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Abstract

While radiotherapy-induced immunogenic cell death (ICD) holds potential for enhancing cancer immunotherapy,
the conventional high-dose irradiation often leads to an immunosuppressive microenvironment and systemic toxicity.
Therefore, a biomimetic nanoplatform cell membrane coated-nitrogen-doped graphene quantum dots combined
with Au nanoparticles (C-GAP) was developed in this study. Firstly, homologous and traceable targeting features

of C-GAP enables tumor-selective accumulation, providing reference for the selection of the timing of radiotherapy.
Secondly, radiosensitization by C-GAP with Low-dose irradiation (LDI) amplifies reactive oxygen species (ROS)
generation to trigger potent ICD. Thirdly, remarkable immune remodeling induced by C-GAP enhances CD8*T cell
infiltration and effector function. Single-cell RNA sequencing revealed that C-GAP-LDI combination upregulates TNF
and CCL signaling pathway expression in tumor-infiltrating CD8*T cells which potentiates tumor eradication. Our
findings present a novel approach for safe and effective radioimmunotherapy, where C-GAP sensitized LDI achieves
therapeutic enhancement through precise ICD induction and systemic immune activation.
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Background

Oral squamous cell carcinoma (OSCC) is one of the
most common tumors in the head and neck region [1],
with poor prognosis in late-stage patients, exhibit-
ing a five-year survival rate of only 50-60% [2]. While
immune checkpoint inhibitors have revolutionized can-
cer immunotherapy [3]. their efficacy in OSCC remains
constrained by the immunosuppressive tumor microen-
vironment [4—6]. Enhancing the immunogenicity of the
local tumor microenvironment and promoting the tran-
sition of the tumor immune microenvironment from
"cold” to "hot" can help induce sustained and effective

immune responses, potentially enhancing antitumor
effects [7]. Radiotherapy, as a frontline treatment for
OSCC, can effectively reduce the probability of tumor
recurrence and metastasis [8—10]. Mechanistically, radi-
ation-induced reactive oxygen species (ROS) provoke
endoplasmic reticulum stress, autophagy, and apoptosis,
culminating in immunogenic cell death (ICD) [11, 12].
This process releases damage-associated molecular pat-
terns (DAMPs) that engage pattern recognition receptors
(PRRs) on immune cells, enhancing tumor immuno-
genicity and establishing an "in situ vaccination" effect
[13, 14]. Radiotherapy-induced ICD can mobilize and
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activate CD8+T cells, further augmenting the effective-
ness of immunotherapeutic interventions [15].

However, high-dose radiotherapy can cause vascular
tissue damage, leading to local hypoxia in tumor tissues,
reducing oxygen-dependent DNA damage [16], blocking
the infiltration of CD8" T lymphocytes into tumors,
and simultaneously recruiting immunosuppressive-
related cells such as M2-like TAMs, MDSCs, CAFs,
and Tregs, which reduce the sensitivity of tumor cells
to radiotherapy and induce an immunosuppressive
microenvironment [9, 17, 18]. This may be one of the
main reasons for radiotherapy resistance. Additionally,
high-dose radiotherapy can damage surrounding normal
tissues, causing complications such as osteoradionecrosis
of the jaw and radiation dermatitis, with significant
systemic toxicity, limiting its clinical application.

Recent studies have shown that low-dose irradiation
can downregulate the functions of immunosuppressive
cells such as Tregs, M2-like TAMs, and tolerogenic DCs,
recruit CD8" T cells and NK cells, effectively mobilize
innate and adaptive tumor immunity, thereby reversing
the tumor immunosuppressive microenvironment and
enhancing tumor immune responses [19]. Nonetheless,
low-dose irradiation exhibits an insufficiency in exerting a
direct cytotoxic effect on tumor cells. The combination of
radiotherapy with drugs or nanomaterials can effectively
enhance the therapeutic efficacy against tumors.
However, conventional treatment approaches, such as
the combination of radiotherapy with chemotherapeutic
drugs like cisplatin, are limited in their application due
to issues like systemic toxicity and drug resistance [20,
21]. Therefore, the development of novel nanomaterials
to precisely target tumor cells and sensitize them to low-
dose irradiation, promoting ICD in tumor cells, may be a
new entry point for radioimmunotherapy [22-24].

Graphene quantum dots (GQDs) are zero-dimensional
nanomaterials based on graphene, possessing excellent
biocompatibility and blood retention [25, 26]. As quan-
tum dot materials, Nitrogen-Doped Graphene Quantum
Dots (N-GQDs) exhibit unique photoluminescence prop-
erties [27], enabling the visualization of biodistribution
and assisting in the precise and targeted control of drug
delivery [25, 28—30]. Preliminary studies have shown that
N-GQDs can effectively enhance the secretion of ROS to
induce programmed cell death [31], suggesting its poten-
tial as the multifunctional drug carrier for radiosensitiza-
tion. Gold nanoparticles/Au nanoparticles (AuNP), as
nanomaterials with a high atomic number, can absorb,
scatter, and emit radiation energy [32], while effectively
modulating immune responses, inducing DC cell matura-
tion, and increasing CD8" T cell activation and infiltration
levels, serving as radiosensitizers with good immunomod-
ulatory capabilities [33-35]. Therefore, combining
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N-GQDs with AuNP is expected to exert synergistic
effects in radiosensitization and immunomodulation. Nan-
oparticles previously explored for radiotherapy sensitiza-
tion, such as unmodified gold nanoparticles (GNPs), rely
on the enhanced permeability and retention (EPR) effect
to achieve passive tumor targeting. However, their limited
bioavailability stems from insufficient systemic circulation
time and inevitable phagocytosis by the reticuloendothe-
lial system (RES). The lack of targeting specificity neces-
sitates higher effective concentrations of GNPs to achieve
therapeutic efficacy, which may exacerbate long-term
toxicity and hinder clinical translation [36]. To address
these challenges, advanced surface modifications or func-
tionalization strategies are imperative to enhance tumor-
targeting precision and optimize drug delivery efficiency
[37]. Tumor cells can self-recognize and "home" to tumors
through cell adhesion molecules (CAMs, such as EpCAM)
and intercellular molecules (such as Galectin-3) on their
cell membranes [38]. This special phenomenon in can-
cer cells is called "homologous adhesion" [39, 40]. Based
on the mechanism of homologous adhesion, using tumor
cell membranes to encapsulate nanomaterials can achieve
homologous targeted delivery to tumor cells [38, 41-46].

