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ABSTRACT 

Ocular melanoma, a malignant tumor that arises from the uveal tract, presents significant therapeutic 

challenges due to its intricate anatomy and limited accessibility. Recent advances propose a novel targeted 

treatment approach by combining femtosecond laser technology with Zinc Oxide Nanoparticles (ZnO-NPs) 

synthesized through laser ablation. This study investigates the combined effects of femtosecond laser 

irradiation and ZnO-NPs on A375 melanoma cells. ZnO-NPs were synthesized by ablating high-purity zinc 

in distilled water using a 532 nm Nd:YAG laser. The nanoparticles were characterized using UV-Vis 
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spectroscopy, TEM, EDX, and concentration analysis, revealing optimal size distribution and surface 

properties suitable for biological applications. A375 ocular melanoma cells were treated with ZnO-NPs, 

followed by femtosecond laser irradiation at wavelengths of 420 and 700 nm. Cytotoxicity was assessed 

using MTT assays, which showed that the combination of ZnO-NPs and 420 nm laser irradiation 

significantly reduced cell viability compared to either treatment alone. This innovative approach 

underscores the potential of combining nanotechnology with femtosecond laser technology to achieve 

precise and effective cancer cell targeting. Further in vivo studies are required to evaluate the clinical 

applicability of this promising strategy. 

Keywords-ocular melanoma; femtosecond laser-based treatment; Zinc oxide nanoparticles (ZnO-NPs); laser 

ablation synthesis technique; Photodynamic Therapy (PDT) 

I. INTRODUCTION  

In recent years, the occurrence of malignancies has 
increased steadily, with carcinogenesis increasingly affecting 
younger populations [1]. Melanoma is a kind of cancer that 
develops from melanocytes, which are cells in the skin's 
epidermis that produce color [2-4]. Early-stage melanoma is 
highly treatable with appropriate treatments. However, 
metastatic melanoma has a poor prognosis and is difficult to 
treat. As a result, the life expectancy of patients with metastatic 
melanoma is significantly reduced, ranging from 4.7 to 11 
months [5]. Surgery is usually the main treatment for 
melanoma, which aims to remove the affected skin and is often 
combined with chemotherapy and radiation therapy. This 
procedure is also utilized for patients with limited metastases to 
address isolated areas of carcinoma [6]. Malignant melanoma 
cells pose significant treatment challenges with existing 
chemotherapeutic drugs due to their inherent drug resistance, 
which severely reduces the survival rates of affected patients. 
Furthermore, these medications have several adverse effects 
[7]. Advances such as immunotherapy and molecular targeting 
therapy have improved outcomes for many patients, but 
unfortunately, these treatments are not effective for everyone 
[8]. 

Therefore, it is crucial to develop alternative treatments that 
can selectively target and destroy malignant melanoma cells 
while minimizing damage to surrounding healthy tissues. 
Recently, rapid advances in nanotechnology have shown 
promise in cancer treatment. Nanoparticles (NPs) have 
garnered significant interest in chemotherapy due to their 
superior bioavailability, solubility, biocompatibility, and 
multifunctionality compared to conventional chemotherapeutic 
agents [9]. Zinc Oxide NPs (ZnO-NPs) are highly versatile due 
to their potential for use in solar cells [10], varistors [11], gas 
sensors [12], piezoelectric devices, transducers, chemical 
absorbent [13], sun-screens, UV absorbers [14], UV light-
emitting devices [15] and electrostatic dissipative coating [16]. 
ZnO-NPs are versatile nanomaterials characterized by their 
exceptional properties, such as remarkable chemical and 
physical stability, biocompatibility, and size-dependent 
functionality [17, 18]. These characteristics make ZnO-NPs 
highly effective for various biomedical applications, 
particularly cancer treatment [19]. ZnO-NPs, due to their 
semiconductor properties and distinctive surface 
characteristics, demonstrate cytotoxic effects against cancer 
cells. These effects are predominantly driven by the generation 
of Reactive Oxygen Species (ROS), which are instrumental in 
triggering oxidative stress [20].  

