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Introduction: Oral squamous cell carcinoma (OSCC) is a prevalent and deadly cancer, with over 350,000 new cases yearly.
A hypoxic tumor microenvironment is the bottleneck of photodynamic therapy (PDT) and significantly weakens overall therapeutic
efficacy.

Methods: In this study, we introduce nitrogen vacancy—modified PCN (Ny~PCN), a novel metal-free and O,-independent photo-
sensitizer designed for PDT. Ny-PCN targets Cal-27—induced OSCC by reducing highly expressed H,O, in tumors to highly reactive
*OH. This innovative approach aims to overcome the limitations posed by the hypoxic environment and enhance the effectiveness of
PDT in treating OSCC.

Results: The introduction of Ny not only further improves the cell accessibility of PCN by increasing the content of -NH, but also
provides more reactive sites for H,O, reduction and facilitates carrier separation. Under illumination, Ny-PCN generates a burst of
*OH around the nuclei and mitochondria of Cal-27 cells, which effectively kills the cells via synchronously leading to DNA damage
and mitochondrial dysfunction. Compared to the conventional photosensitizer chlorin e6, Ny-PCN-based PDT exhibits excellent
anticancer performance in vitro and in vivo, highlighting its potential as a next-generation therapeutic agent.

Conclusion: Collectively, the high *OH-generation efficiency, strong anticancer activity, and overall safety of the O,-independent
nanoparticle opens up new avenues for in-depth study on carbon nitride-based cancer PDT strategies. This work offers new hope for
the effective treatment of OSCC and other challenging cancers.
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Introduction
Oral squamous cell carcinoma (OSCC) is a major global health issue, with over 350,000 new diagnosed cases and a high
mortality rate each year." Conventional surgical treatment based on removing primary lesions causes serious side effects,
such as loss of facial function (chewing, swallowing, and speaking) and different levels of aesthetic change.? In addition,
the much higher levels of DNA-damage repair in cancer cells than in normal cells can easily cause tumor resistance
during radiotherapy and chemotherapy.’

Photodynamic therapy (PDT), with its advantages of light-controlled selectivity, minimal invasiveness, and low side
effects, has garnered significant attention.* FDA-approved photosensitizers, such as chlorin e6 (Ce6) and 5-aminolevu-

linic acid, have been used to treat superficial tumors.>® However, almost all solid cancers are characterized by hypoxia,
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and the hypoxic tumor microenvironment can reduce effectiveness of the two abovementioned agents.” Other photo-
sensitizers, such as MnO, and Fe-MOF, can catalyze the production of highly toxic *OH with H,0,,*° inducing
multiorganelle damage in tumors. While these can be modified for targeted *OH generation, the potential release of
metal ions poses a threat to health.'®'" In the ongoing search for anticancer photocatalysts that can inflict oxygen-
independent tumor damage, inhibit DNA-damage repair, and prevent organ damage from metal residues, researchers
have set their sights on polymeric carbon nitride (PCN), a nanomaterial composed exclusively of carbon and nitrogen
elements. Unfortunately, the PDT anticancer effect of pristine PCN is not satisfactory due to the limited *OH caused by
surface inertness and severe carrier recombination.'?

In this study, nitrogen vacancy—modified PCN (Ny~-PCN) was synthesized to improve the cell accessibility of carbon
nitride by increasing the content of -NH, and provide more reactive sites for HO, reduction. As presented in Figure 1,
Ny-PCN leads to a synchronous explosion of *OH around the nuclei and mitochondria of Cal-27 cells under illumination,
which synchronously leads to nucleus DNA damage (increased expression of double-strand break marker yH,AX) and
mitochondrial dysfunction (decreased mitochondrial membrane potential [MMP]). Mitochondrial dysfunction triggers an
ROS storm to intensify DNA damage, and the ATP energy chain is attenuated to inhibit DNA-damage repair (reduced
expression of 53BP1 and GADD45A). Compared to Ce6, Ny-PCN exhibits excellent anticancer performance in vitro and
in vivo, opening up new avenues for carbon nitride-based cancer PDT.

Results and Discussion

Material Characterization of N\-PCN

The morphologies of pristine PCN and Ny~-PCN were observed by TEM. Ny-PCN exhibited an irregular flaked structure
with a diameter of approximately 100 nm (Figure 2a), half that of PCN (Figure S1). XRD and FTIR tests were conducted
to reveal the crystal phase and surface functional groups. In Figure 2b, the pristine PCN exhibits two typical diffraction
peaks at 13.0° and 27.4°, which are assigned to the periodic stacking of tri-s-triazine rings in plane (100) and graphitic
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Figure | Schematic illustration of (a) the preparation process and (b) the therapeutic process of N\-PCN.
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Figure 2 Characterization of as-prepared N\~PCN. (a) TEM image of N\-PCN. (b) XRD patterns, (c) FTIR spectra, and (d) N1Is XPS signals of PCN and N\-PCN. (e)
Structure diagram of N\~PCN. (f) UV-vis diffuse reflectance spectra. Inset: Tauc plots. (g) Band structures of PCN and N\~PCN. h) In situ DRIFT spectra of H,O, on PCN
and N-PCN under illumination for 10 min at 5-min intervals. (i) In situ EPR signals of H,O, over PCN and N\-PCN under illumination.

layer (002), respectively.'> The XRD pattern of N\-PCN exclusively presents the diffraction peaks of the PCN
component, revealing that the crystal structure of Ny~PCN is similar to that of PCN. However, all peaks of Ny~-PCN
weaken compared to PCN, suggesting a distorted structure and smaller dimensions of unit cells of Ny-PCN than PCN."
As shown in Figure 2c, PCN and Ny-PCN possess similar FTIR spectra. Specifically, the peaks at 3500-3000,
1650-1245, and 810 cm ', are attributable to the stretching vibrations of N—H group, stretching modes of tri-s-triazine
rings in plane, and the out-of-plane bending mode of heptazine rings, respectively.'> This indicates that the basic
structure of carbon nitride was preserved during the secondary roasting process.

