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Abstract

We developed a novel treatment strategy for metastatic cancer by synergizing photothermal 

therapy (PTT), chemotherapy, and immunotherapy through a nanosystem to trigger host antitumor 

immunity. The nanosystem was constructed by loading mitoxantrone (MTX), a chemotherapeutic 

agent, and SB-431542 (SB), a transforming growth factor beta (TGF-β) inhibitor, onto reduced 

graphene oxide (rGO). Intratumoral administration of rGO/MTX/SB, followed by non-invasive 

irradiation of a near-infrared laser, destroyed local primary tumors and inhibited distant metastases 

in 4T1 mouse mammary tumor model, which is poorly immunogenic and highly metastatic. After 

treatment, 70% of the tumor-bearing mice became long-term survivors and developed a tumor 

type-specific immunity to resist rechallenged tumor cells. We found that rGO-based PTT provided 

an immunogenic antigen source, forming in situ vaccination with rGO as an immune-adjuvant. 

The use of SB changed the tumor microenvironment and improved the therapeutic effect of MTX-

generated chemotherapy and rGO-based PTT. The immunological functions of MTX, SB, and 

rGO acted synergistically to induce an effective tumor vaccination, as evidenced by the increased 

infiltration of tumor-specific cytotoxic CD8+ T lymphocytes and decreased infiltration of 
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regulatory T cells (Tregs) in distal tumors. Collectively, we demonstrated that rGO/MTX/SB 

combined with laser irradiation provided a synergistic chemo-immuno-photothermal effect against 

tumors by in situ vaccination and inhibition of immunosuppressive microenvironment. This unique 

combination embodies a promising approach to treat metastatic cancers by inducing a systemic 

antitumor response through a local intervention.
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1. Introduction

Triple-negative breast cancer (TNBC) accounts for 10-20% of diagnosed breast cancers, 

with limited options and poor prognosis [1–3]. More importantly, compared to hormone-

positive breast cancer, TNBC is common in women younger than 40 years [4]. The cure rate 

of cancer has gradually increased in the past decades with the development of new cancer 

therapies, including target molecules, immune checkpoint inhibitors, vaccines, and CAR-T. 

However, the cure for TNBC is still elusive [5–8]. For the unsatisfactory outcomes in 

treating TNBC, the major reason is the poor tumor immunogenicity and the strong 

immunosuppressive tumor microenvironment [9, 10].

Chemotherapy has been one of the primary clinical modalities. However, the 

immunosuppressive effects of chemotherapeutic agents have been well known. As a few 

exceptions, doxorubicin (Dox) and mitoxantrone (MTX) induce topoisomerase II associated 

DNA damage in the cell nucleus, causing immunogenic cell death (ICD) that could trigger a 

tumor-specific immunity by releasing damage-associated molecular patterns (DAMPs) and 

tumor antigens [11–14]. However, drug resistance is still the big challenge in chemotherapy, 

resulting in recurrence and drug-resistant metastases in the treated TNBC patients [15].

TGF-β is a pleiotropic cytokine that maintains an immunosuppressive environment to help 

established tumor escape from the host immune system [16]. Many tumors overexpression 

of TGF-β correlate with metastasis and poor prognosis. Therefore, TGF-β was considered as 

an ideal target and TGF-β inhibitors were developed for the treatment of cancer [17–18]. 

One of the TGF-β inhibitors, SB-431542, was found to decrease lung metastasis, however, 

there was no effect on the growth of the primary tumor in 4T1 xenograft tumor model [17]. 

LY2157299 prevented reestablishment of tumors after paclitaxel treatment of 4T1 xenograft 

[18]. Either chemotherapy agents or TGF-β inhibitors face severe limitations in treating 

TNBC due to delivery challenges and toxicity profiles.

Nano-graphene oxide (nGO) has been widely used as a drug carrier and photo-agent for 

cancer theranostics, due to its principal characteristics of 2D film structure and near-infrared 

absorption spectrum. Especially, PEG-nGO was found to activate macrophages with a 

potential to enhance the antitumor immunity [19]. We hypothesized that a combination of an 

in situ tumor vaccine with improved tumor microenvironment, should lead to an effective 

antitumor immunity. In addition, local application of chemotherapeutic and 

Zhou et al. Page 2

Biomaterials. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunotherapeutic agents could be effective against tumors while reducing the systemic 

side effect.

