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This study investigates the effect of Nd:YAG pulsed laser irradiation on 
carboxymethyl cellulose (CMC) functionalized with silver nanoparticles 
(AgNPs) for bacterial control applications. The CMC-AgNPs 
nanocomposite was synthesized and exposed to varying laser flounces to 
enhance its structural, optical, and antibacterial properties. Characterization 
techniques such as UV-Vis spectroscopy, and FESEM were employed to 
analyze the modifications induced by laser treatment. The results indicate 
that laser irradiation significantly enhances the dispersion and stability 
of AgNPs within the polymer matrix, leading to improved antibacterial 
efficacy against Escherichia coli and Staphylococcus aureus. Lasers exert 
their antibacterial action primarily through thermal effects, which cause 
protein denaturation and membrane disruption, and photomechanical 
effects that physically rupture bacterial cells. Additionally, lasers (He: 
Neon,5mW) can enhance the production of reactive oxygen species (ROS) 
in photodynamic therapy, leading to oxidative damage of bacterial DNA 
and cell walls. Recent studies also demonstrate the synergistic effects 
of combining laser irradiation with antimicrobial agents such as silver 
nanoparticles, resulting in increased bacterial membrane permeability and 
improved therapeutic efficacy. 

INTRODUCTION
Laser-based techniques, such as laser ablation 

in liquids (LAL) and laser post-irradiation, offer 
precise control over nanoparticle synthesis and 
modification without the need for chemical 
reagents. By adjusting laser parameters such 
as wavelength, pulse duration, intensity, and 
exposure time researchers can tailor the size, 
shape, and surface characteristics of AgNPs. These 
changes directly influence their optical behavior, 
particularly their surface Plasmon resonance 
(SPR), a property central to their performance in 

biomedical and sensing applications. Moreover, 
laser interactions can induce photo thermal 
effects, generating localized heat that enhances 
the antibacterial activity of AgNPs or enables their 
use in cancer therapy. Lasers also facilitate surface 
modifications and morphological transformations, 
enabling the development of highly functional 
nanomaterials [1,2]. In Table 1 when a laser beam 
interacts with a material, it transfers energy to 
the material in a controlled and localized manner. 
This interaction can lead to a wide variety of 
physical, chemical, thermal, and optical changes. 
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The exact effect depends on the laser parameters 
(wavelength, intensity, pulse duration, repetition 
rate) and the material properties (absorption, 
thermal conductivity, reflectivity) [3]. 

In Table 2 the interaction of laser light with 
silver nanoparticles opens a versatile and clean 
pathway for their synthesis, structural tuning, 
and application enhancement, making it a vital 
area of research in modern nanotechnology 
[4]. Antimicrobial Activity: Silver nanoparticles 
are highly effective against bacteria, fungi, and 
viruses, disrupting their cell membranes and 
interfering with vital processes.While silver 
nanoparticles offer numerous benefits, concerns 
about their environmental impact, potential 
toxicity to humans, and long-term stability need 
to be addressed. Research is ongoing to optimize 
their applications while minimizing risks. Silver 
nanoparticles represent a cutting edge material 
with a wide range of applications, driven by 
their unique properties and versatility. However, 
responsible use and further research are essential 
to fully harness their potential [5-8]. Carboxymethyl 
cellulose (CMC) is a water-soluble polymer derived 
from cellulose, the most abundant natural polymer 
found in plant cell walls. CMC is widely used across 
various industries due to its excellent thickening, 
stabilizing, and water-retention properties. It 

is a versatile and biodegradable material that 
has become a key component in numerous 
applications. (CMC) is a chemically modified 
cellulose derivative, produced by the reaction of 
cellulose with chloroacetic acid under alkaline 
conditions. This process introduces carboxymethyl 
groups (-CH2-COOH) into the cellulose backbone, 
making the polymer water-soluble and improving 
its functional properties. High solubility in water, 
forming clear or opaque solutions depending 
on the degree of substitution, exhibits excellent 
thickening and rheological control properties [9]. 
Table 3 laser ablation is a high-precision material 
removal process that uses a focused laser beam 
to vaporize, remove, or modify material from the 
surface of a solid or liquid. It is a versatile and 
non-contact technique used in various fields such 
as materials science, manufacturing, medicine, 
and research due to its ability to deliver precise 
control and minimal damage to surrounding 
areas. laser ablation, a high-energy laser pulse 
interacts with the material’s surface, causing rapid 
heating, melting, or vaporization. Depending 
on the intensity and duration of the laser beam, 
material removal occurs through physical, 
thermal, or photochemical mechanisms [10]. laser 
ablation is a cutting-edge technology that provides 
unparalleled precision and control for material 

S Physical Effect Explain 

1 Absorption The material absorbs the laser energy, especially if the wavelength matches the 
material's electronic transitions. 

