International Journal of Nanomedicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Gallic Acid-Modified Graphene Oxide
Nanocomposites Based
Photothermal-Chemotherapy Enhancing
Melanoma Immunotherapy

Yifan Feng', Wei Jin', Zhuo Li', Guangyu Fan', Jixiang Zhao', Minyu Zhu', Siming Wang?,
Yinghua Zhang?, Ying Li""*™®, Zhengqi Dong'*®

'State Key Laboratory for Quality Ensurance and Sustainable Use of Dao-Di Herbs, Institute of Medicinal Plant Development, Chinese Academy of
Medical Sciences, Peking Union Medical College, Beijing, 100193, People’s Republic of China; 2Northeast Asian Institute of Traditional Chinese
Medicine, Changchun University of Chinese Medicine, Changchun, Jilin, 130117, People’s Republic of China; 3Department of Traditional Chinese
Medicine, ilin Provincial Academy of Chinese Medicine, Changchun, 130012, People’s Republic of China; *Key Laboratory of Bioactive Substances and
Resources Utilization of Chinese Herbal Medicine, Ministry of Education, Chinese Academy of Medical Sciences, Peking Union Medical College,
Beijing, 100193, People’s Republic of China; *Drug Delivery Center, Beijing Key Laboratory of Innovative Drug Discovery of Traditional Chinese
Medicine (Natural Medicine) and Translational Medicine, Beijing, 100193, People’s Republic of China; ®Department of traditional Chinese medicine,
Beijing Key Laboratory of Neuro-Innovative Drug Research and Development of Traditional Chinese Medicine (Natural Medicines), Beijing, 100193,
People’s Republic of China

Correspondence: Ying Li; Zhengqi Dong, Email yli@implad.ac.cn; zqdong@implad.ac.cn

Objective: Conventional therapy for the treatment of melanoma often results in poor therapeutic efficacy, and long-term and systemic
administration of cancer chemotherapy is accompanied by unpredictable side effects. Graphene oxide (GO)-based photothermal therapy
(PTT) combined with chemotherapy has emerged as a rapid and immunogenic alternative, where near-infrared (NIR) irradiation triggers
localized hyperthermia via tumor-targeting photothermal immunomodulatory nanomaterials. However, pristine GO nanosheets tend to
aggregate under physiological conditions, compromising their photothermal performance. This study aims to develop a combinatorial
regimen integrating GO-enhanced photothermal immunotherapy with chemotherapy for synergistic melanoma treatment.

Methods: We fabricated a novel photothermal nanomaterial through gallic acid(GA) modification of GO (GAGO), with comprehen-
sive characterization including UV-Vis spectroscopy, FTIR, XRD, and TEM to verify successful synthesis. The photothermal
conversion efficiency was systematically evaluated, along with an investigation of the combined therapeutic efficacy and underlying
mechanisms of GAGO with paclitaxel for melanoma treatment.

Results: In this study, GAGO was developed as a novel photothermal nanomaterial with enhanced dispersibility, superior stability,
and reduced biotoxicity, which significantly improved the photothermal conversion efficiency of pristine GO. The synergistic
combination of GA-GO-mediated photothermal therapy and paclitaxel chemotherapy effectively activated immune cells and poten-
tiated T cell-mediated antitumor immunity, ultimately achieving remarkable tumor growth suppression.

Conclusion: We construct a synergistic platform of photothermal therapy, immunotherapy and chemotherapy, which provides
a promising strategy for effective melanoma treatment.

Keywords: graphene oxide, gallic acid, melanoma, photothermal therapy, immunochemotherapy

Introduction

Melanoma stands out as the most aggressive and life-threatening form among skin cancers. It is highly prone to recurrence and
metastasis, and the mortality rate is as high as 70-90% once the disease develops into a metastatic state." Moreover, patients do
not pay enough attention to it, and most of the patients are already in the advanced stage when they are diagnosed. Currently,
surgical excision is the main treatment for melanoma, but it also has the shortcomings of large skin defects, long recovery time
and high recurrence rate. In addition, chemotherapy and radiotherapy, as one of the most classic anti-tumor treatments, usually
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show unsatisfactory efficacy in melanoma treatment due to the poor response time and survival ability of patients, as well as the
resistance of melanoma to chemotherapy drugs and the resistance to radiation. Paclitaxel (PTX), as an integral component of
chemotherapeutic regimens for melanoma, exhibits a multifaceted toxicity profile in clinical practice. Its adverse effects manifest
across multiple organ systems, including but not limited to myelosuppression, cumulative dose-dependent peripheral neuropathy,
gastrointestinal disturbances, and hypersensitivity reactions. These toxicities necessitate comprehensive management strategies
incorporating prophylactic premedication, dose optimization, and multidisciplinary supportive care to ensure therapeutic safety
and efficacy.” * Therefore, there is an urgent need to find safe and effective treatments for melanoma. Contemporary melanoma
research has identified several innovative treatment modalities - including photothermal therapy (PTT), photodynamic therapy
(PDT), gene therapy (GT), and immunotherapy (IT) - that demonstrate superior treatment outcomes, reduced systemic toxicity,
and improved safety profiles compared to conventional approaches, suggesting significant clinical promise.

