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Introduction: To overcome limitations in melanoma therapy by developing a targeted nanoplatform based on reduced graphene oxide 
quantum dot (rGOQD) that integrates photothermal therapy (PTT), chemodynamic therapy (CDT), and immune modulation.
Methods: The multifunctional rGOQD/MnO2/CpG/Q/FA system combines rGOQD for efficient near-infrared (NIR) photothermal 
conversion efficiency, MnO2 as a Fenton-like catalyst for hydroxyl radical (•OH) generation, quercetin (Q) to inhibit heat shock protein 
70 (HSP70) and enhance PTT sensitivity, and CpG-ODN as a TLR9 agonist for immune activation. Folic acid (FA) enables targeted delivery 
to folate receptor-overexpressing B16F10 melanoma cells. Comprehensive in vitro and in vivo studies assessed photothermal performance, 
reactive oxygen species (ROS) generation, macrophage polarization, cytokine release, and anti-tumor efficacy.
Results: The nanoplatform exhibited strong PTT/CDT effects, efficient glutathione (GSH) depletion, and enhanced intracellular 
uptake via FA targeting. It induced apoptosis and immunogenic cell death (ICD) characterized by calreticulin (CRT) exposure and high 
mobility group protein B1 (HMGB1) release, while promoting macrophage repolarization to the M1 phenotype. In vivo, 
rGOQD/MnO2/CpG/Q/FA combined with near infrared (NIR) irradiation significantly inhibits tumor growth, prolongs survival, and 
activates systemic immunity without systemic toxicity in mice model.
Conclusion: This targeted nanoplatform offers a promising strategy to integrate localized PTT/CDT with systemic immune modula
tion, addressing key limitations of current melanoma therapies.
Keywords: cancer therapy, near infrared, nanoparticle, immunoadjuvant, photothermal, chemodynamic

Introduction
Cancer arises from uncontrolled cell growth and immune evasion, and recent advancements in understanding the immune 
system have shed light on cancer treatment methods.1 Cancer Immunotherapy harnesses the body’s immune system and 
has transformed cancer treatment, albeit still facing challenges. Cancer immunotherapy aims to stimulate the immune 
response against tumors and address cancer cell escape mechanisms, where immune-resistant cancer cells evade immune 
editing and dysfunction of the recognition and attack.2 As immunotherapy rapidly evolves, various methods have 
emerged to combat tumor growth, such as cancer vaccines, chimeric antigen receptor T cells, and immune checkpoint 
inhibitors (ICI).3 Nonetheless, vaccines often show low immunogenicity, inconsistent stability, and considerable degra
dation inside the body. They tend to trigger only a brief immune response and fail to produce an effective therapeutic 
outcome.4 Eliminating tumors with a single antigen-limited immune response seems unlikely due to the heterogeneity of 
cancer cell subtypes. Furthermore, due to the diverse and complex behavior of tumors, checkpoint inhibitors for solid 
tumors have a response rate of only 20–30%, making many tumors insensitive to ICI therapy.5 This highlights 
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a significant clinical gap where a nanomedicine approach using multifunctional nanoplatforms can fill by offering 
a versatile solution capable of overcoming these limitations.6

Tumor-associated macrophages (TAMs) are key immune cells in the tumor microenvironment (TME), significantly 
influencing the progression, metastasis, and resistance of tumors.7 Macrophages are specialized phagocytes that capture 
large particles, including debris, pathogens, and apoptotic cells, to maintain homeostasis. TAMs are classified into two 
major subsets: M1 and M2 phenotypes.8 M1 macrophages secrete proinflammatory cytokines such as TNF-α, IL-6, and 
IL-12 to facilitate direct tumor attack. Conversely, M2 macrophages promote tumor growth and immunosuppression by 
secreting anti-inflammatory cytokines. The resident TAMs in the TME primarily exhibit the M2 phenotype. Therefore, 
strategies aimed at repolarizing these macrophages to the M1 phenotype or depleting M2 TAMs represent promising 
therapeutic approaches in cancer treatment.9 TAMs can be reprogrammed using a variety of cytokines, immunological 
agonists, and inhibitors.10

Immunoadjuvants, which enhance immune responses, are vital in stimulating and activating immune cells 
effectively.11 Toll-like receptors (TLRs) present in the endosomes of human immune cells can detect bacterial DNA 
and viral RNA.12 Synthetic oligodeoxynucleotides (ODN) containing cytosine-phosphorothioate-guanine (CpG) can 
replicate the immune-stimulating effects of bacterial DNA. The CpG-ODN is internalized by cells through the process 
of adsorptive endocytosis. The binding of CpG-ODN to the endosomal TLR-9 within the intracellular compartment of 
the macrophage can induce an innate immunostimulatory response and lead to the generation of proinflammatory 
cytokines.13 In addition, the interaction of TLR-9 with CpG-ODN can also lead to the subsequent activation of antigen- 
presenting cells, thereby activating innate immune responses.14 This pathway considerably boosts CD8+ T-cell infiltra
tion, potentially leading to a 2- to 3-fold increase after CpG-ODN delivery. Activated macrophages trigger the adaptive 
immune response by presenting antigens to T cells, leading to the proliferation of cytotoxic T lymphocytes (CTLs) in the 
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lymph node draining the tumor.15 The CD8+ CTLs are a key part of cell-mediated immunity against tumors, while CD4+ 
helper T cells are crucial in supporting CD8+ CTLs, which in some cases become cytotoxic themselves.16 After leaving 
the lymph node, activated cytotoxic T cells can travel through the bloodstream and reach the tumor site to kill the cancer 
cells by releasing cytokines, stimulating CTLs, and preventing tumor metastasis.17

Tumors can evade and inhibit the immune system, but combination therapies can target various signaling pathways 
and boost patient response rates. Therefore, combining immunotherapy with alternative therapeutic approaches can 
augment the effectiveness of cancer treatment by minimizing immunosuppression, activating various pathways, and 
providing sustained treatment efficacy to modulate the tumor microenvironment.18 When cancer cells experience cellular 
stress, apoptosis, necrosis, or cellular damage, they tend to induce immunogenic cell death (ICD). The ICD triggers the 
release of signaling molecules, damage-associated molecular patterns (DAMPs), and tumor-associated antigens, which 
are recognizable by the immune system.19 This leads to the exposure of calreticulin (CRT) on the cell surface and the 
release of high mobility group box 1 (HMGB1), as well as the secretion of adenosine triphosphate (ATP) as a “find-me” 
signal.20 Moreover, these DAMPs activate the macrophage, further stimulating CTLs to eliminate cancer cells 
systematically.21

The ICD can be triggered by several therapies, including chemotherapy, photothermal therapy, and therapies based on 
excessive reactive oxygen species (ROS) generation (photodynamic, chemodynamic, sonodynamic, and radiotherapy).22 

Chemodynamic therapy (CDT), unlike the other ROS-based treatments, does not require any external stimulation, like 
photodynamic therapy (laser) and sonodynamic therapy (ultrasound). In CDT, the Fenton/Fenton-like agents (iron, 
manganese, copper, and cobalt) catalyze the intracellular decomposition of high levels of endogenous H2O2 in cancer 
cells to produce the highly cytotoxic hydroxyl radical (•OH).23 This •OH can create severe oxidative damage to vital 
cellular components such as mitochondria and nucleus, thus inducing cell apoptosis.24 Consequently, producing cytotoxic 
ROS during cancer therapy can potentially boost ICD. Furthermore, studies showed that ROS generation and the 
resulting endoplasmic reticulum stress can jointly activate DAMPs.25

Near-infrared (NIR) light can induce hyperthermia through a photothermal agent, forming the basis of photothermal 
therapy (PTT).26 The hyperthermia generated can suppress tumor progression and induce apoptosis by disrupting the 
cytoskeleton, causing protein denaturation and DNA damage in cancer cells.27 The heat generated during PTT also 
creates a physical stimulus, ultimately leading to ICD. On the other hand, heat generation within the tumor region is 
considered to be an effective approach to enhance hydroxyl radical production, as the PTT-induced temperature rise can 
speed up the reaction kinetics of the Fenton-like reaction in producing more •OH.28 Therefore, PTT can elevate the 
efficiency of CDT. Even though mild PTT can damage cells, cancer cells frequently recover through the overexpression 
of heat shock proteins (HSP).29 In contrast, high temperatures may impair anti-tumor immunity. Therefore, incorporating 
a small molecule HSP inhibitor with mild PTT is preferred.30 Employing a heat shock protein 70 (HSP70) inhibitor can 
boost the efficacy of mild PTT to effectively amplify ICD, which can be synergistically combined with CDT.31

Taken together, we aim to engineer a nanoplatform based on reduced graphene oxide quantum dots (rGOQD), which 
serves as a photothermal agent. This nanoplatform is integrated with the chemodynamic agent MnO2, the immunoadju
vant CpG-ODN, and quercetin, a small molecule inhibitor of HSP70, for the treatment of melanoma. This approach 
combines PTT, CDT, and immunotherapy. The rGOQD is synthesized through the PEI-mediated reduction of GOQD and 
subsequently undergoes surface modification with DSPE-PEG-MAL via its hydrophobic tail end. This is followed by the 
binding of the synthesized BSA-MnO2 to form rGOQD/MnO2. The CpG-ODN is immobilized onto the as-synthesized 
nanoparticle through electrostatic interactions with PEI in rGOQD. Finally, quercetin (Q) is incorporated onto the surface 
of the rGOQD through π-π stacking interactions, thereby resulting in the formation of the nanoparticle rGOQD/MnO2 

/CpG/Q. Previously, a different strategy was employed to construct a multifunctional PTT/CDT-based immunotherapeu
tic nanoplatform by integration of polymer dot-metal ion coordination and immune adjuvants.32 By self-assembly of 
NIR-responsive semiconducting polymer dots and TLR-7/8 agonist resiquimod (R848) using Mn2+ as a coordination 
agent, the nanoadjuvants was used for diagnosis and anti-tumor immunotherapy against deep-seated tumors.

