (MP) extract and (ii) various xAgNPs+yCsNPs
mixtures prior to blue laser irradiation at varying exposure
times of 90, 120, 150, and 180 s, corresponding to different
energy densities. The antibacterial effect was evaluated
based on the reduction in bacterial colonies compared to
the control group, followed by laser irradiation with a blue
laser and incubation for 1824 hours.

Figure 7 (a - d) presents the death percentage of S.
aureus at different exposure times. In the plant extract
alone, the bacterial reduction ranged from 32 - 60% after
irradiation. In contrast, the xAgNPs+yCsNPs combinations
produced nearly complete inhibition (~100% cell death)
even at the shortest exposure time. Similarly, Figure 8
(a - d) illustrates the effect on P. aeruginosa. In the plant
extract alone, bacterial reduction ranged from 35-93%.
However, with xAgNPs+yCsNPs combinations, almost
complete inhibition (~100% cell death) was achieved across
all exposure times. These findings highlight the prominent
effect of laser treatment on bacterial colonies in MP extract
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and xAgNPs+yCsNPs formulations, even at relatively short
exposure times.

Discussion

Green Synthesis and Physicochemical Characteristics of
AgNPs and CsNPs

The microwave-assisted green synthesis using Myrmecodia
pendans extract provided a rapid approach for producing
AgNPs. The polyphenolic compounds present in the
plant extract can facilitate the reduction of Ag* to metallic
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Figure 6: Comparison of bacterial death of S. aureus and P. aeruginosa in
MP extract when exposed under blue laser treatment with time variations
of 90's, 120's, 150 s and 180 s
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Figure 7. Bacterial reduction of S. aureus treated with M. pendans extract and different AgNPs—CsNPs formulations under 405-nm blue laser irradiation for 90,
120, 150, and 180 s. Data are presented as mean+SD, n=5. Different letters indicate statistically significant differences between treatment groups based on

two-way ANOVA followed by Tukey’s post hoc test, P<0.05.
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Figure 8.Bacterial reduction of P. aeruginosa treated with M. pendans extract and different AgNPs—CsNPs formulations under 405-nm blue laser irradiation for
90, 120, 150, and 180 s. Data are presented as mean+SD, n=5. Different letters indicate statistically significant differences between treatment groups based on

two-way ANOVA followed by Tukey’s post hoc test, P<0.05.

Ag® and may subsequently contribute to nanoparticle
stabilization through adsorption onto the particle
surface.®*>* Microwave irradiation provides rapid and
relatively uniform volumetric heating, which can accelerate
reaction kinetics and promote efficient nanoparticle
formation.*”*® The rapid heating process may also favour
nucleation over extensive particle growth, contributing to
the formation of nanoscale AgNPs.* The observed LSPR
peak around 430 nm is consistent with the characteristic
optical response of AgNPs and supports the successful
formation of the nanoparticles.*>**%!

The CsNPs were prepared through ionic gelation, in
which protonated amino groups of chitosan interact
electrostatically with the polyanionic TPP to form
crosslinked nanoscale structures.” The resulting particle
characteristics can be influenced by several formulation
parameters, including chitosan concentration, the chitosan-
to-TPP ratio, pH, stirring conditions, and the presence
of surfactants.” In the present formulation, Tween 80
may have contributed to improved chitosan solubility
and reduced particle aggregation, thereby influencing
the observed particle size.**** The UV-Vis and particle-
size results together indicate that the physicochemical
characteristics of both AgNPs and CsNPs were dependent
on their formulation conditions.

