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Abstract

Cancer therapies such as chemotherapy and radiation are known to jeopardize fertility, potentially causing sperm DNA damage and leading to temporary 
or permanent infertility. Despite the benefits of these treatments in combating cancer, the risk of contamination of spermatogonial stem cells (SSCs) by residual 
cancer cells remains a significant concern in fertility preservation. This study aimed to address this issue by evaluating the efficacy of a novel approach involving 
the use of folate-conjugated silica-gold nanorods (F-Si-GNRs) in conjunction with laser therapy to eliminate EL4 malignant cells from spermatogonial stem cells. 
The experimental procedure involved subjecting spermatogonial stem cells and EL4 cells to an 808 nm, 2.5 W laser after pre-incubation with 100 µM F-Si-
GNRs. Following treatment, the cellular composite was transplanted into recipient mice to assess tumorigenicity. Toxicity levels were evaluated using MTT assays, 
while apoptosis rates were determined through flow cytometry analysis. Results revealed survival rates of 45.33 ± 0.8% for SSCs and 6.6 ± 0.08% for EL4 
cells post-treatment. Encouragingly, no signs of tumorigenicity were detected in mice receiving the transplanted cells. This innovative combination of F-Si-GNRs 
and laser therapy holds promise as an effective strategy for removing tumorigenic cells from SSCs prior to transplantation. By mitigating the risk of cancer cell 
contamination, this approach offers a potential avenue for enhancing the success of fertility preservation procedures in cancer patients undergoing treatment.
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INTRODUCTION

Cancer treatment modalities such as chemotherapy 
and radiation therapy, while effective in combating 
malignancies, often exact a toll on patients’ reproductive 
capacity, leading to complications such as sperm DNA 
damage and potential infertility, whether temporary 
or permanent [1]. Notably, there has been a marked 
improvement in the survival rates of pediatric cancer 
patients in recent years, with approximately 1 in 
530 individuals with cancer responding favorably to 
therapy. Among childhood cancers, Acute Lymphoblastic 
Leukemia (ALL) holds prominence, constituting 34% 

of all cancer diagnoses among children under 14 [2]. 
Despite advancements in treatment outcomes, fertility 
preservation remains a paramount concern for survivors, 
particularly in light of the lingering effects of infertility 
and hypogonadism following therapy. For children who 
have undergone successful treatment, the prospect of 
infertility looms large, necessitating proactive measures. 
Testicular biopsy emerges as a viable option, particularly 
for prepubescent individuals, with the aim of isolating 
Spermatogonial Cells (SCs) for potential transplantation 
post-puberty. However, this approach underscores the 
urgent need for innovative strategies to safeguard and 
restore fertility in cancer survivors, given the inherent 
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limitations and uncertainties associated with current 
methods.

However, there exists a considerable risk of 
contamination of SCs by residual cancer cells. Exposure 
to chemotherapy drugs can disrupt the hypothalamic-
pituitary-gonadal axis in men, impacting testicular function. 
The testes play dual crucial roles: they are responsible 
for sperm production through germ cell differentiation 
within the seminiferous tube epithelium, and they 
produce testosterone, vital for the development and 
maintenance of secondary sexual characteristics in men 
and the sustenance of spermatogenesis during puberty [2]. 
Studies have indicated that germ cell transplantation from 
leukemic mice resulted in tumor growth, underscoring 
the necessity of complete segregation of tumor cells from 
germ cells [3]. Presently, techniques such as Magnetic-
Activated Cell Sorting (MACS) and Fluorescence-Activated 
Cell Sorting (FACS) are employed to isolate spermatogonial 
cells from heterogeneous cell populations obtained from 
biopsied samples in both murine and human testicular 
cell suspensions. However, challenges persist in achieving 
purification based on these methods due to variations in 
cell size and the expression of surface antigens on leukemic 
testicular cells.

Furthermore, the efficacy of MACS in preventing 
leukemia recurrence in PVG rats when using cells from 
leukemic testes for testicular cell transplantation is 
limited [4]. These findings underscore the need for novel 
approaches to ensure the complete elimination of tumor 
cells from germ cell populations, emphasizing the urgency 
for further research and innovation in this field.

In an previous phase of our investigation, we explored 
the efficacy of Folate-Silica-Gold Nanorods (F-Si-GNRs) in 
targeting both mouse acute lymphoblastic leukemia (EL4 
cancerous cell line) and spermatogonial cells to eradicate 
cancerous cells [5]. Gold Nanorods, a component of this 
novel approach, possess the unique ability to absorb both 
UV and infrared radiation, thereby generating heat, which 
plays a pivotal role in the destruction of cancer cells [6]. 
This mechanism aligns with previous pioneering work 
by Hirsch et al., who demonstrated the groundbreaking 
use of gold nanoparticles combined with laser therapy in 
targeting epithelial cells in human SKBr3 breast cancer [7]. 
Such interdisciplinary endeavors highlight the potential 
of nanotechnology-assisted therapies in revolutionizing 
cancer treatment paradigms.

