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Purpose: Melanoma is a highly aggressive and dangerous malignant skin tumor and there is an urgent need to develop effective 
therapeutic approaches against melanoma. The main objective of this study was to construct a multifunctional nanomedicine 
(GNR@PEG-Qu) to investigate its therapeutic effect on melanoma from the oxidative stress pathway.
Methods: First, the nanomedicine GNR@PEG-Qu was synthesized and characterized, and its photothermal and antioxidant properties 
were confirmed. In addition, in vivo imaging capabilities were observed. Finally, the tumor inhibitory effects of GNR@PEG-Qu 
in vivo and in vitro as well as its biosafety were observed.
Results: GNR@PEG-Qu shows good photothermal and anti-oxidation properties. Following exposure to 1064 nm laser irradiation in 
the second near-infrared II (NIR-II) window, GNR@PEG-Qu shows anti-tumor ability through low-temperature photothermal therapy 
(PTT) adjuvant drug chemotherapy. GNR@PEG-Qu makes full use of the antioxidant capacity of quercetin, reduces ROS levels in 
melanoma, alleviates oxidative stress state, and achieves “oxidative stress avoidance” at the tumor site. Quercetin can also down-
regulate the expression of the heat shock protein Hsp70, which will improve the thermal sensitivity of the tumor site and enhance the 
efficacy of low-temperature PTT.
Conclusion: GNR@PEG-Qu nanoagent exhibits synergistic treatment and high tumor inhibition effects, which is a promising 
strategy developed to achieve oxidative stress avoidance and synergistic therapy of melanoma using quercetin (Qu)-coated gold 
nanorod (GNR@PEG).
Keywords: melanoma, gold nanorods, quercetin, chemo-photothermal therapy, oxidative stress

Introduction
Melanoma is a common malignant skin tumor that is highly aggressive and dangerous.1,2 In clinical practice, the 
traditional treatment of melanoma is limited to surgical excision,3 chemotherapy,4,5 and radiotherapy,6,7 but the prognosis 
remains poor because of incomplete clearance, side effects, and easy recurrence.8,9 Therefore, effective treatments are 
urgently required to combat melanoma. Previous studies have shown that the main cause of melanoma development is 
related to increased reactive oxygen species (ROS) levels, oxidative stress, and redox imbalance.10,11 Epidermal 
melanocytes are susceptible to oxidative stress because of the high generation of ROS during melanin biosynthesis 
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and UV radiation. Melanocytes are unable to adequately counteract the dramatic increase in ROS levels and oxidative 
stress, leading to DNA and lipid damage, which induces DNA repair or tumor-initiating cell production.12 Hence, 
increased levels of ROS contribute to the entire process of melanoma formation and play a role in drug resistance.13 

Accordingly, inhibiting melanoma development by modulating ROS levels and oxidative stress pathways is considered to 
represent a promising therapeutic approach.

Photothermal therapy (PTT) has drawn attention owing to the utilization of near-infrared (NIR) light-absorbing 
materials, which enables precise control of the time and area during the treatment of diseases and thermogenic 
cytotoxicity.14–16 PTT is an effective cancer treatment that utilizes infrared wavelength-induced thermotherapy to kill 
cancer cells.17,18 PTT is characterized by noninvasiveness, low toxicity, and high efficiency compared to traditional 
cancer treatments such as radiotherapy and chemotherapy.19,20 The complete ablation of tumors generally requires high 
temperatures of 50 °C or more.21 Photothermal temperatures induced by large doses of nanoparticles or laser irradiation 
may lead to cellular necrosis and induce inflammatory disorders on account of nonspecific heating and unavoidable 
thermal diffusion,22,23 threatening normal cells and tissues in the vicinity,24 and even inducing tumor metastasis and 
growth.25 Although lower temperatures (42–45 °C) can also cause thermal damage to cells, this type of damage, which 
results from insufficient heat, can be repaired by heat shock protein (Hsp)-mediated thermal resistance.26,27 Low 
temperature induces the expression of most HSPs, making cancer cells insensitive to heat and affecting the therapeutic 
effect of PTT.28 In addition, low temperature is not effective in killing cancer cells and even exhibits heat resistance. 
Therefore, the development of effective PTT strategies is important in the clinical application of tumor ablation.29,30 

Currently, low-temperature PTT uses photothermal materials loaded with inhibitors to curb Hsp expression and overcome 
tumor thermal resistance. This achieves effective tumor killing at low temperature, demonstrating an effective thermo-
therapy strategy.28,31,32 For example, Ma et al. Proposed using an aggregation-induced emission (AIE) nanobomb to 
inhibit the upregulated expression of HSPs during low-temperature PTT by releasing carbon monoxide (CO) in the tumor 
microenvironment to improve the anti-tumor efficiency.33 Moreover, Sun et al demonstrated that phototherapeutic 
nanoparticles loaded with the Hsp inhibitor tanespimycin (17-AAG) could unload the inhibitor at the tumor site after 
intravenous injection to enhance the thermal sensitivity of tumor cells. The precise regulation of the internal temperature 
in the tumor during the PTT process can ultimately lead to efficient and safe tumor PTT.34 However, these strategies can 
be achieved by loading Hsp inhibitors or by directly eliminating HSPs, but their loading capacity,35 release efficiency, 
and Hsp consumption are problematic. The potential for clinical applications is far from satisfactory.

Inspired by these issues and to validate the above-mentioned conjectures, it will be important to prepare efficient 
nanoparticles consisting of PTT reagents, Hsp inhibitors, and antioxidant reagents. However, this complex system raises 
further concerns about potential toxicity and biocompatibility, hindering its future clinical applications. Therefore, we 
plan to design a simple and versatile nanoparticle to realize these ideas. First, gold nanorods (GNR) were selected as the 
photothermal agent to exert the PTT effect. GNR is a classical photothermal material with high photothermal conversion 
efficiency, excellent photothermal stability, and great potential in PTT of cancer.36,37 Subsequently, quercetin was 
selected as the main component of the nano-photothermite through the evaluation of effective bioactive phenolic 
compounds (Table S1).38–47 Quercetin (3,5,7,30,40-pentahydroxyflavone) is an important class of flavonoids with 
abundant hydroxyl groups and excellent antioxidant capacity. It is therefore considered to be a promising anticancer 
drug.46,48,49 The ability of quercetin to prevent the proliferation of various tumor cells has been documented owing to its 
excellent antioxidant activity and ability to regulate tumor suppressor genes.50,51 Notably, the cytotoxicity of quercetin on 
normal cells is negligible, even at high levels. Based on these properties, quercetin is a promising drug for the treatment 
of various tumors. The use of quercetin in PTT has several advantages. First, quercetin is widely found in fruits and 
vegetables, which demonstrates its good biosafety.52 Second, quercetin is known to be a potent inhibitor of HSPs,53 