XPS was used to detect the type and position of vacancies formed in the secondary roasting process. As shown in
Table S1, Ny~-PCN (71.66%) had higher C/N (at.%) than PCN (71%), which proved that nitrogen vacancies (Ny) were
introduced in carbon nitride after secondary roasting. For PCN, the three characteristic peaks at 288.30, 285.90, and
284.72 eV in C;4 XPS spectra (Figure S2) are attributable to N—-C=N, C-NHXx, and C=C (hybridized carbon in heptazine
ring), respectively. The three characteristic peaks at 398.62, 399.30, and 400.85 eV in Nj; XPS spectra of PCN
(Figure 2d) are attributable to N-C=N, N3C, and NHy, respectively.'® The corresponding characteristic C,, and N
N—C=N peaks of Ny~-PCN are shifted to lower binding energies compared with those of PCN, which can be attributed to
the negative electron enrichment around Ny. To verify the position of the N vacancy in Ny~-PCN, the relative content of
different N species was analyzed, with results shown in Figure 2d. The peak-area ratio of N3C decreased from 35.62% in
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PCN to 28.84% in Ny~PCN, which indicates that N3C defects were introduced in Ny~PCN. As shown in Figure S3, N3C
has two different positions: site (1) and site (2). The out-of-plane heptazine bending modes in PCN and Ny-PCN remain
unchanged (Figure 2c), which excludes the generation of N3C defects at site (). Based on these results, the structure of
Ny-PCN catalyst was deduced (Figure 2e).

Since Ny-PCN was used as a PDT agent for cancer therapy, its optical properties and band structure were examined
by UV-vis diffuse reflectance spectra, Tauc plots, and Mott—Schottky plots. As shown in the inset in Figure 2f, the
bandgap (E,) of PCN is 2.78 eV, which caused by the n—n* electronic transitions of the conjugated PCN framework and
is close to that reported for graphitic carbon nitride.'” Compared with PCN, Ny-PCN shows larger Eg 0f 2.85 eV, which is
attributable to the quantum confinement effect induced by the smaller nanosheet of N\-PCN than PCN.'® The slightly
stronger light-absorption capacity for visible light of Ny~-PCN than PCN (Figure 2f) might attributable to the midgap state
introduced by Ny '° In addition, a Mott—Schottky plot was used to obtain the semiconductor type and flat-band position
of the PCN and Ny~PCN samples. As illustrated in Figure S4, the slopes of the linear parts in the two curves are positive,
indicating the typical n-type semiconductor characteristics of PCN and Ny-PCN.?° The flat-band potentials (Eg,) of PCN
and Ny-PCN were determined to be —1.07 and —1.16 eV (vs Ag/AgCl at pH 6.6), corresponding to the conduction-band
potential at —0.48 and —0.57 eV (vs RHE) (relevant equations: E(NHE) = E(Ag/AgCl) + 0.197, E(RHE) = E(NHE) +
0.0591 x pH).?! Then, the valence-band position was calculated by adding the conduction-band potential to the bandgap,
which was 2.30 eV (PCN) and 2.28 ¢V (Ny~-PCN). Based on these results, the band structures of PCN and Ny~-PCN were
deduced, and these are shown in Figure 2g. Therefore, PCN and Ny~PCN have suitable band structures to catalyze the
reaction of H,O,/*OH+ OH .

In situ DRIFT spectroscopy measurements (conducted in a confined space and purged for 10 min after adding H,O5,)
were performed to reveal the mechanism of photocatalytic *OH generation over PCN and Ny-PCN. As shown in
Figure 2h, compared with the pristine PCN, the peak intensity is significantly enhanced after introducing Ny, indicating
that Ny facilitates the adsorption of H,O, on carbon nitride. The peaks at 1602, 1405, and 854 cm ! can correspond to
the stretching vibrations of the N-C=N bond of Ny~-PCN, CN-O bond between Ny~-PCN and H,0,, and HO—-OH bonds
of H,0,, respectively.22 For Ny-PCN, all peaks become weaker as light-irradiation time increases and the HO—OH
stretching vibration peak moves to the direction of the high wave from 850 to 856 cm ', which is attributable to the
reduction in H,O, by photoelectrons on Ny-PCN into *OH and OH . Therefore, we speculate that H,O, is adsorbed on
the N site of the heptazine ring attached to Ny on Ny-PCN.

To evaluate the ability of PCN and Ny~-PCN to generate *OH, we examined the in situ EPR spectrum to measure *OH.
Figure 2i exhibits the characteristic 1:2:2:1 *OH radical signal at different time points,* indicating that both PCN and Ny
-PCN catalysts can reduce H,O, to *OH. For PCN, *OH increases within 1-3 min, but stabilizes at 4 min, which means
that the production of *OH equals annihilation.>* For Ny~PCN, *OH continues to rise within 1-4 min, and the overall
signal intensity on Ny-PCN is much more prominent than that on PCN, indicating the stronger ability of of Ny-PCN to
produce *OH than PCN with equivalent PCN (x1) and even higher than threefold PCN (x3) at 4 min (Figure S5), which
is attributable to the more active sites for reduction of H;O, on Ny~-PCN than that on PCN.