Numerous experiments have delved into the intricate 
interplay between laser parameters and cellular responses, 
recognizing the pivotal role of nanoparticle properties 

such as size and shape in modulating cellular penetration. 
The initiation of cell damage, characterized by phenomena 
like microbubble formation, membrane blebbing, and 
apoptosis, arises from the targeted binding of nanoparticles 
and localized energy delivery. This precision targeting 
holds promise in minimizing collateral damage to healthy 
cells and tissues [8]. For instance, Zharov et al., scrutinized 
bubble formation induced by nanoparticles measuring 40 
nm in diameter, noting cell death and cluster formations 
following exposure to either 30 pulses of 0.5 J/cm2 or a 
single pulse of 2 J/cm2 [9]. Similarly, Huang et al., explored 
cancer cell apoptosis across varying energy efficacies, 
elucidating pathways wherein high laser strength results 
in nanoparticle fragmentation inducing an electric shock 
to cells, while lower laser strength generates heat from 
nanoparticles, ultimately perforating cell membranes and 
leading to cell demise [10]. 

In light of the advantageous impact of laser therapy 
on tumor cells, we embarked on an extensive research 
endeavor to investigate the synergistic effects of utilizing 
F-Si-GNRs in tandem with laser therapy for purifying SCs 
from EL4 cells. The initial phase of our study entailed 
the investigation of gold nanoparticles coated with silica 
and conjugated with folic acid, wherein varying doses of 
nanoparticles were administered separately to SCs and 
EL4 cells to ascertain the optimal threshold for apoptosis 
induction [5]. Building upon this foundation, the subsequent 
phase integrated laser technology into the synthesized 
nano-system, enabling an exploration of the combined 
effect of laser irradiation and gold nanorods on the cellular 
mixture of SCs and EL4 cells. This comprehensive approach 
aims to advance our understanding of novel therapeutic 
strategies for purifying stem cells and holds immense 
potential for enhancing cancer treatment outcomes.

METHODS AND MATERIALS

We utilized 120 neonatal NMRI mice aged between 3 to 
6 days, sourced from the Experimental and Comparative 
Studies Center at Iran University of Medical Sciences 
(IUMS). These animals were housed in cages maintained 
at a temperature range of 22-25 °C, under a 12-hour light-
dark cycle, with ad libitum access to food and water. All 
experimental procedures adhered to ethical standards 
established by the Animal Care and Use Committee 
(ACUC) at Iran University of Medical Sciences, as per 
registration code 94-01-117-25884. EL4 cancer cells 
were selected for this study due to their resemblance to 
human lymphoblastic cancer cells. Originating from a 
C57BL mouse-induced lymphoma, EL4 cells represent a T 
lymphoblast line. Chemicals utilized in the study, including 
HAuCl4∙3H2O (Tetrachloroauric (III) acid trihydrate), 
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NaBH4 (Sodium borohydride), Ascorbic acid, CTAB 
(Hexadecyl trimethyl ammonium bromide), AgNO3 (Silver 
nitrate), TEOS (Tetraethylorthosilicate), and Folate, were 
procured from Sigma (Germany). Additionally, Phosphate 
Buffered Saline (PBS) tablets and Sodium acetate were 
sourced from Merck (USA).

Isolation and validation of SCs and EL4 cells

SCs were isolated using a two-step enzymatic digestion 
process. To enhance purification, they were subsequently 
cultured in 3 cm dishes for 24 hours, allowing Sertoli 
and myoid cells to adhere to the bottom of the culture 
dishes. The remaining non-adherent cells were gently 
removed from the solution. Following this, the cells were 
cultured again in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 5% serum, 1.37 g/L NaHCO3, 
penicillin (100 IU/mL), streptomycin (100 μg/mL), and 
nonessential amino acids. The EL4 cell line was sourced 
from the Pasteur Institute and cultured using DMEM/
F12 medium containing 1% Fetal Bovine Serum (FBS). 
Flow cytometry was employed to confirm the identity 
of both SCs and EL4 cells. For SCs, the expression of Plzf 
was assessed using a PLZF monoclonal antibody, while 
EL4 cells were confirmed using a FITC-conjugated mouse 
anti-H-2kb monoclonal antibody. Furthermore, the 
expression of specific spermatogonial cell genes including 
Oct-4, Gfra, Plzf, VASA, Igα6, and Igβ1 was examined via 
RT-PCR. To validate the identity and functionality of both 
cell types, transplantation experiments were conducted 
using an azoospermia mouse model. These comprehensive 
methodologies ensure the accurate characterization and 
utilization of SCs and EL4 cells for further experimental 
investigations [5].

