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a b s t r a c t

Immunotherapy offers significant potential but is often hampered by the immunosuppressive environ-

ment in oral squamous cell carcinoma (OSCC). To address this, we propose an enhanced immunother-

apeutic strategy that revitalizes the tumor immune microenvironment (TIME) in OSCC by integrating

upconversion-based photodynamic therapy (PDT) with chemotherapy. Using a red blood cell membrane-

inspired biomimetic nanoplatform, our approach concurrently delivers chlorin e6@upconversion nanopar-

ticles (Ce6@UCNP) and doxorubicin (DOX). By leveraging fluorescence resonance energy transfer (FRET)

for 980nm to 660nm upconversion excitation, we address challenges such as limited tissue penetration

and tissue damage, as well as nanoplatform issues including immunogenicity and targeting inaccuracy

Our integrated approach enhances PDT and chemotherapy with the goal of transforming immunologi-

cally “cold” tumors into “hot” ones through a cascaded therapy, thereby revitalizing the tumor immune

microenvironment in OSCC.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oral squamous cell carcinoma (OSCC) presents challenges

for traditional therapies, including surgery, radiotherapy, and

chemotherapy [1]. Surgical resection, the preferred treatment, is

often impeded by late diagnosis and complex oral anatomy, re-

sulting in uncertain margins and increased risks of recurrence and

metastasis [2]. Adjuvant therapies such as chemotherapy have lim-

ited effectiveness, suffer from adverse effects [3,4], and face the

challenge of drug resistance development [5–7]. In contrast, im-

munotherapy has marked a transformative phase in cancer treat-

ment with notable successes [8,9]. However, the effectiveness of

immunotherapy is dependent mainly on T-cell infiltration in tu-

mors [10]. Unfortunately, this condition is rarely met in the im-

munosuppressive microenvironment of OSCC, which restricts T-cell

activation and penetration [11,12].

Therefore, inducing immunogenic cell death (ICD) effectively

counteracts the tumor’s immunosuppressive state and remodels
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its immune microenvironment [13]. ICD releases tumor antigens

and damage-associated molecular patterns (DAMPs), rejuvenating

the immune response and enhancing T-cell activation, prolifera-

tion, and infiltration [14–16]. This transformation changes “cold”

tumors into “hot” ones [17,18]. It is noteworthy that frontline

agents, such as the chemotherapeutic doxorubicin (DOX) and the

photosensitizer chlorin e6 (Ce6), are potent ICD inducers [19,20].

This research proposes a novel approach that combines photo-

dynamic therapy (PDT) using Ce6 with chemotherapy employing

DOX to reshape the tumor immune landscape, effectively inhibiting

OSCC progression and metastasis. Integrating nanoplatform with

PDT and chemotherapy using these key agents aims to enhance an-

ticancer efficacy, reduce monotherapy-related toxicities, and over-

come chemotherapy resistance. However, the clinical application

of PDT faces challenges including limited tissue penetration, tis-

sue damage caused by visible light, significant toxicity from exper-

imental photosensitizers, and complications related to nanoplat-

forms such as immunogenicity, rapid clearance, and inaccurate tar-

geting [21–23].

To address these challenges, we employed Nanoplatform to co-

deliver key clinical agents, Ce6, DOX and upconversion nanoparti-
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Scheme 1. This diagram illustrates the innovative design of NPs@R, which com-

bines PDT-UCNP and chemotherapy to treat OSCC through a cascading treatment

approach. Nanoplatform is integrated with RBC membranes to facilitate the co-

delivery of Ce6@UCNP and DOX. This strategic combination significantly enhances

ICD and transforms immunologically dormant “cold” tumors into immunologically

active “hot” tumors, revitalizing the TIME.

cles (UCNP), enabling simultaneous UCNP-PDT and chemotherapy

for OSCC treatment. This strategy addresses common limitations of

small molecule drugs, such as poor tumor accumulation and short

retention times, by enabling targeted delivery and reducing side

effects. Utilizing upconversion and fluorescence resonance energy

transfer (FRET), the low-energy near-infrared light at 908nm is ef-

fectively transformed into high-energy visible light at 660nm. This

synergy between UCNP and Ce6 markedly increases Ce6’s thera-

peutic depth in tumor tissues, resulting in enhanced tissue pen-

etration [24,25]. We utilized red blood cell membranes to con-

struct a biomimetic nanoplatform, which presents an innovative

approach that improves systemic circulation and tumor targeting

[26,27]. The absence of nuclei and organelles in mature red blood

cells allows for easier membrane extraction and purification. This

makes the biomimetic nanoplatform strategy particularly advanta-

geous for clinical applications compared to other cell membrane-

mimicking systems [28,29].

