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Abstract 

Background: This study examines the synergistic impact of Gold-Gold Sulfide (GGS) 

nanoparticles combined with hyperthermia and radiotherapy on MCF-7 cancer cells. 

GGS nanoparticles, with strong near-infrared absorption and photothermal properties, 

enhance cellular sensitivity to radiotherapy.  

Methods: MCF-7 cells were treated with varying GGS concentrations and exposed to 

radiation doses of 50, 100, and 200 cGy, alongside laser irradiation for 10, 40, and 80 s. 

The IC50 for GGS nanoparticles was approximately 350 µM.  

Results: Results revealed a significant reduction in cell viability with the combined 

GGS and laser exposure (p<0.001), demonstrating a synergistic effect in a dose-

dependent manner. Further enhancement in cell viability reduction was observed when 

GGS nanoparticles were combined with both hyperthermia and radiotherapy (p<0.01).  

Conclusion: These findings suggest that GGS nanoparticles offer greater efficacy and 

reduced toxicity compared to gold nanoparticles, highlighting their potential for improv-

ing cancer therapy outcomes through combined hyperthermic and radiotherapeutic ap-

proaches. 
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Introduction 
 

Breast cancer is the most prevalent cancer in women 

and a significant global health burden 1. With approxi-

mately one in seven women diagnosed in their lifetime 
2, relapse and metastasis remain critical challenges de-

spite treatment advances 3. Radiotherapy, a cornerstone 

of breast cancer treatment often used post-surgery 4,5, 

faces limitations including dose restriction due to adja-

cent healthy tissues, cancer cell radioresistance, tumor 

recurrence, and adverse effects 6. Additionally, radio-

therapy primarily targets G2- and M-phase tumor cells, 

demonstrating minimal impact on hypoxic cells and 

those in the S phase of the cell cycle; therefore, it plays 

a crucial role in the recurrence and development of life-

threatening metastases after radiation therapy 7. 

 

 

 

 

 

 
Hyperthermia, elevating tumor temperature (typical-

ly 42-45°C), has emerged as a promising adjuvant 

therapy 8, exploiting the greater thermosensitivity of 

malignant tissues. Elevated temperatures (41.5-42.5°C) 

can induce cytotoxicity and vascular damage in tumors, 

particularly in acidic and hypoxic environments 9. 

Many studies have shown that combining hyper-

thermia with radiotherapy yields a notable advantage 

owing to its synergistic effects. Hyperthermia enhances 

tumor oxygenation and vascular permeability 6, in-

creasing cancer cell radiosensitivity 10. This synergy 

includes cell-cycle complementarity, as hyperthermia 

targets S-phase cells relatively resistant to radiotherapy 
11. Despite its potential benefits, hyperthermia has  
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some limitations. One of the main challenges is the 

lack of selectivity in the heating process, as both nor-

mal and cancer cells absorb heat, leading to potential 

side effects and damage to the surrounding healthy 

tissues. Furthermore, the thermal effects of hyperther-

mia are typically limited to short durations, and sus-

tained heating can take time to achieve 12. 

Nanotechnology, particularly using nanoparticles 

like gold (AuNPs), offers strategies to improve cancer 

therapies 13. AuNPs, with their high atomic number 

(Z=79), significantly enhance radiation dose deposition 

(σph ∝ (Z/E)3) via surface plasmon resonance, generat-

ing Auger electrons, increasing Reactive Oxygen Spe-

cies (ROS), DNA damage, and apoptosis 14. Their opti-

cal and electronic properties also make AuNPs ideal 

for photothermal therapy 15, efficiently converting 

Near-Infrared (NIR) light to heat, causing protein dena-

turation and mitochondrial dysfunction via ROS 16. 

Passive accumulation of AuNPs in tumors through the 

Enhanced Permeability and Retention (EPR) effect 

enhances treatment outcomes and reduces side effects, 

ultimately improving patient survival rates 17. Addi-

tionally, AuNPs exhibit excellent biocompatibility, and 

their synthetic versatility allows convenient customiza-

tion options 18 (Scheme 1). 

