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Synergistic chemotherapy and photothermal therapy (PTT) holds the promise of addressing the weakness of
individualized chemotherapy and PTT. In this study, we synthesized a chemotherapeutic agent, PDA-Ce-CDs,
which combines the photothermal conversion ability and the generation of hydroxyl radicals (¢OH), enabling
synergistic enhancement of antitumor effects. Furthermore, the localized heating effect of NIR radiation pro-
moted the uptake of the PDA-Ce-CDs and enhances the sensitivity of intracellular reactive oxygen species (ROS).
Finally, the antitumor activity of the PDA-Ce-CDs was evaluated through cell experiments and tumor-bearing
mice experiments, confirming its excellent antitumor efficacy in vivo and in vitro. Our work presents a new
strategy in cancer treatment by utilizing carbon dots in combination with photothermal agents for synergistic
chemotherapy-photothermal therapy. This innovative approach offers a new therapeutic avenue for synergistic

tumor treatment by harnessing the combined effects of photothermal therapy and chemotherapy.

1. Introduction

Cancer is universally recognized as a severe and lethal disease, with a
sustained increase in its incidence in recent years, posing a grave threat
to human health (Chen and Zhang, 2020; Guo et al., 2022; Hosseini
et al., 2023). Chemotherapy is one of the most widely used therapeutic
methods in clinical practice, effectively suppressing tumor proliferation
and extending the life of patients (Chabner and Roberts, 2005; Song
et al., 2022). However, most conventional chemotherapy drugs are often
limited by a lack of tumor site specificity and selectivity, which could
result in suboptimal treatment outcomes (Feng et al., 2020a). From a
developmental perspective, achieving significant anti-tumor effects with
a single therapy is challenging. Thus, cancer treatment is gradually
transitioning from monotherapy to combination therapy (Ding et al.,
2017; Li and Lin, 2023; Nat. Biomed. Eng., 2018; Shim et al., 2017). The
emergence of nanocarrier platforms has provided new possibilities for
the in-depth exploration of tumor therapeutic strategies (Butowska
et al., 2023; Feng et al., 2022).

PTT, relying on near-infrared (NIR) laser irradiation to generate
therapeutic heat (Duan et al., 2023; Zhi et al., 2020). The temperature
elevation enhances the generation and diffusion of reactive oxygen
species (ROS), leading to cell membrane disruption and thus achieving
synergistic therapy (Liu et al., 2020). Polydopamine (PDA) (Xu et al.,
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2023) exhibits excellent biocompatibility and remarkable photothermal
conversion efficiency, making it an excellent photothermal agent
(Huang et al., 2019). Moreover, the surface of PDA existed numerous
functional groups, allowing for covalent conjugation with other mate-
rials through addition reactions (Lu et al., 2021a; Ma et al., 2019; Wu
et al., 2022). However, the therapeutic efficacy of PTT is limited by the
penetration depth of light. Fortunately, combination therapy allows for
the synergistic integration of multiple therapeutic modalities, which
goes beyond the simple summation of individual treatment effects and
instead harnesses a synergistic effect, thus enhancing therapeutic effi-
cacy (Duan et al., 2023; Yang et al., 2023).

Celastrol (Ce), as a potential chemotherapeutic agent, has been
discovered to disrupt the proliferation and invasion processes of multi-
ple cancer cells, thereby inhibiting tumor growth and metastasis (Hsieh
et al., 2019; Medatwal et al., 2020; Xiao et al., 2018). However, its
clinical application is limited due to drawbacks such as low bioavail-
ability and poor water solubility (Ge et al., 2020). Considering the
unique characteristics of carbon dots (Lu et al., 2021b) (easy modifica-
tion, excellent photoluminescent properties, high water solubility, low
cytotoxicity, and good biocompatibility), we propose the preparation of
Ce carbon dots (Ce-CDs) to mitigate the limitations associated with the
standalone use of Ce for antitumor applications (Chai et al., 2022; Ding
et al., 2017; Li et al., 2019; Zhou et al., 2016).
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Scheme 1. Steps of synthesizing PDA-Ce-CDs and antitumor mechanism.