PTT enriches photothermal nanomaterials in tumor tissues and uses near-infrared radiation (NIR) to convert absorbed light
into heat, resulting in local temperature increase, which will cause irreversible damage to cancer cells and directly allow
selective ablation of tumor lesions.>® NIR light-triggered PTT usually requires high temperatures >50°C to effectively ablate
tumors, which may induce inflammation and heating damage to nearby normal organs.” In addition, it is challenging to deal
with heat conduction and distribution within the tumor region during thermotherapy, which poses a significant obstacle to
delivering a uniform thermal effect to the deeper tumor layers.® The potential risks posed to patients by photothermal
nanomaterial toxicity, photothermal conversion efficiency, and laser power density for thermal therapy cannot be ignored.
Therefore, current research primarily focuses on developing nanomaterials with improved dispersibility, low cytotoxicity,

9,10

efficient in vivo clearance, excellent biocompatibility, and high photothermal conversion efficiency, >~ or incorporating nitric

oxide (NO) to enhance PTT."" The synergistic strategy of combining PTT with chemotherapy ingeniously utilizes the localized
hyperthermia generated by photothermal agents under near-infrared laser irradiation. This process not only directly ablates

tumor cells but also enhances blood perfusion and vascular permeability within the tumor microenvironment. Li et al'?
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developed a polymeric antitumor nanobomb (GEM806@PETU(CO)) for synergistic low-temperature photothermal/che-
motherapy/gas therapy (LTPTT/CT/GT). This nanosystem features spatiotemporally controlled activation and synergistic

therapeutic efficacy. Gao et al'’

constructed ARGN nanoclusters composed of gold nanorods (AuNRs) and rolling circle
amplification products (RCA-p). This system achieves NIR irradiation-promoted release of siRNA-Plkl and initiates
combined photothermal/chemotherapeutic effects.

Graphene has emerged as a material of significant scientific interest owing to its exceptional combination of mechanical
robustness, efficient photothermal conversion, remarkable flexibility, and superior heat transfer capabilities.'* Graphene oxide
(GO), as a graphene derivative, retains the special physicochemical properties such as photothermal performance while having
lower dose-dependent toxicity and higher biocompatibility, and has a wide range of applications in the fields of catalysis,
energy technology, composites, sensors, and nanoelectronics."> "7 GO derivatives (GO/rGO) show exceptional immunosti-
mulatory potential, engaging both immediate and antigen-specific immune pathways.'® In studies by Orecchioni et al,
administration of graphene, GO, and rGO via intravenous, intraperitoneal, intramuscular, and subcutaneous routes was
shown to trigger rapid interactions with circulating and tissue-resident immune cells, resulting in immediate immune
activation.'” Tt has also been found that graphene-based materials can trigger immune regulation by binding to Toll-like
receptors (TLRs), secreting a variety of Th 1/Th 2-related cytokines, such as granulocyte-macrophage colony-stimulating
factor (GMCSF), tumor necrosis factor (TNF)-o, interleukin (IL)-10, IL-1a and IL-6 together with chemokines which include
RANTES, MIP-1a, MIP-18 and MCP-1, and this immunomodulation can be enhanced by functionalized structural
modifications.’®*' Based on the abundant surface activity of GO, a large number of studies have focused on the use of GO
as a delivery system for chemotherapeutic drugs, gene drugs, or immunostimulants. However, the immunostimulatory
potential of GO-based nanomaterials remains underexplored, with only preliminary experimental evidence available to date.

Moreover, pristine GO nanosheets are prone to aggregate and form clusters in physiological state (high concentration of
salts, proteins) therefore do not have the ability to become drug carriers, and GO contains a large amount of -OH, -COOH,
C-O-C, which increases the distance between the layers, weakens the van der Waals forces between the layers, and destroys
the hexagonal carbon stabilization of graphene, so that it is easier to be heat decomposition, and has poor thermal stability.** **

To achieve the effect of reducing the dose while enhancing the photothermal conversion performance, natural polyphenolic
components are a potential choice. Gallic acid (GA) exhibits excellent photothermal conversion capabilities that can be
imparted to nanomaterials. Its molecular structure, containing multiple phenolic hydroxyl and carboxyl moieties, enables
strong interfacial interactions with graphene oxide (GO) through hydrogen bonding and n-r stacking with oxygenated surface
groups,”>~® based on the coordination chemistry strategy. It can also further enhance the photothermal properties due to the
intermolecular charge transfer effect,>” which improves the dispersion of GO and the photothermal conversion efficiency.
Zeng et al used GA-assisted modification to make glass (BG), changing its color from white to black, endowing it with a high
light-barrier property and significantly enhancing its absorption of near-infrared light.”® Hou et al developed a GA-assisted
coordination strategy to synthesize a black calcium-based material, which was integrated with sequential photothermal
therapy for synergistic treatment of bone tumors and defects, establishing a high-temperature tumor ablation approach.*’ In
addition, polyphenol groups can bind to cancer cell surface receptors and also have some anti-tumor effects, making them
a good natural material for modifying structural defects on GO surfaces.”