Gold-Gold Sulfide (GGS) nanoshells, featuring a 

gold core and gold sulfide shell, exhibit strong NIR 

absorption ideal for deep-tissue penetration in therapy 

and imaging 19. NIR irradiation induces localized hy-

perthermia and cell death through photothermal con-

version, damaging membranes, proteins, and triggering 

apoptosis via ROS 20. Elevated ROS also induce oxida-

tive stress, disrupting mitochondrial function and cell 

cycle, while GGS nanoparticles may impair DNA re-

pair mechanisms like homologous recombination, in-

creasing radiosensitivity 21. GGS nanoshells offer re-

duced toxicity compared to gold-silicon counterparts 

due to their smaller size and surface chemistry 9, facili-

tating biological navigation, cellular uptake, and EPR-

mediated tumor accumulation. They also serve as dual 

therapeutic and imaging agents 22. Favorable pharma-

cokinetics and in vivo stability are crucial for clinical 

translation, with recent studies showing promising cir-

culation times and biodistribution profiles 23. 

Given the demonstrated benefits of combining hy-

perthermia and radiotherapy with nanoparticle-based 

approaches 10,24-27, this study aimed to investigate the 

combinatorial therapeutic effects of GGS nanoparticles 

with hyperthermia and radiotherapy in breast cancer. 

 

Materials and Methods 
 

Materials 

Gold (III) chloride trihydrate (HAuCl4, 3H2O) was 

obtained from the American company of Alfa Aesar, 

and Na2S2O3 and Polyvinyl pyrrolidone (PVP-40) were 

purchased from Merck (Germany). Trypan blue, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), dimethyl sulfoxide (DMSO), strepto-

mycin, penicillin, and trypsin–ethylene diamine tetra 

acetic acid (EDTA) were purchased from Sigma-

Aldrich Company (St. Louis, MO, USA). Fetal Bovine 

Serum (FBS) and Roswell Park Memorial Institute 

(RPMI) 1640 cell culture medium were purchased 

from Gibco (USA). The human breast cancer MCF-7 

cell line was obtained from the Pasteur Institute of Iran 

(Tehran, Iran). 
 

Synthesis and characterization of GGS-NPs 

GGS nanoconjugate was prepared according to the 

procedure described by Day et al 28. Briefly, an aque-

ous solution of 2000 µM HAuCl₄ (Au; 150 ppm) and 

1000 µM Na₂S₂O₃ was mixed in small quantities at a 

1:1 to 1:2 (HAuCl₄, Na₂S₂O₃) ratio range and stored at 

room temperature for one day. To achieve the required 

volumetric ratio, ensuring that the GGS nanoparticles 

resonate near the 800 nm wavelength, a UV-visible 

spectrophotometer (UV 1700, Shimadzu Corp., Japan) 

was used to record the absorption spectrum between 

200–900 nm wavelengths. The reaction's endpoint was 

considered when an absorption peak at 808 nm was 

generated. After confirming the formation of GGS na-

noparticles, 0.6 g of polyvinylpyrrolidone (PVP-40; 

(C₆H₉NO)ₙ) was added to the mixture to prevent nano-

particle aggregation. To purify the nanoparticles, se-

quential centrifugation was performed at 12,000 rpm 

for 20 min. The purity of GGS nanoshells was con-

firmed by UV-Vis spectroscopy and dynamic light 

scattering (Zetasizer, Malvern Inc., USA) to determine 

the size distribution and remove any impurities or ag-

gregates. 
 

Cell culture 

MCF-7 cells were cultured as a monolayer using 

RPMI-1640 medium supplemented with 10% FBS, 

penicillin (100 unit/ml), and streptomycin (100 μg/ml) 

in 75 cm³ flasks. Cells were incubated in a humidified 

atmosphere containing 5% CO₂ at 37°C. For all exper-

iments, cells were seeded at a density of 5×10⁵ cells/ml, 

and each experimental condition was performed in 

triplicate to ensure reproducibility. Fresh medium was 

provided every three days. 
 

