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Enhanced Renal Carcinoma Treatment via Synergistic
Photothermal/Photodynamic Therapy Using Hittorf's
Phosphorus-Decorated Polymeric Carbon Nitride

Heterostructure

Chen Guan, Chenyu Li, Chengyu Yang, Dongjiang Yang, Lixue Zhang, Lingyu Xu, Ke Liu,
Ningxin Zhang, Tianyang Li, Zhuo Song, Lin Che, Yanfei Wang, Liwei Zhang, Daohao Li,*

Yukun Zhu,* and Yan Xu*

Nanostructured heterojunctions offer a promising solution to overcome the
limitations of narrow absorption spectra, limited penetration depths, and
potential harm to healthy cells in phototherapy for clear cell renal cell
carcinoma (ccRCC) treatment with nanomaterials. In this study, a
heterostructure (PCN@HP) by decorating Hittorf’s phosphorus nanorods
onto biocompatible polymeric carbon nitride (PCN), enabling excitation by
NIR light is designed. Compared with PCN and HP alone, the synthesized
heterostructure generated localized heat upon broad absorption spectra of
irradiation, boosting charge migration and separation, generating cytotoxic
reactive oxygen species (ROS). Then, via in vitro and in vivo experiments, it is
confirmed that the NIR-mediated PCN @ HP heterojunction is a safe and
effective approach for synchronous photothermal and photodynamic therapy
treatment of ccRCC. Collectively, the PCN@HP heterojunction holds great
potential as a non-invasive synergistic, dual-mode therapeutic nanomedicine

for efficient tumor nano-therapy.

1. Introduction

Renal cell carcinoma represents a highly vascularized variant of
kidney cancer, comprising almost 90% of all renal malignan-
cies. Clear cell renal cell carcinoma (ccRCC), constituting around

75% cases, stands as the predominant yet
aggressive pathological subtype.['] Given
the limited response of ccRCC to tra-
ditional interventions, various experimen-
tal treatments have been developed over
time, including immune checkpoint block-
ade and combination regimens therapy.[*
However, the clinical application of these
approved targeted agents is constrained
due to inevitable toxicity and the emer-
gence of drug resistance. Therefore, there
is an urgent need for efficacious and safe
therapies that specifically target ccRCC.>~7]

Photothermal therapy (PTT) and photo-
dynamic therapy (PDT) have been exten-
sively utilized in cancer treatments, offering
advantages such as low toxicity, min-
imal side effects, and reduced drug
resistance.®®] Upon near-infrared (NIR)
light irradiation, PTT involves the release
of vibrational energy through photosensitizers, resulting in
the generation of local heat.[!! This process, in turn, triggers
hyperthermia-induced cell death. On the other hand, PDT en-
tails a photochemical reaction that occurs when a photosensitizer,
light, and oxygen interact. This interaction ultimately leads to
the production of cytotoxic reactive oxygen species (ROS), which
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induces cell death.'12] However, the application of PTT may
be limited by its side effects, such as hyperthermia-induced in-
jury to healthy cells and tissues, while PDT can result in cyto-
toxic ROS that also cause damage to non-tumor cells.3] To ad-
dress these challenges, a contemporary approach has been pro-
posed to synergistically combine PTT with PDT, thereby over-
coming the individual limitations while still harnessing both
therapies’ benefits for tumor treatment.'*'¢] The simplest ap-
proach to achieve synergistic performance in PDT and PTT
involves the utilization of a single light absorber, followed by
processing through the same light source and transmission
system.!'”] However, nanoparticle design often suffers from the
complexity of formulations and multiple components, which hin-
der characterization and amplification processes, leading to irre-
producible outcomes.!'8] Although certain “one-for-all” materials
like CuS, Ag,S, and MoS, demonstrate potential for synergistic
NIR-mediated PTT and PDT, their long-term usage in the hu-
man body is unsuitable due to bioaccumulation tendencies and
resistance to degradation.['-2!] Therefore, there remains a signif-
icant gap in finding a viable nanoplatform that exhibits synergis-
tic PTT/PDT performance while enabling effective tumor abla-
tion.