GA is a hydroxyphenolic compound with antimicrobial, anti-inflammatory and antitumor activities. We used it to
functionalize GO through a simple surface modification strategy. The resulting GA-modified GO (GA-GO) nanocomposite
demonstrates enhanced photothermal conversion efficiency and prolonged aqueous stability. High photothermal conversion
performance was achieved at low doses, and the antitumor activity and immune activation ability of the GAGO nanomaterials
combined with chemotherapy agent-paclitaxel was explored, which provides a basis for the development of a combined
cancer inhibition approach based on GO for chemotherapy, phototherapy and immunotherapy.

Experimental Methods

Materials
GAGO was purchased from J&K Scientific (Beijing, China); GA was purchased from Sigma-Aldrich (Shanghai, China);
paclitaxel injection (albumin type) (PTX), Cell-Counting-Kit-8 (CCKS), 4’,6-diamidino-2- phenylindole (DAPI) were
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purchased from Beyotime Biotechnology (Shanghai, China); fetal bovine serum (FBS), penicillin/streptomycin solution
(PenStrep), and trypsin were purchased from Gibico (USA); B16 cell line was provided by pricella (Wuhan, China);
Annexin V-FITC/ PI double staining kit was provided by Solarbio (Beijing, China); CD4 immunofluorescent antibody
was purchased from Abcam (Shanghai, China); CD28 immunofluorescent antibody was purchased from CST (Beijing,
China); TNF-a, IL-2, IFN-y and IL-10 Elisa kits were provided by Invitrogen (USA).

Preparation of GAGO

GO powder of 25mg was weighed and dissolved in water under ice bath using ultrasonic probe for 1h, pH 4.75 was
adjusted and gallic acid powder of 125mg was weighed and added to GO solution and allowed to fully dissolve.
Magnetic stirring was done for 24h to enable full reaction. Removal of excess GA was achieved using a 1000 Da dialysis
membrane over 48 hours, after which the GAGO solution was preserved at 4°C.

Characterization of GAGO

DLS measurements (n=3) of 0.8 mL nanosolution aliquots yielded average particle size, PDI, and zeta potential values.
Carbon-supported 300-mesh copper grids were employed as substrates for GO/GAGO deposition in TEM sample
preparation. After adsorption for 0.5 min, the excess solution was sucked from the edge portion with filter paper and
left to stand for 20 min. The samples were then further dried in vacuum for 12 h. Electron microscope images were taken
with a transmission electron microscope at an accelerating voltage of 200 KV. UV-vis spectra of GO, GA, and GAGO
solutions were recorded from 200-800 nm using a standard quartz cuvette in a spectrophotometer, both GO and GAGO
were prepared at identical concentrations of 1 mg/mL. A standard calibration curve was established by correlating
absorbance at 262 nm with GA concentrations (0-0.01 mg/mL), yielding the linear equation y = 0.0277x - 0.0005 (R* =
0.9997). This curve subsequently enabled determination of drug loading (DL) and loading efficiency (LE) through
quantitative GA analysis. Fourier infrared spectroscopy was used to analyze the nature of the surface functional groups of
GO, GA, and GAGO using KBr pressed sheets in the wave number range of 400-4000 cm'. X-ray diffractograms of
GO, GA, and GAGO were recorded by x-ray diffractometer for analysis. The working voltage and working current were
set to 40 KV and 40 mA, and the start and end angles were 5° and 60°, respectively. Raman spectra were analyzed by 532
nm diode laser excitation to observe the structural differences between the samples.

_ Weight of GA in GAGO

DL — 100°
Weight of GAGO 100%

~ Weight of GA in GAGO
~ Original GA added weight

LE x 100%

Stability of GAGO

To investigate the stability of GAGO, GO, GAGO solutions were left at room temperature for 7 days and the change in
particle size was measured every other day. The stability of GO and GAGO (1 mg/mL) was evaluated in various
physiological environments—deionized water, phosphate-buffered saline (PBS, pH 7.4), and RPMI 1640 with 10% FBS
—with subsequent measurements of hydrodynamic diameter and surface charge.

The Evaluation of Photothermal Performance

In vitro Evaluation of Photothermal Performance

The photothermal performance of the microneedles was evaluated using the near infrared (NIR) light irradiation
method. The experiment was conducted by directly irradiating GO and GAGO solutions with an 808 nm infrared laser
(MDL-III-808, China) using a 0.2 cm?® spot area at power densities of 1.5 W/cm” and 2 W/cm? for 10 minutes. The
stabilized temperature values were recorded, and real-time photothermal images were monitored using an infrared
thermal imager (Guide T120, China). The photothermal stability of the microneedles was tested by turning the NIR
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laser on/off 3 times with the same parameter settings. The photothermal conversion efficiency is calculated by the
following formula.

— hsAT, material — AT, water
- Ix (1- 10*/1)

n

Where 1 represents laser power, A denotes the absorbance of the aqueous suspension at 808 nm, AT,ueriq and
ATyaer indicate the temperature changes of the test sample and blank control (water) respectively. The heat transfer

coefficient is expressed as h, while s represents the surface area of the container.”'

In vivo Evaluation of Photothermal Performance

Female ¢57 mice of 6-8 weeks of age and weighing 18-22g were selected and acclimatized with standard food at 25°C
for one week. For culture expansion of B16 melanoma cells, 100 pL of logarithmic growth phase B16 cell suspension
(3%10° cells/mL) was collected, sterilized and inoculated subcutaneously on the back of ¢57 mice. When the tumor grew
to 50-90mm® (7d), the in situ melanoma mouse model was successfully established.