Scheme 1. Mechanism of Action of GGS Nanoparticles in Combina-
tion with Hyperthermia and Ionizing Radiation in MCF-7 Cells. 
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Cytotoxicity of GGS 

The cytotoxicity of a core-shell nano complex was 

assessed by evaluating the viability of cells incubated 

with different concentrations of nanoparticles. The 

assessment was carried out using the MTT tetrazolium 

assay. This method measures the capability of metabol-

ically active mitochondria in live cells to convert a 

colorless tetrazolium compound into a blue formazan 

product. To perform this assay, the MCF-7 cell suspen-

sions (5×105 cells/ml) were seeded in a 96-well plate 

and, 24 hr later, were treated with different concentra-

tions of GGS (0, 50, 100, 200, 300, and 400 μM). After 

two hr, the nano complex was removed, and cells were 

washed with PBS to remove the remaining GGS 9,29. 

MTT assay was performed 24 hr post-treatment. After 

adding 100 µl of FBS-free culture medium, 10 µl of 

MTT dye (5 mg/ml in PBS) was added to each well, 

and the plate was incubated for 4 hr. Then, the media 

was removed from the wells, and the cells were lysed 

with DMSO (10 μl per well). The samples' Optical 

Density (OD) was measured at 545 nm using an ELISA 

reader (Stat Fax-2100 Awareness, Mountain View, 

CA, USA). Dissolved formazan's OD is directly pro-

portional to living cells. Cell viability was calculated as 

follows 30. All experiments were repeated at least three 

times: 

cell viability (%) =
Optical density value of test

Optical density value of control
 × 100 

 

Infra-red irradiation 

Infra-Red (IR) irradiation was performed by a con-

tinuous laser beam at a wavelength of 808 nm (Optilas 

model MDL-III-808-2.5W, Changchun New Industries 

Optoelectronics Technology Co., Ltd., Changchun, 

China) with 5×8 mm2 spot size. The MCF-7 cells were 

cultured at a 5×105 cells/ml density at 96-well tissue 

plates. After 24 hr, the cells were incubated with dif-

ferent concentrations of GGS (0, 50, 150, and 200 μM) 

for 2 hr. After cell washing with FBS, their laser irra-

diation was performed for 10, 40, and 80 s. Tempera-

ture variations were recorded by a thermo-vision cam-

era (TESTO-882, Hampshire, UK). Finally, the cell 

cultures were continued for five days before the MTT 

assay was performed. 
 

X-ray irradiation  

A surface X-ray tube with a 20 cm2 cone beam and  

 

radiation condition of 100 kVp and 80 mA with a 1229.5 

cGy/min dose rate was used. Cells received exposure 

from the posterior at 100 cm from the bottom of the 

plate with the 40×40 cm radiation field size. After cell 

washing, ionization radiation was performed at 50, 

100, and 200 cGy on cell cultures with different con-

centrations of GGS (0, 50 μM), and five days later, the 

MTT assay was performed. 
 

X-ray and infra-red exposure 

To investigate the combined impact of radiotherapy 

and hyperthermia (with and without GGS), The MCF-7 

cells were cultured in a 96-well plate and maintained in 

an incubator for 24 hr. After removing the culture me-

dium, GGS nanoparticles were added to each well in 

different concertation (50, 150 μM), and cells were 

maintained in an incubator. Two hr later, the cell cul-

tures were exposed to a laser beam at different time 

durations of 1, 2, and 4 min. Subsequently, the cells 

were immediately exposed to 200 cGy X-ray radiation 

(the average time between IR and X-ray exposure was 

less than 10 min). Afterward, the cells were left to in-

cubate for an additional five days before the MTT as-

say. 
 

Statistical analysis 

Statistical analysis was performed using the 

GraphPad Prism 9 software (GraphPad Software, Inc., 

San Diego, CA). A one-way ANOVA and Tukey test 

were used to evaluate the significance of the results.  

The p<0.05 was considered as significant. 