Herein, we developed a graphene-based nano-system by conjugating rGO with MTX and SB 

for photo-activated, synergistic chemo-immunotherapy to treat metastatic TNBC using 4T1 

mouse breast tumor model. The therapeutic efficacy of photo-activated chemo-

immunotherapy was investigated. The host immunity, including induced ICD, antitumor 

vaccination, tumor-specific T cells, and the abscopal effect, were also investigated.

2. Experimental

2.1 Synthesis and characterization of rGO/MTX/SB

The base of the nanoplatform, rGO, was conjugated with mPEG2000-NH2 following a well-

established EDC/NHS protocol and purified by a 100 kDa filter through centrifugation. 

MTX and SB were then loaded onto rGO-PEG via π-π stacking interaction. The detailed 

protocol and analysis were shown in Supplemental Methods.

2.2 Cell culture and cellular treatment

4T1 murine breast cancer cell line and CT26 colon carcinoma cell line were both purchased 

from ATCC (Manassas, VA, EISA) , bone marrow macrophages and DCs were harvested 

from BALB/c mice, all the cells were cultured following standard protocol. After the co-

culturation with different nano-materials, tumor cells were exposed to light (0.75 W/cm2 @5 

min) that delivered using an optical fiber with a diffusion micro-lens, from an 805-nm 

semiconductor laser (AngioDynamics, Inc, NY, USA). Treated cells were harvested for cell 

death assay, ELISA assay, or flow cytometry assay.

2.3 Animal models and in vivo treatment

Female BALB/c mice in age of 6-8 weeks were purchased from Harlan Sprague Dawley Co. 

(Indianapolis, IN, USA). The feeding and treatment of the mice were conducted in 

compliance with the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH) and approved by the University of Oklahoma Health 

Sciences Center (OUHSC) Institutional Animal Care and Use Committee (IACUC).

For the mouse orthotopic tumor model, 4T1 cells (1×105 cells) suspended in 50 μl PBS were 

injected into the breast pad of mice. For study of abscopal effect, the first tumor was 

established by subcutaneously injecting 1×105cells into the right hind thigh of the mouse, 

and the second tumor was established by subcutaneously injecting 5x104 cells into the left 

hind thigh of the same mouse 3 days later. For the study of anti-tumor immunity, cured mice 

were rechallenged by injecting 4T1 (2×105) or CT26 (2x105) cells into the flank of the mice. 

Tumor volume was estimated by length (mm)×width (mm)2/2, and ended till 2000 mm3.

For the treatment, mice were randomly divided into different groups: PBS control, rGO, 

rGO/MTX, and rGO/MTX/SB, with or without laser treatment. Tumor-bearing mice under 

anesthetization (4% isoflurane / 96% oxygen mixture) were injected by intratumorally with 

the solutions of nanosystem, followed by PTT (0.75 W/cm2 @5 min) treatment 2h later. The 

temperature increase during treatment was detected by an infrared thermal camera (T540sc, 
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FLIR, Boston, MA, USA). Tumor tissue, spleens, and blood were harvested for further 

analysis. The detailed protocol and analysis were shown in Supplemental Methods.

2.4 Statistical analysis

Values are expressed as mean ± SEM. All of the data were analyzed with a 1-way ANOVA 

followed by Bonferroni posttest. A p value of <0.05 was considered statistically significant.

3. Result

3.1 Characterization of rGO/MTX/SB

The biocompatibility of rGO was improved by conjugating with mPEG2000-NH2, followed 

by MTX and SB loading via π-π stacking (Figs. S1–5). A UV-vis absorption spectrum of 

rGO/MTX/SB showed the characteristic absorption peaks of MTX and SB, indicating 

successful loading of MTX and SB, with a final size of 100~200 nm (Figs. 2A–B). The 

temperature increase of rGO/MTX/SB solutions detected under laser irradiation with an 

805-nm laser indicated that rGO/MTX/SB kept the photothermal transfer effects and the 

stability of rGO under laser irradiation (Figs. S6).