N\-PCN Upregulated *OH Expression in Cal-27 Cells under LED Irradiation

PDT is an innovative approach in cancer treatment, offering distinct advantages over conventional therapeutic methods, such as
low toxicity, precision, spatiotemporal control, and minimal invasiveness.*> To circumvent the resistance to O,-dependent PDT
in hypoxic tumors, we designed a novel non-O,-dependent type I photosensitizer—Ny~-PCN. It is well established that the level
of H,0, in cancer cells is significantly higher than that in normal cells.® The aim of this research was to utilize N\-PCN to
convert the overexpressed H,O, within tumors into highly toxic *OH, thereby destroying cancer cells. Although the generation of
*OH has been investigated in material characterization, further investigation is warranted to explore its potential in biological
applications.

Therefore, to further validate Ny~-PCN—promoted tumoral *OH expression by PDT, Cal-27 cells were cocultured with
Ny-PCN and intracellular *OH levels determined using an *OH probe, which can react with *OH generated from the
reduction of H,O, to emit green fluorescence. In Figure 3a, the intracellular *OH was detected via flow-cytometry
analysis and CLSM imaging, respectively. As shown in Figure 3b, the ratio of *OH-producing cells is significantly
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Figure 3 PDT definitely promoted tumoral *OH expression in vitro. (a)Depicts a schematic diagram of detecting intracellular *OH in Cal-27 cells that have been pre-
exposed to light, utilizing a *OH fluorescent probe. (b) Flow-cytometry analysis of *OH production in Cal-27 cells. (c) CLSM images of Cal-27 cells exposed to various
conditions, where green fluorescence reflects *OH expression.

increased in the Ny-PCN + light group, indicating that more *OH was generated. In Figure 3¢, we can clearly see that the
Ny-PCN + light group exhibits stronger green fluorescence intensity, indicating Ny~-PCN possesses similar photocatalytic
activity in biological applications. In that case, we propose that N~-PCN, a novel light photocatalyst, can act as a Fenton-
like agent to augment efficient intracellular expression of *OH and induce cell apoptosis, thus achieving PDT.

In Vitro Anticancer Effects of N\-PCN Irradiated with LED Light

Prior to assessing the therapeutic effects of Ny-PCN upon white LED-light illumination, it was necessary to use the
standard CCK-8 assay to evaluate the cytotoxic effects, which is a very important issue in the medical application of
nanomaterials. After incubation with PCN and Ny~-PCN for 24 h, no obvious cytotoxicity was observed in Cal-27 cells,
even at concentrations up to 1 mg-mL™', indicating the negligible cytotoxicity of PCN and Ny-PCN (Figure 4a and b).
By contrast, when exposed to white LED light, cell viability gradually declined with increasing concentrations of Ny~
PCN, and the cell viability of the group incubated with 2 mg:mL ' Ny-PCN was the lowest among all groups.
Nevertheless, even under nonirradiated conditions, 2 mg~mL71 Ny-PCN still affected cell viability. Therefore, we
selected 1 mg-mL " as the optimal concentration for subsequent cell experiments. When adding isopropanol (scavenger
of *OH)*” into the system (Ny-PCN + light group), cell viability was significantly enhanced (Figure 5a), which showed
that *OH played an key role in the Ny-PCN photocatalytic inactivation of cancer cells. In addition, the larger red
fluorescence area in the live and dead images for the Ny-PCN + light group corroborates the results of the CCK-8 assay
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CLSM images. (c) Immunofluorescence images of YH,AX foci (green) in Cal-27 cells treated withcontrol, N\-PCN, light, Ce6é + light, and N\~PCN + light. Cell nuclei were
stained with DAPI (blue). (d) Confocal microscopy images of the JC-1 probe in Cal-27 cells. (e) Flow cytometry of total ROS generation in Cal-27 cells under different
treatments using DCFH-DA as intracellular total ROS indicator. Significance calculated by one-way ANOVA: *P<0.05, ****P<0.000| compared to the control group.

(Figure S6). The results suggest that Ny~PCN not only possesses great biocompatibility but also exhibits more efficient
photodynamic killing ability of cancer cells than PCN under illumination. Therefore, this study deeply investigated the
biological properties of Ny~PCN.

Next, assessment of the capacity of internalizing sufficient Ny-PCN in cancer cells was conducted, because this is
critical for further therapeutic effects. Dark-field scattering microscopy was used to visualize the intracellular distribution
of Ny-PCN. There was obvious signal enhancement in the Ny-PCN group compared with the control group, showing the
efficient uptake of Ny~-PCN by Cal-27 cells (Figure S7). As shown in Figure 5b, green fluorescence derived from Ny~
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PCN is mainly concentrated in the cytoplasm and nucleus and intensifies with prolonged incubation time, indicating that
the effective cellular uptake of Ny~-PCN is dependent on incubation duration.

Ny-PCN, a potent photosensitizer, converts intracellular H,O, to *OH under white LED-light irradiation. Among
ROS, *OH exerts greater damage to cancer cells due to its more aggressive effect on nuclei, inducing DNA double-strand
breaks.?® Here, we evaluated DNA double-strand breaks by yH,AX staining using immunofluorescence labeling (green)
and Western blot. The results showed that a prominently higher density of YH,AX foci occurred in the Ny~-PCN + light
and Ceb6 + light group than in the control, light, and N\~-PCN-alone groups (Figure 5c and S8), indicating that Ny-PCN
and Ce6 can greatly increase light-induced DNA damage. However, it has been observed that the occurrence of DNA
damage in cancer cells promotes the initiation of DNA damage-repair mechanisms, which results in tumor resistance.”