This study uses a biomimetic nanoplatform based on red blood

cell membranes to co-deliver optimized Ce6@UCNP and DOX. The

approach increases reactive oxygen species (ROS) generation from

Ce6@UCNP and reinforces DOX’s chemotherapeutic effect, compen-

sating for UCNP-PDT’s reduced efficacy in oxygen-deficient tumor

microenvironment [30]. The increase in ROS levels triggers ICD, en-

abling a combined strategy of UCNP-PDT and chemotherapy to in-

duce apoptosis in OSCC cells and convert immunologically “cold”

tumors into “hot” ones, thereby revitalizing the TIME (Scheme 1).

This innovative approach shows promise as a therapeutic option,

with the goal of overcoming the limitations of current OSCC treat-

ments, improving therapeutic outcomes, and reducing the risk of

recurrence and metastasis.

1,2-Distearoyl-sn–glycero-3-phosphoethanolamine-N-

poly(ethylene glycol)-UCNP (DSPE-PEG-UCNP) exhibits narrow

emission bands at 530–560 and 645–675nm under 980nm excita-

tion, with an emission peak at 660nm coinciding with the absorp-

tion peak of Ce6, suggesting potential energy resonance transfer

between UCNP and Ce6 (Fig. 1A). Since the excitation wavelength

of Ce6 around 660nm has limited penetration, hindering effective

tumor depth reach, 980nm laser excitation of UCNP can efficiently

activate Ce6 for PDT. Dynamic light scattering (DLS) was used to

determine the sizes of the prepared Nanoplatform, which showed

average diameters of 132.2± 4.02nm for nanoparticles (NPs) (Fig.

S1 in Supporting information) and 146.4± 5.35nm for NPs@R

(Fig. 1B). Transmission electron microscope (TEM) imaging showed

that NPs@R (Fig. 1C) maintained regular spherical shapes with a

core-shell structure, slightly larger than NPs (Fig. S2 in Supporting

information), indicating successful cell membrane encapsulation.

Zeta potential evaluations revealed values of −3.67± 0.98mV

for NPs and −13.9± 1.9mV for NPs@R (Fig. 1D), reflecting the

favorable size and charge properties of the nanomedicine. Stability

evaluations revealed no significant size variation for both NPs@R

(Fig. 1E) and NPs in 10% fetal bovine serum (FBS) solution over

seven days (Fig. S3 in Supporting information), confirming the

stability of the nanomedicine and consistent accumulation at the

tumor site for enhanced therapeutic efficacy. Western blot (Fig. 1F)

confirmed similar levels of CD44 and CD47 on both the red

blood cell (RBC) membrane and surface of NPs@R, with negligible

loss after encapsulation, demonstrating successful membrane

encapsulation. The RBC membrane (RCM)-coated nanomedicine

can evade macrophage phagocytosis through the “don’t eat me”

signal of CD47, which significantly prolongs the circulation time.

Ultraviolet–visible (UV–vis) spectroscopy (Fig. S4 in Supporting

information) verified the effective loading of DOX and Ce6, with

loading efficiencies of 10.4% and encapsulation rates of 64.3% for

DOX and a loading efficiency of 8.3% for Ce6.