It was found that rGO could stimulate the activation of RAW264.7 macrophages by 

producing high level TNFα [19]. We further confirmed the immunological effects of rGO by 

detecting high levels of IL6 and TNFα secretion from mouse primary macrophages treated 

with rGO (Fig. S7). As the important antigen-presenting cells (APCs), dendritic cells (DCs) 

initiate and regulate the innate and adaptive immunities. Therefore, we further determined 

the immunological effects of rGO on bone marrow-derived dendritic cells (BMDCs) 

harvested from BALB/c mice by analyzing the upregulation of CD86 with flow cytometer 

and detecting the secretion of TNFα by ELISA. As shown in Fig. 2C, rGO successfully 

stimulated TNFα secretion and CD86 up-expression of BMDCs.

To investigate whether rGO derivatives can enter into tumor cells, rGO was functioned with 

PEG-FITC (Fig. S8). 4T1 cells were incubated with FITC-tagged rGO derivatives and 

analyzed by flow cytometry. All the rGO derivatives were detected in 4T1 cells (Fig. S9). In 

addition, the cellular localization of MTX, rGO, rGO/MTX were analyzed by staining 

lysosome and nucleus. As shown in Fig. S10, MTX localized in lysosome and nucleus, rGO 

localized in lysosome. When conjugated with rGO, MTX mainly localized in lysosome with 

rGO, but released from lysosome after laser irradiation (Fig. S10 and Fig. 2D).

Viability of tumor cells treated by rGO derivatives for 48 h was assessed with MTT assay. 

There were no obvious cytotoxicity in all treated groups, except for a weak toxicity on 4T1 

cells in the groups of rGO/MTX and rGO/MTX/SB with a high concentration (40 μg/ml), 

due to the cytotoxicity of MTX (the chemotherapeutic drug (Fig. 2E). To determine the 

photothermal effects, cells were incubated with rGO derivatives for 12 h and irradiated by an 

805-nm laser (0.75 W/cm2 @ 5 min). Cell viability was detected 12 h after laser treatment 

and showed a significant reduction with concentrations of rGO above 10 μg/ml, to 20% at 20 

μg/ml. However, at both 10 and 20 μg/ml, cell viability in the groups of rGO/MTX and 

rGO/MTX/SB were significant lower than that in the group of rGO. These results showed 

that rGO could act as both a photothermal agent and an immunostimulatory agent. On the 
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other hand, as a drug carrier, rGO could increase tumor cell uptake of MTX by lysosome 

localization, to further enhance cell death by photo-activated release from lysosome.

3.2 Therapeutic efficacy of rGO/MTX/SB-based PTT on metastatic breast tumor

The highly tumorigenic and poorly immunogenic 4T1 orthotopic breast tumor model in 

mice was used to evaluate the efficacy of rGO/MTX/SB-based PTT. When the tumor size 

reached approximately 100 mm3, tumors were intratumorally injected with different rGO 

derivatives and locally irradiated by the laser (0.75 W/cm2 @5 min). In comparison, rGO or 

rGO/SB-treated mice had comparable tumor sizes, while rGO/MTX or rGO/MTX/SB-

treated mice had reduced tumor sizes due to the cytotoxic effects of MTX (Figs. 3A–B, 

S11–12). When combined with laser treatment, all the primary tumors obviously shrank 

within 10 days in all of the groups of rGO derivatives (Fig. 3C). However, Laser + rGO led 

to a fast tumor recurrence within 20 days after treatment. Compared with that of the Laser + 

rGO group, the recurrence was delayed in the Laser + rGO/SB group. Notably, the tumor 

recurrences were significantly inhibited in both the Laser + rGO/MTX and Laser + 

rGO/MTX/SB groups (Figs. S11 and S13). All of the mice in the groups treated with PBS, 

rGO alone, rGO/MTX alone, or rGO/MTX/SB alone died within 21, 22, 25 and 29 days, 

respectively (Fig. 3D). When combined with laser treatment, administration of rGO and 

rGO/MTX significantly prolonged the mice survival time (Fig. 3E). Remarkably, 7 of 10 

mice in the Laser+rGO/MTX/SB group survived and remained tumor free (Fig. 3E).