Moreover, *OH has the potential to induce mitochondrial damage due to the superior reactivity of *OH.*° Considering
this, the mitochondrial functions of the different groups were evaluated by analyzing the MMP of cells. As depicted in
Figure 5d, when compared with the single-treatment groups (control, Ny~PCN, and light), Cal-27 cells treated with Ce6
and Ny-PCN irradiated with light transformed more JC-1 polymer to JC-1 monomer on the mitochondria, suggesting
declining MMP in Cal-27 cells, especially in the Ny-PCN + light group, revealing that more *OH produced by Ny~-PCN
during PDT eventuates in mitochondrial dysfunction. Ce6, an FDA-approved type Il photosensitizer, predominantly
functions by leveraging the available oxygen in tumors to generate singlet oxygen, a key mechanism behind its
therapeutic effectiveness. Nonetheless, the tumor microenvironment is inherently hypoxic, implying that it lacks the
sufficient substrate necessary for the generation of reactive oxygen species (ROS) that are crucial for inflicting
mitochondrial damage.*' Mitochondria regulate ROS and maintain cellular redox balance. Dysfunction in mitochondria
boosts ROS, aggravating DNA damage and possibly leading to cellular dysfunction and disease progression.*” To further
verify the total intracellular ROS generation of Ny-PCN under LED illumination, DCFH-DA was used as a fluorescent
probe to monitor the intracellular production of ROS. DCFH-DA is hydrolyzed by esterase after entering the cell to form
DCFH, which can react with ROS in cells and exhibit green fluorescence. Notably, intense green fluorescence was
observed in the Ny~-PCN + light (Figure S9). In contrast, negligible fluorescence was observed in the control, Ny-PCN,
and light groups. We also quantitatively detected the generation levels of total intracellular ROS in Cal-27 cells using
flow cytometry (Figure 5e), and obtained similar results to the aforementioned.

In eukaryotic cells, mitochondria are critical for regulating intracellular energy.*> After mitochondrial damage,
intracellular ATP content decreases.®* As shown in Figure 6a, compared with the single-treatment groups, the ATP
content of the Ny~-PCN + light group was significantly reduced, leading to the downregulation of DNA-damage repair.
However, the Ce6 + light group exhibited enhanced damage repair compared to the Ny~PCN + light group. 53BP1 and
GADD45A, key factors in the DNA damage—repair process,’>>® were further evaluated. N\-PCN + light treatment
markedly decreased the protein expression of 53BP1 and GADDA45A (Figure 6b). Additionally, the downregulation of
53BP1 and GADD45A was further confirmed by Western blot analysis (Figure 6¢), and cancer cells treated with Ny-PCN
+ light exhibited failed DNA-damage repair.

Then, we evaluated their therapeutic effects upon light irradiation by EDU assays. As illustrated in Figure S10, there
was 80%, 76%, and 60% cell proliferation of Cal-27 cells after treatment by Ny~-PCN alone, light alone, and Ce6 + light,
respectively, while only 26% survived under Ny-PCN + light treatment (smaller red fluorescence area, Figure 6d).
Similarly, the Transwell assays revealed less cell migration in the Ny-PCN + light group than in the other three groups
(Figure 6e). These results, along with previous findings, raise the possibility that compared to Ce6, Ny~-PCN would
induce a more powerful anticancer effect due to enhancing ROS generation and inhibiting cancer-cell proliferation under
light irradiation.®’

In addition, flow cytometry was utilized to quantitatively detect cell apoptosis under various treatments by annexin
V—FITC/propidium iodide double staining. As shown in Figure 7a, no obvious apoptosis (early apoptosis or late
apoptosis) was detected in the control, Ny~-PCN-, or light-alone groups. On the contrary, when the cells were treated
with Ce6 and Ny~-PCN under light irradiation, early-apoptosis cells and late-apoptosis cells increased to 3.55% and 3.66%
and to 14.51% and 33.42%, respectively. The results of Western blot and immunofluorescence analysis further confirmed
that the apoptosis-related protein cleaved caspase 3 was activated and its expression was significantly greater in the Ny~
PCN+ light group than in the other groups (Figure 6¢c, 7b), indicating that Ny~PCN + light cotreatment induces
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Figure 6 N\-PCN-mediated PDT promoted Cal-27 cell apoptosis. (a) Intracellular ATP levels of Cal-27 cells after various treatments. (b) Expression of 53BPI and
GADDA45A in Cal-27 cells examined by fluorescence microscopy. (c) Expression levels of yYH2AX, GADD45A, 53BPI, pro-caspase 3, cleaved caspase 3, and B-actin
proteins in cells treated for 24 h in different groups detected by Western blot experiments. B-actin protein was used as the internal control. (d) EDU assay of Cal-27
cells with control, N\-PCN, light, Ce6 + light, and N\-PCN + light. (e) Transwell assay of Cal-27 cells with control, N\-PCN, light, Ce6 + light, and N\-PCN + light. The
concentration of N\-PCN was | mg:mL™". Significance calculated by one-way ANOVA: *P<0.05, **P<0.01, **P<0.001, **P<0.0001.

a powerful PDT effect and effectively triggers tumor-cell apoptosis. Taken together, these results indicate that the as-
prepared Ny-PCN under LED irradiation enhanced anticancer activity by inducing *OH-mediated DNA damage and
mitochondrial dysfunction, downregulating ATP, amplifying ROS storms, inhibiting DNA-damage repair, and upregulat-

ing apoptosis-related proteins.