which can interfere with the phosphorylation of heat shock transcription factors to inhibit the expression of Hsp70,54 

representing a significant advantage for low-temperature PTT.53–56 In addition, the proliferation of different types of 
tumor cells, such as breast cancer, lung cancer, melanoma, and glioblastoma, can be inhibited by the anticancer and 
antioxidant properties of quercetin.36,57 Quercetin is an excellent antioxidant that can scavenge overexpressed ROS and 
reduce oxidative stress in tumors,51,58,59 thereby avoiding oxidative stress and aiming to treat tumors through the 
oxidative stress pathway. This is important for treating melanoma. Although previous studies have demonstrated that 
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the proliferation of B16F10 melanoma cells can be inhibited by quercetin, our understanding of the multiple functions of 
quercetin in B16F10 melanoma cells is incomplete.

Here, we propose a photothermal nanoagent (GNR@PEG-Qu) for melanoma therapy. This nanoagent can overcome the 
shortcomings of low-temperature PTT, improve the tumor microenvironment of melanoma, and achieve a synergistic combina-
tion of chemotherapy and PTT, which ultimately enhances the anti-tumor effect. Meanwhile, GNR@PEG-Qu fully exerts its 
antioxidant effect to improve the oxidative stress state in melanoma treatment and precisely responds to the high expression of 
ROS to block the development of melanoma. The synthesis process of GNR@PEG-Qu is shown in Scheme 1. Briefly, GNR was 
synthesized by the seed generation method using acid tetrachloroaurate (HAuCl4), cetyltrimethylammonium bromide (CTAB), 
and ascorbic acid as raw materials and active agents. Because of the high toxicity of CTAB, SH-PEG5K-COOH was used to 
replace CTAB. Subsequently, quercetin was introduced for loading through electrostatic interactions. In this study, the anticancer 
activity of GNR@PEG-Qu was demonstrated by in vitro experiments using B16F10 cells. In addition, after injection via the tail 
vein in in vivo experiments, the prepared nanoparticles accumulated at the tumor site and were effectively absorbed by the cancer 
cells. After irradiation of the tumor site with a NIR laser, GNR@PEG-Qu mediated low-temperature PTT combined with 
chemotherapy strengthens the therapeutic effect, and oxidative stress avoidance is precisely applied to melanoma, which is 
ultimately treated effectively. The research verified that GNR@PEG-Qu has significant advantages in vitro and in vivo: (1) 
efficient low temperature PTT; (2) synergistic anticancer efficacy; and (3) oxidative stress resistance. The integration of these 
advantages makes GNR@PEG-Qu nanodrugs available for effective cancer therapy.

Materials and Methods
Reagents
Acid tetrachloroaurate (HAuCl4), sodium borohydride (NaBH4), and cetyltrimethylammonium bromide (CTAB) were 
purchased from national medicines Co. Ltd (China). Quercetin (Qu) was purchased from Aladdin Reagents Co., Ltd. 
Calcein-AM/PI dead-live staining kit, 1 × PBS (0.01 M, pH 7.2–7.4), trypsin without EDTA, penicillin-streptomycin, 
radioimmunoprecipitation assay (RIPA) buffer, polyvinylidene difluoride membranes (PVDF), and BCA Protein Assay 
Kit were obtained from Solarbio (Beijing, China). Annexin V-FITC/PI Cell Apoptosis Kit was obtained from KAIJI 
(China), and 4,6-Diamidino-2-phenylindole (DAPI) was purchased from Beyotime Biotechnology. TNF-α, IL-6, and 
Hsp70 ELISA kits were purchased from Jiangsu Meimian Industrial Co., Ltd.

Cell Lines and Animals
Murine melanoma cell line B16F10 were originally obtained from American Type Culture Collection (ATCC). B16F10 
cells were incubated in complete medium prepared with 10% fetal bovine serum (FBS), 90% Dulbecco’s modified Eagle 
medium (DMEM), and 1% penicillin/streptomycin (100 U/mL). A humidified incubator containing 5% CO2 was used to 
culture the cells. Female C57BL/6 mice 6–8 weeks old, weighing 18–23 g were purchased from Zhuhai BesTest Bio- 
Tech Co, Ltd. Subsequently, they were housed in an SPF-grade barrier environment with a temperature of 20–28 °C, 
a relative humidity of 55%, and a 12-h light/dark cycle. All mouse studies were performed under the Guide for Care and 
Use of Laboratory Animals, and all animal experiments were performed in accordance with the current guidelines and 
ethical considerations that were approved by the Laboratory Animal Center of Guangdong Medical University (GDMU- 
2023-000077). All animals were treated humanely throughout the experimental period.

Synthesis of GNR@PEG-Qu
First, GNR were synthesized using the seed-mediated growth method.36,60,61 Briefly, HAuCl4 (0.25 mL, 0.01 mol/L) was 
added to CTAB (9.75 mL, 0.1 mol/L). Then, NaBH4 (600 μL, 0.01 mol/L) in ice water was rapidly added to the above 
solution under vigorous stirring with a magnetic stirrer. The color of the solution changed from yellow to brown, 
indicating the formation of gold seeds. Stirring was continued for 2 min to obtain the gold seed solution, and the gold 
seeds were obtained after standing at room temperature for 3 h. Subsequently, HAuCl4 solution (0.5 mL, 0.01 mol/L), 
silver nitrate (AgNO3) (0.1 mL, 0.01 mol/L), and H2SO4 (0.2 mL, 0.5 mol/L) were added to CTAB (9 mL, 0.1 mol/L). 
After mixing well, ascorbic acid (AA) solution (0.08 mL, 0.1 mol/L) was added, and seed solution (1 mL) was quickly 
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added after stirring for 2 min with a magnetic stirrer. The above solution was left at room temperature overnight and then 
centrifuged at 10,000 rpm for 3 min. The supernatant was removed, and the gold nanorods were separated by 
centrifugation with pure water twice. SH-PEG5K-COOH was added to the gold nanorod solution and stirred on 
a magnetic stirrer for 24 h to obtain GNR@PEG. Quercetin solution dissolved in DMSO was added and stirred for 
6 h. The solution was transferred to an ultrafiltration tube (100 KD) for ultrafiltration (3500 rpm, 15 min), and the 
solution was collected after washing twice with pure water to obtain GNR@PEG-Qu.