The mice were divided into control, model, GO, GAGO, and GAGO/PTX groups, with the control group receiving no
treatment while the other groups were established as melanoma models. The therapeutic agents were administered via
intratumoral injection, after which all treatment groups underwent NIR irradiation at a power density of 1.5 W/cm?” based
on in vitro photothermal conversion results. Tumor temperature changes were monitored and recorded at 0, 1, 3, and

5 min during irradiation using an infrared thermal camera to evaluate the photothermal therapeutic effects.

Antitumor Ability in vitro
Cell Culture

B16 cells were maintained in RPMI 1640 medium, while HK-2 cells were cultured in DMEM/F12, both supplemented
with 10% FBS (Gibico) and 1% penicillin-streptomycin (Gibico). All cells were incubated at 37°C under 5% CO».

Determination of Drug Concentration

B16 cells in logarithmic growth phase were plated in 96-well plates (1.0x10* cells/well). Following 24 h culture, the
medium was refreshed with PTX-containing medium at graded concentrations (0.5-15 nM).*? A blank control group was
also included, with five replicate wells for each concentration. After an additional 24-hour culture, the medium was
refreshed, and CCK-8 solution (10 pL/well) was introduced. Following 2—4 hours of incubation, optical density was

measured at 450 nm with a microplate reader.

Cytotoxicity Experiment

10 nM PTX was added to a 1 mg/mL GAGO solution to prepare the GAGO/PTX suspension. Cell viability was assessed
using a CCK-8 assay with OD450 measurements. B16 cells (5x10°/well) were plated in 96-well plates and treated with
varying concentrations of GAGO or GAGO/PTX combinations for 24 h. Photothermal effects were induced by 8§08 nm
laser irradiation (2 W/ecm?, 5 min) to evaluate cytotoxicity in both B16 and HK-2 cell lines.

Detection of Apoptosis by Flow Cytometry

Plates were spread using six-well plates with a cell count of 2x10° cells/well, with an addition volume of 2.5 mL, and
incubated overnight. Adding the blank medium diluted drug, respectively: blank group, PTX, GAGO, GAGO NIR,
GAGO/PTX, GAGO/PTX NIR, and set up 3 duplicate wells in each group. After 24h of incubation with drug
administration, the GAGO NIR group and GAGO/PTX NIR group were irradiated using an infrared laser (1.5 W/em?)
for 5 min per well. Flow cytometry analysis of Annexin V-FITC and PI staining enabled quantification of early- and late-
stage apoptotic cells. Fluorescence intensity was detected using flow cytometry.
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Antitumor Ability in vivo

Mice Tumor Model Construction

Female ¢57 mice of 6-8 weeks of age and weighing 18-22 g were selected and acclimatized with standard food at 25°C for
one week. For culture expansion of B16 melanoma cells, 100 pL of logarithmic growth phase B16 cell suspension (3x10°
cells/mL) was collected, sterilized and inoculated subcutaneously on the back of ¢57 mice. When the tumor grew to
50-90 mm® (7d), the in situ melanoma mouse model was successfully established. The model mice were randomly divided
into 7 groups, which were model group, NIR, PTX, GAGO, GAGO NIR(GN), GAGO/PTX(GP), and GAGO/PTX
NIR(GPN). Another blank control group was set up, with a normal diet and saline administration, with 5 mice in each group.

Tumor Growth Curve and Tumor Suppression Rate Determination

All procedures were conducted at 25+2°C and 50+£5% RH. Tumor-bearing mice received in situ injections on days 0 and
7, with select groups undergoing NIR irradiation (808 nm, 1.5 W/cm?, 5 min). Tumor dimensions (a=longest diameter;
b=perpendicular width) were measured every 48 h using calipers, with volumes calculated as V=Y%ab>. On day 14,
24 h post-final treatment, mice were euthanized for serum collection (orbital bleeding) and organ harvest (heart, liver,
spleen, lungs, kidneys, tumors). Excised tumors were photographed and measured before tissue processing (24 h fixation,
paraffin embedding, sectioning) for H&E, TUNEL, and Ki67 staining. Tumor-infiltrating T cells were analyzed by
immunofluorescence using CD3/CD4/CDS8 antibodies. The protein expression profiles of HSP70 and HSP90 were
analyzed using Western blotting. The serum levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), and creatinine (CRE) were measured in the collected blood samples.

Statistical Analysis

All results are expressed as mean + standard deviation. GraphPad Prism software was utilized for statistical analysis,
applying Student’s t-tests (two groups) or one-way ANOVA (>3 groups) to calculate p-values. The statistical differences
were considered at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, not significant (n.s). p > 0.05.