To evaluate the long-term specific antitumor effects induced by Laser+rGO/MTX/SB, the 

cured tumor-bearing mice were rechallenged with 4T1 or CT26 tumor cells. As shown in 

Fig. 3F, all cured mice were resistant to 4T1 tumor rechallenge but not CT26 tumor 

rechallenge. These results suggested that rGO/MTX/SB based PTT not only prolonged the 

survival time, but also triggered a tumor-specific immune memory.

3.3 Immunogenic cell death (ICD) induced by rGO/MTX/SB-based PTT

To determine the synergistic reactions of rGO/MTX/SB-based PTT, cellular response were 

detected. Combined with laser irradiation, rGO treatment induced 86% cell death with 78% 

late apoptosis; however, rGO/MTX treatment increased the cell death rate to 95% with 88% 

late apoptosis (Fig. 4A), which showed the enhancement of MTX on the tumor killing effect.

Heat shock proteins (HSPs), calreticulin (CRT), high-mobility group box 1 (HMGB1) 

protein, and adenosine triphosphate (ATP) are DAMPs that reveal ICD. The expression and 

release of DAMPs induced by rGO and its derivatives were assessed by flow cytometry or 

ELISA. Combined with laser treatment, all the rGO derivatives remarkably increased the 

expression of HSP70 and CRT on the surface of treated tumor cells (Fig. 4B), increased the 

extracellular release of HMGB1 and ATP from treated tumor cells (Fig. 4C). To further 

confirm the immunological potential of treated tumor cells, the activation of DCs were 

evaluated by CD86/40 expression and TNFα production. As shown in Fig. 4D, rGO 

derivatives-PTT treated tumor cells stimulated TNFα secretion of DCs and up-expression of 

CD86/40 on the surface of DCs. To further confirm whether rGO can be used as an adjuvant 

to promote cancer vaccination, mice were vaccinated with heat shock treated cells. The 

specific host antitumor immunity was analyzed 7 days later by detecting the response of 
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splenocytes. As shown in Fig. S14, rGO can enhance the cytotoxic effect of splenocytes and 

increased the IFN γ production of splenocytes, which indicated the specific host antitumor 

effects. Overall, rGO/MTX/SB-based PTT not only damaged the tumor cells, but also 

enhanced the expression and release of DAMPs, finally triggering immunogenic cell death 

that can stimulate the maturation of DCs. Moreover, rGO acted as an adjuvant to promote 

immunological response.

3.4 Effects of rGO/MTX/SB-based PTT on treated primary tumors

As monitored by an infrared thermal camera under laser irradiation, the surface temperature 

of the tumor injected with rGO derivatives increased to 58°C (Fig. 5A), which can cause 

tumor cell death and a local immune response.

To analyze the infiltration and activation of DCs into treated primary tumors, single cells 

isolated from tumor tissue were stained with CD11c/CD86 for assessment by flow 

cytometry one day after treatments. Compared to laser-only treatment, all the rGO 

derivatives increased the infiltration of DCs (marked by CD11c) into treated tumors and 

enhanced the maturation of infiltrated DCs (marked by CD86) (Fig. 5B). Moreover, DC 

maturation in the group of rGO/MTX (~45.8%) and rGO/MTX/SB-based PTT (~49%) were 

much higher than that in the group of rGO based PTT (~39.6%) (Fig. 5B). To further 

analyze the impact of different treatments on the tumor microenvironment, cells from treated 

tumor were stained with CD3/CD4/CD25/Foxp3 for assessment by flow cytometry. About 

61.2% of CD4 T cells were regulatory T cells (Tregs) in the laser-treated tumor; however, 

the percentage of Tregs was decreased in the tumors treated by rGO-based PTT (~37.9%) 

and further decreased by the treatment of rGO/MTX-based PTT (~25.9%) and 

rGO/MTX/SB-based PTT(~10.7%). These results demonstrated that rGO and its derivatives, 

particularly rGO/MTX/SB, enhanced the PTT treatment through infiltration and maturation 

of DCs in the treated primary tumors. In addition, the treatments also improved the tumor 

microenvironment by suppressing Tregs to further enhance the antitumor immune response.