RCM-encapsulated nanoplatform shows potential to evade

macrophage-mediated elimination, prolong blood circulation, and

enhance drug targeting to tumors. Fig. 2A shows that after 4h

of co-culture, endosomal escape was more efficient in the NPs@R

group than in the NPs group, suggesting that RCM encapsu-

lation enhances nanomedicine uptake by OSCC cells. The cell

counting kit-8 (CCK-8) assay evaluated the inhibitory effects on

scc7 cell proliferation, which showed concentration-dependent ef-

ficacy in Fig. S5 (Supporting information). Laser-treated groups

showed a significantly higher cell inhibition rate than non-laser-

treated groups, highlighting the efficacy of UCNP-PDT against

OSCC. The half maximal inhibitory concentration (IC50) values were

0.43 μg/mL for the DOX group, 0.17 μg/mL for the NPs group, and

0.13μg/mL for the NPs@R group, demonstrating that RCM encapsu-

lation enhances drug stability and tumor cell uptake, which signifi-

cantly improves OSCC inhibition with the combination of DOX and

UCNP-PDT. Fig. 2B shows that the laser-treated groups exhibited

increased levels of ROS, with the effect particularly pronounced

in the RBC-mimicking NPs@R(+) group. UCNP-PDT is effective in

generating significant amounts of ROS, which in turn enhances

the chemotherapeutic effect of DOX. This enhanced chemothera-

peutic response compensates for the limited efficacy of PDT in

oxygen-deprived tumors. This cascaded therapy resulted in sig-

nificant apoptosis in scc7 cells as shown in Fig. S5. In addition,

the increased ROS levels are more likely to induce ICD, thereby

rejuvenating the tumor immune microenvironment. After 12h of

co-culture of scc7 cells with different nanomedicine formulations,

calreticulin (CRT) fluorescence staining (Fig. 2C) showed minimal

CRT expression on the cell membranes of NPs(-) and NPs@R(-)

groups, indicating the ability of DOX to induce ICD in OSCC. En-

hanced CRT expression was observed in the laser-treated groups,

particularly in the NPs@R(+) group, suggesting that RCM encapsu-

lation facilitates nanomedicine uptake by tumor cells. Adenosine

triphosphate (ATP) release (Fig. 2D) and high-mobility group box

1 protein (HMGB1) release (Fig. 2E) were more pronounced in the

NPs@R group after laser treatment, indicating the combined effect

of PDT and DOX in inducing significant ICD in tumor cells. The sub-

sequent ICD leads to dendritic cell (DC) maturation and antigen

presentation. For flow cytometry analysis, DCs were co-cultured
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Fig. 1. Characterization of nanoplatform. (A) The emission spectrum of UCNP under 980nm excitation. (B) Particle size distribution of NPs@R. (C) TEM image of NPs@R (scale

bar: 50nm). (D) Zeta potential of nanoplatform. (E) Stability assessment of NPs@R over 7 days. (F) Western blot analysis for CD47 and CD44 in NPs@R and RCM, with β-actin

as a control. Data are represented as mean ± SD (n=3).

Fig. 2. In vitro cellular experiments. (A) Endosomal escape experiments of control, NPs, and NPs@R. (B) ROS release after co-culturing different drug formulations with scc7

cells for 4 h. (C) Detection of CRT translocation on the cell membrane surface after co-culturing different drug formulations with scc7 cells. (D) ATP release after co-culturing

different drug formulations with scc7 cells. (E) HMGB1 release after co-culturing different drug formulations with scc7 cells. (F) DC maturation after co-culturing drug treated

scc7 with DC. Data are represented as mean ± SD (n=3). ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. Scale bar: 30 μm.

with scc7 cells treated with the drug formulations. The results

showed a DC maturation rate of 24.93% in the control group, 37.14%

in the non-irradiated NPs group (NPs(-)), 55.50% in the irradi-

ated NPs group (NPs(+)), 52.00% in the non-irradiated biomimetic

NPs group (NPs@R(-)), and 71.70% in the irradiated biomimetic

NPs group (NPs@R(+)). These results indicated that drug-treated

scc7 cells significantly promoted DC maturation, and the effect

was more pronounced in the irradiated groups. Notably, the group

treated with erythrocyte membrane-mimicking nanoparticles and

exposed to laser irradiation (NPs@R(+)) showed the most substan-

tial effect, indicating the maximal restoration of tumor cell im-

munogenicity (Fig. 2F). This suggests that the NPs@R(+) group ef-

fectively induces ICD, promotes DC maturation and enhances anti-

gen presentation, thereby recruiting T cells to the tumor and im-

proving the tumor immune environment.