2 Heating Absorbed energy converts to heat, causing temperature rise in the material. 

3 Melting and Vaporization At high temperatures, the surface may melt or evaporate. 

4 Ablation With pulsed or intense lasers, material is ejected from the surface as atoms, ions, or 
plasma. 

5 Plasma Formation In high-intensity lasers, a plasma (ionized gas) may form above the surface. 

 
  

Table 1. laser beam interacts with a material [3].

S Mechanism Effect on bacteria 

1 Cell Membrane Disruption AgNPs attach to bacterial membranes, causing leakage       and rupture. 

2 Release of Silver Ions (Ag⁺) Silver ions penetrate the cell and bind to proteins and DNA, disrupting vital functions. 

3 Generation of Reactive Oxygen Species 
(ROS) Causes oxidative stress, damaging proteins, lipids, and DNA. 

4 Inhibition of Enzymes and Replication Interferes with enzymatic activity and DNA replication. 
 

 
  

Table 2. Mechanism of inhibition for bacteria [4].
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removal and modification. Its applications span 
from nanotechnology to medicine, making it a vital 
tool in advanced research and industrial processes 
[11].laser technology has gained considerable 
attention for its potential to inactivate bacteria 
through non-chemical, physical mechanisms. 
Lasers offer a precise, controllable, and non-
invasive means of targeting bacterial cells, 
making them valuable tools in medical, dental, 
and environmental applications. When laser 
light interacts with bacterial cells, it can induce 
various effects depending on the wavelength, 
power, pulse duration, and exposure time. 
The primary antibacterial mechanisms include 
thermal damage, which disrupts cell membranes 

and denatures proteins; photomechanical effects, 
which physically disrupt bacterial structures 
through shock waves; and photochemical 
reactions, which may produce reactive oxygen 
species (ROS) that lead to oxidative stress and 
cellular death. Furthermore, lasers can enhance 
the efficacy of antimicrobial agents such as silver 
nanoparticles (AgNPs) by increasing bacterial 
membrane permeability and facilitating agent 
uptake.This study investigates the antibacterial 
effects of laser irradiation alone and in combination 
with silver nanoparticles, evaluating changes in 
bacterial count and zones of inhibition against 
various strains. Understanding these interactions 
is crucial for developing effective, laser-based 

 

  
Fig. 1. Setup of laser ablation for synthesis sliver Nanoparticles [12].

S Parameter of Laser Ablation Explain 

1 Laser Wavelength Determines the energy absorption efficiency based on the material's properties. 

2 Pulse Duration Can range from femtoseconds (ultrafast ablation) to nanoseconds or continuous waves, 
affecting precision and thermal impact. 

3 Power Density Higher power densities enable rapid material removal but may increase heat-affected 
zones. 

4 Repetition Rate 

The number of laser pulses per second influences the processing speed and material 
interaction.Advantages of Laser Ablation, Non-contact and precise material removal, 
Minimal mechanical stress on the material, Versatility in processing a wide range of 

materials, Ability to operate in small, complex geometrie,Challenges of Laser Ablation- 
Potential for thermal damage or heat-affected zones in certain materials. 

5 High cost of laser systems. 
 Requires careful optimization of laser parameters for specific applications. 

 
  

Table 3. Parameters of laser effect bacteria [10].



2063J Nanostruct 16(2): 2060-2069, Spring 2026

H. Abdulrahman, and N. Ahmade / Nd:YAG Laser Effects on CMC–Silver Nanoparticles

antibacterial therapies, particularly in the fight 
against antibiotic-resistant infections [8].

MATERIALS AND METHODS
Preparation sliver Nano particles by Laser Ablation

A liquid solution consisting of a polymer (CMC) 
as a stabilizer was prepared to prevent aggregation 
and to ensure uniform particle size distribution. 
The CMC was dissolved in distilled water using a 
magnetic stirrer for 20 minutes before the silver 
plate was placed. A silver target (2×2 cm pellet) 
was placed at the bottom of a container that was 
filled with the prepared liquid medium. The liquid 
medium, containing distilled water and stabilizers 
(CMC), was selected to achieve the desired 
properties, as shown in Fig. 1.