In this study, based on the concept of homologous
targeting, a biomimetic and visual drug delivery system
was developed. Composite nanomaterials cell mem-
brane coated-nitrogen-doped graphene quantum dots
combined with Au nanoparticles (C-GAP) were syn-
thesized by combining N-GQDs with AuNP and modi-
fying it with OSCC cell membranes, which can exert
radiosensitization and immune enhancement effects.
Additionally, scRNA-seq was used to analyze its impact
on CD8" effector T cells in the OSCC tumor immune
microenvironment. The Graphical Abstract illustrates
the construction of C-GAP and its mechanism of homol-
ogous targeted delivery to OSCC, sensitizing low-dose
radiotherapy to induce ICD and regulating the immune
microenvironment, ultimately potentiating the efficacy of
radioimmunotherapy.

Materials and methods

Synthesis of N-GQDs, N-GQDs-AuNP, and C-GAP
Preparation of N-GQDs

N-GQDs were synthesized using a classic bottom-up
hydrothermal method [47]. Initially, 1.0 g of dicyandi-
amide (DCD) and 2.0 g of citric acid (CA) were dissolved
in 5.0 mL of distilled water. The solution was then trans-
ferred to a 25 mL Teflon-lined autoclave and reacted at
180 °C. The resultant product was dispersed in 100 mL of
distilled water and centrifuged at 10,000 rpm for 10 min
to collect the N-GQDs.
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Synthesis of N-GQDs-AuNP

100 mg of N-GQDs were stirred and dissolved in 30 mL of
ultrapure water to obtain an N-GQDs aqueous solution.
Then, 2 mL of chloroauric acid (10 mM) was added and
stirred for 30 min. The suspension was transferred to
a covered glass bottle and heated at 50 °C for 4 h. The
solution was dialyzed using a 1000D dialysis bag for 48 h
and then dried at 80 °C to obtain N-GQDs-AuNP.

Extraction of cell membranes and preparation of C-GAP
Cell membranes were extracted from OSCC cells (SCC
VII) using a membrane protein extraction kit (P0033,
Beyotime) [41]. After digestion, cells were collected
by centrifugation (1000 rpm, 5 min, 4 °C), washed and
resuspended in PBS three times, and pretreated for
15 min on ice. Cells were lysed using a freeze—thaw
method, and after centrifugation (700 g, 10 min, 4 °C), the
supernatant was collected to remove cell nuclei. Further
centrifugation (4 °C, 14000 g, 30 min) was performed to
collect the cell membranes. N-GQDs-AuNP (1 mL, 2 mg/
mL) were mixed with cell membranes (1 mL, 2 mg/mL)
and stirred in an ice bath for 12 h. Excess cell membrane
fragments were removed by centrifugation (6000 g,
10 min, 4 °C) to obtain C-GAP.

Characterization of N-GQDs, N-GQDs-AuNP, and C-GAP
Transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS) (Tecnai G2 Spirit T120
kV, Thermo) were used to observe the morphology,
diameter, and analyze the elemental composition
of the nanoparticles. Atomic force microscopy
(AFM, Dimension Fastscan, Bruker) was employed to
observe the surface morphology and particle size of the
nanoparticles. Dynamic light scattering (NanoBrook
Omni, Brookhaven Instruments Corporation) was used
to determine the zeta potential of the nanoparticles.
Raman spectroscopy (inVia Qontor, Renishaw), UV/Vis
spectroscopy (Lambda 950, Perkin Elmer Limited), X-ray
photoelectron spectroscopy (XPS, Nexsa, ThermoFisher),
and Fourier transform infrared spectroscopy (FTIR,
Vertex70-Hyperion3000, Bruker) were utilized to
determine the functional groups and properties of the
nanoparticles. A fluorescence spectrometer (FLS1000,
Edinburgh Instruments) was used to measure the
luminescence properties of the nanoparticles. Coomassie
blue staining and Western blotting were employed to
verify the composition of cell membrane proteins.

Cells and cell culture

SCC-VII cells were cultured in DMEM-F12 medium
(GIBCO, C11330500BT) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin (GIBCO,
A3160801) at 37 °C in a humidified incubator with 5%
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CO2. SCC-9 and SCC-15 cells were cultured in high-
glucose DMEM medium (GIBCO, C11995500BT) with
the same supplements.

Cell phagocytosis experiment

Equal numbers of SCC-VII, SCC-9, and SCC-15 cells
were seeded onto confocal dishes and treated with
C-GAP (10 pg/mL) overnight. The phagocytosis
efficiency of the cells towards the material was
detected by immunofluorescence staining under the
confocal microscope (CLSM; LSM980, Zeiss), and the
phagocytosis process of SCC-VII cells ingesting C-GAP
was observed by TEM.