3.5 Systemic immune response induced by rGO/MTX/SB-based PTT

To evaluate the antitumor immunity induced by rGO/MTX/SB-based PTT, cytokine 

production in the serum from treated mice was analyzed by ELISA. IFNγ and IL-12 levels 

in mice treated by all rGO derivatives-based PTT were higher than that treated by laser only 

(Fig. 6A). To determine the systemic antitumor immunity, the effector T cells (CD8+IFNγ+) 

in treated mice were analyzed by flow cytometry. Cells harvested from spleen (SPL) and 

draining lymph node (DLN) were co-stained with CD3/CD8/IFNγ. The number of IFNγ-

producing CD8+T cells was increased in both SPL and DLN of the mice treated by rGO- 

and rGO/MTX-based PTT, and greatly increased by the treatment of rGO/MTX/SB-based 

PTT (Fig. 6B–C). Ten days after the treatment, lung tissues were harvested from treated 

mice and the metastases were assessed by H&E staining. As shown in Fig. 6D, there were 

numerous lung metastatic nodules in the mice treated by laser only, while in the mice treated 

by rGO- and rGO/MTX-based PTT, the lung tumor nodules were significantly reduced. In 

addition, there was almost no lung metastasis in the mice treated by rGO/MTX/SB-based 

PTT (Fig. 6D). These results suggested that rGO-based PTT could induce effective tumor-

specific CTL that can be enhanced by MTX/SB.
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3.6 Abscopal effect of rGO/MTX/SB-based PTT

We investigated whether the antitumor effects triggered by rGO/MTX/SB-based PTT can 

affect existing metastases with a bilateral tumor model (Fig. S15). The right tumors were 

designated as primary tumors for local treatment. The left secondary tumors, inoculated 3 

days after that of the right tumors, served as surrogates of metastases without treatment. 

Compared to laser alone, both rGO- and rGO/MTX-based PTT on the primary tumors 

slowed the growth of the secondary tumors. However, after the treatment of rGO/MTX/SB-

based PTT on the primary tumors, the growth of the secondary tumors was significantly 

inhibited (Figs. 7A–B).

To confirm the systemic antitumor effects triggered by rGO/MTX/SB-based PTT, the 

infiltration of immune cells in the secondary tumors were analyzed by immunofluorescence 

assay and flow cytometry. As shown in Figs. 7C–D, compared to laser alone, both rGO- and 

rGO/MTX-based PTT increased the infiltration of CTL (CD8+) and reduced the percentage 

of Tregs (CD25+) in the secondary tumors, showing the enhanced CTL effects and decreased 

immunosuppression. For mice treated with rGO/MTX/SB-based PTT, the percentage of 

CD8+ was significantly increased, and the percentage of Tregs was significantly deceased in 

the secondary tumors, compared with that in the mice treated with rGO- and rGO/MTX-

based PTT (Figs. 7C–D). The increased CTL could directly kill target tumor cells and the 

decreased Tregs formed the foundation for the rGO/MTX/SB-PTT-induced abscopal effects. 

Higher cytotoxic effects were found in the secondary tumors of mice treated with 

rGO/MTX/SB-based PTT (Fig. 7E). These results demonstrated that the treatment of 

rGO/MTX/SB-based PTT could effectively suppress distal tumors by increasing the 

infiltration of CTL and decreasing the percentage of Tregs in distal tumors.

4. Discussion

The potent therapeutic strategies for metastatic cancer require efficient antitumor responses 

by eradicating primary tumors and controlling distal metastases. To this end, chemo-

immunotherapy was developed as a combination therapeutic strategy by synergizing the 

tumor killing effect and antitumor immunomodulatory effect to control primary tumors and 

metastases with reduced drug doses. However, drug resistance and toxicity are still the big 

challenges due to the systemic delivery of chemotherapeutic agents. Photoimmunotherapy 

was proposed as a novel synergized strategy for metastatic cancer, by combining local laser 

irradiation and immunotherapy, with minor side effects. However, the limited light 

penetration cannot ensure removal of tumor tissue, which leads to tumor recurrence. To 

overcome these shortages, we developed a synergistic nanographene system combining three 

treatment modalities—photothermal therapy with rGO, chemotherapy by MTX, and 

immunotherapy with SB—to generate a tumor-specific, long-term immunity by local 

implement, in a highly aggressive 4T1 murine breast tumor model. To be specific, the 