The development of lysosome-targeted cancer therapy stands at the forefront of precision oncology.33 To improve 
intracellular uptake of drug-loaded nanocarriers into cancer cells, targeting ligands specific to tumor cell receptors can be 
attached to the surface of the nanocarriers for active targeting of tumor cells. This process facilitates internalization 
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through receptor-mediated endocytosis mechanisms. Various human cancer cells commonly express a folate-binding 
surface receptor with a strong affinity for folic acid (FA). This glycosylphosphatidylinositol-anchored receptor is known 
to be overexpressed in numerous human tumors, including ovarian, breast, and skin cancers, while being significantly 
limited in normal tissues.34 To enhance intracellular uptake, FA can be linked via its carboxyl group to a nanocarrier to 
enhance receptor-mediated endocytosis. Therefore, we activate carboxylic groups in FA and bind it covalently with the 
amino group in bovine serum albumin (BSA) to form FA-BSA-MnO2 and synthesize rGOQD/MnO2/CpG/Q/FA for 
active targeting of B16F10 melanoma cells. The rGOQD is used as a photothermal agent for NIR-driven PTT while 
MnO2 is used for CDT by generating abundant •OH. With Q to enhance PTT by minimizing cellular thermotolerance, the 
PTT/CDT leads to cell apoptosis and ICD. The released DAMPs triggering M1 polarization of macrophage and stimulate 
pro-inflammatory cytokine secretion. CpG-ODN acts as an immunoadjuvant can also bind to TLR-9 in macrophages and 
result in effective immune responses by activating macrophages and releasing cytokines such as IL-6 and TNF-α. The 
cytokine-mediated T-cell recruitment will stimulate the adaptive immune response by activating CD8+ T cells, leading to 
amplified immune response and anticancer effects. This nanoplatform can unify PTT/CDT with ICD and CpG-ODN 
delivery for systemic immune stimulation for better tumor killing and fewer side effects.

Materials and Methods
Graphene oxide quantum dots (GOQD) were procured from XF Nano Co. (China). Branched polyethyleneimine (PEI) (800 Da), 
cytosine-phosphorothioate-guanine oligodeoxynucleotides (CpG-ODN) (sequence 5’TCCATgACgTTCCTgACgTT3’), quer
cetin (Q), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), folic acid, L-glutathione reduced (GSH), bovine serum albumin (BSA), 
and methylene blue (MB) were sourced from Sigma-Aldrich. Hydroxyphenyl fluorescein (HPF) (HY-111330) and lipopoly
saccharides (HY-D1056) were obtained from MedChem Express. CRT (ab92516), HMGB1 (ab79823), HSP70 ELISA Kit 
(ab133060), mouse IL-6 ELISA Kit (ab222503), mouse TNF-α ELISA Kit (ab208348), interleukin-4 (IL-4) (ab259406), anti- 
CD-80 antibody (ab62636), anti-F4/80 antibody (ab16911), goat anti-rat IgG H&L Alexa Fluor 488 (ab150157), and donkey 
anti-rabbit IgG H&L (Alexa Fluor 647) (ab150075) were obtained from Abcam. Dulbecco’s Modified Eagle Medium (DMEM) 
was sourced from Life Technologies, and fetal bovine serum (FBS) was provided by Thermo Fisher Scientific for cell culture.

The Synthesis of BSA-MnO2 and FA-BSA-MnO2
To synthesize bovine serum albumin (BSA)-reduced and stabilized MnO2 (BSA-MnO2), 64 mg of KMnO4 in 6 mL water 
was dropwise added to 500 mg of BSA in 14 mL water, with stirring for 2 h at 37 °C. The color changed from colorless 
to dark brown, indicating BSA-MnO2 formation. The mixture was dialyzed against deionized (DI) water for three days 
using a 12–14 kDa molecular weight cut-off (MWCO) dialysis tube. To prepare folic acid-conjugated BSA-MnO2 (FA- 
BSA-MnO2), the C-terminal of folic acid was first activated by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/ 
N-hydroxysuccinimide (NHS).35 Briefly, 1 mg of FA in DI water was reacted with 15 mg of EDC and 15 mg of NHS in 
the dark for 1 h. Thereafter, the FA-NHS intermediate ester was added in the dark to BSA-MnO2 and allowed to react 
with continuous stirring for 24 h. The prepared FA-BSA-MnO2 solution was dialyzed in DI water using a 12–14 kDa 
MWCO tube and followed by storage at 4 °C.

The Synthesis of rGOQD, rGOQD/MnO2, rGOQD/MnO2/CpG/Q, and  
rGOQD/MnO2/CpG/Q/FA
The synthesis of reduced graphene oxide quantum dot (rGOQD) were performed according to our previous study and 
BSA-MnO2 was conjugated to rGOQD to prepare rGOQD/MnO2.36 Briefly, 1 mg/mL of GOQD was reacted with 1% (v/ 
v) PEI in DI water under a nitrogen atmosphere at 100 °C with continuous stirring for 3 h. The rGOQD obtained was 
stored at 4 °C, after dialyzing (3kDa MWCO) for three days against water. rGOQD was PEGylated by reacting with 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol) (DSPE-PEG2000-MAL) in phos
phate buffered saline (PBS) at a 2:1 mass ratio for 2 h. The PEGylated rGOQD was then coupled with BSA-MnO2 in 
a 2:1 mass ratio at 4 °C for 1 h to form rGOQD/MnO2 by reaction between the cysteinyl-thiol present in the BSA protein 
chain and the maleimide end group of DSPE-PEG2000-MAL. The GOQD/MnO2/CpG was prepared by adsorbing CpG- 
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ODN to rGOQD/MnO2 electrostatically. CpG-ODN dissolved in PBS buffer was allowed to interact with rGOQD/MnO2 

for 4 h at 4 °C. Finally, rGOQD/MnO2/CpG/Q was prepared by mixing a quercetin (Q) solution prepared in ethanol with 
rGOQD/MnO2/CpG for 24 h at 4 °C.37 To prepare the FA-conjugated rGOQD/MnO2/CpG/Q/FA nanoparticle, a similar 
strategy was followed except that FA-BSA-MnO2 was used to replace BSA-MnO2 during all preparation steps. 
Specifically, PEGylated rGOQD was reacted with FA-BSA-MnO2 in a 2:1 mass ratio at 4 °C for 1 h, followed by 
loading CpG-ODN and Q as described previously.

The Characterization of Nanoparticles
Drug Loading and Release
A rGOQD aqueous solution containing 1 mg rGOQD was sonicated for 1 h and mixed with a Q solution prepared in 
ethanol containing 0.05, 0.1, 0.2, or 0.3 mg Q at 4 °C for 24 h. The nanocarrier was collected by centrifugation, and free 
Q in the supernatant was quantified via UV–Vis spectroscopy at 373 nm. The loading content (LC) and loading efficiency 
(LE) of Q were calculated from equations (1) and (2).

Similarly, the LE and LC of CpG-ODN onto rGOQD were calculated by mixing 1 mg rGOQD with varying amounts of 
CpG-ODN (from 0.05 mg to 0.3 mg) in pH 7.4 PBS buffer for 4 h. After centrifugation, the absorbance (260 nm) of the 
supernatant was analyzed using UV–Vis spectroscopy.

The drug-release profiles of rGOQD were systematically investigated at pH 5, representative of the pH value in 
endosomes, and at pH 7.4, indicative of physiological pH. In this context, 1 mL of Q-loaded rGOQD was incubated at 37 
°C in pH 5 or pH 7.4 PBS. At predetermined time intervals, the suspension underwent centrifugation, and the supernatant 
was completely removed to observe the Q release by measuring solution absorbance at 373 nm. The pellet was suspended 
in a fresh PBS solution of the same pH value as before to continue the experiment, and the cumulative release percentage 
of Q was calculated from equation (3).

For CpG-ODN release, similar steps were followed by measuring the CpG-ODN concentration at 260 nm.

Physico-Chemical Characterization
The morphologies of nanoparticles were characterized through high-resolution transmission electron microscopy (HR- 
TEM) using JEOL JEM-2000EII. The energy dispersive X-ray spectroscopy (EDS) was performed using Oxford INCA 
X-Max to analyze the composition of carbon, oxygen, nitrogen, manganese, and phosphorus elements from TEM/EDS. 
A dynamic light scattering (DLS) analyzer (Zeta sizer, Nano ZS 90) was used to determine the particle size and zeta 
potential. The X-ray diffraction (XRD) analysis was conducted with a Bruker D2 Phaser XRD machine at a 2θ angle 
from 10 to 60°. The ultraviolet–visible (UV–Vis) (Thermo Scientific Genesys 150), Fourier transform infrared (FTIR) 
(Bruker Tensor 27), and Raman spectroscopy (UniNanoTech UniDRON) analyses were also performed.38

NIR-Induced Photothermal Effect
The photothermal performance of the nanoparticles was assessed using an 808 nm near-infrared (NIR) laser. Briefly, 
100 μL of nanoparticle dispersion was transferred into an Eppendorf tube and irradiated for 3 min at 2 W/cm2. Thermal 
images were recorded in real-time at designated time intervals using an infrared thermal camera. Following the 3-min 
irradiation, the laser was turned off to initiate the cooling phase, and the samples were allowed to return to room 
temperature. The photothermal conversion efficiency (ƞ) was calculated from equation (4).
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Where h and S are the heat transfer coefficient and surface area of the sample tube, respectively. Tmax and Tsurr indicate 
the solution maximum temperature and the surrounding temperature, respectively. Qdis denotes the dissipated heat, while 
I and A808 represent the laser intensity and absorbance at 808 nm, respectively. A dimensionless parameter θ was defined 
in equation (5).

A cooling time constant (τs) can be obtained from linear regression of the temperature (T) changes during the cooling 
cycle as a function of time (t) from equation (6).

The τs value can be used to calculate the value of hS as shown in equation (7).

Where mD represents the mass of water, and CD represents the heat capacity of water.

Stability of Nanoparticles
To validate the stability of the rGOQD/MnO2/CpG/Q/FA, 0.2 mg nanoparticle was suspended in 1 mL of PBS or medium 
(10% FBS + 90% DMEM). The particle size, polydispersity index (PDI), and zeta potential were measured at different 
times by incubation at 37 °C.

Hydroxyl Radical (•OH) Generation
The generation of hydroxyl radicals (•OH) in the presence of hydrogen peroxide (H2O2) was evaluated using methylene 
blue (MB) as an indicator. rGOQD/MnO2 (200 µg/mL) was incubated with varying concentrations of H2O2 in the 
presence of 25 mM sodium bicarbonate (NaHCO3), 1 mM glutathione (GSH), and 10 µg/mL MB for 30 min at room 
temperature. The extent of MB degradation, resulting from •OH-mediated oxidation, was determined by monitoring the 
solution absorbance at 665 nm.