Characterization and Photothermal Evaluation of GNR@PEG-Qu
The morphology of the nanoparticles and UV-vis spectra were measured by TEM (H-6009IV, Japan) and a HITACHI 
UH5700 spectrophotometer, respectively. A particle sizer (Nano-ZS90, UK) was used to analyze the hydrodynamic 
particle size and zeta potential of GNR@PEG-Qu. To investigate the photothermal effect of GNR@PEG-Qu, 300 mL of 
sample (GNR@PEG and GNR@PEG-Qu) containing a GNR@PEG solution (0.02 mg/mL) was dispersed in water and 
irradiated with a 1064-nm NIR laser (power of 1.0 W/cm2) for 5 min. The solution temperature was recorded at each time 
point using a thermal imager (HIKMICRO, China). PBS was used as the control. The thermal camera also captured 
photothermal images. Similarly, the temperature rise changes in GNR@PEG-Qu were recorded at different concentra-
tions or powers. The thermal stability of GNR@PEG-Qu was evaluated. GNR@PEG-Qu (0.3 mL 0.02 mg/mL) was 
irradiated by a laser at 1.0 W/cm2 for 5 min, and the solution was allowed to cool naturally. The procedure was repeated 
five times, and the temperature variation of the solution was recorded in real time using the thermal imager. Finally, the 
photothermal conversion efficiency (η) of GNR@PEG-Qu was calculated.

In vitro Cellular Uptake Assay
Cellular uptake of GNR@PEG-Qu (marked by Cy5.5) in vitro was observed using CLSM and flow cytometry. For 
intracellular localization imaging, confocal dishes were used to incubate B16F10 cells. The cells were inoculated overnight 
and then administered GNR@PEG-Qu at different time intervals. Subsequently, the cells were washed twice with PBS and 
incubated with Hoechst 33342 for 10 min for nuclear localization. Finally, the cellular uptake was observed and photographed 
by CLSM. Similarly, B16F10 cells were cultured in 24-well plates (1 × 105 cells/well). After overnight incubation, the cells 
were incubated with fresh medium containing GNR@PEG-Qu. Subsequently, the cells were incubated with GNR@PEG-Qu 
for different time intervals. Furthermore, all cells were collected by centrifugation, washed once with PBS, and dispersed in 
PBS. Then, flow cytometry (BD FACSAria III) was used for sample uptake and quantitative analysis.

Cytotoxicity Assay
First, the CCK-8 method was used to assess the cytotoxicity and photothermal efficiency of GNR@PEG-Qu on B16F10 
cell lines. The cells were collected after the underside of the culture flask was grown and covered by B16F10 cells. The 
cells were subsequently inoculated in 96-well plates at a density of 1×104 cells per well. After overnight incubation, the 
medium in the well plates was replaced with complete medium containing different concentrations of samples. After 
4 h of drug administration, the laser groups were irradiated with 1064-nm laser (1.0 W/cm2) for 5 min. The cells were 
incubated in an incubator for 20 h, and then the original medium was replaced with a medium containing CCK-8. After 
the scheduled time, the absorbance of the sample at 450 nm was measured using a microplate reader (ELISA of 
PerkinElmer). All groups were repeated five times to obtain the mean values. The cell viability and combination index 
(CI)62–64 were defined using the following equations:

where ODsample is the OD value in the presence of the sample, and ODcontrol is the OD value of the control group.
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where IC50 indicates the semi-inhibited concentration of the preparation. Furthermore, the cytotoxicity of GNR@PEG- 
Qu was detected using the live-dead staining kit. Cells from different administration groups were stained with Calcein- 
AM and PI according to the instructions. Images were taken using a live cell imager.

Apoptosis Detection
To determine the cytotoxicity of GNR@PEG-Qu, the Annexin V-FITC/PI Apoptosis Detection Kit was used to detect 
apoptotic cells. After 12 h of incubation, the B16F10 cells were treated with (1) PBS; (2) Qu (300 μg/mL); (3) 
GNR@PEG-Qu (10 μg/mL of GNR@PEG and 300 μg/mL Qu); (4) GNR@PEG+NIR (10 μg/mL of GNR@PEG); 
and (5) GNR@PEG-Qu+NIR (10 μg/mL of GNR@PEG and 300 μg/mL Qu) at 37 °C for 24 h. Cells categorized into the 
light group were irradiated with a 1064-nm laser (1.0W/cm2) for 5 min and then cultured in an incubator. All cells were 
collected 12 h later, washed with PBS, and stained using the kit. The stained cells were incubated at room temperature 
under dark conditions for 15 min, and then the cells were washed immediately and detected by flow cytometry.

Western Blot Assay
Total proteins were harvested from B16F10 cells. Hsp70 expression levels were analyzed by Western blotting. After 
seeding into 6-well plates and culturing overnight, B16F10 cells were grown with different samples for 24 h. The cells 
were then digested, collected, washed twice, and lysed in RIPA buffer containing protease inhibitors. The protein content 
in the different samples was quantified using a BCA protein kit, and subsequently, the sample proteins were treated and 
incubated with Hsp70 and actin. Goat anti-rabbit antibody was used as the secondary antibody and incubated again. 
Images were captured using a CLINX 6100 and analyzed manually with Servicebio software (AIWBwell TM). ImageJ 
software was used to quantify protein band density, and actin was used as an upsampling control.

In vitro ROS Elimination and Anti-Inflammatory Effects
B16F10 cells were cultured in four-compartment confocal dishes (2 × 104 cells/compartment) and incubated overnight 
with culture medium containing 1 mmol/L H2O2. The cells were then treated with culture medium containing different 
samples for 24 h. Subsequently, the ROS content in the cells was detected using DCFH-DA reagent (10 μm), and the 
images were captured on CLSM.