Western blotting

Cells treated with different conditions were collected
by centrifugation and lysed on ice. After centrifugation
(12000 g, 10 min) to remove cell debris, the lysates were
mixed with 5XSDS sample buffer (P1040, Solarbio)
and boiled for 10 min. Protein samples were separated
by SDS-PAGE and transferred to PVDF membranes
(ISEQ00010, Millipore). The membranes were blocked
with 5% skimmed milk for 1 h and incubated with diluted
primary antibodies Galectin-3 (WL03166, Wanleibio),
Ep-CAM (WL01375, Wanleibio), HMGB1 (YT5502,
Immunoway), CRT (YT0620, Immunoway), Na*/K*-
ATPase (AF1864, Beyotime) overnight at 4 °C. After
washing with TBST, the membranes were incubated with
horseradish peroxidase-coupled secondary antibody
buffer for 1 h at room temperature. Protein bands were
detected using an affinity body ion ECL kit (KF001,
Affinity Biosciences) on a chemiluminescence instrument
(Clinx science, 3100Mini, 90,175).

ROS detection

Intracellular hydroxyl radical production was assessed
using a DCFH-DA staining kit (50033, Beyotime). After
different treatments, cells were stained with DCFH-DA
(10 uM) for 20 min. Cellular ROS levels were analyzed by
flow cytometry (LSRFortessa, BD).

Immunofluorescence staining

SCC-VII cells were seeded onto confocal dishes and
subjected to various treatments and cultures. After
fixation with 4% paraformaldehyde, cells were blocked
with 5% bovine serum albumin (BSA) for 30 min.
Diluted primary antibodies against HMGB1 (YT5502,
Immunoway) and CRT (YT0620, Immunoway) were
added and incubated overnight at 4 °C. After washing
with PBS, cells were incubated with fluorescent
secondary antibodies for 1 h and washed again with
PBS. Cell nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI; 10 pg/mL) for 10 min, washed with
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PBS, and mounted with an antifade reagent. Protein
expression was observed using a laser confocal scanning
microscope (CLSM; LSM980, Zeiss).

ATP detection

Intracellular ATP levels were detected using an ATP
detection kit (50026, Beyotime). SCC-VII cells were
seeded into 6-well plates and subjected to different
treatments and cultures. After lysis and centrifugation
(4 °C, 12000 g, 5 min), the supernatant was collected.
ATP assay working solution was added to 96-well plates,
and 20uL of the sample was added after 5 min. RLU
values were measured using a multifunctional microplate
reader (Synergy H1, Biotek) and compared to a standard
curve to calculate ATP concentrations.

Animal models

When tumor cells were cultured to sufficient quantities,
they were washed twice with PBS, digested, neutralized,
and centrifuged at 1000 rpm for 5 min. The supernatant
was aspirated, and a cell suspension was prepared using
serum- and antibiotic-free medium. Cell concentration
was determined using a hemocytometer. The cell
suspension was mixed with Matrigel (Corning, 354,234)
and serum-free medium in a 1:3 ratio to achieve a
concentration of 1x10’/mL. A 1 mL syringe was used to
inject 100pL of the tumor cell suspension subcutaneously
into the left anterior tongue margin of C3H mice (Vital
River Laboratory Animal Technology, Beijing, China).
Tumors were visible on the tongue approximately
1-2 weeks after injection.

In vivo fluorescence distribution

To investigate the distribution and metabolism of C-GAP
in mice, real-time fluorescence images of anesthetized
C3H mice were captured at different time points (4, 12,
and 24 h) using an in vivo imaging system (AniView
Phoenix, BLT Photon Technology). Subsequently, their
tumor tissues and major organs (heart, liver, spleen,
lungs, and kidneys) were excised and imaged ex vivo.
The average fluorescence intensity from the images was
utilized to analyze the accumulation of nanoparticles in
tumors and their biodistribution in major organs.

In vivo antitumor effect

After establishing the animal model of OSCC as
previously described, mice were randomly divided
into four groups of four mice each, totaling 16 mice,
and treated as follows: (D intravenous injection of 200
uL PBS; @ intravenous injection of 200 uL of 1 pg/mL
C-GAP; @ intravenous injection of 200 pL PBS followed
by radiation therapy with a 4 Gy dose of X-rays to the
tumor tissue; @ intravenous injection of 200 pL of 1 g/
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mL C-GAP followed by localized radiation therapy
with a 4 Gy dose of X-rays to the tumor tissue. PBS or
C-GAP were injected on the first day. Mice in Groups
@ and @ were anesthetized four hours post-injection,
and radiation therapy was administered to the tumor
site. Tumor size and mouse body weight were monitored
every two days thereafter. Tumor length (a) and width
(b) were measured using a vernier caliper, and tumor
volume was calculated using the formula: Tumor Volume
(mm?®)=a*b?/2. Mouse survival rates were monitored
and recorded. For histopathological analysis, all mice
were euthanized on Day 20 to collect tumor tissues and
major organs (heart, liver, lungs, and kidneys). Tumor
tissue weight was measured. Tumor tissues and major
organs were fixed overnight in 4% paraformaldehyde
solution, embedded in paraffin, and sectioned for H&E
staining. Additionally, immunohistochemical staining
(IHC) was performed to assess the proliferation index
Ki67 (ab15580, Abcam), y-H2AX (ET1602-2, Huabio),
and HMGBI1 (YT5502, Immunoway) in tumor tissues.
Immunofluorescence staining was used to detect the
expression of CD3e (DF6594, Affinity Bioscience) and
CD8 (AF5126, Affinity Bioscience) in tumor tissues.