Co-culture of SCs and EL4 cells

SCs were co-cultured with EL4 cells at a 5% 
contamination rate (95% SCs & 5% EL4 cells) and incubated 
in DMEM/F12 medium (Gibco) supplemented with 2% fetal 
bovine serum, penicillin (100 U/mL), streptomycin (100 
µg/mL), and gentamycin (40 µg/mL). The cell population 
was subsequently divided into five experimental groups: 
Group 1 served as the control, receiving only the medium; 
Group 2 was treated with 100M Si-GNRs in the medium; 
Group 3 received 100M F-Si-GNRs, a dose determined 
during the preliminary phase of experimentation; Group 
4 underwent laser irradiation alone; and Group 5 was 
exposed to both 100M F-Si-GNRs and laser irradiation. 
Flow cytometry was utilized to evaluate the expression of 
specific markers for each cell type (Plzf for SCs and H-2Kb 
for EL4 cells), enabling a comprehensive assessment of 
the effects of various treatments on cellular behavior and 
phenotype.

Synthesis of F-Si-GNRs combined with Near-infrared 
(NIR) laser

Gold nanorods with dimensions of 20.44 ± 1.8 nm 
in length and 5.55 ± 1.56 nm in width were synthesized 
using the sequential seed interference growth process 
(11). Following synthesis, their surfaces underwent 
modification with silica and folate. The cells were subjected 
to laser irradiation using an 808 nm, 2.5 W laser (Nanobon 
Corporation, Tehran, Iran). The synthesis process began 
with the mixing of aqueous solutions of HAuCl4 ∙3H2O 
(250 μL, 0.01 M) and CTAB (7.5 mL, 0.095 M), followed by 
the rapid addition of an ice-cold NaBH4 (600 μL, 0.01M) 
solution, leading to the formation of a growth solution. 
Subsequently, CTAB (9.5 mL, 0.095 M), HAuCl4 ∙3H2O 
(400 μL, 0.01 M), AgNO3 (60 μL, 0.01 M), and ascorbic 
acid (64 μL, 0.10 M) solutions were sequentially added 
to the mixture to induce the formation of small spherical 
nanoparticles. Further rod formation was facilitated by 
centrifugation of the solution and removal of excess CTAB. 
In the final step, the gold nanorods’ surfaces were coated 
with silica by sequentially adding 20 μl of TEOS (diluted 
to 1 mL with ethanol) to the GNRs (20 µL each time) at 
30-minute intervals, followed by overnight purification to 
obtain silica-coated GNRs (Si-GNRs). For targeted surface 
coating of the nanorods, folate was selected due to the 
overexpression of the folate receptor (FR) on many tumor 
cells, making it a recognized biomarker for cancer. To 
conjugate nanoparticles with folate, 1.5 mg of folate was 
dissolved in 2 ml of dimethyl sulfoxide (DMSO), and for 
every 10 ml of GNR suspension in ethanol, 250 μl of folate 
solution was used. FTIR spectrum analysis was employed 
to confirm silica-coated GNRs before and after folic acid 
binding. For morphology confirmation and size evaluation, 
the nanoparticles were placed on a copper grid covered 
with carbon, dried under ambient conditions, and imaged 
using a transmission electron microscope (TEM) from 
Zeiss (LEO 906, 100KV). Additionally, electron microscopy 
was utilized to trace rod-shaped nanoparticles within cells, 
providing insights into their intracellular localization and 
distribution.

Cytotoxicity of F-Si-GNRs combined with NIR laser 
light on SCs and EL4 cells

Cells were seeded into a 96-well plate at a density of 
15×103 cells per well. Following seeding, the cells were 
incubated with 100 M F-Si-GNRs for a duration of 6 hours 
before being subjected to laser irradiation for varying 
exposure periods (5, 10, 20, 30 minutes). The viability 
of the cells post-irradiation was assessed using the MTT 
assay. To evaluate potential toxicity, the cells were 
centrifuged and washed with PBS prior to conducting 
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the MTT assay. Subsequently, 100 µl of MTT solution (5 
mg/ml MTT tetrazolium salt) was added to each well and 
incubated for 3–4 hours. Following incubation, the solution 
was centrifuged, and the supernatant was removed. Next, 
100 µl of DMSO was added to each well, and the plates 
were subjected to agitation for 10 minutes using an ELISA 
reader set to 570 nm for colorimetric measurement. 
Despite the inherent differences in the nature of cells in the 
plate (one adherent and one suspended), the uniformity 
of the 6-hour incubation period allowed for consistency 
in the exposure of both cell types to F-Si-GNRs combined 
with NIR irradiation. This standardized approach 
facilitated comparative analysis of cellular responses, 
notwithstanding variations in cell adhesion kinetics.

Apoptosis in SCs and EL4 cells following treatment 
with F-Si-GNRs and NIR laser 

Flow cytometry served as the pivotal tool for 
identifying apoptosis utilizing the annexin V–fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) apoptosis 
detection kit. Initially, cells were seeded into 24-well 
plates at a density of 200,000 cells per well. Following a 
thorough washing with PBS and subsequent re-suspension 
in annexin binding buffer, cells were incubated in the dark 
for 15 minutes with annexin V–FITC/PI. Subsequently, 
the number of viable, early apoptotic, late apoptotic, and 
necrotic cells was quantified using a flow cytometer. Early 
apoptotic cells were characterized by their positive staining 
for annexin-V–FITC but negative staining for PI, whereas 
late apoptotic cells exhibited positive staining for both 
annexin-V–FITC and PI. Necrotic cells, on the other hand, 
displayed positive staining for PI but negative staining for 
annexin-V–FITC. This comprehensive analysis enabled the 
precise delineation of apoptotic cell populations, shedding 
light on the intricate dynamics of cellular responses to 
experimental conditions.