Recently, some physical and chemical techniques have 
been studied for the liquid-phase formation of ZnO-NPs, such 
as hydrothermal methods [21], thermal plasma [22], sol-gel 
[23], and Pulsed Laser Ablation in Liquids (PLAL) [24, 25]. 
Laser Ablation in Liquid (LAL) involves directing a laser pulse 
at a solid target submerged in a liquid, causing the ejection of 
material and the formation of nanostructures. The interaction 
between laser and matter is significantly influenced by the 
irradiance and pulse duration [26]. Knowing the consequences 
of the PLAL parameters, liquid medium, wavelength, fluence, 
and irradiation period, is necessary for the controlled synthesis 
of NPs to create crucial physical qualities for energy usage, 
such as particle size and structure [27]. 

This study aimed to evaluate the cytotoxicity and anticancer 
potential of ZnO-NPs synthesized by PLAL in conjunction 
with femtosecond laser treatment on the human melanoma cell 
line (A375). 

II. MATERIALS AND METHODS 

A. Synthesis of ZnO-NPs 

Figure 1 demonstrates the design of the experiment for 
creating ZnO-NPs in liquid using PLAL. A Q-switched 
Nd:YAG laser (Quanta-Ray PRO-Series 350–10, Spectra-
Physics) was utilized to ablate the Zn bulk target. This system 
delivers pulses with a maximum energy of 1400 mJ per pulse, 
operating at a wavelength of 532 nm, a repetition rate of 10 Hz, 
and a pulse duration of 10 ns. Before the ablation procedure, 
the zinc surface with a purity of approximately 99.99% was 
thoroughly cleaned with alcohol, ultrasonicated, and polished 
to ensure smoothness and reduce beam scattering during the 
ablation procedure. After being secured in a holder, the zinc 
target was submerged in a beaker containing 10 ml of distilled 
water. As shown in Figure 1, a convex lens with a focal length 
of 100 mm was employed to focus the laser beam onto the Zn 
target after it had been directed to it by three highly reflective 
mirrors. 

To enhance nanoparticle formation and prevent 
aggregation, a motorized sample spinner was used to uniformly 
distribute the laser beam across the zinc surface, ensuring 
consistent laser exposure and minimizing power loss. In this 
research, ZnO-NP colloids were created at variable Laser 
Ablation Times (LATs) of 5, 10, 15, and 20 min at a constant 
average power of 200 mW. In addition, some measurements 
such as absorption, particle size, concentration, and Energy 
Dispersive X-ray (EDX) were performed. 
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Fig. 1.  Experimental setup of PLA for generation of ZnO-NPs colloids 
utilizing a 532 nm pulsed Nd: YAG laser. 

B. Cell Culture and Cytotoxicity Assay 

In a humidified environment with 5% CO₂, the human 
malignant melanoma A375 cell line (ATCC® CRL-1619™) 
was cultured at 37°C in preheated DMEM (Biowest) 
supplemented with 10% fetal bovine serum (Gibco, USA) and 
1% penicillin-streptomycin to maintain optimal growth 
conditions. Subculturing was performed when cells reached 80-
90% confluence, as confirmed under an inverted fluorescence 
microscope (Leica DMi8). 

A375 cells were seeded at a density of 10,000 cells per well 
in 96-well plates for the tests. After a 24-hour incubation 
period, cells were treated with various concentrations of ZnO-
NPs synthesized by laser ablation. ZnO-NPs were added to the 
wells at final concentrations of 15.3, 7.65, 3.82, 1.91, 0.9, and 
0.47 μg/mL. In separate groups, some wells were subjected to 
femtosecond laser treatment at wavelengths of 700 nm or 420 
nm, either with or without the presence of ZnO-NPs. For the 
laser treatment groups involving ZnO-NPs, the NP 
concentration was fixed at 15.3 μg/mL. An MTT assay was 
conducted on all wells, including a control group that did not 
receive treatment with ZnO-NPs or femtosecond laser 
exposure. 