Animal and Tumor Models
To establish the tumor-bearing xenograft mouse model, B16F10 cell suspensions were suspended at a density of 1.0×106 

cells in PBS (100 μL), and the xenografts were established by subcutaneous injection on the right flank of 6–8-week-old 
female C57BL/6 mice. Vernier calipers were used for measuring the tumor volume. The following formula was used to 
calculate the tumor volume: V = A × B2 / 2 (A refers to the shortest diameter of tumors, and B refers to the longest 
diameter of tumors). When the mouse tumors grew to a volume over 80–100 mm3, the mice were assigned to different 
groups randomly: (1) PBS, (2) Qu, (3) GNR@PEG-Qu, (4) GNR@PEG+NIR, and (5) GNR@PEG-Qu+NIR. Then, 
tumor-bearing mice (n = 5 mice per group) were administered with intravenous injection of different formulations 
(100 μL per mouse). After injection for 4 and 24 h, the mice in groups 4 and 5 requiring laser irradiation were exposed to 
the laser for 5 min (1.5 W/cm2), and photographs were simultaneously captured by a thermal imager. Groups (1), (2), and 
(3), as controls, did not experience any NIR irradiation. Tumor volumes were measured every day, and the mouse weight 
was measured every other day for 16 days, while representative photos of tumor-bearing mice were captured. Finally, the 
mice were humanely killed, and the tumors were harvested. Subsequently, tumors and the heart, liver, spleen, lungs, and 
kidneys were removed and fixed in 4% paraformaldehyde solution for histopathological analysis. Blood was collected 
from the eyes of mice for hematological analysis, and the PBS group was used as a control. Blood was centrifuged to 
obtain serum, and the levels of liver and kidney indices were determined using an enzyme-linked immunosorbent assay 
(ELISA). Similarly, the HIF-α, TNF-α, and IL-6 in serum were measured using ELISA.
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In vivo Distribution Experiments
Fluorescence imaging and PA imaging were used to study the distribution of GNR@PEG-Qu at tumor sites in vivo. To 
observe the distribution of GNR@PEG-Qu in vivo, B16F10 tumor-bearing mice with 200–300 mm3 tumor volume were 
randomly divided into two groups and administered PBS or GNR@PEG-Qu. Fluorescence imaging at different time 
points was performed with an IVIS spectroscopy system after administering the same dose of free Cy5.5 and Cy5.5 
+GNR@PEG-Qu to the tail vein of mice. Twenty-four hours later, the mice were executed to remove their tumors and 
organs and analyze the fluorescence levels in the tissues. To perform PA imaging at the tumor site, B16F10 tumor- 
bearing mice were injected with GNR@PEG-Qu (5 mg/kg), and experiments were performed using a Vero LAIR animal 
PA and ultrasound imaging system. The excitation wavelength was 750 nm. The PA signal at the tumor site was recorded 
at 0, 1, 2, 3, 4, 8, 12, and 24 h.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism software. All experimental data are presented as the mean ± S. 
E.M. Differences are considered statistically significant with *p < 0.05, **p < 0.01, and ***p < 0.001, ns, no significant 
difference.

Results and Discussion
Preparation and Characterization of GNR@PEG-Qu
Initially, gold nanorods were prepared using the seed-mediated growth method and were modified with SH-PEG5K- 
COOH to obtain GNR@PEG. Finally, quercetin was loaded onto GNR@PEG by electrostatic adsorption to obtain 
GNR@PEG-Qu. The synthesis procedure of GNR@PEG-Qu is shown in Scheme 1. GNR@PEG are rod-like solid 

Scheme 1 Synthetic method and treatment strategy for melanoma using nanomedicine, including multifunctional treatment in vivo, enhancement of low-temperature PTT 
efficacy, and avoidance of oxidative stress.
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nanoparticles with monodispersed particle size. The transmission electron microscopy (TEM) images of GNR@PEG-Qu 
in Figure 1a show that the sample exhibits a uniform rod-like morphology at approximately 200 nm. The UV-Vis 
absorption spectra of Qu, GNR@PEG, and GNR@PEG-Qu are shown in Figure 1b. It can be seen from the figure that 
the characteristic absorption peaks of GNR@PEG are at 1060nm and 530nm, and that of Qu are at 370nm. The two 
prepared GNR@PEG-Qu retain the typical absorption peaks of GNR@PEG and Qu respectively. This indicates the 
successful preparation of GNR@PEG-Qu and that coating Qu has no effect on the properties of GNR@PEG.In addition, 
GNR@PEG and GNR@PEG-Qu have wide absorption bond in the near infrared region, which indicates their ability to 
respond to NIR laser light. The particle size and zeta potential of GNR@PEG-Qu were determined by dynamic light 
scattering (DLS). The analysis showed that the particle size of GNR@PEG was approximately 218 nm, and the particle 
size of GNR@PEG after loading Qu was 247 nm (Figure 1c). The particle size of GNR@PEG-Qu is slightly larger than 
that of GNR@PEG, indicating the successful preparation of GNR@PEG-Qu. In addition, GNR@PEG in Figure 1d 
exhibits negative potentials, which is caused by the exposure of negatively charged -COOH after modification of GNR by 
SH-PEG5K-COOH. The stronger negative potential of GNR@PEG-Qu is attributed to the negative potentials of 
GNR@PEG and Qu. This potential difference confirms that Qu was successfully attached to the GNR@PEG surface. 
Finally, the drug loading capacity of GNR@PEG-Qu was calculated to be 60.7%.