Heterojunction refers to the interface region formed by
coupling two different functional materials.[??] It encompasses
various compounds, possesses numerous unique functions, and
retains the properties of each individual component. This com-
bination provides a novel “one-for-all” strategy for integrating
PTT and PDT treatments for deep-seated tumors.[?22%] Recently,
metal-free polymeric carbon nitride (PCN) based heterojunctions
composed primarily of two earth-abundant elements (e.g., car-
bon and nitrogen) have garnered significant interest in diverse
biomedical applications due to their distinctive physicochemical
properties, versatile surface functionalization capabilities, ultra-
high surface area, and excellent biocompatibility.?**] However,
its light absorption edge below 460 nm limits its practical
applications in the NIR range.[?} Phosphorus (P) doping is a
typical method for effectively improving the performance of
PCN. It remarkably changes the electronic structure and extends
the light absorption to cover almost the full-range spectra.l?’-3l
Red phosphorus (RP), as a bio-photocatalyst for PTT with a
broad solar light absorption up to 700 nm,[1*31-33] is a potential
candidate for the PCN heterostructure to facilitate interaction
with longer light wavelengths. Incorporating RP into composites
enables precise control of the local heat temperature induced by
NIR radiation during traditional PTT treatment. This approach
minimizes hyperthermia-related damage to non-tumor cells
while still effectively targeting tumor cells.[343]

We designed a NIR light-responsive Hittorf’s phosphorus
(HP) modified with PCN (PCN@HP) via a chemical vapor
deposition (CVD) strategy in this study. The vertical growth
of HP nanorods on PCN revealed a broad and strong optical
absorption up to 1000 nm. Under NIR irradiation, this hybrid
exhibited a pronounced inhibitory effect on ccRCC cells both in
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vitro and in vivo, generating local heat and type I/II PDT ROS,
while sparing healthy tissues and cells. Importantly, the com-
posite displayed excellent biocompatibility and self-luminescent
properties and could be completely metabolized within 48 h in
vivo. We demonstrate the potential of PCN@HP as a versatile
nano-agent for highly efficient tumor nano-treatment.

2. Results and Discussion

2.1. Characterization of the PCN@ HP(x) Hybrid

The heterostructured PCN@HP (x) was synthesized through the
CVD approach by calcining the mixture of amorphous RP and
PCN at 450 °C (Figure 1a). Subsequently, the as-prepared sam-
ples were characterized, X-ray diffraction (XRD) analysis deter-
mined the phase composition of PCN@HP(x) (Figure 1b). Two
distinct diffraction peaks at 13.3° and 27.7°, corresponding to
PCN, and additional peaks at 15.4° and 34.2°, attributed to HP,
were observed in the PCN@HP(x) samples. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
were used to assess the morphological and surface characteristics
of the prepared samples. The SEM (Figure 1c,d) and TEM im-
ages (Figure 1le,f) revealed that the vertically anchored, 1D, rod-
like HP structures, with a length of 1-2 ym and a diameter of
tens of nanometers, were attached to PCN. Moreover, the[110]
facet of well-crystallized HP is assigned to the lattice fringes with
a d-spacing of 0.275 nm (Figure 1g). The successful deposition of
HP on PCN was further confirmed by the uniform distribution
of C, N, and P signals in the energy-dispersive X-ray spectroscopy
(EDS) elemental mapping images of PCN@HP(0.5) composites
(Figure 1h).