Single-cell RNA Sequencing (scRNA-seq)

After establishing the animal model of OSCC as
previously described, mice were randomly divided into
two groups, with three mice in each group, and subjected
to the following treatments, respectively: (1)Control
group: intravenous injection of 200 pL of phosphate-
buffered saline (PBS); (2)Treatment group: intravenous
injection of 200 pL of 1 pg/ml C-GAP followed by
localized irradiation of the tumor tissue with a 4 Gy dose
of X-rays for radiotherapy. PBS or C-GAP was injected
on the first day after tumor establishment. Mice in
Treatment group were anesthetized 4 h post-injection
and irradiated at the site of tumor tissue formation.
Seven days after treatment, the mice were euthanized,
and tumor tissues were collected and processed into a
single-cell suspension with a cell concentration of 700—
1200 cells/uL. Each scRNA-seq sample was sequenced
using the 10X Genomics system, and the raw data were
processed with Cell Ranger (10X Genomics). The R
(version 4.1.2), R Studio (version 1.3.1093) and the Seurat
package (version 4.3.0) were used to read the scRNA-
seq data files processed by 10x Genomics Cell Ranger.
The DoubletFinder package (version 2.0.3) was utilized
to identify and remove doublet cell data, followed by
independent normalization of the scRNA-seq data for
each sample using the Seurat package (version 4.3.0).
Principal component analysis (PCA) was performed
for dimensionality reduction, and Uniform Manifold
Approximation and Projection (UMAP) was employed
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for nonlinear dimensionality reduction and visualization
of the data. Cells were classified and annotated based on
the gene expression profiles of known cell types in the
database, followed by differential gene expression (DEG)
analysis and Gene Ontology (GO) gene enrichment
analysis.

Detailed  experimental  conditions  (including
C-GAP concentrations and radiation doses) for the
aforementioned in vivo/in vitro experiments and scRNA-
seq are provided in Supplementary Table S1.

Statistical analysis

Data analysis was conducted using GraphPad Prism 7.0,
SPSS, and R-4.2.3 software. The statistical significance
of differences among groups was evaluated using one-
way ANOVA, two-way ANOVA, and the t-test. Results
are expressed as the meanztstandard error of the
mean (SEM) or standard deviation (SD), and statistical
significance was determined at a significance level of
p<0.05.

Results and discussion
Synthesis and characterization of C-GAP
The preparation method of C-GAP is illustrated in
Fig. 1A. After C-GAP was synthesized, TEM was used
to scan the particle size and surface morphology of
N-GQDs and N-GQDs-AuNP (Fig. 1B, C). N-GQDs with
a diameter of approximately 3 nm and a uniform circular
shape were observed [48, 49]. Additionally, gold nano-
particles bound to the surface of N-GQDs formed ellip-
soid-like nanoparticles with a particle size of 20-30 nm,
confirming the successful synthesis of N-GQDs-AuNP.
Furthermore, AFM was employed to examine the sur-
face morphology of N-GQDs-AuNP (Fig. 1D, E), reveal-
ing a nanoparticle surface thickness of approximately
30 nm, consistent with the observations from TEM. Sub-
sequently, energy dispersive X-ray spectroscopy (EDS)
was conducted for elemental analysis and verification
(Fig. 1F). After eliminating the influence of the TEM sup-
porting membrane (primarily composed of copper), it
was found that N-GQDs-AuNP were composed of gold,
carbon, nitrogen, and oxygen, validating the successful
binding of N-GQDs with gold nanoparticles. Addition-
ally, XPS was used to analyze the chemical composition
of N-GQDs-AuNP (Fig. 1G, H and Fig. S1). Peaks at
287.52 eV, 398.70 eV, and 532.14 eV in NGQD corre-
sponded to Cls, N1s, and Ols, respectively [50, 51]. In
N-GQDs-AuNP, peaks at 86.94 eV, 285.13 eV, 398.95 eV,
and 532.59 eV corresponded to Au4f, Cls, N1s, and Ols,
respectively, demonstrating the successful reduction of
gold nanoparticles on the surface of N-GQDs [51, 52].
Raman spectroscopy was further utilized to ver-
ify the structure of the graphene quantum dots in
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N-GQDs-AuNP [53]. Figure 2A displays the Raman spec-
trum of the composite nanomaterial N-GQDs-AuNP,
showing two representative peaks at 1335.34 cm™ and
1576.6 cm™ corresponding to the classic D-band (ID)
and G-band (IG) of graphene quantum dots, respectively
[53]. The D-band arises from defects in the graphene
structure, while the G-band is due to the tangential C-C
bond vibrations [54].

Figure 2B presents the UV-Vis absorption spectrum of
N-GQDs-AuNP. It can be observed that N-GQDs exhibit
a strong absorption peak at 231 nm, which may be related
to the n—m and n — n* transition of C=C double bonds
[55, 56]. In contrast, HAuCl4 solution shows strong
absorption peaks at both 220 nm and 290 nm. N-GQDs-
AuNP combines the characteristics of both, with a strong
absorption peak at 231 nm and a weaker one at 297 nm.

Graphene quantum dots possess excellent luminescent
properties [57], and nanomaterials developed based on
them are widely used in bioimaging and drug delivery
[58]. We employed photoluminescence spectroscopy
(PL spectroscopy) to verify the luminescent properties
of N-GQDs and the composite nanomaterial N-GQDs-
AuNP [59]. Figure 2C, D demonstrate that under
excitation light at a wavelength of 360 nm, both
N-GQDs and N-GQDs-AuNP exhibit good luminescent
properties, with emission peaks located at 425 nm and
434 nm, respectively.