Laser Irradiation
A high-energy pulsed laser (Nd:YAG, 1064 

nm) was focused on the silver target. The laser 
pulses (100, 150, and 200 pulses) were applied, 
and the silver surface was rapidly heated, leading 
to material ablation. Plasma Formation and 
Nanoparticle Generation: A plasma plume was 
generated at the target–liquid interface by the 
laser energy, causing silver atoms and clusters 
to be ejected into the liquid medium. These 

silver atoms were nucleated and were grown 
into nanoparticles due to rapid cooling in the 
surrounding liquid (Fig. 2).

The colloidal silver nanoparticles are collected 
as a dispersion in the liquid. characterization 
techniques like UV-Vis spectroscopy, SEM (Scan 
Electron Microscopy), advantages of laser ablation 
for AgNP synthesis. Ecofriendly Process, no 
chemical reducing agents or toxic precursors are 
required, reducing environmental impact, high 
purity, the nanoparticles are free of byproducts, 
ensuring high chemical purity [13-16].

The appropriate amount of Mueller-Hinton agar 
was dissolved in distilled water. It was sterilized by 
autoclaving at 121°C and 15 psi for 15–20 minutes. 
Approximately 20 mL of molten agar was poured 
into each sterile Petri dish. The agar was allowed 
to solidify at room temperature. A bacterial 
suspension was prepared in sterile saline or broth 
(0.5 McFarland standard, 1.1 *106 CFU/mL). A 
sterile cotton swab was dipped into the bacterial 
suspension, and the bacteria were evenly spread 
across the agar surface using the swab to ensure 
a uniform lawn. Small wells (~6 mm in diameter) 
were made in the agar using a sterile cork borer 
or the wide end of a sterile pipette tip. The agar 
plugs were carefully removed from each well using 

 

  
Fig. 2. Laser Irradiation.
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a sterile tool. Fifty to one hundred microliters (50–
100 µL) of the test substance were added to each 
well using a micropipette. The plates were left at 
room temperature for 1 hour to allow diffusion. 
The plates were incubated in an inverted position 
at 37°C for 24 hours. After incubation, clear zones 
around the wells were observed these were known 
as zones of inhibition. The diameter of these zones 
was measured (in mm) using a ruler or caliper.

A Helium-Neon laser with a typical wavelength 
of 632.8 nm was used. Common power settings 
were 5 mW. The laser was mounted on a fixed stand 
to ensure a constant distance (15 cm) from the 
Petri dish. The beam was fully directed toward the 
entire plate by using a beam expander. Exposure 
durations of 5, 10 minutes were selected. The 
distance and angle were kept constant. Optionally, 
control plates were covered with aluminum foil or 
a shield to avoid unintentional exposure.

RESULTS AND DISCUSSION
The X-ray pattern (XRD) for Sliver nanoparticles 
(AgNPs)

Table 4 and Fig. 4 show the XRD intensity 
varies with the diffraction angle, reflecting the 
crystalline structure of the silver nanoparticles. 
Main diffraction peaks a sharp and intense peak 
appears around 2θ≈38∘ corresponding to the 
(111) crystal plane of face-centered cubic (FCC) 
silver. Other weaker peaks may correspond to 
higher-order reflections, such as (200), (220), or 
(311), depending on the synthesis conditions. 
Effect of pulse count as the number of laser pulses 
increases (from 100 to 200 pulses), the intensity 
of the (111) peak increases, indicating an increase 
in crystallinity or nanoparticle concentration. 
Curve “c” (200 pulses) has the most prominent 
peaks, that higher material yield and better-
defined crystalline structure. Interpretation 

 
 

  

  

Fig. 3. Helium-Neon laser irradiation.

 
 
 
 
 
 

  
  

2 Theta (2ϴ) Miler indices (hkl) 

38.1° 111 
44.3° 200 
64.5° 220 
77.4° 311 
81.6° 222 

Table 4. Miller indices of AgNPs.
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crystallinity the prominent peaks, particularly 
at 2θ≈38∘ confirm the formation of crystalline 
silver nanoparticles with an FCC structure as Fig. 
4. Pulse effect higher laser pulses increase the 
intensity and sharpness of the peaks, indicating 
larger or more abundant nanoparticles. Improved 
crystallinity due to prolonged laser exposure. 
Broadened peaks, slight broadening of peaks at 
lower pulses (curve “a”) smaller nanoparticle sizes 
due to less ablation energy. Parameters influencing 
nanoparticle properties, customizable size and 
shape, the size and shape of nanoparticles can be 
controlled by adjusting laser parameters such as 
pulse duration, wavelength, and energy, Versatility 
Laser ablation can be performed in different liquid 
media to tailor nanoparticle properties. Like, 

laser parameters, wavelength, flounce (energy 
per area), and pulse duration (nanoseconds, 
picoseconds, or femtoseconds). Liquid medium 
like, water solutions containing stabilizers affect 
particle size and stability. Target material and 
position, the purity and surface condition of the 
silver target, along with the distance between 
the laser beam and target, influence nanoparticle 
formation. And lest ablation time, longer ablation 
durations can produce higher concentrations of 
nanoparticles but may lead to larger particle sizes 
due to aggregation [17-20].