Figure 1 (a) Transmission electron microscopy (TEM) image of nanodrugs formed by loading quercetin on gold nanorods (GNR@PEG-Qu) (scale bar: 200 nm). (b) UV-Vis 
absorption spectra of Qu, GNR@PEG, and GNR@PEG-Qu in aqueous solution. (c) Dynamic light scattering (DLS) distribution and (d) zeta potential of GNR@PEG, Qu, 
and GNR@PEG-Qu. (e) Heat-up curves of different concentrations of GNR@PEG-Qu under laser irradiation. (f) Photothermal curves of GNR@PEG-Qu nanoparticles at 
different laser powers. (g) Photothermal curves of PBS, GNR@PEG, and GNR@PEG-Qu under irradiation. (h) Photothermal stability of GNR@PEG-Qu in aqueous 
solution under laser irradiation during five on/off cycles (irradiation: 1064 nm, 1.0 W/cm2). (i) Calculation of the photothermal conversion efficiency of GNR@PEG-Qu. The 
blue line represents one of the heating-cooling cycle curves of GNR@PEG-Qu; the red line represents the cooling time vs the negative natural logarithm of the temperature 
drive curve.
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Subsequently, the photothermal properties of the GNR@PEG-Qu solution were investigated. The heat production 
efficiency of GNR@PEG-Qu was measured using an NIR thermal camera under 1064-nm NIR laser irradiation. The 
effects of irradiation time, concentration, and power intensity on the photothermal effect of GNR@PEG-Qu were first 
monitored. Figure 1e shows the concentration dependence of GNR@PEG-Qu. Samples of different concentrations were 
irradiated with a 1064 nm 1.0 W/cm2 laser for 5 min, and it was found that the temperature of the samples increased as 
the concentration increased. The photothermal conversion ability of GNR@PEG-Qu was also affected by the laser 
power. As shown in Figure 1f, samples containing 0.02 mg/mL were irradiated by lasers with different powers, and the 
results showed that the higher the power, the more pronounced the rising temperature of GNR@PEG-Qu. Meanwhile, the 
temperature changes of phosphate buffered saline (PBS) and GNR@PEG-Qu were compared during 1064 nm 1.0 W/cm2 

laser irradiation for 5 min. After 1064-nm laser irradiation for 5 min, the temperature of GNR@PEG-Qu was 
significantly higher than that of PBS, and it continued to generate heat (Figure 1g). Figure S1 shows the photothermal 
visualization of the two materials, demonstrating a significant difference between the heat production capacity of PBS 
and GNR@PEG-Qu. Notably, the warming of GNR@PEG and GNR@PEG-Qu is consistent, indicating that the loading 
of Qu has no effect on the photothermal effect of GNR@PEG. These measurements show that GNR@PEG-Qu has 
a good photothermal effect, while GNR@PEG-Qu also has excellent photostability and achieves reproducible warming. 
Figure 1h shows that the temperature of GNR@PEG-Qu can be kept constant at 46.2 °C after five repeated on-off 
irradiation cycles of NIR irradiation, indicating its good photothermal stability, demonstrating the great potential of 
GNR@PEG-Qu for application in PTT. Finally, the photothermal conversion efficiency of GNR@PEG-Qu was quanti-
fied utilizing the η-value metric based on previously published calculations and was determined to be 36% through the 
cooling time of a photothermal cycle (Figure 1i), indicating favorable heat production by GNR@PEG-Qu under 1064-nm 
irradiation.

In vitro Cellular Uptake Assay and Anticancer Activity
Here, we chose the commonly used B16F10 cells to study the intracellular properties of GNR@PEG-Qu. Effective 
cellular uptake of nanoparticles will facilitate the tumor-killing effect of the drug. Therefore, we observed the cellular 
internalization and co-localization of GNR@PEG-Qu by confocal laser scanning microscopy (CLSM) and quantified the 
cellular uptake efficiency by flow cytometry. Primarily, Cy5.5-labeled GNR@PEG-Qu was incubated with B16F10 cells 
for 1, 3, and 6 h. The cell nuclei were stained with Hoechst 33342. GNR@PEG-Qu co-localized with the nucleus at 
different time points, and the position of GNR@PEG-Qu could be clearly visualized. The uptake process shown in 
Figure 2a and Figure S2 are time-dependent, with the fluorescence intensity becoming stronger with increasing time. 
Flow cytometry was employed to quantify the cellular uptake results in Figure 2b consistent with CLSM.

To determine the potential toxicity of GNR@PEG-Qu on B16F10 cells, the effects of different concentrations of 
GNR@PEG-Qu and laser irradiation on the viability of B16F10 cells were measured using a standard CCK-8 cytotoxi-
city assay. The survival rate of B16F10 cells after 24 h of incubation in GNR@PEG-Qu (at concentrations of 0, 50, 100, 
200, and 400 μg/mL, respectively) is shown in Figure 2c. The results show that a low concentration of GNR@PEG-Qu 
has little toxicity to cells. Mild toxicity was observed at concentrations up to 100 μg/mL, and cell survival was >80%. As 
the concentration of Qu increased to 400 μg/mL, the cell viability decreased to less than 50%. Only high concentrations 
of GNR@PEG-Qu caused significant cytotoxicity, indicating that the nanodrugs are biocompatible. With irradiation with 
NIR light (1064 nm, 1.0 W/cm2, 1 min), GNR@PEG-Qu increased the incubation temperature of the cells from 37 °C to 
45 °C, exerting a mild PTT effect. The results suggest that PTT combined with chemotherapy resulted in reduced cell 
survival, and this synergistic effect enhanced the treatment of cancer cells with GNR@PEG-Qu. In order to visualize the 
synergistic ability of GNR@PEG-Qu, the combination index (CI) was calculated to express that the nanomedicine has 
a 1+1 > 2 effect on melanoma treatment. Therefore, CI of 0.906 was calculated using the experimental results of CCK8, 
further demonstrating that GNR@PEG-Qu has a synergistic therapeutic effect. Cytotoxicity was further observed using 
live/dead staining and cytotoxicity assays. Cells treated with different formulations were labeled with Calcein-AM 
(acetoxymethyl) and propidium iodide (PI) to identify living and dead cells, respectively. The results revealed no 
significant cell death in the unilluminated GNR@PEG and PBS groups under 1064-nm illumination, as shown in 
Figure 2d and Figure S3, indicating the relative safety of 1064-nm laser and GNR@PEGs to cells. Compared to PBS 
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Figure 2 (a) Confocal laser scanning microscopy (CLSM) images showing the uptake of Cy5.5-labeled GNR@PEG-Qu in B16F10 cells at different time points; scale bar: 
50 μm. (b) Evaluation of the uptake of Cy5.5-labeled GNR@PEG-Qu by B16F10 cells at different time points using flow cytometry. (c) Cell viability at different 
concentrations of GNR@PEG-Qu under dark or 1064-nm laser irradiation conditions was assessed by the CCK-8 method (*p < 0.05, **p < 0.01, and ***p < 0.001, ns, 
no significant difference). (d) Apoptosis level of B16F10 cells in different formulation groups evaluated using Calcein-AM and PI staining, scale bar: 400 μm. (e) Apoptosis of 
different groups of cells was analyzed by flow cytometry.
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in the dark, GNR@PEG+NIR resulted in increased cell death and more pronounced red fluorescence of Qu, confirming 
the PTT of GNR@PEG and the chemotherapeutic effect of Qu. GNR@PEG-Qu+NIR showed all-red fluorescence with 
negligible green fluorescence, indicating cell death. Therefore, GNR@PEG-Qu has a satisfactory killing effect on 
B16F10 cells.