Next, FTIR was used to verify the surface functional
group structure of N-GQDs and N-GQDs-AuNP. As
shown in Fig. 2E, in NGQD, the peak at 3137 cm™
is mainly associated with the stretching vibrations of
hydroxyl O—H bonds and amine N-H groups. The peaks
at 1639 cm™ and 1429 cm™ may be attributed to C=0
double bonds or C=C double bonds and CH2 bonds,
respectively [55, 60-63]. After binding with gold nano-
particles, the peaks on N-GQDs-AuNP changed. The
peak at 3334 cm™ may be due to the reduction of Au3*
ions by aldehydes/ketones/hydroxyaldehydes on the
surface of N-GQDs, generating more -OH termini and
resulting in a blue shift of this peak [64]. The peaks at
1619 cm™ and 1342 cm™ may be related to changes in
the vibration modes of C=0 double bonds or C=C dou-
ble bonds and CH2 bonds, respectively[65].

Furthermore, the ZETA potential of N-GQDs-AuNP
was measured to be -38.1 mV using a laser particle
size analyzer (Fig. 2F). After successfully modifying
N-GQDs-AuNP with OSCC SCC-VII cell membranes
to synthesize C-GAP, we observed through TEM that
the surface of C-GAP was coated with cell membranes
(Fig. 2G). Coomassie blue staining (Fig. 2H) was used to
detect the proteins contained in C-GAP, and it was found
that the protein profile was similar to that expressed by
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Fig. 1 Synthesis and Characterization of C-GAP. A Schematic Diagram of the Synthesis of C-GAP. B, C Morphology and Particle Size of N-GQDs
and N-GQDs-AuNP Observed under TEM. D-E Surface Morphology of N-GQDs-AuNP Detected by AFM. F Elemental Composition of N-GQDs-AuNP
Analyzed by Energy-Dispersive X-ray Spectroscopy (EDS). G, H Chemical Structure of N-GQDs and N-GQDs-AuNP Analyzed by X-ray Photoelectron

Spectroscopy (XPS)
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Fig. 2 Characterization Experiments of C-GAP. A Raman Spectroscopy for Chemical Structure Analysis of N-GQDs-AuNP. B UV-Visible Spectroscopy
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of N-GQDs and N-GQDs-AuNP. E Fourier Transform Infrared (FTIR) Spectroscopy for Functional Group Analysis of N-GQDs and N-GQDs-AuNP. F
Dynamic Light Scattering (DLS) for Zeta Potential Measurement of N-GQDs-AuNP (n=3). G Morphology and Particle Size Observation of C-GAP
under TEM. H Coomassie Blue Staining for Protein Distribution Detection on the Surface Membrane of C-GAP. | Representative Images of Western
Blotting for Expression Analysis of Cell Adhesion Molecule EpCAM and Intercellular Molecule Galectin-3 on the Surface Membrane of C-GAP (n=3).
The data are presented as the means+SDs. ns P >0.05, *P <0.05, **P <0.01, ***P <0.001

the cell membranes. Western blotting results (Fig. 2I)
indicated that the surface of C-GAP contained the
cell adhesion molecule EpCAM and the intercellular
molecule Galectin-3[39], confirming successful coating
and modification of the material with cell membranes.
In summary, the above experimental results validate the
successful synthesis of C-GAP.

In vitro cellular phagocytosis experiments of C-GAP

Encapsulating nanoparticles with tumor cell mem-
branes based on the homologous adhesion mechanism
can impart better biocompatibility and lower immuno-
genicity to the nanoparticles [38]. Through the binding
of CAMs and intercellular molecules, tumor homolo-
gous targeting can be achieved, thereby enabling the
nanoparticles to deeply penetrate tumor cells and con-
tributing to precise tumor treatment [38]. The strategy
of utilizing cell membrane-modified nanomaterials
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Fig. 3 In Vitro Cellular Phagocytosis Experiment of C-GAP. A Representative Images of C-GAP Internalization by SCC-VII, SCC-9, and SCC-15 Cells
Detected by Immunofluorescence Staining. B, C Semi-Quantitative Analysis of C-GAP Internalization Efficiency by SCC-VII, SCC-9, and SCC-15
Cells (n=5, one-way ANOVA test). D-F Observation of C-GAP Internalization Process by SCC-VII Cells under TEM, Highlighting Cellular Structures
Including Nucleus (N), Nucleolus (NU), Mitochondria (M), Rough Endoplasmic Reticulum (RER), and Autophagolysosome (ASS), with Red Arrows
Indicating C-GAP After Cellular Phagocytosis. The data are presented as the means+SDs. ns P> 0.05, *P <0.05, **P <0.01, ***P <0.001
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has been applied in the treatment of various epithe-
lial-derived malignancies, including breast cancer and
colon cancer [66]. We validated the tumor targeting
ability of C-GAP by incubating it with different types
of OSCC cells (SCC-VII, SCC-9, SCC-15) and utilizing
the luminescent visualization property of C-GAP along
with immunofluorescence staining. Confocal imag-
ing results and semi-quantitative analyses (Fig. 3A—
C) revealed that, compared to other OSCC cell lines,
the SCC-VII cell line exhibited higher specific rec-
ognition and uptake rates for C-GAP modified with
SCC-VII cell membranes, with statistically significant
differences (p<0.01). Additionally, the uptake pro-
cess of C-GAP by SCC-VII cells was observed through
TEM (Fig. 3D-F). These results indicate that tumor
cell membrane modification can enhance the specific
uptake of nanomaterials by tumor cells, and C-GAP
possesses excellent tumor homologous targeting and
homing abilities, enabling precise drug delivery. Nota-
bly, given the ubiquitous expression of CAMs (e.g.,
EpCAM) and intercellular molecules (e.g., Galectin-3)
across various epithelial cancers, the targeted delivery
of C-GAP nanoparticles could theoretically be general-
ized to other tumor through engineering modifications
involving tumor cell membrane coating [40, 67, 68].

