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Introduction: With the innovation of photosensitizers, photodynamic therapy is now
widely used in antitumor detection and treatment. Graphene quantum dots (GQDs) are
proposed as a promising alternative photosensitizer due to their high biocompatibility,
specific photoactivity, and strong tumor concentration. However, the changes in host immu-
nity triggered by GQDs have only rarely been reported.

Methods: In this work, GQDs as photosensitizers were conjugated to polyethylene glycol
(PEG) to enhance solubility and blood circulation. The phototoxicity of the resulting GQD-PEG
nanomaterials was then detected in vitro and in vivo. The antitumor immunity triggered by GQD-
PEG under irradiation was further evaluated in an oral squamous cell carcinoma animal model.
Results: The obtained GQD-PEG nanomaterials exhibited low cytotoxicity, good solution
stability, and excellent endocytosis. Both in vitro and in vivo, all demonstrated strong
ablation for oral squamous cell carcinoma under irradiation. Meanwhile, host-immunity-
related CD8" T cells (cytotoxic T lymphocytes) and proinflammatory cytokines, including
IFN-y and TNF-0, were significantly increased after photo-activated antitumor activity.
Conclusion: These results highlight the dominant role of GQD-PEG in photodynamic
therapy and could have significant implications for further combination therapy as
a promising antitumor immune response strategy triggered by nanomaterials.

Keywords: graphene quantum dots, photodynamic therapy, host immunity, oral squamous
cell carcinoma

Introduction
Cancer immunotherapy is emerging as a promising treatment, with gradually
increasing mortality of cancers and decreasing morbidity of young patients." It
relies on intervening in the body’s inherent immunological system and augmenting
antitumor responses. Because of its specific noninvasiveness and fewer side-effects,
immunotherapy has become a powerful clinical strategy for treating various tumor
types. However, it is still characterized by high cost, drug resistance, and limited
efficacy in particular patients or tumor types.>* Therefore, there is great interest in
the development of a combination treatment strategy to enhance immune response.”
Photodynamic therapy (PDT) is a novel option for tumor ablation compared
with conventional antitumor approaches such as chemotherapy and radiotherapy. As
a well-established and photoactivated method, direct cancer ablation is based on the
abundant toxicity of reactive oxygen species (ROS). Furthermore, a “domino
effect” immune response is triggered by tumor-associated antigens released by
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apoptosis or necrosis cells. Multiple immune mechanisms
are activated in the tumor microenvironment, inducing
acute inflammation and antigen-presenting cells (APC)
infiltration, further leading to the activation of T cells
and augmenting host antitumor immunity.*’” Several stu-
dies have concentrated on photodynamic immunotherapy
combined with an immune checkpoint blockade for tumor
therapy. Wang et al® demonstrated that the combination of
a PD-L1 blockade and PDT therapy exhibited significantly
enhanced efficacy for the inhibition of primary and distant
tumor growth, compared with either treatment alone. Yu
et al’ synthesized GO (HPPH)-PEG-HK nparticles as
photosensitizers and observed not only primary tumor
ablation but also distant lung metastasis suppression by
the stimulation of dendritic cells (DCs) and the infiltration
of CDS8" T lymphocytes. Recent studies found that nano-
particles could be designed for a tumor microenvironment
and increasing tissue penetration. Compared with 100-nm
nanoparticles, 10-nm quantum dots facilitated lower
immunogenicity, which could be used to optimize thera-
peutic-loaded nanoparticles.'®!!

Graphene quantum dots (GQDs), zero-dimension gra-
phene-derived materials, have a wide range of applications
in the field of biomedicine due to their excellent physical
and chemical properties. Currently, GQDs are attracting
more interest in phototherapy, bioimaging, and drug deliv-
ery, due to their unique and tunable photoluminescence,
derived from quantum confinement and edge effects.'”
Upon specific light-activation, GQDs have been proven
to produce singlet oxygen and other ROS, which is key to
the phototoxicity for PDT.'*'* In addition, self-targeting
in tumor tissue and the tunable emission wavelength of

1516 014

GQDs are of benefit for imaging and theranostics,
the high water solubility and functional groups also render
GQDs to be suitable drug nanocarriers.'” It is reasonable
to suppose that GQD-mediated photo-immunotherapy
may emerge as a new antitumor strategy. Nevertheless,
limited efforts have been devoted to addressing this topic.