Glutathione (GSH) Depletion
The glutathione (GSH) depletion assay was conducted utilizing DTNB (Ellman’s reagent).39 To ascertain the GSH consump
tion, 200 µg/mL of rGOQD/MnO2/CpG/Q/FA was incubated with 1 mM GSH in a total volume of 2 mL. After 30 min of 
incubation, 100 µL of the reaction mixture was withdrawn and treated with 50 µM 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) 
for 10 min. The residual GSH concentration was then calculated from the solution absorbance at 405 nm.

Hemocompatibility
Blood obtained from mice was utilized to assess potential hemolysis induced by rGOQD/MnO2/CpG/Q/FA. The red 
blood cells (RBC) underwent washing and subsequent dilution in PBS. Various concentrations of rGOQD/MnO2/CpG/Q/ 
FA were mixed with the diluted RBC and incubated at 37 °C for 1 h. The RBC incubated in PBS or distilled water served 
as the negative control (nc) and positive control (pc), respectively. Following low-speed centrifugation, the absorbance of 
the supernatants was determined at 540 nm (OD540sample), and the hemolysis ratio (HR) was assessed and calculated.
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The in vitro Studies
Intracellular Uptake and Apoptosis
The intracellular uptake of the nanoparticle was examined utilizing confocal microscopy and flow cytometry. For 
confocal microscopy, 2 × 104 B16F10 melanoma cells were seeded onto confocal µ-dishes and cultured overnight. 
The culture medium was replaced with DMEM containing Cy5.5-labeled-rGOQD/MnO2/CpG/Q or Cy5.5-labeled- 
rGOQD/MnO2/CpG/Q/FA (red fluorescence, λex/λem = 675 nm/695 nm) and incubated for 24 h. After washing, cells 
were stained with LysoTracker Green DND-26 (green fluorescence, λex/λem = 504 nm/511nm) to label lysosomes, 
followed by Hoechst 33342 (blue fluorescence, λex/λem = 405 nm/460 nm) nuclear staining. After washing, cells were 
fixed using paraformaldehyde and imaged using a confocal laser scanning microscope (Zeiss LSM780). Intracellular 
uptake was also examined by flow cytometry with 5 × 105 B16F10 cells in a 6-well plate using an Attune NxT flow 
cytometer (Life Technologies). To assess the apoptosis and necrosis, 5 × 105 B16F10 melanoma cells were incubated 
with different nanoparticles for 24 h in a 6-well plate with or without NIR laser irradiation. For the laser-treated (L+) 
groups, cells were irradiated with NIR laser at 2 W/cm2 for 3 min. After 2 h, cells were stained with Annexin V–FITC/PI 
to determine apoptotic and necrotic cell populations via flow cytometry.

In vitro Cytotoxicity
The MTT assay was conducted to evaluate the cytotoxicity of the nanoparticles with or without laser. B16F10 cells 
seeded in 96-well plates (5 × 103 cells/well) were cultured overnight and treated with different nanoparticles for 24 h and 
exposed to NIR laser irradiation (808 nm, 2 W/cm2) for 3 min for the groups exposed to laser (L+). After treatment, the 
medium was replaced with MTT solution per well and incubated for 3 h. with PBS. The relative cell viability (%) was 
quantified by measuring the absorbance of formazan crystals in DMSO at 570 nm (OD570), with the OD570 of untreated 
cells being taken as 100%.

Intracellular Reactive Oxygen Species (ROS) and •OH Generation
To evaluate intracellular reactive oxygen species (ROS) production, B16F10 cells (2 × 104) were exposed to different 
nanoparticles. After 4 h of incubation, cells were washed and treated with 20 µM 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA) in DMEM for 20 min in the dark. The cells were then rinsed with PBS and subjected to NIR laser irradiation 
(808 nm, 2 W/cm2) for 3 min when needed before being imaged using an inverted fluorescence microscope. ROS levels 
were also quantified using flow cytometry, following an identical staining protocol. For detection of •OH, cells were 
similarly treated with nanoparticles, then incubated with 10 µM hydroxyphenyl fluorescein (HPF) for 30 min, and 
fluorescence images were captured under an inverted fluorescence microscope.

Intracellular GSH Depletion
B16F10 melanoma cells were cultured in a 6-well plate at 5 × 105 cells/well and subjected to different treatments at 37 
°C. Following this, the cells underwent trypsinization and were lysed with Triton X-100 for 20 min. The resultant cell 
lysates were centrifuged at 15000 g to isolate the supernatant. An aliquot of 50 µL of DTNB (0.5 mM) was combined 
with 10 µL supernatant. The absorbance (OD405) was used to calculate the residual GSH levels within the cells.

In vitro HSP70 Expression
B16F10 melanoma cells (1 × 105 cells/well) were seeded in 6-well plates and treated with PBS (control), rGOQD/MnO2, 
or rGOQD/MnO2/CpG/Q/FA for 24 h. For the laser-treated (L+) groups, NIR irradiation (808 nm, 3 min) was applied. 
Cells were incubated for 2 h, lysed with lysis buffer, and centrifuged to collect the supernatant. Following the 
manufacturer’s protocols, HSP70 levels were quantified using an ELISA kit (Abcam, ab133060).

In vitro Immunogenic Cell Death (ICD) Assessment
To assess the ICD in B16F10 melanoma cells, CRT and HMGB1 were examined utilizing confocal microscopy and flow 
cytometry. For flow cytometry, 2 × 105 cells per well were cultured in a 6-well plate and exposed to various nanoparticles for 
24 h, and irradiated with NIR laser when needed in the L+ groups (2 W/cm2 for 3 min). Subsequently, the cells were harvested, 
fixed with paraformaldehyde, and permeabilized with 0.2% Triton X-100 for 5 min. The fixed cells were washed and 
incubated in an anti-CRT or an anti-HMGB1 primary antibody solution for 1 h. After washing, cells were labelled with 
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a secondary antibody conjugated with Alexa Fluor 488 for 30 min before flow cytometry analysis.40 The ICD-induced CRT 
and HMGB1 expression was also analyzed by confocal microscopy. Briefly, 2 × 105 B16F10 cells cultured overnight in 
confocal dishes were treated for 24 h with various nanoparticles and with 808 nm NIR laser (2 W/cm2 for 3 min) in the L+ 

groups. After fixing with paraformaldehyde for 20 min, permeabilizing with 1% Triton X-100 for 10 min, and blocking with 
5% BSA, cells were incubated overnight with primary anti-CRT or anti-HMGB1 antibody. After rinsing, they were stained for 
1 h with Alexa Fluor 488-conjugated secondary antibody, and cell nuclei were stained with Hoechst for 10 min. Finally, after 
rinsing with PBS, the cells were observed under a confocal microscope (Leica Stellaris 8).

In vitro Macrophage Polarization
Macrophage polarization experiments were conducted in a 6-well Transwell system (723121, NEST scientific). B16F10 
cells were seeded in the upper chamber of a 6-well plate (7 × 104 cells/well) while RAW264.7 murine macrophage cells 
were seeded (2 × 105 cells/well) in the lower chamber. The RAW264.7 cells were treated with 20 ng/mL of IL-4 to 
induce M2 macrophage polarization. As a positive control for M1 polarization, RAW264.7 cells were treated with 100 
ng/mL lipopolysaccharide (LPS). After 24 h, the B16F10 melanoma cells were exposed to various treatments. 
Macrophages resulting from this process were subsequently washed with PBS, scraped using a cell scrapper (710011, 
NEST Scientific), and collected via centrifugation. The RAW264.7 cells were then stained for 30 min using anti-CD80 
(Abcam, ab62636) and anti-F4/80 (Abcam, ab16911) antibodies at a dilution of 1:500, followed by washing and staining 
with Alexa Fluor 647 or Alexa Fluor 488-conjugated secondary antibody. The cells were centrifuged to remove unbound 
antibodies, and flow cytometry analysis was performed. Detection of CD206 (FNab01442, Fine Test) and F4/80 was 
conducted in a separate batch, following a protocol similar to that used for CD80.

In vitro Cytokine Production
The lower and upper chambers of the 24-well Transwell system were seeded with 1.5 × 104 RAW264.7 and 0.5 × 104 B16F10 
cells/well in the upper and lower chambers, respectively. After polarizing to M2 macrophages using IL-4 (20 ng/mL), cells in 
the upper chamber were treated with PBS or nanoparticles for 24 h, and cells in the laser groups (L+) were exposed to 808 nm 
NIR laser for 3 min at 2 W/cm2 for 3 min. After 2 h of incubation, the medium in the lower chamber was centrifuged to remove 
the nanoparticles and cytokine concentration in the supernatant was determined by ELISA. The ELISA assay was performed 
following the manufacturer’s protocol to quantify the concentration of released IL-6 and TNF-α.

The in vivo Studies Using Mice Model
All animal experiments were conducted in accordance with the guidelines approved by the Institutional Animal Care and Use 
Committee (IACUC) of Chang Gung University (IACUC Approval No.: CGU111-099). Four-week-old female C57BL/6 
mice from the National Laboratory of Animal Center (Taipei, Taiwan) were used to establish an allogeneic mouse melanoma 
model by subcutaneous injection of 1 × 106 B16F10 cells into the right flank of each mouse. All in vivo procedures were 
carried out under isoflurane inhalation anesthesia. C57BL/6 mice were put to sleep in an induction chamber with 3–4% 
isoflurane in 100% oxygen at a flow rate of 1.0–1.5 L/min. Following induction, the mice were moved to a heated surgical 
platform, and to maintain consistent sedation throughout the procedure. Anesthesia was maintained at 1.5–2% isoflurane 
administered via nose cone. The pedal withdrawal reflex was used to evaluate the level of anesthesia. To keep the body 
temperature at 37 °C, a heating pad was utilized. The mice were euthanized with inhalation of CO2 and followed by 
decapitation. Only mice with a tumor volume exceeding 30 mm3 were used in the study.

In vivo Photothermal Response
The mice were intratumorally administered with PBS or nanoparticles. One hour following the injection, NIR laser was 
applied to the tumor area at 2 W/cm2 for 3 min. The tumor temperature was monitored at different laser irradiation times 
using an infrared thermal camera.