After confirming the antitumor efficacy of the nanomedicine in

vitro, we extended our investigation to C3H mice to evaluate its

biological performance. All in vivo experiments received approval

from the Ethics Committee of Shandong University School of Stom-

atology (No. 20230321). Analysis of DOX concentration in mouse

blood, as shown in Fig. S6 (Supporting information), revealed a re-

duced fluorescence decay rate in the NPs@R group compared to

both NPs and free drug counterparts, with 29.5% ± 4.06% of DOX

remaining detectable after 24 h. This result underscores the en-

hanced retention and circulation afforded by the RCM integration

in NPs@R, highlighting the ability of RBC-mimetic nanoparticles
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Fig. 3. In vivo drug distribution and antitumor experiments. (A) Fluorescent images at the tumor site and organ distribution post-treatment (T: tumor, H: heart, Li: liver, S:

spleen, Lu: lung, K: kidney, M: muscle). (B) Tumor treatment protocol. (C) Distant tumor imaging. (D) Volume changes in distant tumor. (E) Distant tumor inhibition rates.

Data are represented as mean ± SD (n=3). ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

Fig. 4. Immunofluorescence and immunohistochemical staining. (A) CRT and (B) HMGB1 expression in situ tumor tissues. Scale bar: 100μm. (C) CD4+ and (D) CD8+ expres-

sion in spleen, in situ, and distant tumor tissues. Scale bar: 75 μm.

to preserve surface protein functionality, evade immune surveil-

lance, and achieve targeted drug delivery to tumors. In vivo imag-

ing system experiments (Fig. 3A) revealed significant drug accu-

mulation at the tumor site, demonstrating the effective tumor tar-

geting capability of the nanoplatform. The NPs@R group showed

a peak in fluorescence intensity at 4h after administration, indi-

cating improved drug delivery. A significant decrease in fluores-

cence was observed after 8h, especially in the NPs group, indi-

cating the prolonged circulation enabled by the RCM camouflage.

Predominant drug localization in liver and kidney tissues indicated

primary elimination routes, with negligible accumulation in heart,

spleen and muscle, suggesting mitigation of DOX-related side ef-

fects. Using a dual tumor model in C3H mice (Fig. 3B), a significant

reduction in tumor growth rate was observed in the NPs@R(+)

group, achieving an inhibition rate of 67.4%, twice the efficacy ob-

served in the non-laser group. This underscores the superior tumor

control executed by the synergistic application of UCNP-PDT and

DOX (Figs. S7–S9 in Supporting information). The growth inhibi-

tion of distant tumors also showed a slowing pattern (Figs. 3C–E),

with an inhibition rate of 63.5% in the NPs@R(+) group, indicat-

ing the ability of the treatment to induce an immune response

against metastatic tumors. Mouse weight tracking throughout the

treatment period (Fig. S10 in Supporting information) showed no

significant fluctuations, confirming the minimal toxicity profile of

the nanomedicine.

At the end of treatment, hematoxylin-eosin (H&E) staining of

harvested tissues (Fig. S11 in Supporting information) showed no

adverse changes, confirming the biosafety of the nanomedicine.

Immunofluorescence staining (Figs. 4A and B) revealed increased

levels of calreticulin (CRT) and high mobility group box 1 (HMGB1)
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in tumor tissues, predominantly in the NPs@R(+) group, consis-

tent with in vitro results and validating ICD initiation by treat-

ment. Immunohistochemical assessments (Figs. 4C and D) revealed

increased infiltration of CD4+ T and CD8+ T cells in the NPs@R

group, especially after laser treatment, indicating improved anti-

gen presentation and T cell recruitment, effectively turning “cold”

tumors into “hot” ones and enhancing the efficacy of immunother-

apy.

We have devised a cutting-edge biomimetic Nanoplatform ca-

pable of rejuvenating the TIME in OSCC. Our method merges

UCNP-PDT with chemotherapy, driving significant apoptosis in

OSCC cells through a cascading treatment strategy. This technique

substantially boosts ICD, effectively converting immunologically in-

ert “cold” tumors into active “hot” ones, thus reinvigorating the tu-

mor’s immune milieu. This innovative approach represents a signif-

icant advancement in OSCC therapy, holding promise for improved

patient outcomes and a reduction in the likelihood of tumor re-

lapse and metastasis.
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