Hence, in the present work, a hybrid photosensitizer
based on pristine GQDs connected with polyethylene gly-
col (PEG) was proposed for applying PDT and evaluating
the systematic immune change post-PDT. The obtained
GQD-PEG exhibited dramatic ROS-generation efficacy
and excellent biocompatibility under 560-nm laser irradia-
tion. Meanwhile, both in vitro and in vivo study verified
that the GQD-PEG showed strong ablation for oral squa-
mous cell carcinoma under irradiation, compared with the
control groups. We further demonstrated that antitumor

immune-related cytotoxic T lymphocytes (CTL) and
proinflammatory cytokines, including IFN-y and TNF-o,
were significantly increased after phototherapy (Figure 1).
These indicated that GQD-mediated photo-
immunotherapy may become a good candidate for antitu-

results

mor therapy.

Experimental Protocol

Materials
GQDs (100 mg, red fluorescence) were purchased from
XFNANO Materials Tech Co., Ltd (Nanjing, China). NH,-
PEG-NH, (Mw=4 kDa) was obtained from SINOPEG
(Xiamen, China).
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC; 98%) and N-Hydroxysuccinimide (NHS;
98%) were purchased from aladdin (Shanghai, China).
Singlet oxygen sensor green (SOSG) was obtained from
Molecular Probes (Eugene, OR, USA). Fluorochrome-
labeled CD3, CD4, and CD8 monoclonal antibodies were
purchased from eBioscience (San Diego, CA, USA). Enzyme-
linked immunosorbent assays (ELISA) of TNF-a and IFN-y
antibodies were also obtained from eBioscience.

Cell Lines and Animal Model

The human oral squamous cell carcinoma cell lines SCC
25 and SCC 9 and the normal cell line, human oral
keratinocyte (HOK), were purchased from the ATCC and
used for in vitro experiments. The murine SCC cell line
SCC VII were used for in vivo experiments, which was
School of
Stomatology, Peking University. Wild-type C3H mice (6-

provided by Professor Yixiang Wang,
to 8-week-old females; weight, 18-20 g) were purchased
from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The animal model for OSCC was estab-
lished by subcutaneous injection of SCC VII cells into the
right armpit of each mouse at 3.0 x 10° cells/mouse. The
animal use based on SCC VII cells has been reviewed and
approved by the Institutional Animal Care and Use
Committee (IACUC), Sun Yat-Sen University (Approval
Number: 2,019,000,249).

Synthesis of GQD-PEG

In the typical process, sonicate solution was initially used for
30 minutes at 700 W to achieve the necessary GQD disper-
sion. A 100-mg quantity of EDC and a 21.5-mg quantity of
NHS were added to 2 mg/mL GQD solution for 2 h for
activation of the carboxylic groups presenting on the surfaces
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Figure | Schematic illustration of GQD-PEG-mediated photo-triggered immune responses for tumor therapy.

of GQDs. Then, a 250-mg quantity of NH,-PEG-NH, was
added to the solution and stirred overnight. For removal of
the unattached PEG, the resulting mixture underwent dialysis
for 72 h in 7 kDa dialysis membrane against water.
Throughout, exposure to direct and strong light was avoided.
The morphologies of GQD-PEG were visualized by trans-
mission electron microscopy (TEM). Elemental composition
and surface functional groups were analyzed by energy-
dispersive spectroscopy (EDS) and Fourier transform infra-
red spectroscopy (FTIR). UV-vis absorption and fluorescence
intensity were measured by UV-vis spectrophotometry.

Cellular Uptake

Cells were grown in DMEM/F12 (Gibco, Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific, Inc.) at 37°C in a humidified atmosphere of 5%
CO,. For cell viability, cells were seeded in 96-well plates
and cultured for 24 h, and then replaced with fresh medium
containing series concentrations of GQD-PEG for another 12
h. A portion of viable cells was estimated with the Cell
Counting Kit-8 assay (CCK-8). For observation of the cel-
lular uptake of GQD-PEG, SCC 9 and human oral

keratinocytes (HOK) were seeded in confocal Petri dishes
(15 mm) at a density of 10* cells/mL and cultured for 24
h. Cells were then incubated with GQD-PEG or pristine
GQD at a concentration of 50 pg/mL for 6 h and washed 3
times with phosphate-buffered saline (PBS; Hyclone, Logan,
UT, USA). For the tracking of intracellular distribution, cells
were stained with 4’,6-diamidino-2-phenylindole (DAPI) and
observed by confocal laser scanning microscopy (CLSM;
Zeiss, Jena, Germany). Fluorescence signals of nanomater-
ials were measured at a 560-nm excitation wavelength.