In vitro biocompatibility and radiosensitization effects

of C-GAP for radiotherapy

The cytotoxicity of C-GAP was tested using live/dead
cell staining (Fig. 4A, B and Fig. S2). The experimental
results showed that C-GAP at concentrations of 1 pg/
ml or below had no significant impact on the growth of
the OSCC cell line SCC-VII. At a concentration of 5 pg/
ml, it had a slight effect on cell growth, while at concen-
trations of 10 pg/ml or above, it exhibited significant
cytotoxicity. The CCK-8 assay (Fig. 4C) and Cell Clon-
ing Formation test (Fig. 4D, E) further confirmed the
biocompatibility of C-GAP. Therefore, a concentration
of 1 pg/ml was selected for subsequent C-GAP radio-
sensitization experiments. Radiotherapy with doses
less than 5 Gy can reverse the tumor immunosuppres-
sive microenvironment, and radiosensitization through
low-dose radiotherapy can enhance tumor killing while
boosting immunity, exerting a synergistic effect [19,
69].

Next, in vitro cell irradiation experiments were
conducted to test the radiosensitization effect of
C-GAP on tumor cell killing by low-dose radiotherapy.
SCC-VII cells were co-incubated with 1 upg/ml of
C-GAP for 24 h and then irradiated with different
doses for another 24 h. Live/dead cell fluorescent
staining (Fig. 4F—H and Fig. S3), CCK-8 assay (Fig. 41),
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and Cell Cloning Formation test (Fig. 4], K) were used
to verify that C-GAP combined with radiotherapy at
doses above 4 Gy could achieve the best tumor killing
effect. The above results indicate that C-GAP has good
radiosensitization properties and, in combination with
low-dose radiotherapy of 4 Gy, can exert an ideal tumor
killing effect.

Induction of ICD in OSCC cells by C-GAP

Radiotherapy can upregulate the levels of ROS and ATP
in tumor cells, enhance the expression of ICD-related
molecules such as HMGB1 and CRT, induce ICD in
tumor cells, and thereby increase tumor immunogenic-
ity, achieving a "tumor in situ vaccination effect" [70,
71]. Immunofluorescence staining combined with con-
focal microscopy revealed that compared to the Con-
trol group and the C-GAP group (Fig. 5), the Radiation
group significantly increased the expression of HMGB1
and CRT in tumor cells, while the C-GAP +Radia-
tion group further enhanced the expression of HMGB1
and CRT compared to the Radiation group, as shown in
Fig. 6A-D. Subsequent Western blotting results (Fig. 6E)
confirmed the upregulation of HMGB1 and CRT expres-
sion in the Radiation group and further upregulation in
the C-GAP +Radiation group. Flow cytometry results
(Fig. 6F) showed a significant upregulation of ROS levels
in tumor cells in the C-GAP + Radiation group. ATP lev-
els in the cells were detected using an ATP detection kit
and a microplate reader. As shown in Fig. 6G, the Radia-
tion group exhibited significantly elevated ATP levels
compared to the Control group and the C-GAP group,
while the C-GAP + Radiation group had the highest ATP
expression levels. These results indicate that C-GAP
radiosensitization with low-dose radiotherapy can sig-
nificantly promote ICD in tumor cells, further enhancing
tumor immunity.

In vivo distribution, biocompatibility, and antitumor effect
of C-GAP

Benefiting from its excellent photostability and
multifunctional photoluminescent properties,
nanomaterials developed based on graphene quantum
dots are often applied in biological imaging fields such
as targeted and visual drug delivery[72]. Based on
in vitro cellular validation, the biodistribution of C-GAP
in mice was further detected through in vivo imaging
techniques (Fig. 6A). In vivo fluorescence imaging of
mice was performed at 4, 12, and 24 h after tail vein
injection of C-GAP. At 4 h post-injection, it was observed
that C-GAP was specifically taken up by tumor tissue
compared to other tissues and organs, validating the
exceptional tumor-targeting ability of C-GAP. Comparing
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(See figure on next page.)

Fig. 6 InVivo Experiments on Bioimaging, Biocompatibility, and Antitumor Effects of C-GAP. A-C Live Imaging and Quantitative Analysis of C-GAP
Distribution in Various Organs after Tail Vein Injection in C3H Mice. D-F Comparison of Tumor Weight, Tumor Volume Changes, and Body Weight
Changes in C3H Mice from Different Groups (n=4, one-way ANOVA test). G Physical Images of Tumor Size in C3H Mice from Different Groups (n=4,
one-way ANOVA test). H Representative Images of H&E Staining of Tumor Tissue from C3H Mice in Different Groups (n=4, one-way ANOVA test). |
Representative Images of Immunohistochemical Staining for Ki67 in Tumor Tissue from C3H Mice in Different Groups (n=4). The data are presented
as the means +SDs. ns P>0.05, *P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001
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the results at 4, 12, and 24 h (Fig. 6B, C), it was found that
the fluorescence signals in the liver, spleen, and lungs first
increased and then gradually decreased, indicating that
C-GAP may accumulate in the spleen through pulmonary
blood circulation to activate immune responses and
finally undergo metabolism through the liver.