In addition, Annexin V has a great affinity for phosphatidylserine during apoptosis; therefore, the role of GNR@PEG- 
Qu (100 μg/mL) with the presence of 1064-nm light inducing cell death was investigated by co-labeling with Membrane 
Linkin V-Fluorescein Isothiocyanate (Annexin V-FITC) and PI. The inhibition rates of cells by chemotherapy alone and 
PTT alone were used as controls. The flow cytometry results shown in Figure 2e demonstrate that the percentage of 
apoptotic cells after 1064 nm, 1.0 W/cm2, 5 min laser irradiation was approximately 67.7%, which was higher than the 
percentage of apoptotic cells after 37 °C control (2.58%), Qu (57.4%), GNR@PEG-Qu group treatment (60.1%), and 
GNR@PEG light alone (9.59%). Combined PTT and chemotherapy treatment with GNR@PEG-Qu significantly 
promoted the apoptosis of B16F10 cells. These results suggest that GNR@PEG-Qu is an effective synergistic anticancer 
agent and that chemotherapy treatment with GNR@PEG-Qu combined with PTT is superior to chemotherapy alone or 
PTT alone.

In vitro Hsp70 Inhibition and Oxidative Stress Avoidance
Hsp70 is a key Hsp in mammalian cells, which enables cancer cells to resist temperature-induced apoptosis in PTT and 
makes PTT less effective. Therefore, effective inhibition of Hsp70 expression in PTT therapy promotes cell killing. Qu 
has been reported as a promising Hsp70 inhibitor in previous studies. The combination of GNR@PEG and Qu in this 
study cleverly exploited this by reducing Hsp70 expression to promote the photothermal effects of GNR@PEG during 
low-temperature PTT. The protein expression was evaluated to verify the mechanism by which Qu inhibits Hsp70 and 
thus sensitizes PTT. The results showed that GNR@PEG-Qu could inhibit the expression of Hsp70 under hypothermic 
conditions. Hsp70 expression in B16F10 cells of GNR@PEG-Qu under different treatments was analyzed by Western 
blotting, as shown in Figure 3a. After laser light irradiation, Hsp70 expression was upregulated in the GNR@PEG group, 
which was higher than that in the group that was not subjected to NIR light irradiation, indicating the occurrence of PTT. 
Hsp70 expression was significantly reduced when Qu was combined with GNR@PEG, suggesting that Qu could 
downregulate Hsp70 to inhibit the heat resistance of cancer cells, which provides a great possibility for the efficient 
treatment of PTT. Semi-quantitative analysis of the Western blotting results in Figure 3b demonstrates consistent results.

Numerous previous studies have shown an important link between melanoma formation and high levels of ROS 
expression and oxidative stress. Increased levels of ROS contribute to melanoma development and drug resistance. 
Therefore, inhibiting the increase in ROS levels by suppressing the antioxidant response in melanoma cells would be 
beneficial for treatment. It has been shown that Qu has antioxidant properties and can reduce ROS levels;65 this has also 
been confirmed in the report of Rafiq et al.46 In this study, to investigate the antioxidant effect of GNR@PEG-Qu on 
B16F10 cells, we detected ROS generation using the fluorescent dye DCFH-DA (Figure 3c). First, the cells were induced 
to produce significant ROS using H2O2, before incubating the cells with Qu and GNR@PEG-Qu. Due to the antioxidant 
properties, the expression of ROS was reduced compared to that in control cells, whereas the laser-irradiated NIR group 
expressed higher levels of ROS due to PTT-induced oxidation. This result reflects the excellent ROS scavenging ability 
of GNR@PEG-Qu.

In vivo Imaging
Poor drug accumulation and systemic toxicity limit the efficacy of drugs against tumors. Adequate drug accumulation at 
the tumor site is an important method of improving efficacy. Therefore, we conducted a tumor biodistribution study of 
GNR@PEG-Qu in mice before investigating its antitumor efficacy. Cy5.5 is an outstanding dye in in vivo fluorescence 
imaging. To study the accumulation of GNR@PEG-Qu in organisms, Cy5.5-labeled GNR@PEG-Qu (Cy5.5 
+GNR@PEG-Qu) was injected intravenously, and fluorescent images at different time intervals were captured using 
an IVIS system. Fluorescence imaging at different time points (0, 1, 2, 4, 8, 12, and 24 h) after drug injection into the tail 
vein of mice is shown in Figure 4a. The fluorescence intensity of the tumor sites in different groups can be seen in the 
figure After drug administration, the fluorescence intensity of the tumor site in the free Cy5.5 group first increased 
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continuously and then the fluorescence disappeared rapidly, indicating that free Cy5.5 would be metabolized rapidly by 
mice. In contrast, compared to free Cy5.5, the fluorescence of the Cy5.5+GNR@PEG-Qu group was clearly visible at 
24 h, indicating a significant accumulation of the drug at the tumor site. The higher fluorescence intensity of the 
administered group compared to the control group at all time intervals can be clearly seen in the analysis of the average 

Figure 3 (a) The expression level of intracellular Hsp70 in B16F10 cells after incubation with different formulations was assessed by Western blot, with GADPH as an internal 
reference (1: PBS, 2: Qu, 3: GNR@PEG, 4: GNR@PEG-Qu). (b) Quantified relative expression level of Hsp70 in the Western blot image (*p < 0.05 and ***p < 0.001). (c) ROS 
expression in different groups after H2O2 pretreatment of cells. The fluorescence image taken by CLSM is on top, and below it is the quantitative analysis of fluorescence intensity; 
scale: 25 nm.