Tumorigenicity of EL4 cells in co-culture following 
treatment

To ensure the precision and reliability of histological 
examination post-transplantation, it was imperative that the 
mice were rendered azoospermic prior to transplantation, 
ensuring the seminiferous tubules were devoid of 
contents. Consequently, azoospermia was induced in mice 
using busulfan before the transplantation procedure. 
Following treatment, the cells were transplanted into the 
efferent ductules of azoospermic NMRI mice, which were 
male, aged 6–8 weeks, and weighed between 20–30 g. 
Two months post-transplantation, the abdominal region 
of the mice was meticulously examined for the presence 
of any tumors, and subsequently, their testicles were 

dissected and prepared for histological examination. This 
stringent protocol ensured thorough evaluation of both 
the transplanted cells and any potential tumorigenicity, 
providing crucial insights into the efficacy and safety of the 
transplantation procedure.

Statistical analysis

The data are depicted as the mean ± Standard Deviation 
(SD) of a minimum of three biologically independent 
replicates. Group distinctions were evaluated utilizing 
two-way analysis of variance (ANOVA) performed with 
SPSS version 26. Apoptosis rates were further scrutinized 
through ANOVA followed by Tukey’s post-hoc test for 
multiple comparisons. A significance level was established 
at p≤0.05 to ascertain statistically significant differences 
between experimental groups.

RESULTS

Confirmation of cells

Flow cytometry analysis revealed that the average 
expression of PLZF in SCs was 45.6 ± 5.7% at the conclusion 
of the first week of culture, escalating to 84.7 ± 4.02% by 
the end of the second week. Additionally, the expression 
of specific markers associated with SCs, including 4 
Oct- GFRa, PLZF, VASA, Igα6, Igβ1, along with GAPDH 
as a housekeeping gene, was assessed. To probe the 
functionality of SCs, these cells were transplanted into the 
testes of azoospermic mice after being labeled with DiI and 
DAPI. Direct injection of 105 cells into the efferent ducts 
of azoospermic mice facilitated transplantation. After an 
8-week period post-transplantation, tissue sections were 
meticulously prepared and examined under a fluorescent 
microscope. Confirmation of EL-4 cells was achieved 
through H-2Kb monoclonal antibody staining, revealing a 
specific expression of the H-2Kb marker on the surface of 
tumor cells, with an average expression of 96.25 ± 2.81%. 
Subsequently, to validate the tumorigenic potential of 
EL-4 cells, these cells were transplanted into the efferent 
ducts of the testes in azoospermic mice. Four weeks post-
transplantation, the morphology and dimensions of the 
testicular tissue were evaluated. Histological analyses 
unveiled tumor formation in 70% of the mouse testicular 
tissue after 4 weeks, with an average tumor size measuring 
142 mm (Figure 1).

Assessments of F-Si-GNRs 

The FTIR spectrum analysis depicted in Figure 2C 
showcases the transformation in spectral characteristics 
upon modifying silica-coated Gold Nanorods (GNRs) with 
folic acid. The incorporation of folic acid, consisting of 
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p-aminobenzoic acid, glutamic acid, and heterobicyclic 
pteridine, led to discernible changes in vibrational bands. 
Notably, specific vibrational bands corresponding to the 
phenyl and pterin ring (PT) (around 11478 cm-1), as well 
as the OH of carboxylic acid of glutamic acid and NH group 
of pterin ring stretching within the range of 3500-3700 
cm-1, underscored the absorption of folic acid molecules 
onto the gold nanorod matrix. Further elucidation of 
the morphology and dimensions of gold nanorods with 
silica coating (Figure 2A, B), was accomplished using 
electron microscopy. The histogram representing the size 
distribution of gold nanorods revealed a length of 20.43 
± 2.18 nm and a width of 5.55 ± 1.56 nm (Figure 2C). 
Noteworthy changes in the Surface Plasmon Resonance 
(SPR) bands were observed subsequent to the formation 
of a silica layer around the nanostructure. Upon the 
addition of Tetraethylorthosilicate (TEOS), a decline in the 
intensity of the absorption band of the longitudinal surface 
plasma signified the formation of a silica layer around the 
nanostructures, while the transversal surface plasmon 
absorption group exhibited minimal alteration. The coating 
of GNRs with a very thin silica layer (2.56 ± 0.62 nm) not 

only augmented the colloidal stability of the nanorods 
but also stabilized their shape while modifying their 
surface properties. Furthermore, Zeta potential analysis 
indicated a notable shift in surface charge from +37 before 
the addition of folic acid to -10 after conjugation with 
folic acid, corroborating the presence of folic acid on the 
nanoparticle surface. Zeta potential measurements served 
as an integral tool for determining the surface charge of 
the nanoparticles, thus providing valuable insights into 
their surface characteristics and functionalization.