Inspired by synergistic therapy, in this study, we constructed a
platform for synergistic chemotherapy-photothermal therapy (Scheme
1). The Ce-CDs were synthesized through a hydrothermal reaction,
while retaining the anticancer activity of Ce. Subsequently, the Ce-CDs
were conjugated to the surface of the photothermal agent (PDA),
through an amide reaction. The resulting the PDA-Ce-CDs exhibited
excellent photothermal performance attributed to their strong NIR ab-
sorption capacity, enabling efficient light-to-heat conversion for PTT.
Under NIR irradiation, the PDA-Ce-CDs demonstrated excellent
peroxidase-like activity, effectively catalyzing endogenous H,O, gen-
eration to produce eOH for inducing cancer cells. Moreover, the amide
bonds were cleaved, facilitating drug release. In vitro and in vivo ex-
periments demonstrated the superior therapeutic efficacy of the PDA-
Ce-CDs, enabling synergistic photothermal therapy, controlled drug
release, and ROS generation.

2. Experimental part
2.1. Materials

Celastrol (Ce) and dopamine hydrochloride (DA) were purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Cell
culture reagents were obtained from Thermo Fisher Scientific Co., Ltd.
(Shanghai, China). ROS assay Kkits, fluorescent dyes, and Annexin V-
FITC/PI apoptosis detection kits were all bought from wanlei Biotech-
nology Co., Ltd. (Shenyang, China).

2.2. Preparation of PDA-Ce-CDs

The preparation of PDA-Ce-CDs involves three steps. In the first step,
Ce-CDs were synthesized using a one-pot hydrothermal method. Briefly,
0.4 g of Ce was dispersed in 10 mL of water and heated at 200 °C for 24
h. Subsequently, the suspension was placed in a dialysis membrane
(MWCO = 500 Da) and dialyzed for 24 h with deionized water changed
every 3 h (He et al., 2018). Finally, Ce-CDs were obtained by freeze-

drying. In the second step, common synthetic methods were employed
to prepare PDA nanoparticles (Liu et al., 2013; Lu et al., 2019). In the
third step, Ce-CDs were loaded onto the surface of PDA nanoparticles.
Briefly, the Ce-CDs were added to the aqueous solution of PDA, stirred
overnight, and the final product was collected and named PDA-Ce-CDs.

2.3. Characterization of PDA-Ce-CDs

The morphology of PDA-Ce-CDs was obtained using TEM (Hitachi,
Japan). FTIR was used to record the structural properties and functional
groups of Ce, Ce-CDs, and PDA-Ce-CDs using an IRTracer-100 instru-
ment (Japan). The elemental composition of PDA-Ce-CDs was deter-
mined by XPS (Escalab 250Xi, Thermo Fisher Scientific Nexsa, USA).

2.4. The photothermal performance of PDA-Ce-CDs

To investigate the photothermal properties of PDA-Ce-CDs, we irra-
diated them with infrared light of varying power densities. Additionally,
we exposed solutions containing different concentrations of PDA-Ce-CDs
or different materials (Ce, Ce-CDs, and PDA-Ce-CDs) to 808 nm laser
radiation for 5 min in centrifuge tubes. We also studied the photo-
thermal stability of PDA-Ce-CDs by subjecting them to repeated irradi-
ation with 808 nm near-infrared laser until a specific temperature was
reached. The temperature of PDA-Ce-CDs at different points was
measured using an infrared thermal imager (TiS55, Fluke, USA).

2.5. Hemolytic assays

Specimens for hemolysis experiments were obtained from ICR mice
(Li et al., 2020). The erythrocytes with or without PDA-Ce-CDs solution
(0, 50, 100, 200, 400, and 800 pg/mL) were prepared and incubated at
37 °C for 3 h. The absorbance of the supernatant was measured at 540
nm and the percentage of hemolysis was calculated with the following

. ic(0f) — _ODs4o gepp—cps—ODs4o ps 0
formula: HemOly Sls( /0) ODs40 deionized water —OD540 pBS x 100%.
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Fig. 1. (A) TEM images of the PDA-Ce-CDs. (B) Zeta potentials results. (C) Size and PDI results in pH 7.4 PBS. (D) FTIR spectrum. (E) XPS survey scan spectrum. (F) C
15s,(G) O1s,and (H) N 1 s high-resolution XPS spectra. (I) Fluorescence emission spectra of the PDA-Ce-CDs.