Singlet Oxygen Generation

The SOSG assay was utilized to detect the singlet produc-
tion of 'O, by CLSM. For dose-dependent singlet oxygen
generation, cells in 96-well plates were incubated with
GQD-PEG for 50 pg/mL and then irradiated in 560 nm
for 0, 1, 2, 3, 5, 10, and 15 minutes. The fluorescence
signals of SOSG were detected by fluorimetric photometry
at an excitation wavelength of 490 nm.

In vitro Photodynamic Therapy
For the assessment of antitumor activity of GQD-PEG,
cells were seeded in 24-well plates at a density of
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3.0x10* cells/mL and cultured with DMEM/F12. Twenty-
four h later, cells were treated with GQD-PEG in a series
of concentrations (25, 50, and 100 pg/mL) for 12 h and
subjected to laser irradiation for 10 minutes. Following
another 24-hour incubation, cell proliferation ability and
cellular apoptosis were detected by the CCK-8 assay and
flow cytometry, respectively. Cellular apoptosis was also
visualized by means of a live/dead cell fluorescence stain-
ing assay (double-staining with calcein-AM and PI).

In vivo Imaging

The animal model for OSCC was established by subcuta-
neous injection of SCC VII cells into the right armpits of
mice at 3.0 x 10° cells/mouse. SCC VII tumor-bearing
C3H mice (n=3 per group) were intravenously injected
with GQD-PEG at 200 pg per mouse. Tumor-bearing
mice treated with PBS were utilized as controls. Four
and 24 h post-injection, the mice were anesthetized by
isoflurane, and their bodies were shaved. Fluorescence
signals were detected by Xenogen IVIS Spectrum
(Caliper Life Sciences, Hopkinton, MA, USA). The
tumor uptake of GQD-PEG was measured by qualifying
the fluorescence intensity of ROI with IVIS Spectrum
software (Caliper Life Sciences, Hopkinton, MA, USA).

In vivo Phototoxicity and Immune

Response

SCC VII tumor-bearing C3H mice were divided into 3
groups (n=5 per group), those treated with PBS, those
treated with PBS and laser only, and those treated with
GQD-PEG and laser. Mice were intravenously injected
with 200 ug GQD-PEG and laser-irradiated (1 w/cm?, 8
minutes) 4 h post-injection 3 times every 2 days. Tumor
sizes were recorded every two days. Tumor volume was
calculated in accordance with the equation: V = W?L/2
(W, shortest diameter; L, longest diameter).

When tumors reached about 150 mm?>, the mice of all
groups were sacrificed. Tumors were fixed with 4% parafor-
maldehyde for immunofluorescence detection. Tumor-
draining lymph nodes from all 3 groups were isolated and
digested to form a single-cell suspension. Cells were then
stained with antibodies against CD3 (APC-Cyanine7), CD4
(FITC), and CD8 (PE), and then analyzed by flow cytometry.
IFN-y and TNF-a in the serum samples were collected and
analyzed by ELISA kits. The body weights of C3H mice
were measured every 2 days. At the end of the experimental
process, the major organs of the mice in each group were

harvested and sectioned into slices for histopathological eva-
luation, with H&E staining.

Statistical Analysis

All data are presented as means =+ standard errors.
Statistically significant differences were analyzed by one-
way analysis of variance or Tukey’s multiple-comparisons
P < 0.05 was
a statistically significant difference. GraphPad Software
7.0 (GraphPad Software Inc., La Jolla, CA, USA), Origin
pro 9.1 (OriginLab Corporation, Northampton, MA, USA),
and GM 3.9 (Gatan DigitalMicrograph, Pleasanton, CA,
USA) were used for statistical analyses. Every experiment

test when appropriate. considered

was repeated at least 3 times.