Synergistic Antibacterial Activity of AQNPs-CsNPs
The AgNPs-CsNPs formulations demonstrated greater

antibacterial activity than the M. pendans extract alone
against both S. aureus and P. aeruginosa. The concentration-
dependent increase in bacterial reduction suggests that
increasing the amount of nanoparticles enhanced the
overall antibacterial effect. This observation is consistent
with previous reports describing enhanced antibacterial
activity when silver nanoparticles are combined with
chitosan-based materials.”>®

Several mechanisms contribute to the antibacterial
activity of silver nanoparticles (AgNPs), including
interactions with bacterial cell membranes, increased
permeability, and structural damage. AgNPs may affect
proteins, nucleic acids, and respiratory enzymes, leading
to cell death via reactive oxygen species (ROS). Chitosan
enhances antibacterial effects through electrostatic
interactions with bacterial surfaces, destabilising
membranes and promoting leakage of intracellular
components. Its efficacy is pH-dependent, with higher
activity in acidic conditions. When combined, chitosan
and AgNPs show complementary actions that improve
antibacterial effectiveness. Differences in the responses of
S. aureus and P. aeruginosa may stem from variations in
their cell-envelope structures, which affect nanoparticle
interactions and susceptibility to antimicrobial agents.””~*

Effect of 405-nm Blue-Laser Irradiation
Blue-laser irradiation substantially enhanced the
antibacterial activity of the AgNPs-CsNPs formulations.
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The combination of nanoparticles with blue-light exposure
resulted in almost complete bacterial inhibition at relatively
short irradiation times for both bacterial strains. This
enhanced effect suggests that photoactivation contributed
to the overall antimicrobial activity of the nanoparticle
formulations.

The increased antibacterial effect following laser
irradiation may be associated with enhanced ROS
generation and increased availability of silver ions under
illumination.'®!! The nanoscale dimensions of the
AgNPs-CsNPs system may further facilitate interaction
with bacterial surfaces and increase surface reactivity
during irradiation.'” These combined effects provide
a possible explanation for the pronounced antibacterial
activity observed following blue-laser treatment.

The response to laser irradiation also differed between
the two bacterial species. P. aeruginosa showed a more
pronounced exposure-dependent increase in bacterial
reduction, whereas S. aureus exhibited a different response
pattern. Such differences may arise from variations in
cell-envelope architecture and the interaction of the
nanoparticles with the respective bacterial surfaces.
Nevertheless, the strong reduction observed for both
strains following treatment with AgNPs-CsNPs and blue-
laser irradiation supports the potential of this combined
approach as a laser-assisted antimicrobial strategy.

Limitations and Future Perspectives

Several limitations should be considered when interpreting
these findings. First, the study was conducted using
planktonic bacteria and did not evaluate established
biofilms. Therefore, the observed antibacterial effects may
not directly predict activity against mature biofilms or in vivo
infections.'”*!* Second, although increased ROS generation
and silver-ion release may contribute to the photoactivated
antibacterial effect, these parameters were not directly
quantified in the present study. Direct measurements of
ROS and Ag* release would therefore be necessary to clarify
the relative contributions of these mechanisms.'* Third,
cytotoxicity and biocompatibility toward mammalian cells
were not evaluated, limiting conclusions regarding the
safety and translational potential of the formulations.'®
Finally, the experiments were performed at laboratory scale
using a limited number of bacterial strains and replicates.
Further studies involving additional strains, biofilm models,
cytotoxicity assessment, mechanistic investigations, and in
vivo validation are warranted.

Conclusion

This study demonstrated that green-synthesized AgNPs
combined with CsNPs and activated by 405-nm blue
laser irradiation produced strong antibacterial activity
against both S. aureus and P. aeruginosa. The antibacterial
results were expressed as mean +SD from five replicates
and statistically analysed using ANOVA followed by
Tukey’s post hoc test. The AgNPs—CsNPs formulations
significantly reduced bacterial colonies compared with
M. pendans extract alone (P<0.05). Blue laser irradiation

further enhanced bacterial reduction, with near-complete
inhibition observed under the tested irradiation times. The
improved antibacterial performance may be attributed to
AgNP-mediated silver ion release and reactive oxygen
species generation, together with the membrane-disruptive
and stabilizing effects of CsNPs. However, because AgNP-
only and CsNP-only controls were not included, the results
should be described as an enhanced combined antibacterial
effect rather than definitive synergy. Future studies should
include individual nanoparticle controls, formal synergy
analysis, ROS measurement, Ag+ release quantification,
biofilm testing, and cytotoxicity evaluation.
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