Result and Discussion

Synthesis and Characterization of GAGO Nanocomposites

GA is a natural polyphenol widely distributed in plants and fruits. Studies have shown that it is positively charged under
acid and negatively charged under alkaline conditions.*®> Although GO is theoretically amphiphilic, in practice, graphene
sheets tend to agglomerate with each other due to intermolecular hydrogen bonding interactions. GO carries a negative
surface charge, when the pH is adjusted to a weakly acidic environment, the electrostatic interaction between GA and GO
can promote self-assembly. Therefore, we propose to modify it with GA to prepare GO nanocomposites that can be stably
dispersed in aqueous solutions and physiological media for a long time.**

The preparation of synthesized GAGO was immediately examined for particle size, polydispersity index (PDI) and zeta
potential. The particle size of the GAGO was about 227.73+23.22 nm, the PDI was 0.15 + 0.02, and the Zeta potential was
about —40.33+1.52 mV. Zeta potential serves as a critical indicator of nanoparticle stability, where higher absolute values
correlate with stronger interparticle electrostatic repulsion, thereby enhancing colloidal stability. The zeta potential of GO was
measured to be —33 + 3.6 mV, showing a significant difference compared to that of GAGO (Figure 1A).

The morphological and structural features of as-synthesized GAGO were characterized by transmission electron
microscopy (TEM) (Figure 1B). While GO exhibits characteristic wrinkled film morphology consistent with literature
reports, GA functionalization yields a markedly flatter GAGO structure. This morphological transition confirms success-
ful GA loading through observable structural modifications.

The absorption spectra (Figure 1C) of GA, GO and GAGO were measured in the range of 200-800 nm using a UV-Vis
spectrophotometer to determine the peak absorbance. GO has a strong absorption peak at 235 nm due to the m—x jump of the
C=C ring bond. GA exhibits two similar peaks at 212 and 262 nm. While the characteristic peak of GAGO moved to 221 nm.
The results indicated that the loading of GA in GO was successful and formed GAGO nanocomposites.

The FTIR spectra of GO, GA, and GAGO are shown in Figure 1D. It can be observed that the peaks of GO at 3406.34,
1857.11, 1623.95 and 1101.14 cm™' are associated with OH, C=0, C=C and C-O stretching modes, respectively. GA’s
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Figure 1 GAGO nanomaterials characterization. (A) Comparison of zeta potentials of GO and GAGO. (B) TEM image of GA and GAGO. (C) UV-Vis absorbance spectra
of GA, GO, and GAGO samples. (D) FTIR spectra of GA, GO, and GAGO. (E) XRD patterns of GA, GO, and GAGO measured at 40 kV and 40 mA with a scanning rate of
5°/min and 20O angles ranging from 5° to 60°. (F) Raman spectra of GO and GAGO obtained using 532 nm diode laser excitation. (G) Changes in particle size of GO and
GAGO left in aqueous solution for 7 days. (H) Comparison of particle size of GO and GAGO in water (l), PBS (Il), RPMI 1640 (10% FBS) (lll). (I) Comparison of PDI
between GO and GAGO in water, PBS, RPMI 1640 (10% FBS). The error bars indicate means + SD and n =3. Significance was assessed by using t-test; *p < 0.05, **p < 0.01,
#¥p < 0.001, ¥*p < 0.0001.

molecular structure was confirmed through characteristic FTIR peaks: 1666.12 cm ™" (phenolic O-H), 1611.08 cm ™' (aromatic
C=C), 1220.62 cm ™' (carboxyl C=0), 1026.66 cm ™' (carboxyl C-O), and 734.20 cm™' (benzene ring 8CC). The IR spectra of
GA-loaded graphene oxide (GAGO) showed characteristic signals of GO and GA, indicating successful loading.

The structures of GO, GA, and GAGO nanocomposites were evaluated using XRD analysis (Figure 1E). The XRD
spectra of GA showed several characteristic peaks at 16.5°, 25.4°, and 27.65° at 20 degree, representing the highly
crystalline structure of GA. The XRD pattern of GO displayed a characteristic diffraction peak at 26 = 11.40°, attributed
to interlayer oxygen-containing functional groups (eg, carboxyl, hydroxyl, and epoxy groups). In contrast, GAGO
nanocomposites showed amorphous characteristics.

Defects and disorder in the GO and GAGO structures were investigated using Raman spectroscopy (Figure 1F). The
D band is 1334 cm™ ' and the G band is 1594 cm ™' for GO and GAGO. The D band indicates the disorder of the sp2
carbon network. While pristine GO shows sharp D-peaks, GAGO exhibit broadened D-bands due to disrupted sp*
networks from oxidation-induced damage.

Stability Study of GAGO

From the results of 7-day continuous monitoring of the particle size, PDI, and zeta potential of GAGO, it can be observed
that GAGO nanoparticles can remain stable at room temperature for several days. Over the course of 7 days, the particle
size of GAGO remained stable within the range of 227.73-248.33 nm (Figure 1), and the PDI was maintained between
0.184 and 0.251. In contrast, the particle size of GO increased from 419.33 + 35.8 nm to 861.33 + 37.42 nm, and the PDI
increased from 0.332 to 0.934. Overall, GAGO exhibited good stability at room temperature and could be stored for an
extended period.
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Further investigation into the changes in particle size and PDI of GO and GAGO in different media (Figure 1)
revealed that in water, the particle size of GO was 400.93 + 15.93 nm, and the PDI was 0.225 + 0.05. In PBS, the particle
size slightly increased to 487.07 + 15.6 nm, and the PDI increased to 0.584 + 0.06. In RPMI 1640 (10% FBS), the
changes were more significant, with the particle size of GO increasing to 1068.67 = 115.79 nm and the PDI reaching 0.92
+ 0.06. In contrast, the particle size of GAGO showed minimal changes, remaining stable at around 200 nm, with the PDI
maintained between 0.15+ 0.02 and 0.39+ 0.07. GAGO demonstrated stability in all three media, which is attributed to
the n-7 interactions between the aromatic rings of GA and the sp® carbon regions of GO, enhancing the stability of the
composite material.