 

Results 
GGS characterization 

Figure 1A shows the Particle Size Analysis (PSA) 

performed using Dynamic Light Scattering (DLS), 

which revealed a dominant particle size of 5.4 nm. The 

Polydispersity Index (PDI) was measured at 0.63, indi-

cating a moderate level of size variation within the 

nanoparticle population. In addition, a Transmission 

Electron Microscopy (TEM) image of the synthesized 

GGS nanoparticles, shown in figure 2, confirms the 

structural morphology and uniformity of the 

nanoshells, further validating the size distribution ob-

served in the DLS analysis. In the UV-Vis spectrosco-

py analysis, shown in figure 1B, the synthesized GGS 

nanoparticles exhibited two distinct absorption bands.  

 

Figure 1. A) Size distribution of synthesized gold- gold sulfide nanoshells (maximum abundance of particles distribution at 5.4 nm), B) extinction 

spectrum of the GGS-NPs (two absorption peaks at 530 and 814 nm).  
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A prominent absorption peak was observed at 814 nm 

in the NIR region, which corresponds to the plasmon 

resonance of GGS nanoshells. This NIR peak is crucial 

for applications in photothermal therapy as it allows for 

deep tissue penetration, making GGS nanoparticles 

ideal for biomedical applications. The weaker absorp-

tion band at 530 nm, located in the visible region, is 

attributed to the SPR of the gold core. These findings 

are consistent with previous reports on the optical 

properties of gold-gold sulfide nanoshells 28,31. The 

strong absorption in the NIR region, coupled with the 

secondary peak in the visible range, confirms the suc-

cessful synthesis of GGS nanoparticles with the desired 

optical properties for synergistic radio-hyperthermia 

applications. 
 

Cytotoxicity of GGS on MCF-7 cells 

To ensure the suitability of synthesized nanomateri- 

 

als for biomedical applications, it is essential to evalu-

ate their cytotoxicity. Figure 3A illustrates the viability 

assessment of MCF-7 cells incubated with varying 

concentrations of GGS nanoparticles. The data reveals 

that MCF-7 cell viability declined by over 20% at con-

centrations above 200 µM. The half-maximal inhibito-

ry concentration (IC50) of the GGS nanoparticles was 

determined to be approximately 350 µM. This IC50 

value represents the concentration required to inhibit 

50% of cell viability when GGS is used as a monother-

apy. However, in the combination treatments involving 

hyperthermia and radiotherapy, lower concentrations of 

GGS nanoparticles (50-200 µM) were used, as these 

concentrations were sufficient to enhance the therapeu-

tic effects without reaching cytotoxic levels.  
 

Thermometry findings 

Temperature monitoring of GGS nanoparticles at 

different concentrations in a liquid medium during 

NIR-Laser exposure showed the strong light-

absorption capability of GGS nanoshells figure 3B. 

Increasing the GGS concentration for shorter durations 

(1 and 2 min) resulted in a significant rise in tempera-

ture. However, this effect weakened after 4 min of ex-

posure. 
 

Photothermal effect 

The effects of GGS NPs on hyperthermia efficacy 

were investigated by exposing MCF-7 cells to NIR 

lasers at varying concentrations. As depicted in figure 

4A, combining GGS nanoparticles with laser exposure 

substantially reduced cell viability. However, no signif-

icant effect on cell viability was observed when the 

exposure time was increased to 80 s. Furthermore, in-

creasing the concentration of GGS nanoparticles from 

150 µM to 200 µM did not lead to any significant dif-

ferences in cell viability. 
X-ray treatment  

In addition, the radio sensitizing effects of GGS na-

noparticles were investigated (Figure 4B). The results 

demonstrated a dose-dependent increase in the syner-

gistic effect of GGS nanoparticles and X-ray irradia-

tion. A significant difference was observed between the 

two groups at a dose of 200 cGy. 
 

 

Figure 2. TEM image of synthesized gold-gold sulfide nanoshells. 