The X-ray photoelectron spectroscopy (XPS) survey spectra
of the as-prepared samples indicated the elemental chemical
states of PCN@HP (Figure S2a, Supporting Information). In
the C 1s spectra (Figure 2a), two peaks were observed at 288.1
and 284.8 eV, corresponding to sp2-hybridized carbons within
an N-containing aromatic ring (N—C=N) and graphitic carbon
(C=C-C), respectively. The N 1s spectra (Figure 2b) exhibited
three distinct peaks: 401.1 eV (amino functions carrying hydro-
gen, C—N-H), 399.8 eV (tertiary nitrogen, C—N groups), and
398.6 eV (sp2-hybridized nitrogen in triazine rings, C=N-C).
The P 2p XPS spectra for PCN@HP(x) displayed three peaks at
129.7, 130.6, and 133.6, corresponding to elemental phosphorus
(2p3/2 and 2p1/2), and P—N bonds formed between RP and CN
(Figure 2c), respectively. Consistent with the XRD result, the suc-
cessful fabrication of PCN@HP(x) heterostructures was further
confirmed by Raman spectra (Figure S2b, Supporting Informa-
tion). Furthermore, the negative zeta potentials of the samples in
PBS suspensions suggest a tendency to settle on the cell mem-
brane (Figure 2d).

2.2. The Optical, Photothermal and Photodynamic Properties of
the PCN@HP(x) Hybrid

The red-brown color of PCN@HP(x) hybrid aqueous solu-

tions suggests that the obtained PCN@HP(x) heterostructures
are favorable to NIR light harvesting (Figure S1, Supporting
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Figure 1. Characterization of PCN@HP heterostructure. a) Schematic diagram of the synthetic process of PCN@HP. b) XRD patterns of HP, PCN, and
PCN@HP(x). c,d) SEM images of PCN@HP(0.5). e,g) TEM images of PCN@HP(0.5). h) corresponding EDS mapping images of PCN@HP(0.5).

Information).*®) Then, the high photothermal conversion per-
formance of PCN@HP(x) was further verified. PCN@HP(x)
exhibits enhanced light absorption in the visible and NIR re-
gions, making it a potential candidate for NIR-driven PDT and
PTT (Figure 3a). This indicates the desired NIR absorption
and excellent photothermal conversion efficiency, which are
essential for photothermal reagents in PTT. Upon 808 nm laser
irradiation, the temperature of the solution steadily increases,
reaching 70.1 °C after 15 min, indicative of an excellent pho-
tothermal effect (Figure 3b). Based on the fact that temperatures
exceeding 50 °C can cause damage to normal tissues, %] different
concentrations of PCN@HP(x) were evaluated to determine the
optimal therapeutic concentration. As a result, PCN@HP(0.5)
exhibited a dose-dependent photothermal conversion efficiency.
At a dose of 60 ug mL™!, the temperature increases from 25.0

Adv. Optical Mater. 2024, 2303318 2303318 (3 of 11)

to 42.1 °C after 10 min of NIR irradiation, a temperature range
widely used in cancer treatment (Figure 3¢).1*®! Furthermore, the
photothermal conversion performance of PCN@HP(x) at vari-
ous concentrations and NIR power densities was investigated,
revealing a direct correlation between temperature and power
density (Figure 3d). Additionally, there is minimal attenuation
of the photothermal effect after three laser cycles, indicating
that PCN@HP exhibits exceptional photostability (Figure S3a,b,
Supporting Information). Furthermore, electron paramagnetic
resonance (EPR) spectra validated that PCN@HP(0.5) can
generate !0,, #0,” and eOH under irradiation at 808 nm
wavelength (Figure 3e—g). Moreover, the single Lorentzian line
centered at g = 2.003 can be observed, which is attributed
to the generation of unpaired electrons in PCN@HP(0.5)
(Figure 3h).3%

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. High-resolution XPS spectra of a) C 1s, b) N 1s, and c) P 2p, and d) zeta potentials of HP, PCN, and PCN@HP(x) in PBS.