Evaluation of GAGO Photothermal Conversion Performance

The photothermal conversion efficiency of GAGO was characterized under 808 nm NIR laser irradiation at two power
densities (1.5 and 2 W/em?). Both GO and GAGO aqueous dispersions were exposed for 10 minutes while an infrared thermal
imaging system continuously monitored temperature changes and captured thermal distribution profiles. The schematic
diagram of the experiment is provided in Figure 2A. The infrared thermal maps (Figure 2C) revealed that both the
concentration of GAGO and the power of the infrared light source significantly influenced the photothermal effect of the nano-
solutions. Statistical analysis of the temperature data (Figure 2B) showed that under irradiation with a power density of 2 W/
cm?, the temperature of the 1000 pg/mL GAGO solution reached the highest value of 54.4 = 1.41°C, while the temperature of
the GO solution at the same power density and concentration was only 48.17 + 2.70°C. As the concentration of GAGO
decreased, the temperature also decreased accordingly. As shown in Figure 2D, at a fixed GAGO concentration, the solution
temperature progressively increased with higher irradiation power, demonstrating its photothermal tunability. The temperature
changes of GO and GAGO solutions irradiated at 2 W/cm?® were recorded every minute over a 10min (Figure 2E). It was
observed that the 1000 pg/mL GAGO solution exhibited the fastest heating rate and stabilized within 100 seconds, confirming
its photothermal tunability. After the temperature stabilized, the light source was turned off, and the process was repeated three
times consecutively. The temperature remained around 48°C, demonstrating its photothermal stability (Figure 2F). The
photothermal conversion efficiency (1) of GAGO was calculated to be 56.5 + 1.3% under 2 W/cm? irradiation at
a concentration of 1000 pg/mL. The in vivo photothermal conversion capability of GAGO/PTX was evaluated using infrared
thermography to record local tumor temperature. As shown in Figure 2G, the saline-injected blank and Model groups slightly
increased their temperatures under laser irradiation. In contrast, the local temperature of GAGO/PTX tumors increased
dramatically. Its temperature reached 48°C in 5 min, indicating that GAGO/PTX has an excellent in vivo photothermal effect,
and can kill tumors by thermal ablation (Figure 2H).

It can be seen that the introduction of GA enhances the photothermal conversion performance of GAGO. GA
provides a more stable photothermal conversion environment for the composites and reduces the energy loss through the
intermolecular hydrogen bonding and n-w interactions of the GO lamellae tightly connected. It has also been found that it
may promote the transfer of photogenerated electrons and reduce the complexation of electron-hole pairs, thus improving

the photothermal conversion efficiency.®>~°

In vitro Antitumor Activity of GAGO
ICsq is an index used to evaluate the in vitro antitumor effect. In order to investigate the optimal PTX concentration for the
combination of GAGO and PTX, the cytotoxicity of PTX was firstly detected at 0.5 nM—15 nM using CCK8 method. The
results showed that the cell survival rate was 51% at a concentration of 10nM, so the PTX concentration of 10 nM was
selected for the in vitro antitumor assay of the combination (Figure 3A). The in vitro antitumor activity of GAGO
photothermal therapy combined with PTX was further evaluated, and it was found that the addition of GAGO could increase
the tumor cell inhibitory rate of the single chemotherapeutic agent at the same concentration of PTX in the B16 cell line. And
the effect of PTX combined with GAGO photothermal therapy was significantly stronger than that of PTX alone (Figure 3B).
This was detected by flow cytometry, in which a significant difference in cell viability was observed between the
GAGO/PTX NIR and Control groups (Figure 3C). In the GAGO NIR group, the introduction of NIR enhanced the
cytotoxicity of GAGO alone, leading to the death of a few B16 cells. This further confirms the effectiveness of PTX
combined with GAGO photothermal therapy for melanoma.
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Antitumor Effect in vivo
In vivo anti-melanoma studies were performed on B16 hormonal mice according to the indicated protocols (Figure 4A).
Tumor growth volume and tumor weight were measured in mice that were injected intratumorally with saline only, with

the PTX-administered group as a positive control. The efficacy of several therapeutic strategies, including GAGO
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Figure 3 The in vitro inhibitory effects of GAGO on the BI6 cell line. (A) Exploration of the IC50 concentration of PTX. (B) Cytotoxicity of GAGO, GAGO/PTX, GAGO
NIR and GAGP/PTX NIR under different treatment regimens. (C) The apoptosis induced by different treatment regimens of GAGO, GAGO/PTX, GAGO NIR, and GAGO/
PTX NIR was detected using flow cytometry. The error bars indicate means + SD and n =5. Significance was assessed by using t-test; *p < 0.05,****p < 0.0001.

photothermal therapy (GAGO NIR,GN), GAGO in combination with PTX therapy (GAGO/PTX, GP), and GAGO
photothermal therapy in combination with PTX therapy (GAGO/PTX NIR,GPN), were evaluated in focus.