Figure 3. A) MCF-7 cells viability treated with different concentrations of GGS nanoparticles (incubation time: 2 hr), B) Temperature rise profile of 

GGS nanoparticles at different concentrations upon administration of NIR laser (808 nm; 2.5 W/cm2) in an aqueous medium; ns stands for not statisti-

cally significant, *p<0.05, **p<0.01, and ***p<0.001. 
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Combinatory treatments 

Figure 5 illustrates the combinatorial effects of radi-

otherapy, hyperthermia, and GGS nanoparticles. These 

findings demonstrated that the combination of hyper-

thermia and X-ray radiation in the presence of GGS 

nanoparticles significantly reduced cell viability com-

pared to the combination of hyperthermia and X-ray 

radiation alone. However, no significant reduction in 

cell viability was observed when the laser exposure 

time was increased from 2 to 4 min. 

 

Discussion 
 

Nanoparticles, with their unique physicochemical 

properties, have catalyzed significant advancements 

across various medical disciplines. This study investi-

gated the potential of GGS nanoparticles to enhance 

the efficacy of radiotherapy and hyperthermia in a mul-

tifaceted therapeutic approach against MCF-7 breast 

cancer cells. The present study findings demonstrate 

that GGS nanoparticles, primarily owing to their small 

size and efficient Near-Infrared (NIR) absorption, offer 

distinct advantages that can substantially improve ther-

apeutic outcomes when combined with these estab-

lished modalities. 

The GGS nanoparticles synthesized herein exhibited 

a mean diameter of 5.4 nm (Figure 1A and Figure 2), a 

characteristic that confers several potential benefits. 

While the observed PDI of 0.63 indicates moderate 

size variation, a characteristic not uncommon for such 

synthesis methods, future refinement through tech-

niques like size-selective centrifugation could improve 

uniformity and potentially enhance therapeutic con-

sistency 32. Nevertheless, compared to larger constructs 

such as 100-200 nm Gold-Silica Nanoshells (GSNs), 

these smaller GGS nanoparticles are associated with 

simplified manufacturing, and may offer improved 

biodistribution and deeper tumor penetration 33. Their 

reduced dimensions could also facilitate evasion of 

rapid clearance by the Mononuclear Phagocyte System 

(MPS), potentially extending systemic circulation time 
33. 

A central rationale for focusing on GGS nanoparti-

cles lies in their inherent advantages over some con-

ventional gold-based nanomaterials for photothermal 

and radiosensitizing applications. GGS nanoshells are 

engineered for superior NIR absorption; literature sug-

gests efficiencies approaching 98-99% at their resonant 

wavelength, often exceeding that of GSNs (typically 

67-85%) or solid gold nanospheres which may have 

less optimal absorption profiles in the NIR-I window 9, 

34,35. This enhanced photothermal conversion, coupled 

with their small size facilitating cellular uptake and 

tumor penetration 33, likely underpins the potent cyto-

toxic and synergistic effects observed in this study. 

Indeed, previous in vivo studies have indicated that 

PEGylated GGS nanoparticles can achieve longer cir-

Figure 4. A) The viability of MCF‐7 cells treated with GGS concentrations and then exposed to NIR Laser in a time-dependent manner, B) The via-

bility of MCF‐7 cells treated with GGS NPs and then exposed to different doses of X‐ray radiation; ns stands for not statistically significant, *p<0.05, 

**p<0.01, ***p<0.001, and ****p<0.0001. 

Figure 5. The MCF‐7 cells viability after receiving combination therapy 

(2 Gy X-ray radiation, NIR laser (808 nm; 2.5 W/cm2), and GGS nano-

particles); ns stands for not statistically significant, **p<0.01. 
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culation times compared to GSNs 28,36, suggesting bet-

ter tumor accumulation via the EPR effect. In the con-

text of radiosensitization, while gold’s high atomic 

number intrinsically contributes to localized radiation 

dose enhancement, the efficient uptake and potential 

for GGS nanoparticles to promote ROS generation may 

further augment this effect compared to other gold 

nanostructures whose efficacy can vary with physico-

chemical properties 20,21. 