Collectively, PCN@HP(x) heterostructure exhibits excellent
photothermal performance as photothermal agents under NIR
irradiation and has the potential for PTT. The underlying mech-
anism may lie in the broad absorption spectra induced by RP,
which produces local heat under NIR irradiation. Furthermore,
the PCN@HP heterojunction facilitates charge migration and
separation, leading to a significant increase in ROS generation
through two pathways: type-I, involving ¢O,~, ¢OH radicals, and
H,0,, and type-I1, involving 10, .[#0-42]

2.3. PDT/PTT Effects Induced by PCN@HP(x) Hybrid In Vitro

The effect of PCN@HP(x) on ccRCC cells (786-O) and human
renal tubular epithelial cells (HK-2) was evaluated due to its ef-
fective PTT and PDT capabilities under NIR irradiation. Results
showed that a 10-min irradiation of 808 nm, which has good
penetration depth and no overheating problem,*3] at a power
of 2.0 W cm~2 without PCN@HP(x) incubation did not cause
any cytotoxic effects on HK-2 or ccRCC cells (Figure 4), indicat-
ing the potential application of NIR-driven PTT and PDT.*/l In
contrast, the survival rate of ccRCC cells decreased to less than
50% when exposed to PCN@HP(x) under NIR irradiation at a
dose of 60 pg mL~! (Figure 4a; Figure S4a—c, Supporting Infor-

Adv. Optical Mater. 2024, 2303318 2303318 (4 of 11)

mation). However, the survival rate of HK-2 cells remained un-
changed under the same conditions (Figure 4b; Figure S4d-f,
Supporting Information) Remarkably, although DOX treatment,
a widely used anti-tumor drug in clinical practice, exhibited ro-
bust tumor-killing efficacy, it also led to a significant decrease
in HK-2 cell viability at equivalent concentrations compared to
PCH@HP (Figure 4c). This highlights the superior safety profile
of PCN@HP and its potential for clinical application. Addition-
ally, a significant reduction in tumor cell number and a morpho-
logical change from elongated spindle-shaped cells to wrinkled
and long forms with damaged cell membranes can be observed,
indicating a condition of cell breakdown induced by PCN@HP
hybrid (Figure 4d). Moreover, the Hoechst staining assay exhib-
ited chromatin condensation, fragmentation, and the formation
of apoptotic bodies in both the PCN@HP and PCN@HP-NIR
groups, with the PCN@HP-NIR group demonstrating more pro-
nounced cellular damage (Figure 4e).

EdU staining was conducted to assess the effect of the
PCN@HP hybrid on ccRCC cell proliferation. Results indicated
that NIR irradiation had negligible impact on the proliferation
of ccRCC cells, while the PCN@HP hybrid inhibited it to a cer-
tain extent. Notably, a cessation of proliferation in the major-
ity of cells was observed in the PCN@HP-NIR group (Figure
S5a—c, Supporting Information). Then, qRT-PCR analysis was

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. The optical, photothermal, and photodynamic properties of the PCN@HP(x). a) UV-vis-NIR spectra were obtained for PCN@HP(x). b) The
temperature variation of PCN@HP(x) at a concentration of 1 mg mL™" monitored during irradiation for varying durations. c) The temperature change
of PCN@HP(x) at different concentrations measured under NIR laser irradiation for 10 min. d) The temperature change of PCN@HP(0.5) at various
concentrations examined under different power densities of laser. EPR spectra of ) DMPO-eOH adducts, f) DMPO-e0,~ adducts, and g) TEMP-'0,
adducts over PCN@HP(0.5) under dark and NIR = 808 nm irradiation conditions. h) EPR spectra of PCN@HP(0.5) under dark condition. i) a schematic

illustration of the enhanced ROS generation mechanism by PCN@HP(0.5).

conducted to confirm the cell breakdown induced by the interven-
tion. Figure S7a—c (Supporting Information) shows that the rela-
tive expression of typical apoptosis markers, including Caspase-3,
Bax, and Bad, were significantly elevated in the PCN@HP-NIR
group compared to the other groups.*’] The relative expression of
other typical indicators relating to inflammation, oxidative stress,
and necrosis also exhibited marked differences between groups
treated with and without PCN@HP. Though no significant dif-
ference was found between the groups undergoing NIR and non-
NIR treatments, the mRNA levels of all injury indicators were
higher in the NIR groups (Figure S6d-f, Supporting Informa-
tion). In conclusion, PCN@HP(x) combined with NIR irradia-
tion represents a dual therapeutic strategy that integrates PTT
and NIR irradiation for tumor treatment.