As shown in Figure 4B, all treatment groups showed some efficacy and no significant weight loss was observed in the mice.
The use of GAGO alone had no significant inhibitory effect on tumors, consistent with the results of cellular experiments; the use
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of NIR infrared laser irradiation alone had some therapeutic effect in the early stage of the treatment, but was not sufficient to
completely inhibit tumor growth in the later stage of the treatment; GAGO/PTX NIR also showed superior tumor growth
inhibition compared with the PTX-positive drug group; GAGO/PTX significantly inhibited tumor growth, but not significantly
compared with the positive drug group; and GAGO/PTX significantly inhibited tumor growth, but not significantly compared
with the positive drug group. However, there was no significant difference compared with the positive drug, and the efficacy of
GAGO/PTX NIR group was more significant (Figure 4C-E).

In order to further verify the in vivo therapeutic effect, the tumors were collected for H&E, Ki67 and TUNEL staining at
the end of treatment (Figure 4F). The H&E results showed that the stained sections of tumor tissues in the control group
showed typical tumor pathological features, such as tightly arranged tumor cells and abundant blood vessels. In contrast, the
GAGO NIR, GAGO/PTX and GAGO/PTX NIR of the treatment group showed a large number of necrotic and cell-free areas,
among which, the signal of GAGO/PTX NIR staining of the periplasmic plasma was significantly weakened compared with
that of the model group, resulting in larger necrotic areas and the appearance of a large number of white gaps, which indicated
that the tumor’s extracellular matrix (ECM) had been damaged and the tumor had been damaged and the tumor had been
damaged. Matrix (ECM) was severely damaged.®’

TUNEL staining, a technique used to detect apoptosis, identifies apoptotic cells by labeling the 3’-OH end of DNA breaks,
the nuclei of positive cells showed green fluorescence indicating the presence of DNA breaks suggesting apoptosis, and the
nuclei of negative cells showed blue color using DAPI staining. The results showed that the fluorescence signals of GAGO
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NIR, GAGO/PTX, and GAGO/PTX NIR were stronger compared to other groups, indicating that GAGO/PTX NIR triggered
significant apoptosis.

Ki67 is a nuclear protein associated with cell proliferation and is commonly used to assess the proliferative activity of
tumor cells. In immunohistochemistry (IHC), the expression level of Ki67 is reflected by staining intensity.*® A positive
coloration of the nucleus in brown color indicates that it is in the proliferative cycle. Statistical analysis revealed all
treatment groups differed significantly from the model control (p<0.05). However, only the GAGO/PTX NIR combina-
tion demonstrated marked differences versus PTX alone (p<0.01), confirming its superior anti-proliferative efficacy.

Mechanism of Tumor Immune Activation

Immunofluorescence staining was performed to assess T cell infiltration within the tumor tissue. As illustrated in
Figure 5A and B, negligible T cell infiltration was observed in the Model group, with weak fluorescence signals detected
in both the NIR and GAGO groups. In contrast, significant infiltration of CD4+ T cells and CD8+ T cells was evident in
the tumor tissues of the PTX, GP, GN, and GPN groups. The relative fluorescence intensities of CD3+CD4+ and CD3
+CD8+ T cells were quantified for each treatment group relative to the Model group. While the Model and NIR groups
exhibited similar responses, neither demonstrated statistically meaningful variation from baseline (p>0.05). However, the
CD3+CD4+ fluorescence signal in the GPN group was markedly enhanced compared to the Model group, though it did
not differ significantly from the PTX group. Fluorescence microscopy demonstrated intense CD3+CD8+ dual-positive
staining exclusively in GPN-treated specimens, with other groups showing only baseline signals. This enhanced T cell
infiltration is likely attributable to the photothermal effect, which increases local blood flow and disrupts the tumor
barrier, thereby facilitating the recruitment and penetration of T cells into the tumor microenvironment.*”

To further investigate cytokine levels in tumor tissues, we quantified IL-2, TNF-a, IFN-y, and IL-10 concentrations using
ELISA kits (Figure SC—F). Compared to the Model group, the NIR group exhibited no significant differences in TNF-a, IL-2,
or [FN-y levels. All treatment groups except GAGO showed significantly elevated TNF-a and IL-2 levels, while IFN-y levels
were significantly increased across all treatment groups. Notably, the GN and GPN groups demonstrated markedly higher
IFN-y levels compared to the PTX group. Concurrently, all treatment groups displayed significantly reduced IL-10 levels
relative to the Model group, with the GPN group showing greater IL-10 suppression than the PTX group. Mechanistically,
TNF-a binds to tumor necrosis factor receptors (TNFRs) on tumor cells, activating the caspase cascade to induce apoptosis
while simultaneously damaging tumor vascular endothelial cells.*” IL-2 and IFN-y synergistically promote CD8+ T cell
proliferation, activation, and enhanced infiltration into the tumor microenvironment.*! Conversely, the Th2-associated
cytokine IL-10 suppresses IFN-y synthesis, potentially explaining the observed CD8+ T cell hyperactivity in the GPN
group. Collectively, these findings demonstrate that GPN therapy exerts critical immunomodulatory effects by enhancing
immune cell proliferation, differentiation, and effector functions, ultimately reshaping the antitumor immune landscape.*