Evaluation of the viability of both cell types after 
laser irradiation

Following the laser exposure experiments, the 
assessment of cell viability was conducted. Surprisingly, 
the survival rate exhibited negligible variance across 
different durations of laser exposure. Consequently, a 
5-minute incubation period emerged as the optimal choice 
(Figure 3A). Subsequently, cells were subjected to a 6-hour 
incubation with 100 M F-Si-GNRs prior to a 5-minute 
laser irradiation, and their viability was evaluated using 
the MTT assay. The results unveiled a slight reduction in 

Figure 1 Visualization of Cell Labeling and Tumor Formation in Transplanted Mice Testes. A: SCs were labeled with DAPI to visualize their nuclei. 
B: DiI-labeled SCs were observed under fluorescence microscopy, indicating successful labeling. C: The merged image shows the localization of 
DiI-labeled SCs within the testicular tissue (scale bar: 200 µm). D: Tumor tissue formed after transplantation of EL4 cells into the efferent duct 
of azoospermia mice. The average tumor size was 142 mm, highlighting successful tumor establishment (scale bar: 4 mm). E, F: Cross-sections 
reveal structural alterations in the seminiferous tubules and infiltration of leukemic cells post-tumor cell transplantation. E (scale bar: 50 µm) 
and F (scale bar: 20 µm) depict the extent of tissue disruption and leukemic cell infiltration, emphasizing the invasive nature of the tumor cells.
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Figure 2 Transmission Electron Microscopy and Spectral Analysis of Gold Nanorods. A, B: Transmission electron microscopy images depict 
gold nanorods coated with silica. The thickness of the silica layer was measured to be 2.56 ± 0.62 nm. A (scale bar: 40 nm) and B (scale bar: 20 
nm) provide detailed views of the nanorod morphology. C: Spectral analysis illustrates the characteristic surface plasmon resonance (SPR) bands 
of gold nanorods before and after surface modification with silica and folate. The spectra compare silica-coated gold nanorods (Si-GNR) with folic 
acid-modified silica-coated gold nanorods (F-Si-GNR).

Figure 3 Assessment of Laser Irradiation and Gold Nanoparticle Dose. A: The graph illustrates the impact of varying laser irradiation 
durations on cell viability. B: MTT assay results depict the viability of EL4 tumor cells and SCs after 6 hours of incubation with different doses 
of gold nanoparticles followed by 5 minutes of laser irradiation. C, D: Flow cytometry data show the effects of laser therapy on SSCs, revealing 
changes in apoptosis and necrosis rates. E, F: Flow cytometry analysis demonstrates alterations in apoptosis and necrosis rates in EL4 tumor 
cells following laser therapy.
*: Denotes significant differences in the survival rate of EL4 tumor cells before and after laser irradiation (p ≤ 0.05).
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the viability of SCs from 49 ± 3% to 45.33 ± 2.8% post-
laser therapy, which, albeit a decrease, did not manifest 
as a significant decline. Conversely, a notable decline in 
viability was observed in EL4 cells, plummeting from 12.3 
± 2.51% to 6.6 ± 0.8% post-laser therapy (Figure 3B). This 
significant reduction in viability underscores the efficacy 
of laser therapy in targeting and impairing the viability 
of these malignant cells, highlighting its potential as a 
therapeutic intervention in cancer treatment.

Assessment of apoptosis and ultrastructure of SCs 
and EL4 cells 

The Annexin kit served as a crucial tool for assessing 
cell apoptosis/necrosis subsequent to the incubation 
of SCs and EL4 cells with 100 M F-Si-GNRs for 6 hours 
followed by a 5-minute laser application. Flow cytometry 
analysis revealed necrosis frequencies of 53.9 ± 1.5% for 
SCs and 60.9 ± 3% for EL4 cells (Figure 3B). Notably, the 
survival rates for SCs and EL4 cells post-treatment were 
32.9 ± 0.8% and 26.5 ± 2.2% respectively, exhibiting a 
significant decrease compared to pre-laser therapy rates 
of 66.7 ± 2% and 46.7 ± 5.8% respectively. Similarly, 
apoptosis rates for SCs and EL4 cells post-treatment were 
12.5 ± 2.6% and 14.1 ± 1.1% respectively, representing 
a remarkable reduction from pre-treatment rates of 32.9 
± 2% and 51.1 ± 6% respectively (Figure 3C-F). Prior to 
laser therapy, no necrotic SCs or EL4 cells were detected, 
highlighting a significant change in the necrosis rate post-
laser therapy. Notably, the combination of F-Si-GNRs and 
laser treatment induced both apoptosis and necrosis in the 
cells, with necrosis being more prevalent than apoptosis 
(Figure 4A-C). Ultrastructural examination of EL4 cells 
post-laser treatment revealed aberrations such as an 
atypical nucleus, complete disruption of the cell membrane, 
mitochondria, and crystals, along with empty organelle 
bubbles protruding from the plasma membrane, indicative 
of necrosis (Figure 5A-F). Conversely, in SCs, distinct 
markers of apoptosis including chromatin condensation, 
plasma membrane bubbles containing cellular organelles, 
mitochondrial disruption, and phagocytic vacuoles were 
observed, underscoring the apoptotic pathway (Figure 
5A-F). Notably, electron microscopic images post-laser 
irradiation revealed pronounced necrosis characterized 
by general cell swelling and accelerated loss of plasma 
membrane integrity compared to pre-treatment images. 
These comprehensive findings shed light on the intricate 
mechanisms underlying cell fate modulation in response 
to F-Si-GNRs and laser therapy, emphasizing the dual 
induction of apoptosis and necrosis as potential avenues 
for cancer treatment.