In vivo Antitumor Efficacy
On day 6, mice were randomly assigned to five groups (n = 6, each group) and received intratumoral injections of PBS or 
nanoparticles on the PBS (control), rGOQD (nanocarrier), rGOQD/MnO2 (L+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2 
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/CpG/Q/FA (L+) groups. Mice in the L+ groups were irradiated with an 808 nm NIR laser for 3 min (2 W/cm2) after injection of 
samples. Three additional treatments were given on days 8, 10, and 12 with dosages of rGOQD at 5.5 mg/kg and CpG at 
0.5 mg/kg. Tumor volumes and body weights were monitored on days 7, 9, 11, and 13. Tumor volume was calculated using the 
formula V = (L × W2)/2, with V representing tumor volume, L denoting tumor length, and W indicating tumor width. On day 
13, two mice from each group were euthanized, and blood and tumors, along with organs, were collected for hematological 
analysis and histopathological analysis via H&E staining. Additionally, tumor tissues underwent immunohistochemistry 
(IHC). To establish the animal survival curve, the tumor volume was continuously monitored, and the animals were sacrificed 
when the tumor volume exceeded 1000 mm3.

In vivo Immunomodulatory Evaluation
To assess immune activation within the TME after treatment, macrophage polarization (M1 and M2) and related T cell 
activation (CD4+ and CD8+) were evaluated using flow cytometry. Tumor tissues were excised from mice on day 13. 
The tissues were mechanically minced, and cell suspensions were prepared following enzymatic digestion, filtration (70- 
µm cell strainer), and RBC-lysis buffer treatment. The cells were stained with anti-CD80 antibodies for M1 macrophages 
and anti-CD206 antibodies for M2 macrophages, and fluorescently labeled antibodies against CD4 and CD8 for 
identifying CD4+ and CD8+ T cells.

Hematological Analysis and Histological Staining
To evaluate systemic safety in vivo, hematological analyses were conducted, complemented by hematoxylin and eosin 
(H&E) staining of major organs. Blood samples were collected for a comprehensive blood panel assessment. The excised 
tumor tissues were subjected to H&E staining and immunohistochemistry (IHC) to evaluate the expression of Ki-67, 
cleaved caspase 3 (CC3), HSP70, IL-6, and TNF-α. In addition, the CD4 and CD8 expression in tumor tissues was 
assessed by immunofluorescence (IF) staining using Alexa Fluor 488-labelled anti-CD4 and Alexa Fluor 647-labelled 
anti-CD8 antibodies, and nuclei were counterstained with DAPI.

Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Statistical comparisons between groups were performed using 
one-way analysis of variance (ANOVA), and differences were considered statistically significant at p < 0.05.

Results and Discussion
The rGOQD was synthesized by the hydrothermal reduction of GOQD using branched polyethyleneimine (PEI) at 
100 °C.36 The reduction process restored the π-conjugated graphene network, thereby enhancing its photothermal 
conversion capability over GOQD. The rGOQD was PEGylated by conjugation with DSPE-PEG2000-MAL to improve 
colloidal stability and introduce terminal maleimide groups. The thiol group from the cysteine residue of BSA in BSA- 
MnO2 can react maleimide groups spontaneously to form rGOQD/MnO2. CpG-ODN was electrostatically bound to 
cationic PEI in rGOQD/MnO2 to synthesize rGOQD/MnO2/CpG. PEI can enhance the delivery of CpG-ODN while 
preventing its breakdown, as it can protect DNA from degradation by nucleases and help it to bypass the endo/lysosome 
without undergoing degradation in lysosomes.41 Quercetin (Q) was loaded onto rGOQD/MnO2/CpG by π-π stacking onto 
the rGOQD surface to form rGOQD/MnO2/CpG/Q. For targeted delivery, BSA-MnO2 was replaced by FA-BSA-MnO2 

during the preparation steps to obtain rGOQD/MnO2/CpG/Q/FA (Scheme 1).
FA-BSA-MnO2 was synthesized by amide bond formation between the EDC/NHS-activated γ-COOH groups of FA with the 

amino group of BSA. The synthesis was confirmed through UV–Vis spectroscopy. The BSA-MnO2 shows its corresponding 
absorption peak within 260–290 nm. In FA-BSA-MnO2, an absorbance peak within 340–370 nm was observed in addition to the 
absorption peak from BSA-MnO2, which is a minor peak in the characteristic peaks of FA (Figure S1a).42 From the particle size 
distribution curves with dynamic light scattering analysis, the average hydrodynamic size of BSA-MnO2 is 10.1 ± 0.2 nm (PDI = 
0.233), which shifted to 13.3 ± 0.7 nm (PDI = 0.258) for FA-BSA-MnO2 (Figure S1b). The zeta potential shifted from –12.3 ± 1.5 
mV to –15.6 ± 1.8 mV as FA has two carboxylic acid groups with pKa values at 4.7 and 6.8 (Figure S1c). From the FTIR 
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spectrum, a strong C=O stretching band around 1710 cm−1 from FA and a peak at 668 cm−1 from Mn-O in MnO2 confirm the 
successful synthesis of FA-BSA-MnO2 (Figure S1d).43

From HR-TEM analysis, all nanoparticles show round morphology with an apparent change of particle size during the 
successive preparation steps (Figure 1). The EDS analysis confirms the presence of the element N from PEI in rGOQD, 
while MnO2 introduces the element Mn, and CpG-ODN leads to the presence of the element P (Figure 1). From the 
particle size distribution curves (Figure 2a), after binding of PEI to GOQD during the reduction process, the average 
particle size changes from 14.3 ± 5.7 nm (PDI = 0.163) to 47.0 ± 18.6 nm (PDI = 0.170). Subsequently, BSA-MnO2 

conjugation significantly increases the average particle size to 101.4 ± 27.6 nm (PDI = 0.194). The average particle size 
increases to 144.8 ± 33.3 nm (PDI = 0.157) and 167.6 ± 36.7 nm (PDI = 0.217), respectively, after binding the 
immunoadjuvant CpG-ODN and the HSP70 inhibitor Q. Finally, using FA-BSA-MnO2 for modification of rGOQD, 
the particle size increases to 182.2 ± 49.7 nm (PDI = 0.250) for rGOQD/MnO2/CpG/Q/FA. The zeta potential of GOQD 
(37.0 ± 2.8 mV) changes to 26.5 ± 0.5 mV after binding the amine-rich PEI to rGOQD (Figure 2b). The conjugation of 
BSA-MnO2 changes the zeta potential to a negative value (–3.4 ± 0.3 mV) for rGOQD/MnO2, as the isoelectric point 
value of BSA is 4.7. Upon binding CpG-ODN, the zeta potential shifts to an even negative value, –15.4 ± 0.5 mV, as the 
phosphate backbone in the short DNA sequence provides negative charges. The subsequent addition of Q caused a slight 
increase in negative surface charge to –19.4 ± 3.9 mV from its hydroxyl groups. Finally, in rGOQD/MnO2/CpG/Q/FA (– 
23.3 mV ± 1.0 mV), a significant change was observed from that of rGOQD/MnO2/CpG/Q due to the negative charge of 
FA-BSA-MnO2, although there are chances that BSA can potentially mask the charge of FA.44

The successful synthesis of rGOQD/MnO2/CpG/Q/FA was also confirmed based on XRD (Figure 2c). The rGOQD 
shows a broad diffraction peak (002) at 2θ = 23.4°. The MnO2 possesses a peak neighboring the (002) plane in rGOQD, 
as observed in FA-BSA-MnO2 at 2θ = 21.4°. Together, a much stronger (002) plane peak at 2θ = 22.9° is observed for 
rGOQD/MnO2/CpG/Q/FA due to the overlapping of diffraction peaks of rGOQD with MnO2.45 The FTIR spectroscopy 
analysis indicates strong bands in the range 3300–3500 cm−1, ~1612 cm−1, ~1400 cm−1, and ~1100 cm−1 represent the 
O-H stretching vibrations, C=C, C-O, and C-O-C stretching vibrations, respectively (Figure 2d). In rGOQD, bands at 
2925 cm−1 and 2856 cm−1 belong to the -CH2 symmetric and asymmetric stretching vibrations in the PEI chain. In 
rGOQD/MnO2, the prominent band at 624 cm−1 is characteristic of the Mn-O stretching vibrations, confirming the 
formation of rGOQD/MnO2. In case of rGOQD/MnO2/CpG/Q/FA, a new peak appears at 1269 cm−1 attributed to the 
P-O bonds, and another at 526 cm−1 is assigned to the P=S bond (which appears red-shifted from the expected 650 cm−1 

due to overlapping with Mn-O signals), confirming the incorporation of CpG-ODN into rGOQD/MnO2/CpG/Q/FA.46 As 
shown from the Raman spectra of GOQD, rGOQD, and rGOQD/MnO2/CpG/Q/FA, two peaks representing the D and 
G bands at 1354 cm−1 and 1599 cm−1 emerge (Figure 2e). The ratio between the intensities of D (ID) and G (IG) bands is 
used to determine the degree of disorder and defect in the carbon materials. The D-band represents the defect sites, and 
the G-band is attributed to the sp2 hybridization of the carbon–carbon bond. The ID/IG value of GOQD increased from 
097 to 1.01 for rGOQD after the reduction of GOQD with PEI. This increase is anticipated as a result of the newly 
generated defects during the reduction process, thereby confirming the synthesis of rGOQD.47 For rGOQD/MnO2/CpG/ 
Q/FA, the ratio of ID/IG is similar to that of rGOQD, indicating the degree of disorder is maintained after successive 
modification with different moieties.

Scheme 1 The schematic representation of the preparation of rGOQD/MnO2/CpG/Q/FA.
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Drug loading assessment was carried out by varying the amount of Q (0.05, 0.1, 0.2, 0.3 mg) loaded to 1 mg rGOQD. An 
increase in Q concentration decreases loading efficiency (LE) from 67.9% to 51.9%. Concurrently, the loading content (LC) 
reaches a maximum of 0.19 mg/mg with 0.3 mg of Q, which was selected as the nanoparticle formulation (Figure 3a). The 
quercetin release behavior from rGOQD was studied at pH 7.4 (physiological pH) and pH 5 (endosomal pH) (Figure 3c). It 
is observed that the Q release rate during the initial period was similar at both pH values. However, the drug release is ~42% 
at pH 7.4 vs ~82% at pH 5 within 24 h. An initial burst release of the drug is undesirable for cancer treatment, as the drug 
will be cleared immediately from the reticuloendothelial system macrophages before it can reach the tumor site.48 Thus, 
avoiding the initial burst release before reaching the acidic tumor microenvironment, which is followed by intracellular 
uptake into acidic endosomes for prolonged drug release, represents an advantage using rGOQD for Q delivery.