primary tumor killing effect was achieved by rGO-PTT and MTX. MTX-induced ICD 

accompanied by rGO-driven vaccination effectively activate the systemic antitumor immune 

response. SB helped modification of the tumor microenvironment to enhance chemotherapy 

and immunotherapy. Overall, the present findings confirmed that rGO/MTX/SB-PTT, a 

synergized photoimmunotherapeutic strategy, could successfully eradicated primary tumors 
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as well as distal metastases through the combination of in situ tumor killing and long-term 

immunity. Our approach has the advantages of both chemo-immunotherapy and photo-

immunotherapy, while avoiding the major shortcomings of these two combination strategies.

The effective control of cancer depends on the immune surveillance and defense system. To 

improve host immune system, immunotherapy has been rapidly developed for cancer 

control, including immune-activating antibodies, check-point inhibitors, chimeric antigen 

receptor T cell therapy, and cancer vaccines [5, 7, 20, 21]. Although antibodies and check-

point inhibitors have been approved by the FDA for the treatment of advanced solid tumors, 

the clinical response rate was just 10-15% due to the lack of a specific immunological 

response. Cancer vaccines have the unique advantage in inducing antigen-specific 

immunities, but their efficacy is limited due to weak immunogenicity of tumor antigens [22]. 

A novel strategy of an in situ autologous cancer vaccine was developed to resolve these 

issues, which is produced by targeted therapies, such as PTT, PDT, or RF [23–25]. These 

treatment modalities killed the tumor cells and triggered a local whole tumor cell 

vaccination using patients’ own tumor antigens, while improving the tumor 

microenvironment and immunogenicity. This type of in situ vaccination reduces the burden 

of ex vivo selection and processing.

Based on its intrinsic photoabsorption properties, rGO has been used as a photothermal 

agent to enhance the local thermal effects of PTT [26, 27]. As a local targeting therapy, PTT 

induces significant temperature increase in tumor tissue, resulting in ICD which not only 

significantly suppresses the growth of primary tumors but also modulates immune responses 

[28]. The immunogenicity of ICD relies on the exposure/release of DAMPs, such as ATP, 

HMGB1, HSPs and CRT [29]. The surface exposure of CRT and HSP serves as an ‘eat me’ 

signal to DCs, promoting uptake of dying cells and stimulating a T helper biased immune 

response [30, 31]. The release of ATP and HMGB1 can be recognized by receptors on DCs 

to enhancement DC maturation [32].

MTX is a FDA-approved chemotherapeutic drug for the treatment of many types of cancer 

and is known to induce an autophagy-dependent anticancer immune response by triggering 

ICD, as evidenced by ATP and HMGB1 release [12]. In our study, rGO-based PTT caused 

ICD, as evidenced by the high level of cell death, the surface exposed CRT and HSP on 

treated tumor cells, and the released ATP and HMGB1 from treated tumor cells. In addition, 

loading MTX onto rGO significantly enhanced the tumor killing effect and the sensitivity of 

4T1 cells to rGO-based PTT. MTX augmented the tumor destruction by rGO-based PTT 

and, at the same time, complemented the ICD production, formulating a potent 

immunogenic cancer vaccine. More importantly, rGO was found to serve as an adjuvant to 

enhance the vaccination process by directly activating DCs during the treatment and 

indirectly enhancing the DCs activation through treated tumor cells. Integrating three 

functions of rGO, as a photothermal agent, a drug carrier, and an adjuvant, our findings 

highlight that rGO/MTX-based PTT can effectively drive a systemic antitumor immunity by 

producing a potent in situ immunogenic cancer vaccine.

