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Chemodynamic therapy (CDT) is a kind of anti-tumor strategy emerging in

recent years, but the concentration of hydrogen peroxide (H2O2) in the tumor

microenvironment is insufficient, and it is difficult for a single CDT to completely

inhibit tumor growth. Here, we designed a CuS nanoparticles (NPs) and

camptothecin (CPT) co-loaded thermosensitive injectable hydrogel (SCH)

with self-supplied H2O2 for enhanced CDT. SCH is composed of CuS NPs

and CPT loaded into agarose hydrogel according to a certain ratio. We injected

SCH into the tumor tissue of mice, and under the irradiation of near-infrared

region (NIR) laser at 808 nm, CuS NPs converted the NIR laser into heat to

realize photothermal therapy (PTT), and at the same time, the agarose hydrogel

was changed into a sol state and CPT was released. CPT activates nicotinamide

adenine dinucleotide phosphate oxidase, increases the level of H2O2 inside the

tumor, and realizes the self-supply of H2O2. At the same time, CuS can

accelerate the release of Cu2+ in an acidic environment and light, combined

with H2O2 generated by CPT for CDT treatment, and consume glutathione in

tumor and generate hydroxyl radical, thus inducing tumor cell apoptosis. The

SCH system we constructed achieved an extremely high tumor inhibition rate

in vitro and in vivo, presenting a new idea for designing future chemical kinetic

systems.
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Introduction

By regulating the level of reactive oxygen species (ROS) in

tumor cells, changing the redox balance in cancer cells, thereby

inducing oxidative damage and death of cancer cells, is one of the

effective methods for tumor therapy (Zhang et al., 2020; Zhu

et al., 2020; Chen et al., 2021a; Wang et al., 2021a; Zhu et al.,

2021a; Zhu et al., 2021b; Zhu et al., 2022a). Chemodynamic

therapy (CDT) is a kind of anti-tumor strategy emerging in

recent years (Lin et al., 2020; Sang et al., 2020; Chen et al., 2021b;

Wang et al., 2021b; Chen et al., 2021c; Zhao et al., 2022).

Generally, nano-catalyzed systems are used to induce in situ

Fenton or Fenton-like reactions (In 1894, HJ·HFenton first

pointed out that hydrogen peroxide has a strong oxidizing

ability under the catalysis of Fe2+, which can oxidize a variety

of organic substances (Fenton, 1894); Fenton reagent is the

combination of hydrogen peroxide (H2O2) and Fe2+, in which

Fe2+ is mainly used as a homogeneous catalyst, while H2O2 plays

an oxidizing role. At the same time, in the study of Fenton

method, it is found that in addition to Fe2+ can catalyze the

decomposition of H2O2 to produce hydroxyl radical (•OH),

other transition metal ions such as Mn2+, Cu2+, Co2+, etc. Can

also accelerate or replace Fe2+ to play this role. Catalysis to

achieve oxidation.) in tumors, and the weakly oxidizing H2O2

is catalyzed (Li et al., 2021a; Deng et al., 2022). The process of

transforming into strong oxidative active species such as •OH,

•OH can not only damage the DNA chain, but also activate

caspase-3 that promotes apoptosis, leading to programmed cell

death of cancer cells (Zhang et al., 2019; Zhu et al., 2022b).

Notably, this process requires no external stimulus. In contrast to

other therapeutic strategies, CDT that is driven by endogenous

chemical energy in the tumormicroenvironment can successfully

prevent oxidative damage to healthy tissues and is therefore

tumor-specific (Dong et al., 2018; Liu et al., 2021a). Further, CDT

FIGURE 1
Characterization of SCH. (A) TEM image of CuS NPs. (B) SEM image of the SCH. (C) To determine the hydrodynamic diameter of CuS NPs (n = 3),
DLS was employed. (D) CuS NPs absorbance spectra. (E)The morphology and (F)infrared thermal images of the prepared SCH before and after
0.5 W cm−2 808 nm laser irradiation for 10 min (G)Temperature-dependent Rheological curves for the prepared SCH. (H)Time-dependent Cu2+

release from the SCH dispersed after different treatments. (I) Temperature changes of CuS NPs at various concentrations under a 5 min
irradiation from an 808 nm laser at 0.5 W cm−2. (J) Black arrows are utilized to denote the irradiation time points (n = 3) in an in vitro SCH release
profile with and without 808 nm laser irradiation.
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inhibits energy loss during therapy since it does not require

sufficient oxygen (O2) or external energy input (Feng et al., 2020).