To verify the radiosensitization effect of C-GAP on
tumors in vivo, C3H OSCC mice were randomly divided
into four groups: Control, C-GAP, Radiation, and
C-GAP +Radiation. After different treatments for each
group, the mice’s body weight and tumor growth were
monitored every two days. All mice were euthanized
on day 20, and their tumor weights were measured.
Figure 6D shows that the C-GAP+Radiation group
had the lowest tumor weight, followed by the Radiation
group, while the C-GAP and Control groups had no
significant difference and exhibited the largest tumor
weights. Figure 6E demonstrates that the tumor volume
gradually increased in the Control group during the
experiment, with no significant difference in tumor
volume change between the C-GAP group and the
Control group. The tumor volume growth was slower in
the Radiation group, while it was significantly smaller
in the C-GAP+Radiation group. Figure 6F indicates
that the mouse body weights gradually increased in
the Radiation and C-GAP+Radiation groups during
the experiment. However, due to the impact of tongue
tumors on feeding, the mice in the Control and C-GAP
groups developed cachexia in the later stages of the
experiment, with their body weights gradually decreasing
after a slight increase. The final tumor morphologies
are shown in Fig. 6G. Further H&E and ki67 staining
of tumor tissue sections were performed to assess the
therapeutic effect (Fig. 6H, I). Ki67 staining results
showed that tumor cell proliferation was significantly
reduced in the C-GAP+ Radiation group, followed by
the Radiation group, while there was no significant
difference between the C-GAP and Control groups.
Additionally, H&E staining results of vital organs
(heart, liver, lungs, and kidneys) further validated that
C-GAP had no significant cytotoxicity (Fig. S4). These
experimental results demonstrate that C-GAP has good
biocompatibility, can target and deliver drugs to tumors
precisely through visualization, and significantly inhibits
tumor tissue growth by radiosensitization.

In vivo experiments on C-GAP-induced ICD in tumors

Immunohistochemical staining for y-H2AX was per-
formed to verify the ability of C-GAP-sensitized radi-
otherapy to induce DNA damage in tumor cells. As
shown in Fig. 7A, the highest levels of y-H2AX were
observed in the C-GAP+ Radiation group, followed by
the Radiation group, indicating that C-GAP-sensitized
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radiotherapy can induce DNA damage leading to cell
death. Further immunohistochemical detection of the
expression of HMGB1, a marker associated with ICD,
in tumor tissues was conducted. The results in Fig. 7B
showed high expression of HMGBI1 in both the Radia-
tion and C-GAP + Radiation groups. Additionally, immu-
nofluorescence was used to detect the infiltration levels
of CD3*CD8* T cells in mouse tumor tissues (Fig. 7C).
The results demonstrated that the infiltration levels of
CD3*CD8* T cells were significantly increased in the
C-GAP +Radiation group compared to the Control
group. These findings suggest that C-GAP combined with
low-dose radiotherapy can induce ICD in tumor cells and
further increase the infiltration levels of CD3t*CD8" T
cells in the tumor immune microenvironment.

scRNA-seq analysis of C-GAP’s regulatory role in the tumor
immune microenvironment

Despite the development of various radiosensitiz-
ers in previous studies, there remains a lack of targeted
research analyzing the impact of nanomaterials as radio-
sensitizers for low-dose radiotherapy on immune effec-
tor cells within the tumor immune microenvironment.
Previous in vitro and in vivo experiments have validated
C-GAP as an effective radiosensitizer and ICD inducer,
exerting synergistic effects on radiosensitization and
immune regulation. To further investigate the regula-
tory role and potential mechanisms of C-GAP combined
with low-dose radiotherapy on tumor immune effec-
tor cells, we conducted scRNA-seq on untreated tumor
tissues from the Control group and tumor tissues from
the Treatment group. We analyzed the composition and
gene expression differences of CD8" T cells in the tumor
tissues, with the workflow outlined in Fig. 8A. Based on
cell surface markers, CD8* T cells were initially classified
into 13 subpopulations (Fig. 8B). Further analysis was
then conducted on the expression of 15 CD8" T cell-spe-
cific marker molecules across these 13 subpopulations, as
shown in Fig. 8C, D. According to the expression patterns
of these 15 marker molecules, CD8" T cells were further
categorized into five major classes: Exhausted T cells,
Proliferation T cells, Pre-Exhausted T cells, Effector T
cells, and Naive/Memory T cells, as illustrated in Fig. 8E.
A comparative analysis of the number, composition, and
proportions of effector T cells between the Control and
Treatment groups was conducted (Fig. 8F, G). The results
showed that, compared to the control group, the overall
number of CD8* T cells significantly increased in the
Treatment group (from 1452 to 5292). Specifically, the
proportion of Naive/Memory T cells significantly rose
(from 19.21% to 46.81%, p=0.0067<0.05), while the
proportion of Exhausted T cells significantly decreased
(from 23.35% to 6.48%, p=0.04<0.05). The proportion
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of Proliferation T cells slightly decreased (from 3.86% to
1.11%, p=0.03<0.05), and there were no statistically sig-
nificant differences in the proportions of Pre-Exhausted
T cells (13.29% vs. 12.62%, p=0.48>0.05) and Effector

T cells (40.29% vs. 32.97%, p=0.23>0.05). The observed
results may be attributed to the significant reduction in
total tumor cell count in the treatment group compared
to the control group. The fate of CD8" T cells is regulated
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by tumor antigen [73]. In acute infection, following anti-
gen clearance, most short-lived effector T cells (SLECs)
die whereas memory precursor effector cells (MPECs)
survive to differentiate into memory CD8+T cells for
long-term protective immunity [74]. Consequently,
the reduction in tumor burden after radiotherapy may
weaken the persistent antigen signals, thereby terminat-
ing the effector state of T cells and promoting the differ-
entiation of memory T cells. The reduction of Effector T
cells and Proliferation T cells likely facilitated the partial
differentiation into Naive/Memory T cells, consequently
leading to a marked increase in the proportion of Naive/
Memory T cells within the treatment group.