Results and Discussion

Preparation and Characterization of
GQD-PEG

The preparation process for GQD-PEG is illustrated in
Figure 2A. Functionalization with PEG was shown to sig-
nificantly improve the water solubility and enhance the bio-
compatibility of GQDs.'®!” Herein, the appropriate
molecular weight of NH,-PEG-NH, (M,,=4000 Da) was
chemically bonded with the carboxyl edges of GQDs. The
obtained monodispersed GQD-PEG was observed under
TEM imaging (Figure 2B). Particle size distribution mea-
sured by dynamic light-scattering indicated that the dia-
meters of GQD-PEG were from 3 ~ 4 nm, in agreement
with the results of TEM imaging (Figure 2C). The results
obtained from the EDS spectrum were consistent with the
expected elemental composition for GQD-PEG (Supporting
Information, Figure S1), which confirmed the formation of
N, C, and O as expected.19 As shown in Figure 2D, the
successful integration of PEG moieties with GQD was con-
firmed by FTIR. The absorption band at 1652 cm ',
1780 cm™', and 3426 cm™' was assigned to the aromatic
C=C, C=0, O-H stretching peak of GQD,*® and the new

1

characteristic band that emerged at 2887 cm ' and 1113 cm™
(C-H and C—O-C groups) was assigned to the integrated
PEG moieties, respectively. As shown in Figure S2, GQD-
PEG exhibited remarkable stability compared with pristine
GQDs in all biological solutions (saline solution, PBS,
serum, and DMEM), owing to the stabilizing effect of
PEG. GQD-PEG inherited the UV absorption characteristics
similar to those of GQDs (Figure S3), indicating the struc-
tural maintenance of GQDs after modification. In addition,
the photoluminescence intensity of the GQDs (Figure 2E) in
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Figure 2 Characterization of GQD-PEG. (A) The preparation process of GQD-PEG. (B) TEM image of GQD-PEG. (C) Diameter distribution of GQD-PEG. (D) FTIR
spectrum of (a) PEG, (b) GQD, and (c) GQD-PEG. (E) PL spectra of GQD-PEG at 560-nm excitation.
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solution was decreased by PEG functionalization, which
might result from the charge-transfer to the edges of GQDs
after PEG functionalization.'® Together, these results verified
that the monodispersed GQD-PEG was
constructed.

successfully

In vitro Photodynamic Efficacy of
GQD-PEG

GQDs are not only an alternative for photodynamic therapy,
but also a promising carrier for immune drugs.*'** For
evaluation of the therapeutic efficacy of GQD-PEG, the
cytotoxicity of the resulting compound was evaluated in
human SCC 9 and SCC 25 cells (Figures S4A, S4B). The
cytotoxicity of GQD-PEG is dose-dependent, according to
a CCK-8 assay reported previously.”> After 12-hour incuba-
tion in the dark, the GQD-PEG group exhibited high cell
viability for both SCC 9 and SCC 25 cells, even at high
concentrations (100 pg/mL). Compared with the control

group, cell viability of GQD-PEG groups was maintained
at above 80% when the concentration was below 100 pg/mL.
Therefore, we chose GQD-PEG concentrations below 100
ug/mL for the following in vitro study. Significant PDT
efficacy of GQD-PEG was displayed upon laser irradiation
(Figure 3A and B). After incubation with 100 pg/mL and
light irradiation for 10 minutes, SCC 9 and SCC 25 cells
showed variability decreases of 70% and 30%, respectively,
in contrast to control groups. Meanwhile, a live/dead cell
fluorescence staining assay further indicated that the photo-
dynamic therapy group based on GQD-PEG was more effec-
tive in killing SCC 9 cells than were control groups with
different concentrations, which was consistent with the
CCK-8 assay (Figure 3C). As shown in Figure S5, analysis
also demonstrated that early apoptosis and late apoptosis
were increased to 5.31% and 5.12%, respectively, compared
with the PBS group (0.10% and 0.05%) after treatment with
25 pg/mL concentration of GQD-PEG. These results all
indicated the high phototoxicity of GQD-PEG in vitro.
Since specific targeting for tumor cells was essential
for PDT efficacy, cellular internalization of GQD-PEG was
investigated in SCC 9 and HOK. Figure 3D displays
a panel of confocal fluorescent images of GQD-PEG and
pristine GQD after 6 h of incubation. For tumor cell, both
pristine GQD and GQD-PEG all exhibited similar strong
accumulation in tumor cell nuclei and cytoplasm.
Nonetheless, pristine GQD exhibited stronger accumula-
tion in normal cell nuclei compared with GQD-PEG nano-
materials. This specific and differential accumulation may