2.6. Cytotoxicity study in vitro

The cytotoxicity of PDA-Ce-CDs on 4 T1 cells was assessed using the
MTT assay. The cells were treated with different concentrations (O,
0.625, 1.25, 2.5, 5, 10 pg/mL) of Ce, Ce-CDs, and PDA-Ce-CDs for 24 h
under both light and dark conditions. After the treatment, the absor-
bance at 492 nm was measured using an ELISA reader. Under light
conditions, 4 T1 cells were subjected to 808 nm laser irradiation for 5
min.

2.7. Cellular uptake

Cellular uptake behavior of PDA-Ce-CDs was investigated by utiliz-
ing CLSM (Hou et al., 2021). ICG-PDA-Ce-CDs were prepared by mixing
PDA-Ce-CDs with ICG solution and stirring for 2 h. The 4 T1 cells (1 x
105 cells per well) were seeded in culture dishes and incubated with ICG-
PDA -Ce-CDs. The irradiation group was subjected to 5 min of cell
irradiation. The cellular uptake of ICG-PDA-Ce-CDs was observed at 0, 2,
and 6 h.

2.8. Intracellular hydroxyl radicals (eOH) detection

The PDA-Ce-CDs were co-incubated with 4 T1 cells for 12 h. The NIR
irradiation group were exposed to 808 nm laser irradiation after 4 h,
followed by a 30 min incubation in culture medium containing DCFH-
DA. Finally, fluorescent images of the intracellular contents were
obtained.

2.9. Cell apoptosis test

After incubation with or without PDA-Ce-CDs for 2 h, the 4 T1 cells
were exposed to the NIR irradiation for 3 min, and stained with Annexin
V-FITC/PI for readily FCM analysis.

2.10. Antitumor effect study in vivo

Animal experiments were conducted following the guidelines set by
the Animal Ethics Committee of Anhui Science and Technology Uni-
versity. BALB/c mice were injected with 100 pL of 4 T1 cell suspension
(approximately 5 x 106 cells) in the axillary region to establish the 4 T1
tumor-bearing mouse model. When the tumor size reached about 0.1
cm?, the tumor-bearing mice were randomly divided into four groups (n
= 8): (1) saline, (2) Ce-CDs, (3) PDA-Ce-CDs, (4) PDA-Ce-CDs + laser
(laser irradiation conditions: 808 nm, 1.5 W/cmz, 5 min). The tumor-
bearing mice were intravenously injected with a dose of 10 mg/kg
(100 pL) every 3 days, and the mice in the laser irradiation group un-
derwent laser irradiation 12 h after injection. Tumor volume and body
weight were recorded, and the volume (V) was calculated using the
formula V = (tumor length) x (tumor width)2/2.

3. Results and discussion
3.1. Preparation and characterization of PDA-Ce-CDs

The preparation process of PDA-Ce-CDs is shown in Scheme 1. Ce-
CDs were synthesized by a hydrothermal method, and they were
loaded onto the surface of PDA through an amide reaction. The high-
resolution electron microscopy showed that Ce-CDs had a smooth and
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Fig. 2. Temperature variation curves of (A) gradient concentrations of the PDA-Ce-CDs; (B) Different laser powers of the PDA-Ce-CDs. (C) Temperature elevation
profile of the aqueous dispersion of the water, the Ce, the Ce-CDs, and the PDA-Ce-CDs under NIR irradiation. (D) Photothermal stability of the PDA-Ce-CDs.