However, the insufficient concentration of H2O2 in the tumor

microenvironment severely limits the therapeutic effect of

chemokinetic (Zhou et al., 2021; Zhu et al., 2022c). At the

same time, CDT alone does not effectively trigger

immunological responses (Zhu et al., 2022b), therefore, it is

very necessary to achieve high expression of H2O2 in the

tumor microenvironment through a safe and effective method,

and to promote the therapeutic effect of CDT through combined

therapy, such as radiotherapy and photothermal therapy.

Camptothecin (CPT) is a class of alkaloids isolated from the

traditional Chinese medicine Camptotheca. It has natural anti-

tumor activity (Tang et al., 2019). Its main anti-tumor

mechanism is to inhibit DNA synthesis by inhibiting the

activity of S-phase enzyme I in the DNA replication of tumor

cells, thereby mediating tumor cell apoptosis. Currently, CPT

analogs (ie, irinotecan and topotecan) have been approved by the

FDA for cancer treatment. However, CPT has poor water

solubility and strong drug resistance, so it has certain

limitations in clinical use. But surprisingly, CPT can also

increase H2O2 levels of tumor cells via activation of

nicotinamide adenine dinucleotide phosphate oxidase (Zhu

et al., 2022b). By co-encapsulating Pd-C SAzymes and CPT in

agarose hydrogel, Zhu et al. developed a light-controlled

oxidative stress amplifier system that demonstrates improved

synergistic anticancer action by creating H2O2 on its own and

trans-forming “cold” tumors (Zhu et al., 2022b). The Pd-C

SAzyme in this nanozyme hydrogel system transforms near-

infrared laser into heat, which leads to agarose breakdown and

subsequent CPT release. Through the activation of nicotinamide

adenine dinucleotide phosphate oxidase, the CPT raises the

amount of H2O2 in tumors while enhancing the catalytic

activity of SAzymes with peroxidase-like action. In addition,

combining photothermal therapy, chemotherapy and nanozyme-

based catalytic therapy further promotes the immunogenic death

of tumors and improves antitumor immunity. These outcomes

demonstrate the synergistic antitumor capabilities of the new

SAzyme/chemotherapeutics-based hydrogel system. Therefore,

CPT may synergize with CDT to achieve self-supplied H2O2,

effectively solving the problem of poor therapeutic effect of CDT

due to insufficient concentration of H2O2 in the tumor

microenvironment.

Semiconductor copper sulfide nanoparticles, with their

superior electrical, optical and catalytic properties, have

attracted extensive interest in the fields of

photodegradation of pollutants, biomarkers, laser

monitoring, and DNA detection (Liu et al., 2021b; Ding

et al., 2022). As a semiconductor crystal material, CuS

nanoparticles (NPs) have strong near-infrared absorption,

and the main mechanism is the transition between electron

d-d energy levels (Liu et al., 2015). Therefore, the absorption

peak of CuS nanoparticles does not vary with the size of the

particles. And shape, etc., have good photothermal stability.

At the same time, CuS NPs has a strong local surface plasmon

resonance effect in near-infrared (NIR), and also has a strong

SCHEME 1
Schematic illustration of CuS NPs and CPT co-loaded thermosensitive injectable hydrogel with self-supplied H2O2 for enhanced CDT.
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photothermal conversion efficiency, which also provides

conditions for its application in photothermal therapy

(PTT) (Wei et al., 2018). PTT is a non-invasive treatment

(Li et al., 2017a; Li et al., 2017b; Li et al., 2021b; Li et al., 2021c;

Li et al., 2022a; Li et al., 2022b). Li et al. prepared thioglycolic

acid-modified CuS NPs by wet chemical method, and applied

CuS NPs to photothermal therapy of tumors for the first time

(Li et al., 2010). The particle size of the CuS NPs is about 3 nm,

and it has a strong absorption peak in the NIR, with the

maximum absorption peak at about 900 nm. Further MTT

experiments show that this CuS NPs has outstanding

photothermal treatment effect and good biocompatibility,

they pointed out This CuS NPs preparation process is

simple, low cost, has a small particle size, and has the

advantages of unique optical properties and low biotoxicity.