To load CpG-ODN to rGOQD, rGOQD was mixed with different amounts of CpG-ODN. Similar loading curves were 
found as in Q, and 0.3 mg of CpG-ODN was chosen as the best formulation to give ~40% LE (Figure 3b). The release of 
CpG-ODN from rGOQD is also pH-sensitive and similar to Q, with acidic environment (pH 5) leading to a higher release 

Figure 1 The high-resolution transmission electron microscopy (HR-TEM)/energy-dispersive X-ray spectroscopy (EDS) analysis of synthesized nanoparticles (bar = 100 nm).
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rate (Figure 3d). This implies that a physiological environment (pH 7.4) reduces the risk of premature loss of CpG-ODN 
adjuvant. There is ~65% CpG-ODN release at pH 5, implying rGOQD can promote the release of CpG-ODN in acidic 
endosomes after endocytosis.49

To assess the stability of rGOQD/MnO2/CpG/Q/FA, the UV–vis spectra, average particle size, PDI, and zeta 
potentials were monitored at intervals in both PBS and medium (DMEM +10% FBS). As illustrated in Figure S2a, 
the average nanoparticle size shows no significant change from 0 to 48 h. However, the PDI values showed an increase 
over time, but they were still below 0.3 in 48 h (Figure S2b). The rise in PDI in PBS may potentially signal the beginning 
of aggregation. The increased PDI in medium may be due to the strong protein adsorption capacity of GOQD from the 
formation of a protein corona in FBS, which can significantly alter its physicochemical properties.50 This can be 
supported by Figure S2c, where rGOQD/MnO2/CpG/Q/FA exhibited minimal zeta potential variation in PBS but 
displayed significantly reduced negative charge due to the masking of the surface charge by adsorbed proteins in FBS.51

The photothermal action from rGOQD/MnO2/CpG/Q/FA, which is driven by the photothermal agent rGOQD, after 
exposure to NIR light, was evaluated up to 3 min with real-time images acquired from a thermal camera (Figure 4a). 
Similar temperature rise with no significant differences was noted across all nanoparticles based on rGOQD, which is 
much higher than that of GOQD (Figure 4b). The temperature changes during the heating and cooling curves (Figure 4c) 
and calculated time constant τs from linear regression (Figure 4d) were used to calculate the photothermal conversion 
efficiency (η). As shown in Table 1, the η of rGOQD (33.0%) increases two times from that of GOQD (16.5%) after 
reduction with PEI and stays constant regardless of successive modification with different moieties.

The generation of highly cytotoxic •OH through a Fenton-like reaction was verified by employing methylene blue (MB), 
whose absorbance at 665 nm diminishes upon the generation of •OH. As illustrated in Figure S3a, an increase in the 
concentration of H2O2 corresponded with an increase in MB degradation to substantiate the production of cytotoxic •OH by 
rGOQD/MnO2/CpG/Q. The 90% MB degradation after reacting with 10 mM H2O2 represents the approximate maximum 
concentration of H2O2 present in the tumor microenvironment (TME).52 The glutathione (GSH)/glutathione disulfide 
(GSSG) constitutes the principal redox pair in animal cells, influencing their anti-oxidative capacity. In comparison to 

Figure 2 The particle size distribution (a), zeta potential (b), X-ray diffraction (XRD) (c), Fourier transform infrared (FTIR) spectroscopy (d), and Raman spectroscopy (e) 
analysis of synthesized nanoparticles.
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normal tissues, malignant tissues exhibit a significantly elevated concentration of GSH, which may range from 2 to 10 mM 
within tumor cells. This excessive concentration of GSH affects the therapeutic efficacy of ROS-based therapy (eg, PDT, 
CDT, and sonodynamic therapy), ferroptosis, and chemotherapy. Therefore, it is necessary to deplete the GSH level in 
cancer cells, which helps to increase the accumulation of ROS in the TME for better anti-cancer efficacy.53 To evaluate the 
GSH scavenging effect of MnO2 present in rGOQD/MnO2/CpG/Q, a colorimetric probe, DTNB, was employed, which can 
react with free thiol groups (-SH) in GSH to form a yellow product. As shown in Figure S3b, around 20% of the GSH was 
depleted in 1 h, and only 18% GSH was left after 7 h. This validates the ability of rGOQD/MnO2/CpG/Q to serve as a GSH- 
scavenging agent. This will help to remove the crucial antioxidant GSH with ROS buildup and redox imbalance in the 
TME, making cancer cells vulnerable to cell death by synergizing with other treatments.54

The folate receptor is a tumor marker overexpressed on the surface of B16F10 melanoma.55 The active targeting of 
rGOQD/MnO2/CpG/Q/FA to B16F10 melanoma was studied by confocal microscopy, where the extent of cellular 
internalization was observed from the red fluorescence of Cy5.5-labeled nanoparticles. The cell nuclei and lysosomes 
were counterstained with Hoechst and LysoTracker Green, respectively. As shown in Figure 5a, Cy5.5-labeled 
rGOQD/MnO2/CpG/Q/FA showed a much higher cellular uptake than Cy5.5-labeled rGOQD/MnO2/CpG/Q. 
Furthermore, the introduction of free FA into the medium, which blocked the folate receptors, inhibited the uptake of 
Cy5.5-labeled rGOQD/MnO2/CpG/Q/FA through competitive binding to the folate receptors located on the cell surface. 
Quantification of cellular uptake through flow cytometry analysis indicates that Cy5.5-labeled rGOQD/MnO2/CpG/Q/FA 
can enhance the folate receptor-mediated endocytosis through active targeting in B16F10 melanoma cells, where the 

Figure 3 The Loading efficiency (LE) and loading content (LC) of quercetin (a) and CpG-ODN (b). The release profiles of quercetin (c) and CPG-ODN (d) at pH 5.0 and 
pH 7.4. The values are reported as mean ± SD from five experiments (n = 5).
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mean fluorescence intensity (MFI) of the targeted nanoparticle is 4.6 times that of the non-targeted one (Figure 5b). The 
uptake rate also increases from 77.1% to 99.4% (Figure 5c).

The cytotoxic effects of various nanoparticles on B16F10 cells were evaluated at 10 µg/mL concentration. Figure 6a 
indicates that rGOQD (L+) significantly reduces cell viability from rGOQD, demonstrating the effect of rGOQD as 
a photothermal agent. Cells treated with rGOQD/MnO2 (L+) further lead to significantly higher cytotoxicity. This 
increase is linked to CDT together with PTT, where temperature increase in the tumor area results in enhanced •OH 

Figure 4 The infrared thermal images (a) and the temperature elevation profiles (b) after irradiation of nanoparticle solution with 808 nm laser (2 W/cm2) for 180 s. The 
temperature profiles (c) and the time constants (τs) (d) during a NIR laser on/off cycle for calculating the photothermal conversion efficiency (η).

Table 1 Photothermal Conversion Efficiency (Ƞ) of GOQD, rGOQD, rGOQD/MnO2, rGOQD/MnO2/CpG, 
rGOQD/MnO2/CpG/Q, and rGOQD/MnO2/CpG/Q/FA

Sample Tmax (°C) Tsur (°C) τs(°C) mD(g) Cp (J/g) hS (mW/°C) A808 I (mW) ƞ (%)

GOQD 41.4 23 156.8 0.2 4.2 5.35 0.154 2000 16.5

rGOQD 63.6 22 176.4 0.2 4.2 5.75 0.155 2000 33.0

rGOQD/MnO2 63.8 21.5 176.4 0.2 4.2 5.91 0.16 2000 32.7

rGOQD/MnO2/CpG 63.9 25.8 179.3 0.2 4.2 4.7 0.152 2000 32.8

rGOQD/MnO2/CpG/Q 65.6 21.2 174.5 0.2 4.2 4.81 0.171 2000 32.8

rGOQD/MnO2/CpG/Q/FA 63.6 22.1 178.3 0.2 4.2 4.71 0.155 2000 32.6
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production.56 The rGOQD/MnO2/CpG (L+) yielded results comparable to rGOQD/MnO2 (L+), validating the biocompat
ibility of CpG-ODN. However, rGOQD/MnO2/CpG/Q/FA (L+) presented the lowest cell viability (48.4%) among all 
groups, highlighting the role of Q as an HSP70 inhibitor to boost the efficiency of PTT and FA as a targeting ligand. 
Additionally, we investigated the cell death pathways from flow cytometry by co-labeling with Annexin V and PI 
(Figure 6b). The results from three separate experiments are shown and compared in Table 2. Under NIR irradiation, the 
rGOQD (L+) group has fewer live cells than the rGOQD group (84.3% vs 95.4%) with a higher apoptotic rate (Q4+Q2). 
Likewise, results from other groups align with those obtained from the cell viability assay. Both rGOQD/MnO2 (L+) and 
rGOQD/MnO2/CpG (L+) treatments exhibited similar apoptotic rate (31.3% and 32.0%), which is higher than PTT single 
therapy shown by rGOQD (L+) (16.3%). This endorses PTT/CDT dual therapy. In contrast, in the case of rGOQD/MnO2 

/CpG/Q/FA (L+), Q effectively inhibits the overexpression of HSP70, along with the FA-mediated targeting, thereby 

Figure 5 The intracellular uptake of Cy5.5-labeled rGOQD/MnO2/CpG/Q and rGOQD/MnO2/CpG/Q/FA using confocal laser microscopy (a) and flow cytometry analysis 
(b). (c) The uptake ratio from flow cytometry analysis. Bar = 20 µm.

Figure 6 (a) The cytotoxicity assessment in B16F10 melanoma cells among rGOQD, rGOQD (L+), rGOQD/MnO2 (L
+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/ 

Q/FA (L+) groups. The L+ group is with NIR laser irradiation. αp < 0.05 compared with rGOQD, βp < 0.05 compared with rGOQD (L+), γp < 0.05 compared with 
rGOQD/MnO2 (L

+), and δp < 0.05 compared with rGOQD/MnO2/CpG (L+). The values are reported as mean ± SD from five experiments (n = 5). (b) In vitro analysis of cell 
apoptosis and necrosis using Annexin-V FITC/PI staining of B16F10 melanoma cells among PBS, rGOQD, rGOQD (L+), rGOQD/MnO2 (L

+), rGOQD/MnO2/CpG (L+), and 
rGOQD/MnO2/CpG/Q/FA (L+) groups. Q3 represents live cells, Q4 represents early apoptosis cells, Q2 represents late apoptosis cells, and Q1 represents necrosis cells.
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increasing cell apoptosis rare to 51.3% and resulting in the lowest live cells (48%). This confirms the efficiency of 
rGOQD/MnO2/CpG/Q/FA as a multimodal anti-cancer nanoplatform that can function as an effective PTT/CDT agent.