uniform surface with an average diameter of 9.2 nm (Fig. S2 and
Fig. S3), and PDA-Ce-CDs had a dispersed quasi-spherical shape with an
average particle size of 260 nm (Fig. 1A and C). Moreover, the Zeta
potentials of Ce-CDs and PDA-Ce-CDs were measured to be —34.7 mV
and — 26.3 mV (Fig. 1B), respectively. The increase in potential after
PDA encapsulation was attributed to the presence of amino functional
groups in the chemical structure of PDA. The chemical properties of
GEPP-CDs were characterized using FTIR (Lu et al., 2021a), and the
encapsulation of PDA was achieved through an amide reaction, which
involved the coupling of the amino groups of PDA with the carboxyl
groups on the surface of Ce-CDs. The disappearance of the stretching
vibration peak of -COOH at 1700 cm™! (Fig. 1D) confirmed the trans-
formation of carboxyl groups into amide bonds. Additionally, XPS
spectra were recorded to analyze the chemical composition and bonding
states of PDA-Ce-CDs (Fig. 1E). The particles were composed of carbon,
oxygen, and nitrogen, with binding energies at 286, 531, and 400 eV,
corresponding to atomic contents of 73.89%, 11.29%, and 14.83%,
respectively. The high-resolution C 1 s (Fig. 1F), O 1s (Fig. 1G),and N 1s
(Fig. 1H) peaks appeared at 284.8, 532.6, and 399.6 eV, corresponding
to C-C/C=C, C=0, and C—N bonds, respectively, indicating the pres-
ence of amide bonds in PDA-Ce-CDs (Chu et al., 2020; Hao et al., 2021;
Zhao et al., 2019). The XPS analysis results were consistent with the
FTIR results, confirming the successful synthesis of PDA-Ce-CDs. The
optical properties of PDA-Ce-CDs were investigated using the fluores-
cence (FL) spectrum (Fig. 1I), revealing strong fluorescence intensity at
303 nm when excited at a wavelength of 250 nm.

3.2. In vitro photothermal effect

To investigate the photothermal effect of PDA-Ce-CDs nanoparticles,
we irradiated them with infrared light at different power densities and
concentrations. The temperature changes were monitored, and the re-
sults showed a concentration-dependent, irradiation time-dependent,
and power density-dependent pattern of photothermal effects (Fig. 2A
and B). To study the photothermal properties induced by near-infrared
laser irradiation, we measured the temperature increase of Ce, Ce-CDs,
and PDA-Ce-CDs under irradiation to examine the photothermal prop-
erties of different materials. Ce-CDs showed a slight temperature in-
crease during irradiation, while PDA-Ce-CDs showed a significant
increase, and no obvious heating was observed in Ce or water (Fig. 2C).
In addition, we evaluated the photothermal stability of PDA-Ce-CDs by
subjecting them to five on/off cycles of continuous 808 nm laser irra-
diation for 5 min per cycle (Fig. 2D). The temperature curves and peak
shapes showed no significant changes before and after the cyclic laser
exposure, indicating that PDA-Ce-CDs exhibit good photostability.

3.3. In vitro hemolysis assay

The red blood cells in DI water would rapidly swell and fracture,
while in sterile saline solutions without or with different concentrations
of the PDA-Ce-CDs erythrocytes maintained their integrity (Fig. 3C). The
hemolysis percentage rate was only 4.3% (< 5%) at 800 pg/mL of the
GEPP-CDs (Fig. 3D). Furthermore, reducing the concentration of PDA-
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Ce-CDs results in a lower rate of hemolysis. These results indicated the
excellent blood biocompatibility of the PDA-Ce-CDs.

3.4. Cytotoxicity test

In the absence of laser irradiation (Fig. 3A), Ce and Ce-CDs showed
strong inhibitory effects on 4 T1 cells in the experimental concentration
range, with cell survival rates of 28.4% and 20.1%, respectively, when
the concentration was 10 pg/mL, which demonstrated the superior
antitumor effects of Ce-CDs relative to Ce. While the introduction of PDA
into the preparation of PDA-Ce-CDs showed higher cell survival (>80%),
indicating its good safety and biocompatibility. Under laser irradiation
conditions (Fig. 3B), the cell viability significantly decreased with
increasing concentrations of PDA-Ce-CDs, indicating its excellent pho-
tothermal conversion feature. Expectedly, at a dosage of 10 pg/mL, PDA-
Ce-CDs exhibited higher cytotoxicity under near-infrared light irradia-
tion compared to Ce and Ce-CDs, indicating the effective tumor cell-
killing potential of chemotherapy and photothermal synergistic therapy.