Cytotoxicity assessment is crucial for evaluating the 

clinical translational potential of any nanomaterial.37 

Our MTT assays revealed a dose-dependent decrease 

in MCF-7 cell viability upon GGS nanoparticle expo-

sure, with an IC50 of approximately 350 µM (Figure 

3A). This cytotoxicity is likely mediated, at least in 

part, by ROS generation leading to oxidative stress and 

subsequent apoptosis 38,39, a mechanism reported for 

other gold-based and metallic nanoparticles 40,41. It is 

noteworthy that while some nanoparticles like silver 

nanoparticles (AgNPs) exhibit pronounced cytotoxicity 

via excessive ROS production and membrane disrup-

tion 42, Ramezanzadeh et al reported that coating GGS 

nanoparticles with cetuximab, an EGFR-targeting anti-

body, increased cell viability (by approximately 20%) 

across various GGS concentration 29. Our use of un-

coated GGS nanoparticles allowed for assessment of 

their intrinsic effects. Discrepancies in reported cyto-

toxicity, such as the 5% cell survival reduction in an-

other GGS study 43, can often be attributed to varia-

tions in nanoparticle concentration and, critically, in-

cubation duration. Present study 2 hr incubation, com-

pared to a 40-min period in the aforementioned study, 

likely permitted greater nanoparticle-cell interaction 

and subsequent effects, underscoring the need for 

standardized protocols in comparative nanoparticle 

research. 

The combination of GGS nanoparticles (150 µM) 

with laser-induced hyperthermia significantly reduced 

cell viability (Figure 4A). However, a plateau effect 

was observed, where further increases in GGS concen-

tration (e.g., to 200 µM) or extending laser exposure 

from 40 to 80 s did not always yield a proportionally 

greater cytotoxic effect. This saturation in photother-

mal response could be attributed to cellular protective 

mechanisms, such as the upregulation of Heat Shock 

Proteins (HSPs), which confer thermotolerance 12. 

Consistent with the present study findings, Ramezan-

zadeh et al also reported no significant difference in 

cell viability between GGS concentrations of 200 µM 

and 250 µM 29, further supporting the idea of a satura-

tion effect. Comparatively, Mohammadi et al 44 report-

ed a 40% reduction in MCF-7 cell viability after a 10 

min laser exposure with other gold nanoparticles. The 

present study achieved a similar reduction with a sig-

nificantly shorter 80 s exposure, suggesting GGS na-

noparticles possess superior photothermal conversion 

efficiency, attributable to their optimized NIR absorp-

tion properties 45,46. 

Furthermore, GGS nanoparticles (50 µM) demon-

strably enhanced radiation efficacy at 200 cGy, result-

ing in a 23.5% greater reduction in cell viability com-

pared to radiation alone (Figure 4B), consistent with 

the known radiosensitizing properties of gold-based 

nanoparticles 47. A threshold effect was apparent, as no 

significant radiosensitization was observed at lower 

radiation doses. While other gold nanostructures like 

nanospheres 48 and nanorods 49, also exhibit radiosensi-

tization, direct comparisons under standardized condi-

tions are necessary to definitively ascertain the relative 

radiosensitizing capacity of GGS nanoparticles.  

The triple combination of 200 cGy X-ray radiation, 

GGS-mediated hyperthermia, and GGS nanoparticles 

yielded the most profound cytotoxic effect, with up to a 

95% reduction in cell viability after 2 and 4 min of 

laser exposure (Figure 5). Interestingly, extending laser 

exposure from 2 to 4 min in these combination groups 

did not significantly further decrease cell viability, 

suggesting that a 2-minute hyperthermia session was 

sufficient to achieve maximal synergy under these 

conditions. This outcome is notably more effective 

than a previous study using different gold nanoparti-

cles, which reported an approximately 85% reduction 

in cell viability after a 10 min laser exposure combined 

with 200 cGy radiation 44. This comparison suggests 

that GGS nanoparticles may offer enhanced synergistic 

efficacy with substantially shorter hyperthermia dura-

tions.  