In Vivo Antitumor Therapeutic Effect and Biosafety of N\~-PCN Irradiated with LED
Light

The excellent performance of Ny-PCN at the cellular level prompted us to evaluate the PDT efficacy of Ny~-PCN on solid
cancers in BALB/c nude mice bearing Cal-27 tumors. Animal experiments were performed according to the protocols
approved by the Ethics Committee of the Second Hospital of Shanxi Medical University (DW2023049). The treatment
protocol is shown in Figure 8a. Prior to conducting the antitumor study, the biodistribution of Cy5.5-Ny-PCN after
intratumoral injection was detected by tracking Cy5.5 fluorescence using an in vivo imaging system.>® As shown in
Figure 8b, the long-term distribution of Cy5.5-N+v~-PCN fluorescence over 72 h indicates the excellent tumor-accumulation
capacity of Ny-PCN.*” It was observed that in addition to tumor tissue, kidney, one of the main metabolic organs, also
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Figure 7 (a) Qualitative flow-cytometry data plot indicating the increase in apoptosis of Cal-27 cells after different treatments for 24 h. (b) Immunofluorescence images of
cleaved caspase 3 (green) in Cal-27 cells treated with control, N\-PCN, light, Ce6é + light, and N\-PCN + light. Cell nuclei were stained with DAPI (blue).

exhibited much fluorescence aggregation compared with the control group within 6 h, indicating that some Ny~-PCN can be
excreted mainly through the kidneys without apparent impacts on the remaining organs.

Thereafter, the in vivo anticancer effects of Ny-PCN—-mediated PDT were investigated. During the experiments, the
weight of mice in all groups changed slightly within 22 days (Figure 8c), suggesting that Ny~-PCN has no obvious
systemic side effects in vivo. Compared with the control group and the single-treatment groups (Ny-PCN, light), Ce6 +
light and Ny-PCN + light effectively suppressed tumor growth, with the Ny-PCN + light group showing a more
pronounced effect (Figure 8d). The satisfactory photosensitizing effect is attributed to the enhanced generation of
ROS, leading to the death of cancer cells in an apoptosis pathway. After 22 days, all mice were euthanized to harvest
tumor tissue (Figure 8¢) and weigh them to directly explore the efficacy of different treatments. The tumor weights are
shown in Figure 8e. Mice that received Ce6 + light and Ny-PCN + light treatment had significantly smaller tumor
volume, which matches well with the tumor-growth curves in Figure 8d, further indicating that Ny-PCN
presents significant advantages in anticancer therapy.*® The therapeutic effect was also confirmed by pathological results
(Figure 8f). All groups showed varying degrees of tumor necrosis on H&E staining. Remarkably, the Ny~PCN + light
group showed tumor-tissue damage (approximately 75% and 80%). Moreover, cancer cells in the Ny~-PCN + light group
exhibited the weakest Ki67 signal and the strongest TUNEL signal, showing that this treatment can maximally inhibit
cell proliferation and promote cell apoptosis. It is particularly noteworthy that Ny-PCN PDT was confirmed to effectively
increase the expression of YH,AX and cleaved caspase 3, implying serious DNA damage and apoptosis.

Nanomedicine safety is a critical concern in its application in biomedicine. Consequently, experiments including
H&E staining of main organs and blood hematology were performed to ensure the safe application of Ny-PCN and Ce6
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Figure 8 In vivo antitumor effect of N\-PCN-mediated PDT. (a) Schematic of the therapeutic process for cancer-bearing nude mice. (b) Fluorescence images of Cal-27
cancer-bearing mice and ex vitro fluorescence images of major organs and tumor tissue after intratumoral injection of Cy5.5-N\~-PCN at different time points. (c) Time-
dependent surveillance of body weight for mice with different treatments over 22 days (n=4). (d) Time-dependent surveillance of tumor volume for mice with different
treatments over 22 days (n=4). (e) Cancer images of each group derived from BALB/c mice at day 22 posttreatment. (f) H&E and immunohistochemical staining of tumor
tissue of mice after various treatments. Significance calculated by one-way ANOVA: ***%P<0.0001.

in vivo. We collected the major organs (heart, liver, spleen, lung, and kidney) after different treatments for H&E staining,
and the histological morphology of the major organs appeared unaffected in all the groups (Figure 9a). The blood
biochemistry and hematology tests also showed negligible effects in the significant parameters (Figure 9b and c). All of
these results demonstrate that Ny-PCN, similar to Ce6, is a safe nanoplatform for cancer therapy.

Methods

Catalyst Preparation

Pristine PCN was obtained by annealing melamine powder (10 g) at 550°C for 240 min (heating rate 3°C min ') and
grinding it homogeneously under an air atmosphere. Subsequently, PCN (0.3 g) was subjected to annealing at 520°C for
60 min (heating rate of 10°C min ') under an argon atmosphere to synthesize Ny-PCN.
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Figure 9 In vivo toxicity and safety assessment of N\-PCN. (a) Hematoxylin and eosin—stained tissue sections from the mice to monitor histological changes in heart, liver,
spleen, lung, and kidney 22 days after intratumoral injection of the N\-PCN solution. (b) Blood biochemistry analysis of the mice treated with Ce6 and N\-PCN. (c) Blood
hematology analyses of mice on the last day.