The results also revealed that the proportion of
Exhausted T cells in the Treatment group showed a

significant decrease compared to the Control group. This
phenomenon may be attributed to low-dose radiation
therapy facilitating the release of DNA fragments from
tumor cell, which activates the cGAS/STING pathway in
tumor. This activation induces type I interferon secretion,
promotes dendritic cell (DC) maturation and antigen
cross-presentation, ultimately leading to the activation
of tumor-specific T cells and consequently reducing the
formation of exhausted T cells [75]. Notably, despite
these proportional changes, the absolute numbers of
all CD8+T cell subpopulations in the Treatment group
demonstrated increases relative to the Control group
(The proportions and cell counts of T-cell subpopulations
are detailed in Supplementary Table S2). These
findings indicate that the upregulation of tumor cell
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immunogenicity in the Treatment group promoted T cell
activation, proliferation and regeneration while reducing
T cell exhaustion.

Next, we conducted a comparative analysis of the
expression of immune-related signaling pathway mol-
ecules in CD8" T cells between the Control and Treat-
ment groups (Fig. 9A, B). The results demonstrated that,
compared to the Control group, the expression of CCL
and TNF signaling pathway was enhanced in the Treat-
ment group, while the expression of Protease-activated
receptors (PARs) and GALECTIN signaling pathway
was reduced. Among these, TNF-« acts as a costimula-
tory signal to promote the activation of CD8* T cells,
thereby enhancing their proliferation and effector func-
tions. It is a hallmark of T cell activation [76]. CCLs are
a class of cytokines that exhibit chemotactic effects on
immune cells, playing crucial roles in regulating T cell
invasion into the tumor microenvironment and mediat-
ing T cell migration [77]. In particular, chemokines such
as CCL5 [78] and CCL2 [79] have significant regulatory
effects on CD8" T cells. These chemokines enhance anti-
tumor immune responses by attracting CD8* T cells to
infiltrate the tumor area in the tumor microenviron-
ment. In tumors such as ovarian cancer, the expression of
CCL5 and CXCL9 correlates specifically with the infiltra-
tion of CD8" T cells [80]. After being activated by TCR-
mediated signals, CD8" T cells can secrete inflammatory
cytokines such as TNF-a and chemokines like CCLS5,
recruiting immune cells and promoting the activation
and maturation of DC cells and macrophages, thereby
enhancing tumor immunity [81].

Subsequently, we conducted scRNA-seq to analyze the
expression of key cytokines TNF-a and CCL5 in CD8+T
cells from the Treatment group. The UMAP results
(Fig. 9C-E) demonstrated that TNF-a and CCL5 were
predominantly expressed in effector T cells, which repre-
sent the primary subpopulation of CD8+ T cells respon-
sible for exerting tumoricidal effects. Additionally, results
from in vivo immunofluorescence staining experiments
in mice (Fig. 9F, G) showed that, compared to the control
group and C-GAP group, the levels of TNF-a and CCL5
infiltration within the tumor immune microenvironment
were markedly increased in the Radiation group and the
C-GAP+Radiation group. Notably, the highest expres-
sion levels of TNF-a and CCL5 were observed in the
C-GAP+Radiation group. These findings further con-
firm the activation of CD8+T cells by C-GAP-sensitized
LDIL

Galectin-9, a member of the galectin family, can
induce CD8* T cell death by binding to TIM-3, thereby
promoting tumor progression [82]. Therefore, the
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downregulation of Galectin expression contributes
to maintaining CD8% T cell activity and enhancing
tumor immunity. PARs, members of the class A protein
family of G protein-coupled receptors (GPCRs), play
a central role in epithelial malignancies [83]. Among
them, y8T cells and CD8* T cells express only PARI,
while CD4" T cells can express both PAR1 and
PAR2. PARs can be activated by tissue factor (TF),
promoting angiogenesis in tumor tissues and thus
facilitating tumor proliferation and metastasis [84].
The downregulation of PARs helps to inhibit tumor
progression. Additionally, GO gene enrichment
analysis was performed on the five different subsets of
CDS8* T cells in the treatment group (Fig. S5 and Fig.
S6). The analysis results showed that immune response-
related signaling pathways targeting viruses and
interferon-f were significantly upregulated in Effector
T cells, suggesting that Effector T cells possess robust
killing capabilities. And Fig. 9H-L shows the results of
Differential Gene Expression Analysis among the five
different T cell subsets in the Treatment group. The
above findings demonstrate that C-GAP combined with
low-dose irradiation can efficiently activate the tumor-
killing capacity of CD8 + T cells.

Conclusion

In summary, based on the concept of homologous
targeting, this study successfully synthesized a visual
biomimetic nanoparticle, C-GAP. Both in vitro and
in vivo experiments verified that C-GAP exhibits
excellent biocompatibility and ideal visualization
performance. It can precisely target OSCC tumor cells
and sensitize low-dose radiotherapy to exert a robust
tumor-killing effect. Additionally, C-GAP can promote
ICD in OSCC cells and regulate the composition and
function of CD8" T cells, thereby reversing the tumor-
induced immunosuppressive microenvironment and
demonstrating a significant tumor immune-enhancing
effect. The low-dose radiotherapy therapy based
on C-GAP can enhance tumor immunity and holds
potential as a novel and promising treatment approach
to improve the prognosis of OSCC.
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