To detect intracellular ROS, B16F10 cells were treated with different nanoparticles with or without laser irradiation 
using DCFH-DA as a fluorescent probe for quantification by flow cytometry. Cells in rGOQD/MnO2 (L+) and 
rGOQD/MnO2/CpG (L+) groups showed similar mean fluorescence intensity (MFI), which is ~5 times that of PBS 
control and rGOQD (Figure 7a and b). These results confirm the Fenton-like catalytic activity of Mn2+ in generating •OH 
radicals, which can be enhanced by the photothermal-induced elevation in local temperature. Notably, the rGOQD/MnO2 

/CpG/Q/FA (L+) group demonstrated the highest MFI among all groups, attributed to the enhanced tumor-targeting 
efficiency mediated by FA. The intracellular ROS production from different nanoparticles was also confirmed by 
fluorescence microscopic observation (Figure 7c). The results were in agreement with those measured through flow 
cytometry, with a strong green fluorescence signal found in response to rGOQD/MnO2/CpG/Q/FA (L+) treatment, 
whereas the other treatment groups presented a low fluorescence signal, which was mainly due to insufficient •OH 
generation. To specifically differentiate the production of •OH as the most cytotoxic form of ROS, a fluorescent probe 
HPF was utilized, which reacts with the •OH to form a fluorescein compound. The green fluorescence intensity from 

Table 2 Quantitative Representation of Apoptosis/Necrosis of B16F10 Melanoma Cells After Different Treatments

Samples Q3 (Live Cells) Q4 (Early Apoptosis) Q2 (Late Apoptosis) Q1 (Necrosis)

Control 99.3 ± 0.1 0.03 ± 0.05 0 0.56 ± 0.2

rGOQD 94.6 ± 1.06α 0 0 5.3 ± 1.06

rGOQD (L+) 82.9 ± 2β 11 ± 2.1 5.4 ± 0.56 0.6 ± 0.3

rGOQD/MnO2 (L
+) 67.8 ± 0.28α,β,γ 25.8 ± 1.2 5.6 ± 2.3 0.7 ± 0.56

rGOQD/MnO2/CpG (L+) 66.4 ± 1.27α,β,γ 23.2 ± 1.2 9.9 ± 0.4 0.45 ± 0.3

rGOQD/MnO2/CpG/Q/FA (L+) 47.9 ± 0.14α,β,γ,δ,ε 37.6 ± 0.7 13.7 ± 0.7 0.7 ± 0.07

Notes: The L+ group is with NIR laser irradiation. The values are reported as mean ± SD from three experiments (n = 3). αp < 0.05 compared with 
control, βp < 0.05 compared with rGOQD, γp < 0.05 compared with rGOQD (L+), δp < 0.05 compared with rGOQD/MnO2 (L

+), and εp < 0.05 
compared with rGOQD/MnO2/CpG (L+).

Figure 7 The intracellular reactive oxygen species (ROS) generation measurement by flow cytometry using DCFH-DA (a) and the average mean fluorescence intensity 
(MFI) (b) after different treatments. The values are reported as mean ± SD from five experiments (n = 5). The L+ group is with NIR laser irradiation. αp < 0.05 compared 
with PBS, βp < 0.05 compared with rGOQD, γp < 0.05 compared with rGOQD/MnO2 (L

+), δp < 0.05 compared with rGOQD/MnO2/CpG (L+). The detection of ROS by 
DCFH-DA (c) and the detection of •OH by HPF (d) from fluorescence microscopy (bar = 100 µm).
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produced •OH showed a similar trend as observed for ROS (Figure 7d). It should be noted that ROS and •OH show 
“double-edged sword” natures in cancer therapy, with low levels promoting tumor growth with cancer cells having higher 
baseline ROS, and excessive levels inducing cancer cell death. Therefore, only CDT with rGOQD/MnO2 (L+) can 
overload tumor cells with ROS to disrupt the redox balance and cause oxidative stress in cancer for triggering apoptosis 
and inhibiting survival pathways. This anti-cancer effect could be best exhibited by rGOQD/MnO2/CpG/Q/FA (L+), 
which generates the highest level of ROS and •OH for the most effective melanoma therapy.

The in vitro assessment of GSH level in B16F10 melanoma cells was performed using DTNB. As shown in Figure S4a, 
rGOQD does not exhibit any statistical difference from the control group, indicating that the nanoparticle does not play 
a role in GSH depletion. However, the overexpressed endogenous cellular antioxidant GSH in cancer cells reacted with the 
chemodynamic agent MnO2 after intracellular uptake of rGOQD/MnO2 and rGOQD/MnO2/CpG, oxidizing GSH to GSSG 
and resulting in comparable GSH depletion.57 Still, due to an increased efficiency in targeting, rGOQD/MnO2/CpG/Q/FA 
provided the highest percentage of GSH depletion among all groups, to 28% of the initial GSH level, confirming it as the 
most efficient GSH-depleting agent for boosting cancer-killing ability of generated ROS. HSP70 will be overexpressed 
when cancer cells experience hyperthermia during PTT as a self-defense mechanism of cancer cells to prevent protein 
denaturation.58 The effects of different treatments on HSP70 production in B16F10 melanoma were studied and presented 
in Figure S4b. A basal level of HSP70 was observed in the control group from the constitutive production of this protein, as 
this protein exists in both constitutive and inducible forms and plays a key role in regulating many cellular processes.59 The 
treatment with rGOQD/MnO2/CpG or rGOQD/MnO2/CpG/Q/FA induced an increase in HSP70 production from that of the 
control group due to the oxidative stress generated by the chemodynamic effect. The NIR light-induced heat generation 
results in the highest HSP70 production in rGOQD/MnO2/CpG (L+) group to 7 ng/mL. This elevated HSP70 induction can 
be reduced more than 60% in rGOQD/MnO2/CpG/Q/FA (L+) to 2.5 ng/mL. This validates the controlled delivery of Q as 
a small molecule inhibitor of HSP70 by rGOQD/MnO2/CpG/Q/FA, which is expected to enhance the efficacy of PTT as 
well as the extent of ICD.

Hemocompatibility assay assessed the blood compatibility of nanoparticles with cellular blood components. Figure S5a 
shows the solution absorbance spectra when red blood cells (RBC) were treated with varying concentrations of 
rGOQD/MnO2/CpG/Q/FA. Two absorption peaks for oxyhemoglobin appear at ~540 nm and ~580 nm in the full spectra 
scan of the H2O-treated group, and the solution appears red due to the released hemoglobin, due to the swelling and bursting 
of RBC. PBS represents a physiologically compatible medium and is a negative control. The absorbance of these absorption 
peaks is minimum for all rGOQD/MnO2/CpG/FA-treated groups, resulting in a pale solution, which is similar to that in the 
PBS negative control group. A quantitative assessment using the absorbance at 540 nm (OD540) was used to calculate the 
hemolysis ratio, which is set as 100% for water (Figure S5b). PBS shows negligible absorbance, indicating no hemolysis. 
rGOQD/MnO2/CpG/FA demonstrates very low absorbance values from 0.1 to 0.4 mg/mL and near the PBS baseline, with 
hemolysis ratios all below 1%. However, by continuously increasing the nanoparticle concentration to 0.8 mg/mL, the 
hemolysis ratio increases to 2% and should be taken as an upper limit for administration.

Tumor cells are capable of producing endogenous DAMPs that initiate an antitumor immune response. Cells 
undergoing apoptosis exhibit increased membrane permeability, resulting in cell swelling and lysis, which facilitates 
the release of the DAMPs.60 The typical DAMPs that act as key biochemical indicators of ICD include the endoplasmic 
reticulum-residing protein CRT, which is prompted by stress induced by chemotherapy, NIR irradiation, and ROS 
production, leading to their translocation to the cell surface. Additionally, the cell nucleus-residing protein HMGB1 
can be released into the cytoplasm under similar cell stress.61 These surrogate markers for ICD can stimulate antigen- 
presenting cells and further recruit cytotoxic T lymphocytes to activate the immune system. As illustrated from the flow 
cytometry analysis (Figure 8a), PBS (control) and rGOQD did not induce CRT exposure. Cells treated with rGOQD (L+) 
exhibited an MFI around 1.1-fold higher than that of the control groups, indicating PTT can induce DAMPs release 
through ICD. Nevertheless, rGOQD/MnO2 (L+) and rGOQD/MnO2/CpG (L+) groups demonstrated more than 4.5 times 
higher CRT externalization due to PTT and CDT. However, no statistical difference was found between them, suggesting 
that the presence of CpG-ODN did not affect CRT translocation. The highest MFI for CRT exposure was observed in the 
rGOQD/MnO2/CpG/Q/FA (L+) group, implying that increased cellular uptake facilitated by FA modification and 
Q-mediated enhanced PTT can stimulate CRT translocation to the cell surface. Similarly, in the case of flow cytometry 
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analysis of HMGB1 (Figure 8b), the untreated PBS and rGOQD group exhibited the highest MFI, indicating strong 
nuclear retention of HMGB1 under basal conditions. In contrast, cells showed a progressive reduction in intracellular 
HMGB1 on the order of rGOQD/MnO2/CpG (L+) < rGOQD/MnO2 (L+) < rGOQD (L+), suggesting translocation and 
release of HMGB1 from the nucleus, which confirms the ICD-induced DAMP release. Most importantly, rGOQD/MnO2 

/CpG/Q/FA (L+) showed the lowest MFI, indicating the most pronounced HMGB1 release, which is due to FA-mediated 
enhanced PTT/CDT.

CRT exposure and HMGB1 release were confirmed through confocal microscopy observation. The results from 
confocal microscopy reveal that the extent of CRT surface exposure associated with the green fluorescence intensity 
follows the same order as observed from flow cytometry (Figure 8c). For HMGB1 release validated through confocal 
microscopy, abundant HMGB1 protein was localized in the cell nuclei and co-localized with Hoechst 33342 in the 
control group treated with PBS. The fluorescence intensity (green) among the treatment groups follows a reverse order as 
observed for CRT, with the release of HMGB1 from ICD, and the lowest level of HMGB1 in the cells was found for 
rGOQD/MnO2/CpG/Q/FA (L+), with migration of HMGB1 from cell nuclei to cytoplasm (Figure 8d). Overall, the 
combination of FA targeting and enhanced PTT/CDT is a powerful strategy to enhance DAMP release and induce ICD.