Characterization

Transmission electron microscopy (TEM) images were obtained using a Tecnai G2 F20 STwin. Before measurement,
a dispersion solution of PCN and Ny-PCN NSs was deposited on a carbon film supported by copper grids. X-ray
diffraction (XRD) patterns were attained with a Bruker D8 Advance equipped with Cu Ka radiation (40 kV). Fourier-
transform infrared (FTIR) spectra were recorded by a Bruker Tensor Il spectrometer using a KBr pellet. X-ray
photoelectron spectroscopy (XPS) was performed with a VG Scientific Escalab Mark II spectrometer. UV-vis diffuse
reflectance spectra were obtained with a Shimadzu UV-3600 spectrometer. Electrochemical measurement was performed
on a CHI 760E workstation using a conventional three-electrode configuration, where Ag/AgCl and platinum plates were
used as reference and counter electrode, respectively. The working electrode was prepared by mixing catalyst (2.5 mg),
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water (300 pL), ethanol (200 pL), and Nafion (5 wt%, 25 pL) evenly. The slurry (20 uL) was then spread to 0.5 cm® on
a fluorine-doped tin oxide glass electrode. After the electrode had dried, the edge portion of the electrode was sealed with
epoxy adhesive. Motto—Schottky plots and photocurrent signals were collected using 0.1 M of Na,SO, solution as
electrolyte. In situ DRIFT spectra were recorded in a sealed in-site reaction cell (equipped with Praying Mantis diffuse
reflectance accessory and MCT detecor).

The catalyst was added to the reaction cell and processed at 100°C under argon for 1 h. Then, 10 pL of H,O, solution
was added, purged for 10 min under argon conditions, and the test data obtained after the catalyst had started to
illuminate. In situ electron paramagnetic resonance (EPR) measurements were conducted on a Bruker EMXplus 10/12
spectrometer. For preparation of the test samples, 5 mg of catalyst was ultrasonically dispersed in 1 mL of acetonitrile,
and 45 L of the above mixture and 5 uL of H,O, were mixed with 20 pL of DMPO acetonitrile solution (I mg-pL™").
The EPR spectra were measured at an interval of 30 seconds and swept for 30 seconds with no superposition of signals.
A BD FACSCanto II flow cytometer was used to perform flow-cytometry analyses. A multifunctional microplate reader
was used to perform cell-viability and hemolysis experiments (Infinite M1000 Pro, Tecan). A white light—emitting diode
(LED) with emission centered at 400—-600 nm purchased from Shenzhen Zhongyu Technology (China) was used as the
white-light source. The intensity of the white LED for photocatalysis and PDT was 50 mW-cm 2 for 30 min.

Cell Culture

Human oral squamous carcinoma cells (Cal-27) were obtained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). Cal-27 cells were kept in DMEM (Gibco) supplemented with 10% FBS, 1% penicillin—streptomycin
and 1% L-glutamine (Meilunbio) at 37°C in a cell incubator (Thermo Scientific) containing 5% CO,. For cell passage,
cells were digested with 0.25% trypsin—-EDTA (Gibco) and then resuspended in fresh culture medium.

Measurement of Endogenous *OH

After coculturing Ny-PCN or Ce6 and Cal-27 cells in a 24-well plate (1x10° cells/well) for 6 h, cells were exposed or
received no exposure to LED irradiation (50 mW-cm 2, 30 min). The culture medium was removed and each well
washed repeatedly with PBS. Subsequently, the cells were incubated with HKOH-1r (MCE, HY-D1159) in a cell
incubator for 30 min. *OH level was detected and quantified using confocal laser scanning microscopy (CLSM,
Olympus, FV3000) and flow cytometry (Agilent Corporation, NovoCyte).

Cellular Uptake

The Cal-27 cells were seeded in 24-well plates (1x10° cells/well) and cultured for 24 h. After incubation with Ny-PCN,
Cal-27 cells were fixed with 4% paraformaldehyde (PFA, Leagene), stained with DAPI (Beyotime), and finally the
uptake of Cal-27 cells was observed with CLSM.

Cytotoxicity Assay

Cell viability was assessed using Cell Counting Kit 8 (CCK-8). The Cal-27 cells were cultured in 96-well plates (1.2x10*
cells/well). After 24 h of incubation, the cells were treated with Ny-PCN (1 mg-mL ™", 100 pL) for 6 h and then irradiated
with the white LED (50 mW-cm 2, 30 min). After 24 h, 100 pL of fresh DMEM containing CCK-8 (10%) was added and
the treatment continued at 37°C for 30 min. Absorbance was then measured at 450 nm using a full-wavelength
enzymograph (SpecteaMax plus 384, USA) to assess cell viability.

A fluorescent live/dead cell assay was applied to visualize the cell viability of Ny~PCN combined with visible light
irradiation in Cal-27 cells. Typically, the cells were treated using the same method as described above and then stained
with a Live/Dead Cell Staining Kit (BestBio, China) in accordance with the manufacturer’s instruction. Afterwards, live
and dead cells, emitting green and red fluorescence, respectively, were observed using CLSM.

In addition, hemocompatibility assays were used to measure the cytotoxicity of Ny~-PCN. Fresh blood was obtained
from BALB/c mice, red blood cells acquired via centrifugation (3000 rpm, 15 min), and then these were mixed with Ny~
PCN concentrations of 200, 400, 600, 800, and 1000 ug-mL™". PBS and ddH,O were set as the negative and positive
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control group, respectively. After incubation for 4 h, the solution was centrifuged (3000 rpm, 15 min) and the absorbance
spectra of the supernatant were measured at 540 nm.