C. Femtosecond Laser System Setup and Cytotoxicity 

Assessment Using MTT Assay 

The effect of tunable femtosecond laser light on the human 
malignant melanoma A375 cell line was studied using a mode-
locked femtosecond Ti:sapphire MAI TAI HP laser (Spectra-
Physics). This laser operated with an average power of 1.5-2.9 
W, a repetition rate of 80 MHz, and a wavelength range of 690-
1040 nm, producing pulses for the INSPIRE HF100 laser 
system (Spectra-Physics). A notable feature of the INSPIRE 
HF100 system is its ability to adjust the wavelength, allowing 
for precise customization of experimental conditions. In 
addition to the standard infrared pump wavelengths, the system 
can also function in OPO or SHG modes. When the Ti:sapphire 
laser is tuned and the potassium dihydrogen phosphate (KDP) 
second harmonic nonlinear crystal is rotated, the SHG mode 
produces output within a wavelength range of 345-520 nm. 
Simultaneously, the OPO mode generates a signal between 
490-750 nm and an idler between 930-2500 nm by tuning 
Lithium Niobate (LN) crystals.  

These capabilities allow for wavelength adjustment from 
345 to 2500 nm, output through four exit apertures. The power 
of the laser beam was measured using a Newport 843R power 
meter. As shown in Figure 2, the laser beam was positioned 
approximately 10 cm above each well in a covered 96-well 
plate, ensuring that the cells remained free from ambient 
contamination during irradiation. The initial laser beam 
diameter of ~2 mm was expanded to ~20 mm using a beam 
expander composed of two converging lenses. An adjustable 
iris was used to modify the laser beam's diameter, while a laser 
beam attenuator controlled the intensity directed at the cells. 
The laser beam was focused on the cells using highly reflective 
mirrors, as illustrated in Figure 2. The femtosecond laser light 
was delivered to the cells at specific wavelengths of 420 and 
700 nm. The actual power reaching the cells was measured 
using the Newport 843R power meter. Due to a 14% loss of 
laser power during transmission through the 96-well plate 
cover, only 100 mW of laser power was effectively delivered to 
the cells, requiring 114-116 mW of irradiation power. 

To evaluate the influence of ZnO-NP treatment and 
femtosecond laser irradiation on cell proliferation, the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) 
assay was used. This assay relies on the reduction of the yellow 
MTT dye by mitochondrial enzymes in viable cells, forming 
purple formazan crystals. This process correlates total 
mitochondrial activity with the number of viable cells, making 
it a standard method for assessing cell growth in vitro. After 
dissolving MTT powder (Life Technologies Corporation, 
M6494) in PBS, a 5 mg/mL stock solution was created and 
kept out of direct sunlight at 4°C. An MTT working solution 
(made by diluting the stock solution with DMEM in a 1:10 
ratio) was applied to each well after the culture medium had 
been removed after a 24-hour laser irradiation. The plates were 
then incubated at 37°C for three hours to facilitate formazan 
crystal formation. 

After incubation, the MTT-containing media were 
removed, and the plates were agitated for 12 minutes. To 
dissolve the formazan crystals, 100 μL of DMSO was added to 
each well, followed by a 15-minute incubation in a CO2 
incubator. Finally, absorbance at 570 nm was measured using 
an ELISA reader after the plates were agitated for three 
minutes on a plate shaker. 

 

 
Fig. 2.  Schematic illustration of the A375 cell irradiation experimental 
setup. 
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D. Statistical Analysis 

The information was displayed as means ± standard errors 
of the means (SEMs). The study employed Tukey's multiple 
comparisons test and one-way analysis of variance (ANOVA) 
in GraphPad Prism (version 5). The criterion for statistical 
significance was set at p<0.05. 