Studies have shown that TGF-β antagonists have the effects on prevention or suppression 

metastases in a number of preclinical advanced tumor models, especially for 4T1 lung 
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metastasis; however, the suppression effect primary tumor growth was limited. When TGF-

receptor-I inhibitor (LY364947) was combined with the cytotoxic chemotherapeutic agent, 

doxorubicin, the effective against pancreatic and gastric carcinomas was improved [33]. In 

addition, it has been demonstrated that TGF-β neutralizing enhances RT induced T-cell 

responses in 4T1 metastatic breast cancer [34]. We hypothesized that the efficacy of local 

vaccination induced by rGO/MTX-based PTT can be further improved with TGF-β 
antagonists, leading to durable clinical benefits. Our hypothesis has been proven by strong 

evidence of rGO/MTX/SB-based PTT induced immune responses, including 

immunogenicity enhancement, microenvironment improvement, and development of a 

tumor-specific, long-term immunity. Specifically, compared to rGO/MTX-based PTT, 

rGO/MTX/SB-based PTT significantly increased the number of Tregs (an 

immunosuppressive marker) in tumor tissue and the antigen-specific IFNγ-producing CD8+ 

T cells in SPL and DLN. The CD8+ T cells infiltration into distal tumors and the adoptive 

immunity were enhanced by the induced systemic antitumor immunity. Finally, the 

treatment of rGO/MTX/SB-based PTT resulted in a 70% long-term survival rate in 4T1 

tumor-bearing mice and induced an immune memory to resist tumor rechallenge.

In summary, we have developed an effective combination therapy for metastatic cancer, with 

the multi-functional rGO as a photothermal agent, an adjuvant, and a drug carrier, 

incorporating PTT, MTX-generated chemotherapy, and TGF-β inhibition induced 

immunotherapy. The combination therapy induced a superior antitumor immunity, 

synergizing the tumoricidal and immunological processes, to trigger an effective CTL for 

metastasis control. This designed synergistic nanographene offered a new strategy for 

treating many metastatic cancers with primary tumors accessible by PTT.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The mechanism of antitumor immune response induced by rGO/MTX/SB based PTT.
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Fig. 2. 
Characteristics of functionalized nanographenes. A. UV-vis-NIR spectra of different 

components, indicating the successful loading of MTX and SB onto rGO. B. Particle size 

analysis of rGO/MTX/SB. C. The expression of CD86 on BMDCs and secretion of TNFα 
from BMDCs, after the stimulation by different rGO derivatives, indicating the immune 

stimulation ability of rGO (n = 4, *p < 0.05). D. Cellular localization of FITC-rGO/MTX 

before and after laser irradiation. Bar=20 μm. E. Cytotoxic effects of different rGO 

derivatives on 4T1 cells at different doses, without or with irradiation of an 805-nm laser 

(0.75 W/cm2 for 5 min). Viability of tumor cells were analyzed by MTS assay 48 h after the 

treatments of rGO derivatives only, or 12 h after laser treatment with rGO derivatives, (n = 6, 

*P < 0.05).
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Fig. 3. 
Therapeutic efficacy of different derivatives on 4T1 orthotopic tumors. 4T1 cells (5 × 104) 

were injected into the breast pad of female BLAB/c mice. Tumors, when reached a size of 

100 mm3, were treated by an 805-nm laser (0.75 W/cm2 for 5 min), following the 

intratumoral injection of different rGO derivatives (50 mg/kg). A. Tumor growth curves of 

different groups following the treatments (n = 5, *P < 0.05). B. Weight of tumors harvested 

10 days after treatments (n = 5, *P < 0.05). C. Tumor growth curves of different groups 

following the treatments (n = 5, *P < 0.05). D. Survival rates of tumor-bearing mice in the 

indicated treatment groups (without laser irradiation) up to 30 days after the initial tumor 

inoculation, (n = 5, *P < 0.05). E. Survival rates of tumor-bearing mice in the indicated 

treatment groups (with laser irradiation) up to 100 days after the initial tumor inoculation, (n 

= 10, *p < 0.001 vs Laser; #p < 0.05 vs Laser + rGO; §p<0.005 vs Laser + rGO/MTX). F. 
Survival rates of rechallenged mice, successfully treated by rGO/MTX/SB based PTT. (n = 

5). 4T1 tumor-bearing mice ‘cured’ by rGO/MTX/SB based PTT were rechallenged with 2 

× 10 · viable 4T1 or CT26 tumor cells 100 days after the initial challenge. Naive mice of the 

same age were used as controls.
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Fig. 4. 
Immunogenic tumor cell death induced by rGO/MTX/SB based PTT. A. Cell death analysis 

by flow cytometry 12 h after the treatments, with Annexin V/PI staining. Bar graph depicts 