While this study utilized uncoated GGS nanoparti-

cles to assess their intrinsic therapeutic properties, suc-

cessful clinical translation necessitates addressing chal-

lenges such as opsonization, non-specific interactions, 

and rapid clearance. Surface functionalization strate-

gies, such as PEGylation, can improve colloidal stabil-

ity, prolong systemic circulation by reducing immune 

recognition, and potentially enhance tumor accumula-

tion via the EPR effect, as demonstrated for PEGylated 

GGS 28,36. Moreover, conjugating targeting ligands 

could enable active targeting to cancer cells, thereby 

increasing therapeutic specificity and minimizing off-

target effects 40. Future development of these GGS 

nanoparticles should therefore explore various surface 

engineering approaches to optimize their pharmacoki-

netic profiles and tumor-targeting capabilities. 

Transitioning these promising in vitro findings to in 

vivo applications involves navigating further complexi-

ties. Optimizing pharmacokinetics and biodistribution 

is paramount to ensure adequate tumor accumulation of 

GGS nanoparticles, while minimizing systemic toxici-

ty. Although the small size of GGS nanoparticles may 

inherently favor prolonged circulation and EPR-

mediated tumor targeting, factors like protein corona 

formation and MPS uptake remain critical considera-

tions 23. Nanoparticle clearance mechanisms (e.g., renal 

or hepatobiliary) must be understood to predict long-

term fate and potential toxicity. Given the heterogenei-

ty of the tumor microenvironment and the EPR effect, 
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passive targeting alone may be insufficient, potentially 

requiring active targeting strategies for enhanced speci-

ficity and efficacy. Consequently, comprehensive in 

vivo studies in relevant animal models are essential to 

meticulously evaluate these parameters, assess immu-

nogenicity, define optimal therapeutic regimens, and 

confirm the long-term safety and efficacy of GGS-

mediated dual-modality therapy. 

This study, while providing compelling evidence for 

the synergistic potential of GGS nanoparticles, has 

certain limitations. Primarily, direct experimental vali-

dation of the precise molecular mechanisms (e.g., 

apoptosis induction, ROS generation levels, DNA 

damage quantification) was not conducted. Although 

existing literature supports the involvement of these 

pathways 20,21, future work incorporating specific as-

says like Annexin V/PI staining, DCFDA for ROS, or 

γH2AX immunostaining is crucial for full mechanistic 

elucidation. Furthermore, this investigation was per-

formed exclusively on the MCF-7 breast cancer cell 

line. A comprehensive assessment of the therapeutic 

index and potential off-target effects necessitates com-

parative studies using non-malignant human cell lines. 

While a range of concentrations and treatment dura-

tions were explored, a more exhaustive investigation 

could refine the understanding of dose-response rela-

tionships. These future studies will be pivotal in ro-

bustly validating and optimizing GGS nanoparticle-

mediated dual-modality therapy for potential clinical 

application. 

While this study provides compelling evidence for 

the potential of GGS nanoparticles in combined cancer 

therapy, it is important to acknowledge limitations. The 

study was conducted in vitro using a single breast can-

cer cell line (MCF-7), which limits the generalizability 

of the findings to other cancer types and in vivo condi-

tions. Future studies should include a wider range of 

cell lines and, ultimately, in vivo models to validate 

these findings. Furthermore, while a range of concen-

trations and treatment durations were investigated, a 

more comprehensive investigation, including lower 

concentrations and shorter exposure times, could pro-

vide a more refined understanding of the dose-response 

relationship. Finally, while cell viability (MTT assay) 

was the primary endpoint, incorporating additional 

assays, such as flow cytometry for apoptosis analysis 

and assays to quantify ROS levels, would provide a 

more complete picture of the mechanisms underlying 

the observed effects. 

 

Conclusion 
 

This study demonstrates the potential of GGS nano-

particles to enhance the therapeutic effects of hyper-

thermia and radiotherapy. The observed reductions in 

cell viability and improved radiosensitization highlight 

their promise as a synergistic agent in combination 

cancer therapies. However, as these findings are based 

on in vitro experiments, further studies, including in 

vivo evaluations and long-term stability and toxicity 

assessments, are essential to validate their clinical ap-

plicability. With continued research, GGS nanoparti-

cles could contribute to advancing cancer treatment 

strategies. 
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