DNA Damage by N\-PCN

Cal-27 cells (1x10°/well) were seeded into 24-well plates for 24 h and then incubated with Ny-PCN or Ce6 (1 mg-mL ™",
500 pL) for 6 h. Next, those cells were exposed or received no exposure to LED irradiation. PFA (4%) and Triton X-100
(0.5%) were used to fix and permeate the cells, respectively. Then, the cells were treated with blocking buffer (1% BSA,
30 min) at room temperature and further incubated with anti-phospho-histone YH,AX rabbit monoclonal antibody
(UpingBio, YP-Ab-01510, dilution 1:1000) at 4°C overnight. Then, fluorescein isothiocyanate (FITC; Beyotime
Biotechnology, dilution 1:800) was added and incubated at room temperature for 1 h after being washed with PBS
three times to remove excess antibody. Cell nuclei were stained by DAPI for 5 min. Finally, fluorescence images were
acquired with CLSM.

Mitochondrial Membrane Potential Analysis

Cal-27 cells were inoculated in 24-well plates (1x10° cells/well) for 24 h. The cells were then treated with control, Ny~
PCN, and Ce6 in the dark for 6 h with or without LED irradiation. JC-1 dyeing solution (configured according to
manufacturer’s instructions) was then added and incubated at 37°C for 20 min. Finally, the cells were washed three times
with JC-1 dye buffer and images taken by CLSM.

Total Intracellular ROS Generation

Cal-27 cells (2 x 10°/well) were seeded into six-well plates. Five groups were set: (a) control, (b) Ny~-PCN, (c) light only,
(d) Ce6 + light, and (e) Ny-PCN + light. Then, cells in the corresponding groups were incubated with control, Ny-PCN,
and Ce6 (1 mg-mL™", 500 uL). After 6 h, the 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA; Meilunbio, MA0219)
was added as a fluorescence probe and the mixture incubated in the dark for 30 min. Afterwards, groups (¢), (d), and (¢)
were disposed of” modified to “Afterwards, groups (c), (d), and (e) were exposed to illumination. Finally, flow cytometry
and fluorescence microscopy (Leica, Germany) were used to study the generation of intracellular ROS.

Detection of Intracellular ATP

The Cal-27 cells were cultured in 96-well plates (1.2x10* cells/well). After 24 h of incubation, the cells were treated with
Ny-PCN and Ce6 (1 mg-mL ™", 100 pL) for 6 h, followed by light irradiation, then after incubation for another 24 h, the
cells were collected. In conjunction with an ATP chemiluminescence assay kit (Elabscience, E-BC-F002), the fluores-
cence value of each well was detected by a Varioskan multifunctional enzyme labeler (Thermo Scientific,
Varioskan LuX).

Immunofluorescence Staining

The Cal-27 cells were seeded into 24-well plates (1x10° cells/well) for 24 h and then incubated with Ny-PCN and Ce6
(1 mg-mL™", 500 uL) for 6 h. Next, they were exposed or received no exposure to LED irradiation. PFA (%) and Triton
X-100 (0.5% were used to fix and permeate the cells, respectively. Then, the cells were treated with blocking buffer (1%
BSA, 30 min) at room temperature and further incubated with 53BP1 (Beyotime), GADD45A (Bioss), and cleaved
caspase 3 (Uping Bio) primary antibody at 4°C overnight. Subsequently, Cy5-labeled or FITC-labeled (Beyotime
Biotechnology, dilution 1:800) goat anti-rabbit IgG was added and incubated at room temperature for 1 h after being
washed with PBS three times to remove excess antibody. Cell nuclei were stained with DAPI for 5 min. Finally,
fluorescence images were acquired with CLSM.

In Vitro Anticancer Effect of N\-PCN
The Cal-27 cells were seeded in 24-well plates (1x10° cells/well) for 24 h and treated with Ny~-PCN or Ce6 for 6 h. To
evaluate the PDT effect, the cells were exposed or received no exposure to LED irradiation. The cells were then analyzed
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using 5-ethinyl-2’-deoxyuridine (EdU; KeyGen), Transwell assays, and annexin V-FITC/propidium iodide (KeyGen,
Nanjing, China) in accordance with the manufacturer’s guidelines.

Western Blotting Assay

The Cal-27 cells were seeded in a six-well plate (2 x 10° cells/well) and cultured for 24 h. Then, Ny-PCN (1 mg-mL ™)
was added to two groups (Ny-PCN and Ny-PCN + light) for 6 h. The cells of the light or Ny~-PCN + light group were
irradiated with white LED light (50 mW-cm 2, 30 min). After 24 h of incubation, cells were collected and lysed by
precooled RIPA buffer for 30 min. After centrifugation (12,000 rpm) for 20 min at 4°C, the supernatant was mixed with
the loading buffer and protein concentrations of the four groups determined using a BCA protein assay kit (KeyGen,
BioTECH). Proteins were then separated and transferred. The membranes were blocked at room temperature (protein-
free rapid blocking solution, Boster) for 20 min. After that, the membranes were incubated with primary antibodies
overnight at 4°C. These antibodies were pro-caspase 3 (UpingBio, YP-Ab-00345, dilution 1:1500), cleaved caspase 3
(UpingBio, YP-Ab-00003, dilution 1:1500), yYH2AX (UpingBio, dilution 1:1000), GADD45A (Bioss, bs-1360R, dilution:
1:200), 53BP1 (Abcam, ab243868, dion:luti 1:1000), and B-actin (ABclonal, AC038, dilution 1:10,000). Then, the
membranes were washed and incubated with HRP-conjugated secondary antibody (UpingBio, YP848537-H, dilution
1:10000) for 1 h. Finally, stained with the ECL detection kit (Meilunbio, MA0186), the protein bands were observed
using Compass software (Bio-Rad chemidoc XRS+, Universal Hood II) and the appropriate protein gray values
calculated.