help further GQD-PEG applications in the field of photo-
therapy through the protection of normal tissue. As
expected, SOSG detection further illustrated the strong
phototoxicity of GQD-PEG under laser irradiation. GQD-
PEG exhibited stronger 'O, production ability with
increased irradiation (Figure 3E). Further, GQD-PEG
exhibited significant potential as a light therapeutic agent
for in vivo antitumor applications. In addition, GQD-PEG
continued to exhibit high efficiency in PDT performance
even with the interference of energy resonance transfer
upon PEG functionalization.

In vivo Optical Imaging and
Biodistribution Study

The carbon-dot-mediated nanoplatform has been shown to
have the ability to increase the cellular uptake of nanoparti-
cles and reduce unwanted side-effects.”* > Here, we report
the first study of the biodistribution of GQD-PEG in SCC
VII-bearing C3H mice, a classic animal model for
OSCC.?"?° From the in vivo imaging (Figure 4A), it can
be seen that the main fluorescence signals of GQD-PEG
groups are located primarily in the tumor tissue compared
with those of the control groups. Four h after injection, the
intensity of fluorescence signals in the tumor was the stron-
gest, and a strong fluorescence signal was still observed up to
24 h. These findings may be because of the enhanced uptake
ability and solution dispersion of GQD-PEG. The timely
dissection of the main organs also demonstrated the existence
of strong fluorescence in the tumor, whereas some fluores-
cence was observed in the liver and kidney (Figure 4B and
C). These fluorescence signals detected in tumor and other
tissues were probably due to the significant accumulation in
the tumor and the slow metabolism of GQD-PEG.
Specifically, GQD-PEG was able to accumulate efficiently
in tumor areas and exhibit excellent pharmacokinetics, which
was beneficial for PDT and drug delivery in vivo.*°

In vivo Photoimmune Synergistic
Antitumor Efficacy of GQD-PEG

Various studies have reported that non-invasive PDT was
capable of inducing an effective response in a portion of
OSCC without the risk of any serious side-effects.®' >
These advantages might help establish PDT as the routine
treatment for some OSCC, along with radiotherapy and
chemotherapy. However, the widespread use of PDT
requires more efficient phototoxicity and the potential of

combination therapy. Encouraged by the antitumor effects
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Figure 3 In vitro cytotoxicity of GQD-PEG. Cell viability of SCC 9 cells (A) and SCC 25 cells (B) incubated with GQD-PEG at different concentrations under irradiation.
(C) Detection of cell viability using fluorescence probe (dead cells: red fluorescence of Pl; live cells: green fluorescence of calcein). (D) Representative CLSM micrographs
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Figure 4 In vivo fluorescence imaging of GQD-PEG. (A) In vivo biodistribution of C3H mice after intravenous injection with GQD-PEG for 24 h, 4 h and 24 h post injection.
(B) Ex vivo fluorescence imaging of major organs and (C) mean fluorescence intensity of the excised organs.

of PDT based on GQD-PEG in vitro and its remarkable
tumor-targeting properties in vivo, we further investigated
the antitumor efficiency of GQD-PEG with irradiation in
SCC VII tumor-bearing C3H mice. Three groups, includ-
ing PBS, PBS + laser, and GQD-PEG + laser, were eval-
uated once every other day on three consecutive occasions
(Figure 5A). The tumor sizes and body weights of C3H
mice were measured continuously during this process.
Figure 5B displays the curves of tumor growth. The GQD-
PEG group showed significantly inhibited tumor growth
compared with the control and laser groups. The “GQD-
PEG plus irradiation” group elicited tumor size reduction
exceeding 70%, compared with those of the “laser only”
and “PBS plus laser” groups. The direct antitumor efficacy
might be attributable to the efficient tumor accumulations
mediated by the enhanced permeability and retention
(EPR) effect and the high 'O, toxicity induced from
photoactivity. The average tumor weights were measured
as 0.75 g, 0.45 g, and 0.11 g for groups treated with PBS,
laser, and GQD-PEG plus