III. RESULTS AND DISCUSSION 

A. Optical Characteristics 

An ultraviolet-visible spectrum of ZnO-NPs colloidal 
solution absorbance was captured by a UV-Visible 
spectrophotometer (Peak Instruments C-7200, Inchinnan, UK) 
in the range of 190 to 1100 nm using a quartz cuvette. Figure 3 
shows standard absorption spectra of the colloidal suspension, 
obtained by ablation of Zn bulk in distilled water at different 
LATs (5-20 min) at a set average power of 200 mW. Since 
ZnO has a higher absorbance [28] and a better reaction to UV 
light, its conductivity improves. This characteristic 
significantly increases the interaction with environmental (such 
as dyes) and biological (such as microbes) conditions [29, 30]. 
These metal nanoparticles have a fingerprint-like color in 
solutions. Surface plasmons, as defined by the Mie theory, are 
the collective oscillations of free electrons caused by the 
incident light's oscillating electromagnetic field plasmons [31]. 
Surface Plasmon Resonance (SPR) is about 245 nm. This 
figure indicates that an increase in LATs (5-20 min) for Zn 
bulk led to an increase in absorption peak intensity. 

 

 
Fig. 3.  Absorption spectrum for ZnO-NPs colloidal generated by PLAL. 

B. Structure Characteristics 

The ZnO-NPs were characterized in size and form utilizing 
a high-resolution transmission electron microscope (HR-TEM, 
JEM-2100, Joel, Japan, operated at 200 KV). To estimate the 
particle sizes of both ZnO-NPs, the colloidal samples were 
spread out on carbon-coated copper grids at room temperature 
and left to air dry. Using ImageJ software, the diameters of 
many dispersed particles in TEM pictures were measured [32]. 
Beyond that, a histogram was designed, and the average size of 
the NPs was ascertained using the Origin program. Figure 4 
shows TEM images of ZnO-NPs, along with a chart with 
histograms of the size distribution. The analysis revealed that 
the NPs possessed a predominantly spherical morphology. The 
average size of ZnO-NPs varies with the different LATs (5-20 

min) at a constant average power of 200 mW. The results 
indicate that increasing the LAT results in smaller average NP 
sizes, consistent with a laser-induced fragmentation 
mechanism, where average sizes were 32.3, 27.3, 23.02, and 
20.6 nm at LATs of 5, 10, 15, and 20 min, respectively. 
According to the results, the synthesized product has a 
spherical structure and good distribution. The fragmentation 
mechanism concludes that the NPs get smaller as the LAT 
increases [33]. Figure 5 illustrates the inverse relationship 
between average ZnO-NP size and increasing LAT (5-20 min) 
at a constant laser power of 200 mW. This figure illustrates 
how LAT increased from 5 min to 20 min while average NPs 
sizes reduced from 32.3 nm to 20.6 nm. This reflects the 
fragmentation process where longer LAT leads to smaller NP 
size [34-36]. 

 

 
Fig. 4.  Histogram of the average size of ZnO NPs with varying LATs, 
(a) 5 min, (b) 10 min, (c) 15 min, and (d) 20 min, at a constant average power 
of 200 mW. The insets of figures (a-d) indicate the shape of the NPs formed. 

 
Fig. 5.  The average size variation of ZnO-NPs with altering LATs (5-20 
min) at a constant average power of 200 mW. 

C. Concentration of ZnO-NPs  

The concentration of ZnO-NPs prepared by PLAL was 
measured using an inductively coupled plasma device (Agilent 
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5100 Synchronous Vertical Dual View (SVDV) ICP‒OES, 
Agilent Vapor Generation Accessory VGA 77). Figure 6 shows 
the impact of varying LATs on the concentration of colloidal 
ZnO-NPs. This figure indicates that as the LAT grew, the 
concentration of colloidal ZnO-NPs increased correspondingly. 
As shown in Figure 3, higher absorption intensities correlated 
with increased ZnO-NP concentrations, supporting the notion 
that longer LAT enhances NP yield. The concentration of ZnO-
NPs increased progressively with LATs of 5, 10, 15, and 20 
minutes, reaching values of 6.9, 13.3, 17.5, and 38.25 mg/L, 
respectively, under a constant average laser power of 200 mW.  