CpG-ODN functions as a TLR9 agonist and is capable of activating macrophages towards the M1 phenotype, thereby 
inducing the production of IL-6 and TNF-α as proinflammatory cytokines.62 Additionally, ICD also influences the 
polarization of macrophages from the M2 to the M1 phenotype, thus assisting in reversing the immunosuppressive 
TME.63 Therefore, to validate ICD-induced macrophage polarization and the immunomodulatory effects of CpG-ODN, 
RAW264.7 cells in the M2 state were incubated with various nanoparticles and subject to NIR laser irradiation. The 
phenotype of RAW264.7 cells was identified by gating on F4/80+ cells, followed by incubation with CD80-targeting 
antibody for the M1 phenotype and CD206-targeting antibody for the M2 phenotype. All treatment groups demonstrated 
an increase in M1 (F4/80+, CD80+) and a decrease in M2 (F4/80+, CD206+) phenotype compared to the control groups 
from flow cytometric analysis (Figure 9a and b). The rGOQD/MnO2/CpG/Q/FA (L+) group demonstrated the highest M1 

Figure 8 In vitro ICD-mediated DAMPs exposure in B16F10 melanoma cells in PBS, rGOQD, rGOQD (L+), rGOQD/MnO2 (L+), rGOQD/MnO2/CpG (L+), and 
rGOQD/MnO2/CpG/Q/FA (L+) groups. Cells were subject to flow cytometry quantification of CRT expression (a) and HMGB1 release (b). The values are reported as 
mean ± SD from five experiments (n = 5). The L+ group is with NIR laser irradiation. αp < 0.05 compared with control, βp < 0.05 compared with rGOQD, γp < 0.05 
compared with rGOQD (L+), δp < 0.05 compared with rGOQD/MnO2 (L

+), and εp < 0.05 compared with rGOQD/MnO2/CpG (L+). The confocal microscopy images of 
CRT surface exposure (c) and HMGB1 release from the nucleus (d) (bar = 20 µm).
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polarization (89.3%) and the lowest M2 polarization (42.8%). In comparison to control groups, cells treated with rGOQD 
(L+) exhibited DAMP-induced M1 polarization with reduced M2 polarization, with the effect being more pronounced in 
rGOQD/MnO2 (L+), attributable to the combined influence of PTT and CDT. However, due to the influence of CpG- 
ODN, the rGOQD/MnO2/CpG (L+) treatment resulted in an even higher percentage of M1 (67.1%), concomitant with 
a reduction in M2 (63.3%), thereby confirming the synergistic effect of CpG-ODN as a TLR9 agonist alongside DAMP- 
induced polarization. The inclusion of Q and FA in rGOQD/MnO2/CpG/Q/FA (L+) further enhanced M1 activation, with 
an observable increase in M1 and decrease in M2 polarization. Overall, the M1/M2 ratio significantly increased in the 
rGOQD/MnO2/CpG/Q/FA (L+) group compared to all other groups, indicating effective macrophage repolarization from 
an immunosuppressive (M2) phenotype to a pro-inflammatory (M1) phenotype (Figure 9C). This suggests that the 
synergistic combination of photothermal, chemodynamic, and CpG-ODN induced immunoadjuvant therapy successfully 
activated macrophage-mediated antitumor immunity.

To corroborate the polarization effect, the released IL-6 and TNF-α were quantified using an ELISA assay. The 
rGOQD (L+), rGOQD/MnO2 (L+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA (L+) treatments significantly 
enhanced the secretion of IL-6 (Figure 10a) and TNF-α (Figure 10b), compared to the control group treated with PBS. 
rGOQD shows background cytokine release similar to the control. Free CpG-ODN treatment can stimulate the secretion 
of these cytokines, albeit less effectively than other laser-treated groups. Conversely, DAMP release influenced 
polarization, inducing IL-6 and TNF-α secretion in the sequence rGOQD (L+) < rGOQD/MnO2 (L+). Notably, cells 
treated with rGOQD/MnO2/CpG (L+) exhibited 3.9-fold and 10-fold increases in IL-6 and TNF-α, respectively, relative 
to the CpG-ODN group. Among all groups, rGOQD/MnO2/CpG/Q/FA (L+) showed the utmost IL-6 and TNF-α cytokine 
release, thus demonstrating the highest degree of polarization. These findings further substantiate effective macrophage 
polarization from M2 to M1 phenotype with rGOQD/MnO2/CpG/Q/FA + NIR laser for secreting IL-6 and TNF-α to kill 
cancer cells directly or to activate immune cells.

The rGOQD-based nanoparticles can satisfactorily induce photothermal response in vivo after irradiating with NIR 
laser in 3 min (Figure S6a). In the PBS (L+) group, where mice were administered PBS, the temperature rose to ~40 °C 
during the NIR laser-induced heating of tissues (Figure S6b). In contrast, in the mice administered with rGOQD/MnO2 or 
rGOQD/MnO2/CpG, the temperature rose to ~53 °C in 3 min, whereas rGOQD/MnO2/CpG/Q/FA (L+) showed the most 
pronounced hyperthermia effect with temperature rise to ~59 °C, as Q may enhance the photothermal response and FA 
can mediate nanoparticle accumulation in cancer cells.

The therapeutic efficacy was assessed in vivo by dividing B16F10 tumor-bearing C57BL/6 mice into five groups (n = 6): 
PBS (control), rGOQD (nanovehicle), rGOQD/MnO2 (L+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA (L+). 
The (L+) groups were irradiated with NIR laser at the tumor area 2 h post-injection. The tumor volume measured on days 7, 9, 

Figure 9 In vitro flow cytometry analysis of macrophage polarization and corresponding M1/M2 ratio in a co-culture system of B16F10 melanoma and RAW264.7 
macrophage cells. The study groups include control (PBS), rGOQD, rGOQD (L+), rGOQD/MnO2 (L

+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA (L+) for 
analysis of M1 macrophages (CD80+/F4/80+) (a), M2 macrophages (CD206+/F4/80+) (b), and M1/M2 ratio (c). The values are reported as mean ± SD from three 
experiments (n = 3). The L+ group is with NIR laser irradiation. αp < 0.05 compared with control, βp < 0.05 compared with rGOQD, γp < 0.05 compared with rGOQD (L+), 
δp < 0.05 compared with rGOQD/MnO2 (L

+), and εp < 0.05 compared with rGOQD/MnO2/CpG (L+).
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11, and 13 indicates rapid tumor growth in mice injected with PBS or rGOQD compared with other groups (Figure 11a–d). 
The tumor growth rate in the rGOQD/MnO2 (L+) group was significantly retarded due to PTT/CDT. The rGOQD/MnO2/CpG 
(L+) group showed improved antitumor activity from PTT/CDT and the immunomodulatory effect of CpG-ODN. Most 
importantly, the rGOQD/MnO2/CpG/Q/FA (L+) group showed the best performance in inhibiting tumor growth among all 
groups. The comparison of tumor growth rate supports that rGOQD/MnO2 (L+) significantly suppresses tumor growth from 
PTT/CDT, which can be fortified with CpG in rGOQD/MnO2/CpG (L+) group (Figure 11e). However, rGOQD/MnO2/CpG/ 
Q/FA (L+) provides the most significant efficacy against melanoma growth in the aggressive B16F10 syngeneic mouse model, 
which can be attributed to Q-enhanced PTT and a better tumor targeting ability of FA. This can be supported by the image of 
the excised tumor on day 13 (Figure 11f). In addition, the animal survival curves give the median survival times as PBS = 
rGOQD (9.5 days) < rGOQD/MnO2 (L+) (13.5 days) < rGOQD/MnO2/CpG (L+) (18 days) < rGOQD/MnO2/CpG/Q/FA (L+) 
(25.5 days) (Figure 11g). The rGOQD/MnO2/CpG/Q/FA (L+) group shows significantly longer survival times (25.3 ± 3.5 
days, mean ± SD) than all other groups (Figure 11h).

Safety evaluation of the treatments by monitoring animal body weights during the treatments indicates no significant 
changes among all groups (Figure 11i). Furthermore, the H&E staining images of major organs in sacrificed animals 

Figure 10 In vitro quantification of IL-6 (a) and TNF-α (b) secretion by B16F10 melanoma cells in control (PBS), CpG-ODN, rGOQD, rGOQD (L+), rGOQD/MnO2 (L
+), 

rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA (L+) groups by ELISA assay. The values are reported as mean ± SD from five experiments (n = 5). The L+ group is 
with NIR laser irradiation. αp < 0.05 compared with control, βp < 0.05 compared with CpG-ODN, γp < 0.05 compared with rGOQD, δp < 0.05 compared with rGOQD 
(L+), εp < 0.05 compared with rGOQD/MnO2 (L

+), and ζp < 0.05 compared with rGOQD/MnO2/CpG (L+).

Figure 11 In vivo antitumor efficacy in B16F10 tumor-bearing mice after treatment with PBS, rGOQD, rGOQD/MnO2 (L
+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2 

/CpG/Q/FA (L+) from tumor volume (a–d), representative excised tumor images on day 13 (e), tumor growth curve (f), survival curve (g), survival time (h), and body weight 
change (i). The values are reported as mean ± SD from six mice (n = 6). The L+ group is with NIR laser irradiation. αp < 0.05 compared with PBS, βp < 0.05 compared with 
rGOQD, γp < 0.05 compared with rGOQD/MnO2 (L

+), and δp < 0.05 compared with rGOQD/MnO2/CpG (L+).
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indicate no obvious damage to any of the major organs after treatment (Figure S7). Additionally, blood samples reveal no 
significant changes in the hematologic parameters across the five groups (Table 3).

To investigate the impact of ICD and TLR9 agonist-induced macrophage polarization in vivo, single-cell suspensions 
derived from tumor tissues excised on day 13 were subjected to flow cytometric analysis. Macrophages were initially 
gated based on F4/80 expression with Alexa Fluor 488-conjugated secondary antibody for distinguishing the subtypes of 
M1 and M2 macrophages from the expression of CD80 and CD206, respectively, using Alexa Fluor 647-conjugated 
secondary antibody across two separate experimental sets. As illustrated in Figure 12a and b, there was an increase in 
CD80+ macrophages and a reduction in CD206+ clusters in the group treated with rGOQD/MnO2 (L+), which is 
attributable to ICD from rGOQD-induced tumor ablation and MnO2-induced •OH generation. This promoted the re- 
polarization of M2 macrophages to the M1 phenotype. For mice in the rGOQD/MnO2/CpG (L+) group, the presence of 
CpG-ODN effectively facilitated the polarization of TAMs towards an antitumor phenotype, showing a 41.1 ± 0.3% M1 
subtype. This effect is further elevated in mice treated with rGOQD/MnO2/CpG/Q/FA (L+), with M1 macrophages 
constituting 45.7 ± 2.5% and a reduction in M2 macrophages to 13.0 ± 1.1%. Consequently, the administration of 
rGOQD/MnO2/CpG/Q/FA plus NIR laser irradiation significantly increased the M1/M2 ratio to be the highest among all 
groups at 3.6 ± 0.5 (Figure 12c).