% of cell death, (n = 4, *P < 0.05). B. Surface expression of HSP70 and CRT on tumor cells 

determined by flow cytometer 3 h after treatments. Bar graph depicts % of cell with HSP70+ 

and CRT+ staining, (n = 4, *p < 0.05). C. Extracellular ATP and HMGB1 released from 

tumor cells detected 12 h after the treatments, (n = 4, *P < 0.05). D. The expression of CD86 

and CD40 on the surface of BMDCs and secretion of TNFα from BMDCs, stimulated by 

treated tumor cells. BMDCs were co-cultured with treated tumor cells for 24 h, supernatants 

were collected and measured by ELISA, cells were collected and stained with PE-CD86/

PacBlue-CD40 for analysis with flow cytometer.
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Fig. 5. 
Effects of rGO/MTX/SB based PTT on treated primary tumors. A. Temperature increase in 

tumor tissue under different treatments. Left: IR thermal images of 4T1 tumor bearing mice 

treated with different rGO derivatives under an 805-nm laser irradiation (0.75 W/cm2 for 5 

min). Right: Temperature increase on the surface of tumor tissue during laser irradiation. B. 
Infiltration of matured DCs and Tregs in treated tumor tissue. Dissociated single cells from 

tumors 24 h after treatments were stained with anti-CD11c, -CD86, -CD25, and -Foxp3 

mAbs, analyzed by flow cytometry. Dot plots show CD86+/CD11c+ (marker of matured 

DCs) and Foxp3+CD25+ (marker of Tregs) cells, while bar graph shows % CD86+ CD11c+ 
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and Foxp3+CD25+ cells for each treatment group, (n = 4, *p<0.001 vs Laser; #p < 0.05 vs 

Laser + rGO; §p < 0.005 vs Laser + rGO/MTX).
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Fig. 6. 
Systemic immune response induced by rGO/MTX/SB based PTT. A. IL-12 and IFN-γ levels 

in serum from mice isolated at 72 h post different treatments, (n = 4, *p < 0.001 vs Laser; #p 

< 0.05 vs Laser + rGO; §p < 0.01 vs Laser + rGO/MLX). B. Representative flow cytometry 

plots showing different groups of CD8+ IFN-γ+ cells in spleen (SPL) and draining lymph 

nodes (DLN) 7 days after the treatments. C. The percentage of effector L cells (CD8+IFN-γ
+, gated on CD8+ cells) isolated from spleen (SPL) and draining lymph node (DLN) of 
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treated mice 7 days after the treatments (n = 4). D. Histology of excised lungs 10 days after 

different treatments. Marked areas indicate the metastases.

Zhou et al. Page 19

Biomaterials. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Abscopal effect induced by rGO/MTX/SB based PTT. A. Volume of secondary untreated 

tumors after indicated treatments on the primary tumors in mice that inoculated with two 

tumors, (n = 5, *p < 0.001 vs Laser; #p <0.001 vs Laser + rGO; §p < 0.001 vs Laser + rGO/

MLX). B. Weight of secondary untreated tumors harvested 20 days after treatments of 

primary tumors, (n = 5, #p < 0.001 vs Laser + rGO; §p < 0.001 vs Laser + rGO/MLX). C. 
Representative IHC staining and flow cytometry plots showing CD8+ T cells in secondary 

tumors. Bar graph depicts the proportions of tumor-infiltrating CD8+ T cells (gated by 

CD3+) in secondary tumor, (n = 4, *p < 0.001 vs Laser; #p < 0.05 vs Laser+rGO; §p < 0.05 

vs Laser + rGO/MLX). D. Representative IHC staining showing CD25+ cells in secondary 

tumors. Bar graph depicts the numbers of tumor-infiltrating CD25+ cells in secondary tumor. 

(n = 4, *p < 0.01 vs Laser; #p < 0.01 vs Laser+rGO; §p<0.001 vs Laser + rGO/MLX). E. 
Representative LUNEL staining showing cytotoxic effects in secondary tumors, (n = 4, *p < 

0.005 vs Laser; #p < 0.005 vs Laser + rGO; §p <0.001 vs Laser + rGO/MLX).
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