ZnO-NPs suspended in distilled water reached a 
concentration of 38.25 mg/L when the exposed Zinc sample 
was exposed to a higher LAT of 20 min. This contrasts with the 
lower concentrations observed at shorter LATs, confirming that 
prolonged laser exposure promotes a higher ZnO-NP yield. 
Numerous biological activities are dependent on the Zn 
concentrations in the nanoscale region of NPs. The larger 
surface area and increased concentration are responsible for 
ZnO-NP applications [37-39]. 

 

 
Fig. 6.  Variation in ZnO-NP concentration with different LATs (5-20 
min). 

The physical characteristics of the ZnO-NPs, particularly 
particle size and concentration, showed a clear dependence on 
LAT. As LAT increased from 5 to 20 minutes, the average 
particle size decreased from 32.3 to 20.6 nm, while the NP 
concentration increased substantially (from 6.9 to 38.25 mg/L). 
These changes likely contributed to the enhanced cytotoxicity 
observed in A375 melanoma cells. As particle size decreases, 
the surface area-to-volume ratio increases, exposing more 
reactive sites capable of generating ROS upon laser irradiation. 
Similarly, higher NP concentrations raise the total available 
surface area for interaction with cellular components. Together, 
these factors potentiate oxidative stress and mitochondrial 
dysfunction in cancer cells, ultimately resulting in decreased 
viability. These observations support the hypothesis that the 
physical optimization of ZnO-NPs via laser ablation can 
directly enhance their biological effectiveness. 

Figure 7 shows the EDX spectrum of the ZnO NPs. 
According to the EDX spectrum, ZnO NPs contain 90.07 % Zn 
and 9.93 % by weight. Thus, the presence of O and Zn in the 
produced substance was verified. 

 
Fig. 7.  EDX spectrum of ZnO-NPs colloidal solution prepared by PLAL. 

D. Effect of Different Concentrations of ZnO-NPs on A375 

Cells' Viability. 

Compared to control cells, cell viability decreased to 32% 
at the maximum ZnO-NPs concentration of 15.3 µg/mL, which 
was statistically significant (***p<0.001), confirming the 
concentration-dependent cytotoxic potential of the NPs. 
However, as Figure 8 illustrates, there were no appreciable 
variations in cell survival between the control group and cells 
treated with lower concentrations of ZnO-NPs. In A375 cells, 
ZnO-NPs showed concentration-dependent cytotoxicity, which 
is in line with the results of [7]. This is also in agreement with 
[28], which demonstrated the effect of ZnO NPs on U251 cells. 

 

 
Fig. 8.  The impact of ZnO-NPs on A375 cell viability 24 hours post-
treatment. Cell viability was assessed using the MTT test and is shown as the 
proportion of untreated cells (control). Significant variation from the control, 
with ***p < 0.001. 

E. Effect of Femtosecond Laser and ZnO-NPs on A375 Cells' 

Biability 

The results of the MTT assay indicated that the viability of 
ocular melanoma cells, relative to the control, was 48% 
following femtosecond laser treatment at 420 nm, 32% with 
ZnO-NPs alone (15.3 µg/mL), and 1.3% with the combination 
of ZnO-NPs and femtosecond laser treatment at 420 nm, which 
was statistically significant compared to either treatment alone 
(***p<0.001), as shown in Figure 9. These findings confirm 
the potency of the synergistic treatment approach. The 
enhanced cytotoxic effect observed with the 420 nm 
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femtosecond laser in combination with ZnO-NPs can be 
attributed to the wavelength's proximity to the absorption band 
of ZnO-NPs, which peaks at 245 nm but exhibits a broad 
absorption tail extending into the visible range. The 420 nm 
wavelength likely excites the ZnO-NPs effectively, leading to 
the generation of ROS that induce oxidative stress and 
apoptotic cell death. This synergistic effect is evident in the 
drastic reduction of A375 cell viability to 1.3%, compared to 
48% with 420 nm laser alone and 32% with ZnO-NPs alone. 