In addition, the Fenton-like reaction between Cu2+ ions

released in the slightly acidic environment of the tumor

and the endogenous H2O2 of the tumor leads to the

generation of hydroxyl radicals for chemokinetic therapy

(Ding et al., 2022; Meng et al., 2022), thereby inducing

apoptosis. Studies have shown that ROS generated through

the Fenton reaction may sensitize tumor cells to

chemotherapeutic drugs and promote apoptosis of drug-

resistant cells by destroying cytokines or nucleic acids

(Cheng et al., 2021; Fu et al., 2021; Yan et al., 2022). Cu2+

can also oxidize GSH to oxidized glutathione (GSSG), which

further promotes the generation of •OH (Meng et al., 2022).

Therefore, CuS NPs can overcome the problem that single

chemokinetic therapy is difficult to completely inhibit tumor

growth.

Herein, we designed a CuS NPs and CPT co-loaded

thermosensitive injectable hydrogel (SCH) with self-

supplied H2O2 for enhanced CDT (Scheme 1). SCH is

composed of CuS NPs and CPT loaded into agarose

hydrogel according to a certain ratio. The hydrogel

gradually solidifies after being injected into the tissue and

is able to reside in the body for a long time. Therefore, it can be

used repeatedly after one injection. The drug release rate can

also be changed by adjusting the laser intensity, laser

irradiation cycle and other parameters, which can well

solve the problems of poor traditional drug loading,

difficult manufacturing process, and early leakage or slow

release of drugs. We injected SCH into the tumor tissue of

mice, and under the illumination at 808nm, CuS NPs

converted the near-infrared laser into heat to realize

photothermal therapy, and at the same time, the agarose

hydrogel was changed into a sol state and CPT was

released of H2O2 inside the tumor, and realizes the self-

supply of H2O2. At the same time, CuS NPs can accelerate

the release of Cu2+ in an acidic environment and light,

combined with H2O2 generated by CPT for chemokinetic

treatment, and deplete glutathione inside the tumor. The

SCH system we constructed achieved an extremely high

tumor inhibition rate in vitro and in vivo, presenting a new

idea for the design of future chemical kinetic systems.

Results and discussion

A previously described simple two-step synthesis procedure

was employed for the synthesis of the CuSNPs (Ding et al., 2022).

CuS NPs with an average particle size of about 190 nm are shown

in (transmission electron microscope (TEM) images in

Figure 1A. The pharmacological impact of NPs is limited

since kidneys can easily remove NPs that are less than 10 nm

in size. Thus, the hydrogel drug delivery system can significantly

improve the usefulness of CuS NPs. The average hydrodynamic

size of CuS NPs as determined by dynamic light scattering (DLS)

measurement is approximately 196 ± 39 nm (Figure 1C), which is

in good agreement with the TEM findings. The FDA has

approved agarose hydrogel as a safe substance that dissolves

easily, has no hazardous effects on the body, and can be

metabolized by the natural metabolic processes of the body.

We prepared the SCH system by mixing low melting point

agarose hydrogel with CuS NPs and CPT in certain

proportions with constant stirring at 60°. Figure 1B displays

the scanning electron microscopy (SEM) image of the as-

prepared SCH. When maintained at room temperature after

preparation, SCH is fairly stable. Because CuS NPs can facilitate

the transformation of light energy to heat energy, a rise in

temperature results. A wide absorption region in the near-

infrared region is visible in the UV-Vis absorption spectrum,

which confirms that CuS NPs have an absorption value at

808 nm (Figure 1D). Consequently, SCH will slowly release

CuS NPs under continuous laser irradiation, causing the

solution to turn turbid (Figure 1E). The temperature

difference between the pre- and post-irradiation states was

authenticated by employing infrared thermal imaging

(Figure 1F). As the temperature rises, SCH will progressively

soften, and its storage modulus will continue to decline,

according to the rheological measurement results of SCH at

various temperatures (Figure 1G). This outcome is in line with

the hydrogel’s rheological characteristics. Additionally, we

employed inductively coupled plasma-optical emission

spectrometry (ICP-OES) to analyze how the laser affected the

release of copper ions (Figure 1H), showing the NIR laser’s ability

to accelerate copper ion release in an acidic environment. SCH

was produced with CuS NPs in a variety of concentrations (0, 50,

100, and 200 μg/ml) to examine their photothermal performance.