UV-Visible spectroscopy for Sliver nanoparticles 
(AgNPs)

Fig. 5 surface Plasmon resonance (SPR) peaks 
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Fig. 4. XRD of (Ag-CMC) (a-100, b-150, c-200) pulse.
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Fig. 5. UV. visible of (Ag-CMC) (a-100, b-150, c-200) pulse.
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the distinct peaks in the spectrum are due to 
(SPR), a characteristic optical property of silver 
nanoparticles. SPR peaks are observed between 
400–450 nm for all curves, which is typical for 
AgNPs. Peak intensity of the SPR were decreases 
from curve “a” 100 pulses) to “c” (200 pulses). This 
indicates that the concentration of nanoparticles 
and the extent of particle interaction changes 

with the number of pulses. Peak shift, a slight 
redshift (movement to higher wavelengths) might 
be present as the number of pulses increases, an 
increase in particle size. Enhanced aggregation 
of nanoparticles due to prolonged laser ablation. 
Broadening of peaks, broader SPR peaks, 
particularly in curve “c”, could indicate, A wider size 
distribution of nanoparticles due to aggregation 

  

                          (a -500 nano-scale)                                       (a -1  Micro Scale) 

                              
                             (b -500 nano-scale)                                     (b -1  Micro Scale) 

 

                          (b-500nano-scale)                                               (b -1  Micro Scale)                                                 

 

  

 

 

Fig. 6. FESEM of (Ag-CMC) (a-100, b-150, c-200) pulse.
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and the formation of larger clusters.Nanoparticle 
formation the presence of SPR peaks confirms the 
successful synthesis of silver nanoparticles [21]. 

The SPR peak position (~400–450 nm) 
corresponds to spherical or near-spherical 
nanoparticles. Effect of laser pulses 200 Pulses, 
peak intensity higher nanoparticle concentration, 
well-dispersed particles. 150 Pulse moderate 
intensity and sharpness indicate balanced 
particle size and dispersion.200 Pulses Lower 
peak intensity and broadening due to particle 
aggregation and reduced nanoparticle yield due to 
possible overexposure. By controlling the number 
of laser pulses, the size, concentration, and optical 
properties of AgNPs can be tailored for specific 
applications. The UV-Vis spectrum validates the 
plasmonic behavior of silver nanoparticles and 
their dependence on synthesis, increasing laser 
pulses affects particle size, distribution, and 
interaction, as indicated by intensity and peak 
position changes [22]. 

Field emission scanning electron microscopy 
(FESEM)

Field emission scanning electron microscopy 

(FESEM) for Sliver nanoparticles (AgNPs) Fig. 6, the 
nanoparticles’ sizes range between approximately 
17.7 nm to 47.15 nm, indicating a variation in 
particle dimensions. The labeled sizes show the 
measurements of specific nanoparticles in the 
image. Nanoparticle morphology the particles 
appear roughly spherical, though some may 
exhibit slight clustering or aggregation. Aggregates 
are visible where multiple particles are closely 
packed together. due to interactions or insufficient 
stabilization during synthesis. Nanoparticle 
formation the FESEM image confirms the 
successful formation of silver nanoparticles with a 
nanoscale size range. The size variation arises from 
differences in energy delivery during laser ablation 
or varying growth conditions. Some clusters 
could form due to insufficient capping agents or 
stabilizers (CMC polymer). This aggregation might 
affect the optical and antibacterial properties of the 
nanoparticles. Homogeneity the size distribution 
seems moderately uniform, but smaller and larger 
particles coexist, the silver nanoparticles exhibit 
nanoscale dimensions suitable for applications like 
antibacterial, to achieve better dispersion and size 
uniformity, stabilizing agents like carboxymethyl 

 
Sample Concentration (µg/mL) E. coli (mm) S. aureus (mm) 

Control (CMC only) 50 0 0 
AgNPs 50 11 13 
AgNPs 100 13 15 

AgNPs + CMC 50 14 16 
AgNPs + CMC 100 19 20 

 
  

 
Sample Bacterial Count (CFU/mL) E. coli (mm) Reduction in Bacteria% 
Control 1.1 *106 0 0% 

Laser only 6.4 *105 9 41.8% 
AgNPs +CMC 2.9 *105 13 73.6% 

AgNPs + Laser (5mint) 2.6*105 20 76.3% 
AgNPs + Laser (10mint) 2.2 *104 22 80% 

 
  

Table 5. Effect nanoparticles on two types of bacteria.