irradiation, respectively

(Figure 5C). The tumor images showed the excellent
efficacy of GQD-PEG with
(Figure 5D). Figure 5E shows the changes of body weight

therapeutic irradiation
of all treated mice. Because of the appropriate doses and
intensities of treatments utilized, the weights of the mice
showed slight increases with the different treatments.
Immune therapy as an emerging treatment was seen as an
excellent combination therapy for PDT antitumor treatment
because it is non-invasive and repeatable. Various nanoparti-
cles have been demonstrated in specific photo-triggered tumor
immunotherapy, as has their “domino effect” in the tumor
microenvironment.>* 3¢ Without irradiation, GQDs have been
proven to suppress proinflammatory T cell responses by
potentiating the tolerogenic DC functions via the induction
of autophagy.®” A recent study also demonstrated that GQDs
could alleviate immune-mediated central nervous system
damage by modulating immune responses.** However, there
has been no research focused on the GQD-PEG-mediated
systematic immune response with irradiation. Here, the
immunostimulatory activity of GQD-PEG was detected by
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flow cytometry and the ELISA assay. The levels of the
representative proinflammatory cytokines, including TNF-a
and IFN-y, were detected in serum by ELISA. The laser
groups could stimulate the secretion of TNF-a and IFN-y
compared with the control groups (Figure S6A). However,
cytokine expression was significantly higher when treated
with GQD-PEG under laser irradiation, which suggested that
GQD-PEG could induce strong immune responses as
a potential stimulator.''*° Previous studies have demonstrated
that CD4'T helper cells could activate cytotoxic cells such as
cytotoxic T cells and natural killer cells. Meanwhile, mature
DCs present the antigen peptide complex to CD8" cytotoxic
T cells to form an MHC I—peptide complex, releasing cyto-
toxins (IFN-y, perforin, granzymes, and granulysin) to kill
cancer cells.*** To examine whether GQD-PEG-mediated
photoimmunotherapy could induce systemic immune
responses, we evaluated the percentages of CD3'CD4"
T cells and CD3" CD8" T cells in tumor tissue at the end of
the experiment. Flow cytometry results (Figure S6B) showed
significantly increased percentages of CD3" CD8" T cells in
the draining lymph tissues of the tumor. An immunofiuores-
cence assay (Figure 5F) further confirmed the ability of GQD-
PEG with laser to promote CD8" T cell infiltration into
tumors. These results confirmed that the tumor areas of C3H
mice treated with GQD-PEG under irradiation prompted
CDS8" cytotoxic T cell infiltration into the tumor tissue, enhan-
cing the efficacy of its inhibition of tumor growth. Further,
GQD-PEG did not cause any damage to the liver, lung,
spleen, and kidney, which indicated its high biosafety to
normal tissues (Figure S7). Above all, moderate GQD-PEG-
mediated photoimmunotherapy photo-killed the tumor and
released tumor-associated antigens, efficiently activating
CD8" cytotoxic T cells with the help of cytotoxin-releasing
TNF-o. and IFN-y, and resulting in systematic antitumor
immunity. Although phototherapy could kill the tumor cells
only upon irradiation, the more actively recruited immune
cells may compensate for them during the continuing treat-

ment cycle.*' ™

Conclusion

In this work, GQD-PEG was synthesized and exhibited excel-
lent water stability, a strong capacity for photodynamic effi-
ciency, and immunostimulatory activity. After irradiation, the
high ROS from photodynamic toxicity killed tumor cells and
triggered immune responses by releasing endogenous tumor
antigens. Subsequently, inflammatory cytokine secretion
(TNF-a and IFN-y) induced the recruitment of cytotoxic
T lymphocytes to tumors to strengthen therapeutic efficacy.

Moreover, fluorescence imaging demonstrated the tumor-
targeting accumulation of GQD-PEG in vitro and in vivo.
This study illustrated that GQD-PEG is a promising candidate
for the combination of photodynamic and immunotherapy.
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