Flow cytometry analysis of SCs and EL4 cells 

After treatment, the composition of the two cell groups 
in co-culture was assessed via flow cytometry analysis 
(Figure 6). Notably, the proportion of cells expressing PLZF 
and H-2Kb markers varied across the treatment groups. In 
the Si-GNRs group, the proportion was 82.1 ± 3.8% and 4.6 
± 1%, respectively, while in the F-Si-GNRs group, it was 
62.8 ± 3.6% and 1.9 ± 0.27%, in the laser treatment group, 
it was 61.3 ± 6.7% and 2.1 ± 0.38%, and in the F-Si-GNRs 
combined with laser therapy group, it was 30.6 ± 7.7% and 
0.53 ± 0%, respectively. Notably, the survival rate of SCs 
in the F-Si-GNRs and laser therapy group was significantly 
higher compared to other groups. Similarly, with EL4 
cells, the group subjected to F-Si-GNRs and laser therapy 
exhibited significant differences from the Si-GNRs treated 
or control groups. However, no significant variance was 
observed between the laser-treated and F-Si-GNRs groups 
(Figure 6).

Furthermore, we investigated alterations in surrounding 
temperature in laser-treated and nano-treated groups 
employing laser therapy on SCs, EL4 cells, and co-culture 
medium. As depicted in Figure 6, the temperature of laser-
irradiated cells increased to 34.2°C in the normal cell 
group, and following 6 hours of NP incubation and laser 
application, it rose to 39.5°C. Conversely, in the cancer cell 
group, the temperature of laser-irradiated cells reached 
40.1°C, escalating to 56.2°C after 6 hours of NP incubation 
and laser exposure. In the group co-culturing healthy and 
cancer cells, the temperature of laser-irradiated cells was 
36.6°C, elevating to 43.4°C after 6 hours of NP incubation 
and laser application. Remarkably, the temperature 
in the cancer cell group after NP incubation and laser 
exposure surpassed the hyperthermia threshold, reaching 
56.2°C. Considering the hyperthermia temperature range 
between 41 and 45 degrees, this temperature elevation 
could lead to tissue damage and cell necrosis, highlighting 
the potential impact of hyperthermia induced by NP and 
laser treatment.

Tumorigenicity of EL4 cells in co-culture following 
treatment

The testes of recipient mice were extracted, fixed, and 
sectioned eight weeks following the co-culture of cells 
subjected to F-Si-GNRs and laser therapy. In contrast to 
the control group where tumor cells were detectable in 
the interstitial spaces, no tumor cells were observed in 
the cross-sections of the experimental group (Figure 7C, 
D). This absence of tumor cells suggests the efficacy of 
the combined treatment in suppressing tumor formation, 
presenting a promising outcome for therapeutic 
intervention.
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DISCUSSION

Childhood cancers pose challenges like sperm DNA 
damage and potential infertility in prepubertal patients 
despite chemotherapy and radiotherapy treatments [11]. 
While stem cell transplantation offers a potential solution 
for preserving fertility, the risk of residual tumor cell 

contamination inhibits its widespread use. Techniques 
like FACS and MACS have shown limited efficacy in 
eliminating these cells [12]. Various studies have 
attempted to overcome this challenge with varying success 
rates. For instance, Fujita et al. successfully removed SCs 
from leukemia cells using FACS, preventing leukemia 
recurrence post-transplantation [13]. Conversely, Geen 

Figure 4 Comparative Analysis of SCs and EL4 Cells. A: The bar graph illustrates the survival rates of SCs and EL4 cells after incubation 
with gold nanoparticles and 5 minutes of laser irradiation. B: The graph shows the levels of apoptosis observed in SCs and EL4 cells following 
treatment with gold nanoparticles and laser irradiation. C: The bar graph depicts the extent of cell necrosis in SCs and EL4 cells after exposure to 
gold nanoparticles and laser irradiation for 5 minutes.

*: Indicates significant within-group differences in each experimental group (p ≤ 0.05).