Table 6. Effect nanoparticles and laser on E. coli.

 
Sample Bacterial Count (CFU/mL) S. aureus (mm) Reduction in Bacteria% 
Control 1.1 *106 0 0% 

Laser only 6 *105 17 45.4% 
AgNPs +CMC 2.8 *105 20 74.5% 

AgNPs + Laser (5mint) 2.4*105 24 78.2% 
AgNPs + Laser (10mint) 2 *104 27 81.8% 

 
 

Table 7. Effect nanoparticles and laser on S. aureus.
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cellulose (CMC) can be used during synthesis. 
Aggregation might reduce specific properties 
like surface area or optical activity, so optimizing 
synthesis conditions is crucial [23-25]. 

Biology Part
Effect nanoparticles on two types of bacteria

First, the nanomaterial solution is prepared. 
Then used Well Diffusion Method for 
nanomaterials, Bacterial lawn is prepared by swab 
the bacterial suspension evenly across the entire 
Muller Hinton agar surface using a sterile cotton 
swab. Then, create wells in Agar by use a sterile 
cork borer (6 mm diameter) to punch wells into 
the agar. Remove the agar plug carefully. then, 
add nanomaterial with fill each well with a specific 
volume (50,100, µL) of the nanoparticle solution. 
In lest put the Patri Dish in incubate, at 37°C for 24 
hours [1.4]. 

AgNPs have dose-dependent antibacterial 
activity increasing concentration improves the 
effect more effective against Gram-positive S. 
aureus, possibly due to thinner peptidoglycan 
layers compared to the protective outer membrane 
of Gram-negative bacteria. P. aeruginosa is 
least sensitive, which is typical due to its robust 
resistance mechanisms. Strong synergistic effect 
between AgNPs and CMC, at both concentrations, 
zones are larger than AgNPs alone.Even at 50 µg/
mL, the combo outperforms AgNPs at 100 µg/
mL (Table 5). CMC may enhance dispersion and 
stability of AgNPs, improving their interaction with 
bacterial cells [6,7].

Effect nanoparticles and Laser on Bacteria
Tables 6 and 7 laser alone shows moderate 

antibacterial effect that due to localized heating, 
photo-thermal effects, disruption of bacterial 
cell walls. Silver nanoparticles exhibit strong 
antibacterial properties likely, disrupting bacterial 
membranes, generating reactive oxygen species 
(ROS), Interacting with bacterial DNA and proteins, 
They’re more effective than the laser alone. 
Combining laser and AgNPs significantly enhances 
antibacterial action. Laser increase AgNPs 
penetration and heating effect Laser also activate 
AgNPs lead to boosting ROS generation. Increasing 
laser exposure time to (10 min) slightly improves 
both inhibition zone and bacterial reduction 
antibacterial effect is reaching a saturation point. 
Extending the exposure from (5 to 10 minutes) 
yields minimal additional benefit the effect show 

very activity in S. aureus than E. coli.in all case 
[20,21,26].

CONCLUSION
The use of silver nanoparticles (AgNPs) 

combined with carboxymethyl cellulose (CMC) 
polymer has proven to be an innovative and 
highly effective approach for combating bacterial 
infections. This synergistic combination leverages 
the potent antibacterial properties of AgNPs 
and the stabilizing, biocompatible nature of 
CMC, making it a promising material in various 
applications. Enhanced Antibacterial Effect, The 
AgNP-CMC composite exhibits broad-spectrum 
antibacterial activity by disrupting bacterial 
membranes, generating reactive oxygen species 
(ROS), and releasing silver ions. The presence 
of CMC enhances the dispersion and prolonged 
action of AgNPs.Versatility The composite 
material is applicable in diverse fields, including 
wound dressings, antimicrobial coatings, food 
packaging, and water purification. Its ability to 
be processed into films, hydrogels, or sprays 
makes it adaptable for different uses. Eco-Friendly 
and Sustainable, Green synthesis methods for 
AgNP-CMC composites minimize environmental 
impact while providing effective antibacterial 
solutions. Challenges Addressed: The use of CMC 
helps mitigate the potential risks associated with 
AgNP toxicity by ensuring controlled release and 
stability.
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