2.4. PDT/PTT Effects Induced by PCN@HP(x) Hybrid In Vitro

In vitro experiments were conducted to further verify the PDT
mechanism on PCN@HP under NIR irritation. First, the flu-
orescence intensity of ROS and its subtypes including 'O,,

Adv. Optical Mater. 2024, 2303318 2303318 (5 of 11)

eOH, ¢0O,~, and H,0,, were detected using specific fluorescent
probes.**1 As shown in Figure 5a-f, the fluorescence inten-
sity of ROS and its subtypes increased rapidly after 24 h of co-
incubation of ccRCC and PCN@HP hybrid, indicating the ability
of PCN@HP to kill tumor cells without NIR irradiation. How-
ever, the fluorescence amplified when with NIR, providing evi-
dence for the synergistic therapeutic effect of PCN@HP under
NIR irradiation. Then, qRT-PCR analysis was employed to val-
idate the generation of ROS within cells. The upregulation of
cellular HO-1 levels serves as a hallmark of oxidative stress, par-
ticularly under pro-oxidative conditions. Figure 5g illustrates a
marked upregulation of HO-1 in PCN@HP-treated groups and
the PCN@HP-NIR group. Remarkably, the PCN@HP group ex-
posed to light irradiation exhibited significantly higher levels of
HO-1 compared to the non-NIR-treated groups. NRF2, a regula-
tor of ROS in cancer cells,**>!] showed significant suppression of
expression across all concentrations of PCN@HP and PCN@HP
NIR groups, with no significant difference between PCN@HP
groups with and without NIR treatment (Figure 5h). Interest-
ingly, the relative expression of p53, a regulator of ROS in cancer
development and cell death,[> was notably decreased in both the

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Cytotoxicity of PCN@HP(0.5) was detected using the CCK-8 method in a) 786-O cells, and b) HK-2 cells. c) Cytotoxicity of DOX in 786-O
and HK-2 cells. d) The morphologies of 786-O cells of control and PCN@HP(0.5)-NIR treated cultures. e) Hoechst staining of control, mere NIR,

PCN@HP(0.5), PCN@HP(0.5)-

PCN@HP and NIR-PCN@HP treated groups. This downregu-
lation may represent a preventive mechanism against excessive
oxidative stress (Figure 5i).1)) The results highlight the strong
ability of the PCN@HP hybrid to induce ROS. Additionally, the
inhibition of ccRCC cell viability in the absence of light suggests
that the cell death resulting from co-culturing PCN@HP with
ccRCC cells under NIR irradiation is not solely attributable to the

photothermal effect.

2.5. The Synchronous Effects of PCN@HP(x) Hybrid In Vivo

To confirm the therapeutic efficacy and the underlying mech-
anism of PCN@HP hybrid for ccRCC in vivo, a 786-O tumor
xenograft Balb/c nude mice model was used in this study
(Figure 6a).>* The tumor size showed immediate shrinkage af-
ter PCN@HP-NIR administration, indicating the potent tumor
growth inhibition efficacy of NIR-mediated PDT/PTT (Figure
S7, Supporting Information). Administration of PCN@HP
hybrid followed by 10-min NIR irradiation elevated the tumor’s
local temperature to a peak of 46.7 °C, in contrast to the control
group where irradiation alone raised the temperature to 35.7°+
0.6 C and PCN@HP hybrid without NIR irradiation to 35.5°