Figure 4 (a) Fluorescence imaging in vivo of mice at different time points after injection of Cy5.5 and Cy5.5+GNR@PEG-Qu. (b) Quantitative analysis of the average 
fluorescence intensity at the tumor site. (c) Quantitation of the mean fluorescence intensity in each group of tumors and major organs (n = 5). (d) Photoacoustic (PA) 
imaging demonstrating the accumulation of GNR@PEG-Qu in mouse tumor sites. (e) Change curve of the PA signal intensity at different time points.
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fluorescence intensity in Figure 4b, again illustrating the accumulation of GNR@PEG-Qu at the tumor site. In conclu-
sion, the fluorescence imaging in mice showed that GNR@PEG-Qu had a significant improvement in tumor tissue 
delivery efficiency and enrichment time at the tumor site compared with free Cy5.5. Finally, major organs and tumors 
were excised 24 h after injection, and the fluorescence intensity was measured. As can be seen in Figure S4, the 
fluorescence signals of the heart and spleen were weaker in the different formulation groups, indicating that GNR@PEG- 
Qu was less toxic to these two organs. Figure 4c shows the average fluorescence intensity of the tumor and major organs. 
As mentioned in the previous results, the fluorescence intensity of tumors in the administered group was greater than that 
in the control group. In addition, the fluorescence intensities of major organs in the two groups were not significantly 
different, indicating that GNR@PEG-Qu does not cause serious damage to organisms and ensures a certain degree of 
biosafety. These results suggest that GNR@PEG-Qu can effectively accumulate at the tumor site, thus maximizing the 
anti-tumor effect and minimizing side effects.

Photoacoustic (PA) imaging of GNR@PEG-Qu was investigated in vivo because of the strong NIR absorbance of 
gold nanoparticles, which can be used as a contrast agent for PA imaging (Figure 4d). In vivo PA images of B16F10 
tumor-bearing mice were captured at different time points after administration of GNR@PEG-Qu (100 μL) into the tail 
vein. Under 750-nm excitation, the PA signal was clearly visible at the tumor site, and the signal value reached the 
maximum at 4 h. The intensity was enhanced 2.88-fold compared to the control group (Figure 4e). This result is 
consistent with the conclusion of in vivo fluorescence imaging, both demonstrating that GNR@PEG-Qu has good 
accumulation at the tumor site. The PA results demonstrate the potential of GNR@PEG-Qu as a PA imaging contrast 
agent, allowing more accurate imaging to guide cancer treatment.

In vivo Antitumor Therapy
To evaluate the antitumor potential of GNR@PEG-Qu in vivo, its therapeutic effect was investigated using C57BL/6 
mice. Figure 5a completely depicts the exploration of the therapeutic effect of GNR@PEG-Qu on B16F10-bearing mice. 
B16F10 cells were first injected subcutaneously into the right side of the mice above the leg to cause the tumor to grow. 
Five days later, when the tumor volume reached approximately 100 mm3, mice were randomly divided into five groups 
(n = 5) and injected with 100 μL of various preparations in the tail vein, including (1) PBS, (2) Qu, (3) GNR@PEG-Qu, 
(4) GNR@PEG+NIR, and (5) GNR@PEG-Qu+NIR. Qu was administered at a dose of 5 mg/kg, and GNR@PEG was 
administered at a dose of 1 mg/kg. For the NIR laser irradiation group, 1064-nm laser irradiation was performed after 
drug administration for 4 h. After 16 days of treatment, the main organs and tumor tissues of mice were obtained for 
further analysis to determine whether GNR@PEG-Qu could effectively inhibit tumor growth. First, the photothermal 
effect in vivo was evaluated. The temperature changes in the tumor regions of B16F10 tumor-bearing mice under 
different treatment modalities were recorded by infrared thermography, and the results are shown in Figure 5b, including 
PBS, GNR@PEG, and GNR@PEG-Qu. After 8 h of drug injection, the tumor-bearing mice were anesthetized and 
irradiated with a 1064 nm, 1.5 W/cm2 NIR laser. The temperature changes at the tumor site in PBS-injected mice were 
not significant after 300 s of laser irradiation. In contrast, the temperature of GNR@PEG-Qu treated mice increased 
rapidly from ~33.2 °C to 44.3 °C, which met the requirements for mild PTT and was sufficient for thermotherapy- 
induced tumor ablation. The warming histogram of GNR@PEG was similar to that of GNR@PEG-Qu, indicating that 
the photothermal effect of GNR@PEG in vivo remained unaffected by Qu. These results suggest that GNR@PEG-Qu is 
effective in converting light into heat therapy in vivo.

The in vivo antitumor effects of nanoparticles were further investigated. The mice were administered different 
formulations and the light groups were irradiated with a laser. The tumor volume and body weight of the mice were 
subsequently recorded over the next 16 days. Figure 5c shows the change in the tumor volume after treatment. Compared 
to the PBS group, the GNR@PEG+NIR group could not effectively inhibit tumor growth, which was related to the mild 
photothermal effects demonstrated by GNR@PEG. In contrast, free Qu and GNR@PEG-Qu showed some therapeutic 
effects, and the tumor volume was obviously smaller than that of the PBS group, which was attributed to the 
chemotherapeutic effect of Qu. Under light irradiation, the anti-tumor effect of the GNR@PEG-Qu+NIR group was 
significant, and the difference in tumor volume between the two groups was statistically significant compared to that 
observed in the PBS group. This suggests that combined mild PTT and chemotherapy treatment has an excellent effect. 
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Figure 5 (a) Timeline of the treatment of melanoma by GNR@PEG-Qu. (b) Photothermal images of tumor sites in mice with different dosing groups (PBS, GNR@PEG, GNR@PEG- 
Qu) during laser irradiation. The bar chart on the right shows the temperature change after 300 s of irradiation. (c) Changes in tumor volume in different formulation groups (PBS, Qu, 
GNR@PEG-Qu, GNR@PEG+NIR, and GNR@PEG-Qu+NIR). (d) Changes in the average body weight of mice in each group during the 16-day treatment period. (e) Photograph of 
tumor tissues from different treatment groups. (f) Excised tumor weight of different groups (***p < 0.001). (g) Histological analysis of tumors from different dosing groups, including H&E, 
Ki67, and TUNEL staining; scale bar: 200 μm. The last row shows the immunofluorescence images of Hsp70 staining in different groups of tumor sections. The Hsp70 expression region 
was stained with Hsp70 antibody (red), and the nucleus was stained with DAPI (blue). Scale bar: 50 μm. (h – j) The serum levels of Hsp70, TNF-α, and IL-6 in mice were measured after 16 
days of treatment. (I) PBS; II: Qu; III: GNR@PEG-Qu; IV: GNR@PEG+NIR; (V) GNR@PEG-Qu+NIR (*p < 0.05, **p < 0.01, and ***p < 0.001, ns, no significant difference).
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Figure 5d shows the change in body weight of the mice during the 16-day treatment period. Although the mice were 
administered different formulations, their weight continued to increase, and there was no significant difference between 
the groups, demonstrating that the side effects of GNR@PEG-Qu were minimal. Figure S5 shows representative 
photographs of B16F10 tumor-bearing mice from each treatment group. No obvious burns were observed in the 
photographs of the mice after the tumor sites were irradiated by the laser, indicating that the mild photothermal treatment 
caused no damage to normal tissues and had a good safety profile. Tumors removed 16 days after treatment were 
photographed (Figure 5e) and weighed (Figure 5f). The excellent tumor growth inhibition effect of the GNR@PEG-Qu 
+NIR group was demonstrated by these results. Subsequently, the biosafety and antitumor activity of GNR@PEG-Qu 
were further confirmed. Mice were executed, and tumors and major organs were removed at the end of the 16 days of 
treatment monitoring. Tumors and organs were analyzed using histological methods, and the results are shown in 
Figure 5g. The results of H&E, TUNEL, and Ki-67 staining showed that different treatment groups showed different 
degrees of tumor damage, which was manifested as cell shrinkage, nuclear chromatin condensation, and fragmentation. 
Among them, the B16F10 cells of GNR@PEG-Qu+NIR had more apoptotic cells and less proliferating cells, demon-
strating that GNR@PEG-Qu inhibited B16F10 tumor growth in vivo. Among the various treatments, the GNR@PEG-Qu 
+NIR group had the most severe tumor damage, indicating that the GNR@PEG-Qu+NIR group had the best anti-tumor 
effect.