3.5. Cellular uptake assay

According to reports, photothermal could enhance the cellular up-
take of drugs (Feng et al., 2020b). To confirm the cellular uptake of PDA-
Ce-CDs, we loaded indocyanine green (ICG) as an indicator and loaded it
onto PDA-Ce-CDs, resulting in the synthesis of ICG-PDA-Ce-CDs. The 4
T1 cells were treated by the ICG-PDA-Ce-CDs (with or without NIR laser
irradiation) and examined at 0, 2, and 6 h after incubation. As shown in
Fig. 4A, the intracellular endocytosis of ICG-PDA-Ce-CDs started to
occur under laser irradiation after 2 h, and this effect became more

pronounced with the prolongation of time (after 6 h). It should be noted
that the ICG-PDA-Ce-CDs + NIR group exhibited the highest red fluo-
rescence, indicating that ICG-PDA-Ce-CDs were more prone to cellular
internalization under near-infrared illumination. As shown in Fig. 4B,
the 4 T1 cells treated with PDA-Ce-CDs exhibited intense green fluo-
rescence, indicating the generation of a substantial amount of eOH
within the cells by PDA-Ce-CDs, thereby inducing oxidative stress. As
expected, laser irradiation significantly enhanced the green fluorescence
of cells treated with PDA-Ce-CDs, which could be attributed to the
decomposition of PDA-Ce-CDs and the exposure of Ce-CDs under laser
irradiation, thereby leading to increased production of e¢OH.

3.6. Cell apoptosis test

FCM was employed to measure the apoptosis rate, exploring the
synergistic mechanisms of the PDA-Ce-CDs in chemo-photothermal
therapy. As shown in Fig. 5, the PDA-Ce-CDs group exhibited about
16% of cells in the early apoptotic stage and about 33% in the late
apoptotic stage. This phenomenon could be attributed to the intrinsic
chemotherapeutic effect of the PDA-Ce-CDs and its ability to generate a
large amount of free radicals, thereby disrupting mitochondrial function
and inducing cell apoptosis. However, the cells in PBS and PBS + NIR
groups exhibited no observable apoptosis phenomenon, indicating the
safety of NIR laser irradiation for normal biological tissues. Signifi-
cantly, the apoptosis rate in the PDA-Ce-CDs + NIR group increased to
93%, providing strong evidence for the potent synergistic antitumor
effect of PDA-Ce-CDs with chemical photothermal therapy.
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3.7. Invivo antitumor therapy

To further investigate the anti-tumor effect of PDA-Ce-CDs, we
established a 4 T1 tumor model (Yun et al., 2022). As shown in Fig. 6B,
the saline group exhibited rapid tumor growth, while both the Ce-Cd-Cd
group and PDA-Ce-Cd group demonstrated a certain degree of tumor
inhibition. In contrast, the PDA-Ce-CDs + NIR group demonstrated a
pronounced inhibitory effect. Furthermore, as evidenced by the typical
photographs of tumors (Fig. 6C) and tumor weight measurements
(Fig. 6D) taken after 18 days of treatment, the antitumor effect of PDA-
Ce-CDs was enhanced under NIR irradiation, further confirming the
remarkable efficacy of PDA-Ce-CDs in synergistic photothermal-
chemotherapy. The intrinsic chemotherapeutic effect and the ROS-
responsive drug release properties of PDA-Ce-CDs are the primary rea-
sons for its antitumor efficacy. Moreover, PDA-Ce-CDs demonstrate
efficient photothermal effects under laser irradiation, leading to an
elevation of intracellular reactive oxygen species in tumor cells, which
also contributes to its antitumor activity. Concurrently, the body weight
of the mice was monitored throughout the treatment period, and it
remained stable (Fig. 6A), indicating that PDA-Ce-CDs had low systemic
toxicity and good biocompatibility.

4. Conclusions

In summary, we have successfully synthesized PDA-activated PDA-
Ce-CDs based on the synergistic chemotherapy-photothermal therapy
strategy, which not only possess superior optical properties but also
retain the antitumor activity of Ce. Under NIR laser irradiation, the PDA-

Ce-CDs could induce temperature elevation, promote drug release and
cellular uptake, enabling the integration of photothermal therapy and
chemotherapy to effectively eliminate tumors. In vivo tumor-bearing
mice experiments and in vitro cell experiments demonstrate the excel-
lent antitumor efficacy of PDA-Ce-CDs. Taken together, this platform
that synergistically enhances the antitumor effects through the combi-
nation of carbon dots and photothermal agents presents a promising
prospect for our fight against cancer.
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