Adv. Optical Mater. 2024, 2303318
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+ 0.4 C. This discovery highlights PCN@HP as a promising
photosensitizer for PDT/PTT (Figure 6b; Figure S8, Supporting
Information). As depicted in Figure 6¢,d, a 7-day treatment
period, the tumor volume of mice from both the PBS group and
NIR group exhibited continuous growth. Conversely, consis-
tent with the in vitro results, mice treated with PCN@HP(0.5)
showed a slight reduction in tumor size; however, upon NIR irra-

diation, the tumor size of mice in the PCN@HP(0.5) NIR group
was halved. The changes observed in tumor weight (Figure Ge)

further substantiate the synergistic therapeutic efficacy of PDT
and PTT on tumors. Furthermore, histological analysis of tumor

tissues was conducted using H&E staining. Tumor tissues

from the control and single NIR treatment groups displayed no
damage, with the proliferation of spindle-shaped carcinoma cells
arranged in fascicular patterns. In contrast, significant damage
was observed in the tumor cells of the NIR-mediated PCN@HP
groups, where cells were completely lost or reduced compared to
the moderately damaged cells in the PCN@HP group (Figure 6f).
The TUNEL assay was employed to assess the apoptotic status of
various groups. Only several physiologically apoptotic cells were
detected in the control group, indicating the suitability of 808 nm
NIR as an in vivo illuminant. In the PCN@HP group, a higher
number of TUNEL-positive cells were observed, with the greatest

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Fluorescence intensity and quantification of b) ¢0,~, c) '0,, d) H,0,, €) eOH and f) ROS of ccRCC cells in control, NIR, PCN@HP and
PCN@HP-NIR treated groups. mRNA levels of g) HO-1 and h) NRF2 and i) p53.

level of apoptotic ccRCC cells observed upon NIR laser exposure
(Figure 6g). Caspase-3 expression, a protein related to apoptosis,
was evaluated.®>] The PCN@HP-NIR group displayed elevated
caspase-3 staining, indicating that NIR-mediated PDT boosted
caspase-3 protein expression in comparison to the control tu-
mors (Figure 6h). Ki-67 protein, a commonly used proliferation
marker for human tumor cells,*®! exhibited decreased levels
upon exposure to PCN@HP and PCN@HP-NIR. Specifically,
the PCN@HP-NIR group displayed a more substantial reduc-
tion in cell numbers and Ki-67 positive rates compared to the
non-NIR treatment group. This result concurred with the in vitro
NIR-mediated PDT observations, suggesting that PCN@HP-
NIR is capable of hindering the proliferation of ccRCC cells in
both in vitro and in vivo settings (Figure 6i).

This study evaluated the biocompatibility of the PCN@HP hy-
brid. The results demonstrated good biosafety in both short-term
and long-term treatment, without any significant effects on the
survival rate of mice or the function of organs such as the liver
and kidneys (Figure 7; Figure S9, Supporting Information). Ad-
ditionally, it can be completely metabolized within 48 h (Figure
S10, Supporting Information). These findings highlight the ex-
ceptional biosafety of PCN@HP therapy, emphasizing their po-
tential for clinical application.>]

Adv. Optical Mater. 2024, 2303318 2303318 (7 of 11)

3. Conclusion

The PCN@HP heterostructure was created from HP nanorods
via the CVD method. The inclusion of HP effectively widened
the absorption spectra of the resulting PCN@HP heterostruc-
ture, allowing for response to 808 nm NIR irradiation. Upon
exposure to NIR irradiation, the PCN@HP heterostructure dis-
played synchronized therapeutic abilities, effectively producing
cytotoxicity ROS and localized heat for the treatment of ccRCC.
PCN@HP displayed strong anti-tumor effects in vitro and in
vivo, capitalizing on the synergistic potential of PTT and type I/II
PDT. This study showcases the PCN@HP hybrid’s potential as a
promising agent for ccRCC treatment, providing novel insights
into therapeutic strategies and emphasizing the clinical poten-
tial of synchronizing type I/II PDT and PTT regimens for this
context.