Figure 5 Ultrastructural Analysis of EL4 and SCs. A-C: Transmission electron microscopy images of EL4 cells post-incubation with gold 
nanoparticles and laser irradiation. These images reveal atypical nuclei, mitochondrial damage, phagocytic vacuoles, and plasma membrane-
derived bubbles lacking organelles. D-F: Transmission electron microscopy images of SSCs after exposure to gold nanoparticles and laser 
irradiation. These images showcase chromatin cleavage and condensation, plasma membrane-derived bubbles containing cellular organelles, 
mitochondrial damage, and phagocytic vacuoles. M: Mitochondria, N: Nucleus, White Arrows: Gold Nanoparticles, aV: Phagocytic Vacuoles, b: 
Plasma Membrane Blebbing, CC: Condensed Chromatin.
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et al., faced challenges with FACS and MACS in germ cell 
isolation, leading to tumor recurrence [12]. Dovey et al., 
achieved high purity in separating human SCs from tumor 
cells using FACS, resulting in no tumor development post-
transplantation [14]. Other research has explored the 
use of cisplatin-loaded PLGA NPs to eradicate cancerous 
cells from SCs [15,16]. In our study, we investigated the 
potential of gold NPs in purging malignant cells from 
the SC population. The nanoparticles employed had 

dimensions of 20.43 ± 2.18 nm in length, 5.55 ± 1.56 nm 
in width, and 2.56 ± 0.62 nm in thickness, with a folate-
modified silica coating. Survival analysis revealed survival 
rates of 49 ± 3% for SCs and 12.33 ± 2.51% for cancer 
cells. Apoptosis rates post-exposure to gold nanoparticles 
were significantly higher in tumor cells compared to SCs 
(32.9 ± 2.58% vs. 51.06 ± 5.9%) [6]. Nanotechnology offers 
promising avenues in cancer therapy, particularly through 
hyperthermia treatments where temperatures range 

Figure 6 Flow Cytometry Analysis of EL4 and SCs. A-F: EL4 Cells, A´-F´: SCs, A, A´: Negative Control, B, B´: Positive Control, C, C´: Cells with Gold 
Nanoparticles, D, D´: Cells with Gold Nanoparticles Conjugated to Folate, E, E´: Cells with Laser Irradiation, F, F´: Cells with Gold Nanoparticles 
Conjugated to Folate and Laser Irradiation

Figure 7 Evaluation of Cell Viability and Temperature Profile. A: Viability Assessment of SCs and EL4 Cells in Co-culture. B: Temperature 
Profile Increase in SCs, EL4, and Co-culture Groups. C: H&E-Stained Histological Assay of the Testis: Control Group. D: H&E-Stained Histological 
Assay of the Testis: Tumor Cells Not Observed in Tubules and Interstitial Spaces. 
*: Significance difference in viability within each group (P≤0.05)
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from 41 to 48°C [17]. By harnessing laser energy in nano-
therapy, specific cell populations can be targeted without 
harming neighboring cells [8]. Nanoparticles, owing to 
their small size, biocompatibility, and ability to absorb 
external energy, facilitate localized and systemic heating 
of tumor cells [18]. Various studies have explored the 
application of lasers with different powers in photothermal 
therapy. Wu et al. utilized polydopamine-coated polyester 
particles on HeLa and HepG2 cells, subjecting them to NIR 
laser irradiation for 10 minutes at 2 W, yielding promising 
results [19]. Similarly, Manivasagan et al. investigated the 
efficacy of chitosan-polypyrene-based nanocomposites 
on MDA-MB-231 cells, exposing them to an 808 nm laser 
at 2.0 W for 5 minutes, leading to notable cell death [20]. 
Notably, gold nanorods (GNRs) stand out among various 
nanoparticle types due to their superior ability to convert 
light into heat by absorbing NIR radiation [21].

In this study, we investigated the comparative efficacy 
of F-Si-GNRs and laser therapy in isolating SCs from 
tumor cells. Our experimental protocol involved a 6-hour 
incubation of both normal and cancerous cells with an 
optimal dose of 100 µM F-Si-GNRs, followed by a 5-minute 
irradiation with a 2.5 W laser, before assessing cell 
viability and apoptosis. Notably, we observed a significant 
discrepancy in the viability of healthy versus cancer 
cells during this process, aligning with outcomes from 
analogous photothermal treatment investigations [22]. 
Unlike findings from our previous study [6], the viability 
of EL4 cells and SCs did not exhibit substantial alterations. 
We also examined temperature fluctuations subsequent 
to laser exposure, with and without the presence of 
nanoparticles. Laser irradiation caused the temperature 
of healthy cells to rise to 34.2°C, escalating to 39.5°C after 
6 hours of NP incubation and laser treatment. Conversely, 
cancer cells experienced a temperature increase to 40.1°C 
post-irradiation, surging to 56.2°C after photothermal 
therapy. In the co-culture scenario, healthy and cancer cell 
temperatures elevated to 36.6°C and 43.4°C, respectively. 
Consequently, our findings suggest that the thermal 
impact of the laser is contingent upon the presence of 
gold nanoparticles in the culture medium, corroborating 
observations by Yang et al. [23]. It has been established 
that tumor cells typically exhibit a lower pH compared to 
healthy cells, rendering them more susceptible to thermal 
stress and prone to premature cell death [23]. In line with 
this, Mackey et al., investigated the impact of gold nanorod 
size on photothermal therapy efficacy using oral epithelial 
carcinoma cells (HSC-3). They tested gold nanorods of 
varying dimensions (38 × 11 nm, 28 × 8 nm, and 5 × 17 nm) 
alongside an 808 nm, 5.8 W laser. Remarkably, they found 
that gold nanorods measuring 28 × 8 nm demonstrated 