We further analyzed the expression of heat shock proteins HSP70 and Hsp90 in tumor tissues by Western blot and found
that both HSP70 and HSP90 were upregulated in all treatment groups (Figure 5G). A growing body of research has
demonstrated that heat shock proteins (HSPs) can stimulate innate immune responses.* Hyperthermia treatment induces
tumor cells to activate their endogenous heat shock protein (HSP) genes, leading to increased HSP expression in the tumor
microenvironment, which further promotes the proliferation of tumor-killing T cells and exerts anti-tumor effects.**

Sufficient thermal stimulation triggers HSP70 on tumor cells to activate NK cells, enhancing their production of
inflammatory cytokines such as IL-2, IFN-y, and TNF-o, thereby strengthening cell-mediated or humoral immune
responses against tumors. Additionally, HSP90 can form complexes with tumor antigens (eg, mutated proteins), which
are taken up by dendritic cells (DCs) via the CD91 receptor. Such enhancement of antigen processing and cross-
presentation via MHC class I pathways elicits robust CD8+ T cell responses, forming the scientific basis for Hsp90-
derived cancer vaccines.*’

As pivotal regulators of the adaptive immune system, CD4+ T cells execute multiple functions: directing Th cell
specialization, amplifying CD8+ T cell effector populations, and supporting antibody generation by B lymphocytes.***’
Conversely, aberrant differentiation of CD4+ Th cells into dysfunctional subsets may lead to the secretion of immuno-
modulatory cytokines such as IL-10, IL-17, and IFN-y, which exert pleiotropic effects on immune regulation.*®*’
Notably, a subset of Th cells expresses granzymes and perforin, enabling direct cytolytic activity against tumor cells
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presenting antigens via MHC class II molecules.>® These mechanisms collectively contribute to tumor cell elimination,
remodeling of the tumor microenvironment (TME), and establishment of immunological memory.”’ CD8+ T cells, or
cytotoxic T lymphocytes (CTLs), recognize MHC class I-presented antigenic peptides through T cell receptors (TCRs),

thereby executing targeted tumor cell lysis.’>>*

The crosstalk between CD4+ and CD8+ T cells is integral to the cancer-immunity cycle.>>® Church et al demonstrated
that tumor-specific CD4+ T cells critically sustain the functional capacity of tumor-infiltrating CD8+ T cells.’” Their findings
revealed reduced PD-1 expression on CD8+ T cells in the presence of CD4+ T cells, suggesting that CD4+ T cells attenuate
CD8+ T cell exhaustion. Mechanistically, tumor-specific CD4+ T cells enhance CD8+ T cell recruitment, clonal expansion,
and effector differentiation through IFN-y-dependent chemokine signaling and IL-2 production.”® Furthermore, CD4+ T cell-
mediated help preferentially augments the functionality of high-affinity TCR-expressing CD8+ T cells while fostering TME
conditions conducive to the infiltration of low-affinity CD8+ T cell clones.””

Safety Evaluation of GAGO

HK-2 cells are a cell line isolated and immortalized from normal human renal proximal tubular epithelial cells. It retains
many properties of renal tubular epithelial cells and is widely used in renal physiology, pathology and toxicology studies.
In order to test whether GAGO is cytotoxic, HK-2 and B16 cell lines were co-cultured with different concentrations of
GAGQO in vitro for 24 hours and then subjected to CCKS8 assay for cell viability (Figure 6A). The results showed that the
cell growth was similar to that of the control group, which indicated that GAGO does not exhibit significant cytotoxicity
in the absence of NIR near-infrared light excitation. Mouse heart, lung and spleen tissues were further observed by tissue
staining to assess the toxicity of photothermal therapy in concert with chemotherapy (Figure 6B). The results showed that
the GPN group did not induce structural changes in the heart, lung and spleen of mice. Biochemical analysis of serum
samples revealed significant hepatorenal toxicity in the PTX group, as evidenced by markedly elevated levels of ALT,
AST, BUN, and CRE (Figure 6C). Notably, these pathological alterations were substantially reversed through combina-
tion therapy. Therefore, GPN did not produce significant toxicity in vivo.
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Figure 6 In vivo and in vitro safety evaluation of GAGO. (A) Cytotoxicity of GAGO in B16 and HK-2 cell lines. (B) H&E-stained tissue sections of the heart, liver, spleen,
lung, and kidney from each group. Scale bar: 200um. The error bars indicate means * SD and n =5. (C) serum levels of ALT, AST, CRE, and BUN. Significance was assessed by
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Conclusion

In summary, we successfully constructed a novel photothermal nanocomposite-GAGO with high stability, high photo-
thermal conversion efficiency and high biosafety for the synergistic treatment of tumors with the chemotherapeutic drug
PTX. The successful synthesis was verified by UV, FTIR, XRD and RAMAN spectroscopy. The good photothermal
properties and biocompatibility of GAGO were evaluated by in vitro experiments. For in vivo experiments, the GAGO/
PTX NIR showed excellent anti-tumor effects, which attributed to the chemotherapy and enhanced immune responses by
effectively activating CD4+ T and CD8+ T cells proliferation, and promoting the secretion of TNF-cand IFN-y. This
synergistic therapeutic regimen had significant tumor inhibitory effects, which confirms a promising and effective
therapeutic pathway for melanoma.
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