Transwell Assay

The migration ability of Cal-27 cells was detected by a Transwell assay. Cal-27 cells were seeded in 6-well plates at
a density of 2x10° cells per well. After 24 h, the cells were treated with Ny-PCN (1 mg-mL™", 100 pL) for 6 h and then
irradiated with white LED light (50 mW-cm %, 30 min) for another 24 h. The upper chambers of Transwell plates
(Corning Inc.; Corning, NY, USA) use 8.0 um-pore filters. Cal-27 cells in different groups were collected and seeded on
the upper chambers (1.0 x 10> cells per chamber) in 200 pL serum-free medium. In contrast, the lower chambers were
filled with 600 uL. of DMEM medium containing 20% (V/V) FBS to induce cell invasion. After 24 h, the non-invading
cells on the upper side of the filters were removed, and the invading cells on the lower side were fixed with 4% (W/V)
PBS-buffered PFA for 30 min and stained with 0.2% (W/V) crystal violet for 10 min. The stained cells were visualized
and counted in three random fields using an inverted microscope.

In Vivo Biodistribution and Cancer Accumulation of N\-PCN

In order to evaluate the in vivo biodistribution of Ny-PCN, the healthy mice were intratumorally injected with
Cy5.5-labeled Ny-PCN (5 mg'mL™", 50 uL). At time points of 1 min, 30 min, 1 h, 3 h, 6 h, 12 h, 24 h, 48 h, and
72 h), the mice were euthanized to collect the main organs (heart, liver, spleen, lung, and kidney) and tumor tissue.
Fluorescence was visualized with a small-animal live optical 3D imaging system (PerkinElmer, IVIS Spectrum). Based
on in vivo imaging-system observations, mice were euthanized after injection of Cy5.5-Ny~PCN at different time points,
and then the harvested cancer tissue and major organs were analyzed by ex vivo fluorescence imaging.

In Vivo Anticancer Effects of N\-PCN

To construct a tumor-bearing BALB/c mouse model, harvested Cal-27 cells were suspended in a suitable amount of PBS.
Cancer cells were injected into the proximal axilla of the right hind limbs of mice to construct an OSCC mouse model.
The mice were then injected with 50 uL (2 x 107 cells) of the suspension into their right hind-limb axilla. When tumors
had grown to 100 mm?, the mice were divided into four groups—(a) PBS, (b) Ny-PCN, (c) light only, (d) Ce6 +
light, and (e) Ny-PCN + light—that were treated with PBS, Ny-PCN, or Ce6 solution via intratumoral injection every 2
days for a total of four times with or without light irradiation. The tumor volume was measured with a vernier caliper and
calculated as (length x width?)/2 for 22 days. After euthanasia, the cancer tissue and main organs (heart, liver, spleen,
lung, kidney) were weighed, fixed in 4% PFA solution, and tissue slices embedded in paraffin. For further evidence of
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cancer apoptosis, tumor slices were stained with HE, Ki67 (Abcam, ab15580), Tunel (Beyotime), YH,AX, and cleaved
caspase 3 antibody, and immunofluorescence images were captured by CLSM.

In Vivo Safety Assessment

Blood samples were collected from each group. About 100 pL of the samples were treated with anticoagulant (potassium
EDTA) for hematology analysis. The residual blood was precipitated at room temperature for 2 h, and the plasma was
collected by centrifugation at 3500 g for 10 min to assess liver (AST, ALT) and kidney (CRE, urea) function indices.
Additionally, main organs (heart, liver, spleen, lung, kidney) were stained with H&E to observe changes in tissue
structure using light microscopy. All analyses were conducted at Wuhan Xavier Biotechnology.

Statistical Analysis

All data are presented as means + standard deviation (SD) of at least three independent replicates for each experiment.
Statistical analysis was performed using GraphPad Prism 9. Data were compared using Student’s ¢ test and one-way
ANOVA. Statistical differences are indicated by asterisks in the figures: *P<0.05, **P<0.01, and ***P<0.001.

Conclusion

In summary, we designed nitrogen vacancy (Ny)-modified PCN (Ny-PCN) for PDT of Cal-27 cell-induced OSCC that
effectively induced Cal-27-cell apoptosis by triggering DNA damage and inhibiting DNA-damage repair. The introduction of
Ny not only further improved the cell accessibility of PCN by increasing the content of -NH, but also provided reactive sites
for H,O, reduction and facilitated carrier separation, which are beneficial for large-scale production of *OH. Moreover, EPR
and intracellular *OH assays revealed that Ny~PCN exhibited superior *OH-generation efficiency under visible-light irradia-
tion. Therefore, Ny~-PCN leads to the explosion of *OH around the nuclei and mitochondria of Cal-27 cells under illumination,
which effectively kills Cal-27 cells via synchronously leading to nucleus DNA damage and mitochondrial dysfunction. Then,
mitochondrial dysfunction triggers an ROS storm to intensify DNA damage. It also attenuates the ATP energy chain to inhibit
DNA-damage repair. Compared to the O,-dependent photosensitizer Ce6, Ny-PCN-based PDT has stronger antitumor
efficacy in vitro and in vivo. Therefore, this kind of nanoparticle not only represents an efficient photosensitizer for enhanced
PDT of cancer but also opens up new avenues for in-depth study on carbon nitride-based cancer PDT.
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