enhanced cytotoxicity, highlighting the significance of 
nanorod size in maximizing electromagnetic field and 
particle transport, consistent with our own findings 
[24]. Yang et al., conducted a study where gold nanorods 
conjugated with EGFR antibody were injected into bladder 
tumor cells, subsequently irradiated with an 808 nm, 2.1 
W laser. Their findings indicated that while laser treatment 
alone had negligible effects on tumor volume, nanoparticle 
injection resulted in a notable reduction in tumor size 
[23]. Similarly, Mendes et al. incubated PEG-coated rod 
nanoparticles in breast cancer cells before subjecting them 
to a 520 nm, 3.4 W laser for 60 seconds. They observed 
temperature increases approaching 40°C and 52°C in 
the laser-only and laser-nanoparticle incubation groups, 
respectively [25]. Interestingly, Mendes et al., reported that 
laser treatment alone did not induce cellular destruction, 
contrasting with our own observations in the laser-
exposed group, where cancer cell temperatures increased 
by 16 degrees. This discrepancy underscores the diverse 
outcomes observed across different experimental setups 
[26]. Notably, our findings diverge significantly from those 
of Mohan et al., who observed a mere 2 °C temperature rise 
when cells were incubated with PEG-coated nanoparticles 
for 45 minutes before being irradiated for 10 minutes with 
an 808 nm, 2 W laser [27]. This disparity highlights the 
nuanced interplay between nanoparticle characteristics, 
laser parameters, and cellular responses in photothermal 
therapy.

It can be inferred that, alongside particle size, the 
duration of nanoparticle incubation significantly impacts 
toxicity. Moreover, silica coating, induced by laser overlap, 
triggers hyperthermia, leading to apoptosis or necrosis 
in cells [28]. Huang’s investigation on human prostatic 
cancer cells PC-3 utilizing silica-coated gold nanoparticles 
with an 808 nm laser demonstrated a notable temperature 
increase [29]. Similarly, when MCF-7 cells were incubated 
with silica-coated gold nanoparticles and exposed to an 
808 nm laser, a temperature rise was observed, closely 
aligning with our findings [30], Apoptosis analysis post-
laser irradiation of nanoparticle-incubated cells revealed 
necrosis rates of 52.9 ± 1.5% in SCs and 60.9 ± 3% in 
EL4 cells, with corresponding viability rates of 32.9 ± 
0.8% and 26.5 ± 2.2%. Notably, significant shifts in cell 
viability occurred pre-laser exposure, though in certain 
experiments, apoptosis alone ensued post-irradiation, 
indicating varying heat tolerance among different cell 
types [31]. 

Electron microscopy images post-laser exposure 
depicted cell necrosis characterized by general swelling 
and rapid plasma membrane integrity loss, with tumor 
cells exhibiting a higher necrosis rate, mirroring Wang et 
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al.’s findings [32]. Co-culture findings of SCs and EL4 cells 
post-laser treatment exhibited reduced cell counts to 30.6 
± 7.7% and 0.53 ± 0.15%, respectively. Although tumor 
cells weren’t entirely eradicated, they failed to induce 
tumors post-transplantation, akin to Shabani et al.’s study, 
where cisplatin-loaded PLGA nanoparticles reduced EL4 
cells to 0.8 ± 0.14%, preventing tumor formation upon 
transplantation into azoospermia mice [15].

CONCLUSION 

Our study illuminates a promising avenue in the realm of 
cancer therapy and regenerative medicine. By harnessing 
the synergistic potential of F-Si-GNRs and laser therapy, 
we have demonstrated an effective strategy for selectively 
targeting tumor cells while preserving the viability of SCs. 
Through a comprehensive series of experiments, we have 
elucidated the intricate mechanisms underlying cell death 
induced by photothermal therapy. Our findings underscore 
the importance of nanoparticle characteristics, such as size 
and surface modification, in dictating therapeutic efficacy. 
Moreover, electron microscopy imaging has provided 
valuable insights into the morphological changes associated 
with cell necrosis, further validating the effectiveness of 
our approach. Notably, our co-culture experiments have 
practical implications, showing a reduction in tumor cell 
count following laser treatment. This suggests a potential 
avenue for mitigating the risk of tumor formation post-
SC transplantation, thereby offering hope for preserving 
fertility in pediatric cancer patients.
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