4. Experimental Section

Photothermal Properties of PCN@HP(x) Hybrid In Vitro: The UV-vis
diffuse reflectance spectra were detected using an Agilent Cary 5000
UV-vis-NIR spectrophotometer equipped with an integrated sphere
accessory. Then to evaluate the photothermal performance, solutions of
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Figure 6. a) The proposed mechanism for photocatalytic tumor-killing effect by PCN@HP(0.5). b) Temperature change of different groups of tumor-
bearing mice. c) Photomicrographs depicting tumors collected from the various treatment groups before and after a 7-day treatment period. d) Tumor
volume in different groups treated for varying durations (mean + standard deviation, n = 5). e) Tumor weight in different groups (mean + standard
deviation, n = 5). %&p <0.001 versus day 0; ##p <0.001 versus PCN@HP at day 7; In vivo f) H&E, g) TUNEL assay, h) Caspase-3 and i) Ki-67 images of
control, NIR-treated, PCN@HP(0.5) treated, and PCN@HP(0.5)-NIR treated ccRCC tumors.
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Figure 7. H&E staining images of a) normal organs and b—e) organs after PCN@HP treatment on different days.

PCN@HP(x) with varying concentrations (0, 20, 40, 60, 80, and 100 pg
mL~") were placed in 12-well plates and irradiated with near-infrared light
at a wavelength of 808 nm and a power density of 2.0 W cm=2 for 10
min. The temperature of the solutions was monitored using an infrared
thermographic camera (IRT, Ti400, Fluke, USA). To assess the power
controllability of the PCN@HP(x) solution, it was diluted to a concen-
tration of 100 pg mL~" and irradiated with different power densities of
0.5, 1.0, and 2.0 W cm~2 for 10 min. The temperature changes of the
PCN@HP(x) solution at various concentrations and power densities
were recorded at 60-s intervals. To evaluate the photothermal stability
of the system, a suspension of PCN@HP hybrid at a concentration of
100 ug mL™" was subjected to repeated ON/OFF cycles of irradiation
using an 808 nm NIR laser with a power density of 2.0 W cm™2. The
photothermal conversion efficiency was determined by irradiating 1 mL
of the PCN@HP hybrid aqueous dispersion (100 pg mL™") continu-
ously under the same conditions until a steady-state temperature was
achieved. The temperature decrease was recorded after turning off the
laser.

In Vivo Treatment: Male nude mice (4-5 weeks old, 18-20 g) were
obtained from Vital River Laboratory Animal Technology Co., Ltd (Bei-
jing, China) and individually housed in isolated cages with independent
air supply. The mice were kept at a room temperature of 21 + 2 °C and
a relative humidity of 50% + 15%. Food and water were available ad li-
bitum. Initially, 1 x 10° 786-O cells suspended in RPMI 1640 medium
and mixed with Matrigel (Corning, NY, USA) at a 1:1 ratio were injected
into the axillary subcutaneous tissue of male nude mice. When the tu-
mor volume reached 100 mm?3, the mice were randomly assigned to four
groups (N =5 per group): PBS, NIR, PCN@HP hybrid, and PCN@HP-
NIR. The intratumoral injection was performed using 1 mg mL™" (100 uL)
solutions. After four h, the tumor sites were exposed to an 808 nm laser
(2.0 W cm~2, 10 min), and temperature images were captured using a
TiS20 thermal imaging system (FLUKE, Everett, WA, USA). The tumors
from the treated mice were collected 24 h after various treatments for
H&E, TUNEL, Ki-67, and Caspase-3 staining to investigate the therapeutic
effect.

Adv. Optical Mater. 2024, 2303318 2303318 (9 of 11)
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