In vivo Hsp70 Inhibition and Oxidative Stress Avoidance
According to the results of previous studies, GNR@PEG-Qu can alleviate heat resistance in cancer cells by 
inhibiting Hsp70 expression. Therefore, the expression level of Hsp70 in tumor tissues of mice in different treatment 
groups was determined in in vivo assays. Immunofluorescence staining results shown in Figure 5g indicated that the 
difference was significant. As expected, the expression of Hsp70 in the tumors of GNR@PEG+NIR-treated mice 
was significantly higher than that in the PBS group. The experimental results were consistent with the conclusion 
that Hsp70 is highly expressed in low-temperature PTT and that it reduces the therapeutic effect of PTT. In contrast, 
the expression of Hsp70 in tumor tissues of GNR@PEG-Qu+NIR-treated mice was significantly reduced, indicating 
that GNR@PEG-Qu downregulated the expression of Hsp70 in tumor tissues. Subsequently, we detected the Hsp70 
levels in mouse serum using an enzyme-linked immunosorbent assay (ELISA) kit, and the results shown in 
Figure 5h were consistent with the immunofluorescence staining results described above. After laser irradiation, 
the level of HSP70 in the tumor site increased significantly. Treatment with GNR@PEG-Qu significantly down- 
regulated its expression level, even with no significant difference from the control group. The results of the in vivo 
experiment indicate that GNR@PEG-Qu can effectively downregulate the expression of Hsp70 in tumors, thereby 
significantly reducing the thermal resistance of cancer cells, thus enabling low-temperature PTT to have a good 
tumor ablation effect.

The presence of ROS in melanoma and the large amount of ROS generated during PTT treatment represent 
a potential threat by promoting tumor growth and causing irreversible damage to surrounding normal cells and tissues. 
When excessive hydrogen peroxide (H2O2) is produced in an organism, macrophages are stimulated to produce large 
amounts of tumor necrosis factor α (TNF-α) and trigger severe inflammation. Therefore, the serum levels of inflamma-
tory factors were measured to assess the anti-inflammatory activity of GNR@PEG-Qu. As shown in Figure 5i and j, the 
GNR@PEG+NIR group showed an increase in the expression levels of TNF and IL-6 due to laser irradiation, indicating 
that ROS induced inflammation. In contrast, the levels of inflammatory factors were significantly reduced when Qu was 
added. The expression of inflammatory factors was also significantly suppressed compared to the control group. 
Specifically, the GNR@PEG-Qu+NIR group exhibited significantly reduced expression of inflammatory factors, suggest-
ing that ROS-induced inflammation was effectively suppressed in vivo.

Systemic Biological Safety of GNR@PEG-Qu
Finally, the biological safety of GNR@PEG-Qu was assessed. The heart, liver, spleen, lungs, and kidneys were 
obtained from mice executed on day 16 for histological analysis. No significant pathologic abnormalities were 
found in organ sections of the treatment group compared to those of the control group, indicating that none of the 
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treatments caused significant toxicity to major organs (Figure 6a). To fully consider the safety of GNR@PEG-Qu 
in vivo, blood analyses were performed on live mice after 16 days of treatment (Figure 6b and c). Additionally, 
there was no significant difference in the expression of liver and kidney function markers in GNR@PEG-Qu+NIR- 
treated mice compared to control mice, indicating that the drug has no systemic side effects. The above results 
indicate that GNR@PEG-Qu has good safety and good antitumor effects on normal organs by PTT combined with 
chemotherapy.

Figure 6 (a) H&E staining of major organ sections from different groups of mice (PBS, Qu, GNR@PEG-Qu, GNR@PEG+NIR, and GNR@PEG-Qu+NIR). (b and c) 
Biochemical analysis of liver and kidney indexes in the serum of mice after injection of different formulas through the tail vein.
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Conclusion
In this study, we successfully prepared a multifunctional nanosystem for the treatment of melanoma. The nanosystem 
significantly inhibited the growth of B16F10 melanoma cells in vivo and in vitro by low-temperature PTT synergistic 
chemotherapy. Meanwhile, Qu inhibited the expression of ROS at the tumor site and balanced redox homeostasis to 
further improve the treatment of melanoma. In summary, GNR@PEG-Qu is a nanomedicine with multifunctionality that 
integrates PTT, chemotherapy, ROS scavenging, and oxidative stress avoidance effects, which provides a new perspec-
tive for the treatment of melanoma.
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