To ascertain whether macrophage activation by DAMP release and TLR9 agonist can promote the activation and tumor 
infiltration of CD8+ T cells, tumor-infiltrating immune cells were analyzed using flow cytometry with the help of markers 
for cytotoxic helper T cells (CD4+) and T lymphocytes (CD8+).64 Flow cytometry of tumor single-cell suspensions 
revealed treatment-dependent changes in CD4 and CD8-expressing populations. The rGOQD control showed negligible 
CD8+ events (0.07% and 0.05%, respectively), whereas other treatment groups exhibited a substantial increase in CD8+ 
frequencies with rGOQD/MnO2/CpG (L+), higher than rGOQD/MnO2 (L+) (Figure S8). The rGOQD/MnO2/CpG/Q/FA 
(L+) group shows the highest CD4+/CD8+ T cells, with the CD8+:CD4+ ratio increased markedly to ~1, indicating a shift 
toward a cytotoxic phenotype, and is in line with the best M1 polarization effect of TAMs from this group.

The intratumoral infiltration of CD8+ and CD4+ T cells was also revealed from IF staining. Minimal T-cell infiltration 
was found in the PBS and rGOQD groups, while laser-activated rGOQD/MnO2 (L+) increased CD4+ and CD8+ 
populations due to ICD-mediated immune activation (Figure 13a).65 The incorporation of CpG-ODN further elevated 
T-cell recruitment in rGOQD/MnO2/CpG (L+) group, and the best rGOQD/MnO2/CpG/Q/FA (L+) treatment induced the 
strongest infiltration owing to enhanced targeting, HSP70 suppression, and synergistic PTT/CDT-driven immunomodula
tion. Semi-quantification of IF staining results showed that CD4+ and CD8+ T-cell fluorescence intensities were 

Table 3 Hematological Analysis of Blood Samples Collected From Tumor-Bearing Mice After PBS, rGOQD, rGOQD/MnO2 

(L+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA (L+) Treatments

Item PBS rGOQD rGOQD/MnO2 (L+) rGOQD/MnO2/CpG (L+) rGOQD/MnO2/CpG/Q/FA (L+)

WBC (103/µL) 5.26 ± 1.3 6.50 ± 0.6 7.12 ± 3.3 7.77 ± 3.9 7.23 ± 2.5

RBC (106/µL) 6.3 ± 0.40 7.54 ± 2.41 7.04 ± 1.2 9.03 ± 2.1 6.88 ± 2.2

HGB (g/dL) 12.2 ± 2.7 10.53 ± 2.7 11.9 ± 1.9 12.6 ± 3.8 9.16 ± 4.01

HCT (%) 31.4 ± 14.5 35.63 ± 3.7 39.13 ± 12.4 35.16 ± 16.9 35.43 ± 9.8

MCV (fL) 61.9 ± 13 54.4 ± 1.7 55.9 ± 6.9 53.86 ± 1.4 53.14 ± 1.6

MCH (pg) 15.93 ± 0.4 13.3 ± 3.1 15.5 ± 0.36 15.9 ± 0.45 15.46 ± 0.3

MCHC (g/dl) 26.5 ± 5.5 24.55± 6.4 29.76 ± 0.6 29.53 ± 0.1 28.7 ± 1.4

RDW-CV (%) 18.75 ± 4.3 17.6 ± 2.2 18.1 ± 0.9 17.3 ± 1.2 19 ± 2.5

PLT (103/µL) 150 ± 32 145.5 ± 38 131.8 ± 53.4 125.6 ± 48.2 119.3 ± 39.8

Notes: The L+ group is with NIR laser irradiation. The values are reported as mean ± SD from six mice (n = 6). 
Abbreviations: WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW CV, red blood cell distribution width-coefficient of variation; PLT, platelets.
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markedly higher in the rGOQD/MnO2/CpG/Q/FA (L+) group compared to other treatments, confirming enhanced 
intratumoral T-cell infiltration (Figure 13b). It should be noted that hypoxia in the TME may suppresses T cell infiltration, 
which can be alleviated by using MnO2 to decompose overexpressed acidic H2O2 within TME to produce O2 in situ.66

The H&E staining of tumors reveals that the PBS and rGOQD groups caused the least cellular apoptotic damage, 
while the GOQD/MnO2 (L+) group exhibited increased apoptotic cells from PTT/CDT (Figure 14a). The combination of 
PTT/CDT, along with the immunoadjuvant CpG in rGOQD/MnO2/CpG (L+), results in further decreased cellular density. 
Nonetheless, the synergistic effect of enhanced PTT/CDT in addition to TLR9 agonist targeted therapy from 
rGOQD/MnO2/CpG/Q/FA (L+) induced the highest level of cellular apoptosis. From IHC analysis, repolarization of 
TAMs can promote the release of pro-inflammatory cytokines TNF-α and IL-6 (Figure 14b). TNF-α exhibits pleiotropic 
pro-inflammatory properties, and it can directly kill cancer cells through the death receptor signaling pathway.67 IL-6 

Figure 12 In vivo macrophage polarization analysis in B16F10 melanoma tumors after PBS, rGOQD, rGOQD/MnO2 (L
+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2 

/CpG/Q/FA (L+) treatments. Flow cytometry plots showing M1 macrophages (CD80+/F4/80+) (a), M2 macrophages (CD206+/F4/80+) (b), and quantification of the M1/M2 
ratios (c) from the corresponding populations. The values are reported as mean ± SD from three experiments (n = 3). αp < 0.05 compared with PBS, βp < 0.05 compared 
with rGOQD, γp < 0.05 compared with rGOQD/MnO2 (L

+), and δp < 0.05 compared with rGOQD/MnO2/CpG (L+).

Figure 13 (a) Immunofluorescence analysis of CD4+ and CD8+ T-cell infiltration in tumor tissues following PBS, rGOQD, rGOQD/MnO2 (L
+), rGOQD/MnO2/CpG (L+), 

and rGOQD/MnO2/CpG/Q/FA (L+) treatments (bar = 150 µm). (b) The semi-quantitative analysis of CD4+ and CD8+ T-cell infiltration in tumor sections. The values are 
reported as mean ± SD from three replicates (n = 3). αp < 0.05 compared with PBS, βp < 0.05 compared with rGOQD, γp < 0.05 compared with rGOQD/MnO2 (L

+), and 
δp < 0.05 compared with rGOQD/MnO2/CpG (L+). 
Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; CD4, cluster of differentiation 4; CD8, cluster of differentiation 8.
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orchestrates the development of immune response, and promotes T cell proliferation following T cell receptor 
stimulation.68 rGOQD/MnO2/CpG/Q/FA (L+) shows more positive regions of both cytokines compared to the other 
groups, and the trend is in agreement with the in vivo anti-tumor study. The increase in cytokine release is owing to the 
phenotypic conversion to M1 and DAMP-induced cytokine release, thus promoting more T infiltration in the tumor 
tissue, as shown before from flow cytometry and IF staining. Furthermore, Ki-67 and CC3 IHC staining demonstrated 
that the rGOQD/MnO2/CpG/Q/FA (L+) group exhibited the lowest level of tumor cell proliferation and the highest 
degree of apoptosis compared to all other treatment groups. Consistently, immunohistochemical (IHC) analysis of HSP70 
revealed negligible expression in both PBS and rGOQD control groups. In contrast, rGOQD/MnO2 (L+) and 
rGOQD/MnO2/CpG (L+) treatments lead to upregulation of HSP70 expression, attributed to laser-induced hyperthermic 
stress. Notably, rGOQD/MnO2/CpG/Q/FA (L+) demonstrated significant suppression of HSP70 expression, owing to the 
presence of Q as a small molecule HSP70 inhibitor. This reconfirms the nanoparticle’s ability to effectively modulate 
heat shock response and overcome thermotolerance, thereby enhancing photothermal therapeutic efficacy. The semi- 
quantitative analysis of IHC results shown in Figure 14b is in line with the above discussion.

Conclusion
In summary, the rGOQD/MnO2/CpG/Q/FA nanoplatform successfully integrates the photothermal and chemodynamic 
effects with immunostimulatory mechanisms for advanced melanoma treatment. The NIR-driven heat generation and 
MnO2-mediated Fenton-like reactions induced excessive ROS production for tumor cell apoptosis. The ICD-mediated 
DAMP release and CpG-ODN binding to TLR9 can promote M1 polarization of TAMs. This subsequently stimulates 
cytokine secretion for T-cell activation, leading to amplified immune response. With quercetin minimizing cellular 
thermotolerance and folic acid active targeting melanoma cells, the localized PTT/CDT can be unified with ICD and 
CpG-ODN delivery for systemic immune stimulation with excellent tumor killing and fewer side effects in mice model. 
Overall, this work demonstrates the potential of rGOQD-based nanomaterials as next-generation therapeutic nanoplat
forms, which can combine PTT/CDT with immune modulation for effective cancer treatment. Future research could 
explore the application of this nanoplatform to other solid tumors with immunosuppressive microenvironments. What’s 
more, a deeper understanding of how tumor-associated immune cells influence the response to this nanomedicine 
approach would be crucial for refining its effectiveness.

Figure 14 (a) H&E and immunohistochemical (IHC) analysis of cell proliferation marker protein Ki-67, pro-inflammatory cytokine IL-6 and TNF-α, cellular apoptosis marker 
protein cleaved caspase 3 (CC3), and heat shock protein 70 (HSP70) after PBS, rGOQD, rGOQD/MnO2 (L

+), rGOQD/MnO2/CpG (L+), and rGOQD/MnO2/CpG/Q/FA 
(L+) treatment. (b) Semiquantitative IHC analysis. The values are reported as mean ± SD from three replicates (n = 3). αp < 0.05 compared with PBS, βp < 0.05 compared 
with rGOQD, γp < 0.05 compared with rGOQD/MnO2 (L

+), and δp < 0.05 compared with rGOQD/MnO2/CpG (L+).
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