 

 
Fig. 9.  The impact of ZnO-NPs and 420 nm femtosecond laser irradiation 
on A375 cell survival 24 hours post-treatment. Cell viability, expressed as the 
proportion of untreated cells (control), was assessed using the MTT test. 
Symbols indicate significant differences: *** indicates a significant difference 
compared to the control with p<0.001, ### denotes a significant difference 
observed compared to ZnO-NPs treatment with p<0.001, and @@@ signifies 
a significant difference observed compared to 420 nm treatment with p<0.001. 

 
Fig. 10.  The impact of ZnO-NPs and 700 nm femtosecond laser irradiation 
on A375 cell survival 24 hours post-treatment. Cell viability, which is 
expressed as the proportion of untreated cells (control), was assessed using the 
MTT test. Symbols indicate significant differences: *** indicates a significant 
difference compared to the control with p<0.001, ### denotes a significant 
difference observed compared to ZnO-NPs treatment with p< 0.001, and 
@@@ signifies a significant difference observed compared to 700 nm 
treatment with p<0.001. 

In contrast, no significant difference in cell viability was 
observed between the control and cells treated with the 
femtosecond laser at 700 nm. These findings align with those 
of [40], which reported that irradiation of T47D breast cancer 
cells with a femtosecond laser at 420 nm had a significant 
impact, whereas no effect was observed at 700 nm. 
Additionally, as shown in Figure 10, no significant difference 

was observed between the effects of ZnO-NPs alone and the 
combination of ZnO-NPs with femtosecond laser treatment at 
700 nm, reinforcing the wavelength specificity of the observed 
cytotoxic effects. This outcome may be attributed to the fact 
that 700 nm is far from the absorption spectrum of ZnO-NPs, 
which peaks at 245 nm, resulting in insufficient photon 
absorption and minimal ROS production. This wavelength 
specificity highlights the importance of tuning the laser source 
to match the photophysical properties of the nanoparticles in 
order to optimize therapeutic efficacy. 

IV. CONCLUSIONS 

This study addressed a significant therapeutic challenge in 
ocular melanoma by exploring a novel combinatorial strategy 
involving ZnO-NPs synthesized through PLAL and their 
synergistic cytotoxicity with femtosecond laser light. 
Conventional treatments often suffer from non-specificity and 
toxicity, highlighting the need for innovative and targeted 
approaches. ZnO-NPs were synthesized using a clean, 
surfactant-free PLAL method, ensuring high purity and optimal 
biocompatibility. Their characterization revealed a decreasing 
NP size with increasing LAT, with an average size of 20.6 nm 
at 20 minutes LAT. Subsequent biological assays demonstrated 
that ZnO-NPs alone reduced the viability of A375 ocular 
melanoma cells to 32%, while femtosecond laser exposure at 
420 nm achieved 48% viability. Notably, the combination of 
ZnO-NPs and 420 nm femtosecond irradiation reduced cell 
viability drastically to 1.3%, demonstrating a powerful 
synergistic effect. In contrast, 700 nm laser exposure showed 
negligible cytotoxicity, indicating wavelength specificity linked 
to ZnO-NPs absorption properties. 

To the best of our knowledge, this is the first study 
demonstrating such enhanced melanoma cell suppression 
through femtosecond irradiation combined with laser-
synthesized ZnO-NPs. Although the results are promising, this 
study was conducted in vitro and lacks long-term 
biocompatibility and safety evaluations. In addition, potential 
effects on surrounding healthy ocular tissues must be carefully 
assessed. Future investigations will focus on in vivo validation, 
mechanistic studies of intracellular ROS pathways, and the 
development of targeted delivery systems to advance this 
technique toward clinical application in ocular oncology. 
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