Assuming no other variables change, Figure 1I demonstrates that

when the concentration of CuS NPs rises, the heating impact also

increases. After 5 min of laser irradiation, the temperature of

SCH with 200 mg/ml CuS NPs elevated by around 18.0°C. The

findings of our subsequent test of SCH’s ability to control drug

release are shown in Figure 1J. SCH can partly undergo

disintegration under laser irradiation and releases the CPT.
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Following the cessation of laser irradiation, the hydrogel cools

and solidifies, protecting the drug. Our SCH system’s potent

capacity to control drug release is also shown by the fact that the

drug is typically released entirely after four laser switching cycles.

Photothermal stability is a highly crucial aspect to

consider when assessing photothermal agents (PTAs) (Liu

et al., 2018; Ding et al., 2020; Chen et al., 2021d). Before

verifying the tumor cell-killing effect of SCH system, we

further evaluated the photothermal stability of SCH. An

808 nm NIR laser was utilized to constantly heat the SCH,

and the switch was turned off after 10 min to let the SCH cool

naturally to room temperature (Figure 2A). Four cycles of

heating and cooling were carried out. The temperature graph

demonstrates that the SCH peak temperature does not vary

significantly, and the cooling trend is also consistent. In

addition, we also calculated the photothermal conversion

efficiency of CuS to be about 30.2% according to the

previously reported method, which indicates that CuS has

good photothermal performance. According to these results,

the SCH has remarkable photothermal stability. After CPT

treatment, a NOX activity detection kit was employed to

confirm that the NOX in CT26 cells had been activated

(Figure 2B). The anti-tumor activity based on ROS is

inhibited by GSH’s reaction with reactive oxygen species to

be oxidized, which produces GSSG (Franco et al., 2007; Zhu

et al., 2022d). Due to glutathione deficiency, free radicals

damage cells’ redox balance, induce oxidative stress and

eventually result in cell apoptosis. We have established how

FIGURE 2
(A)Heating curve of SCH for four cycles having a 0.5 W cm−2 power intensity under irradiation by 808 nm laser. (B) NADPH oxidase (NOX)
activity assessment in CT26 cells following 10 μg ml−1 CPT treatment at various time points. (C)The effect of different formulations on the
intracellular GSH levels was determined by employing a GSH assay kit. (n = 3). (D) Confocal laser scanning microscopy images of different ROS
produced in CT26 cells following various treatments. (n = 3). (E) Fluorescence intensity of OH from Figure 2D. (n = 3). (F) Various treatments’
in vitro cytotoxicity towards CT26 cells. (n = 3).(G) Cytotoxicity of various concentrations of CuS NPs on CT26 cells. (n = 3).*p < 0.05, **p < 0.01,
***p < 0.005; Student’s t-test.
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SCH works in conjunction with NIR radiation for consuming

GSH (Figure 2C). The findings demonstrate that Cu2+ may

effectively lower intracellular GSH levels, while CPT can also

generate a certain quantity of H2O2 to encourage GSH

consumption, further enhancing the therapeutic effects of

CDT. We utilized a hydrogen peroxide test kit as the probe

for detecting intracellular H2O2 and hydroxyphenyl

fluorescein (HPF) as the probe for detecting intracellular

•OH to determine whether SCH may increase the

generation of H2O2 in CT26 cells. The hydrogel coated

with CuS (SH) was prepared to compare the experimental

results. The control group’s and SCH group’s HPF

fluorescence signals were both essentially nonexistent

(Figures 2D,E). The SH in combination with the NIR group

created a modest fluorescence effect, however, the SCH + NIR

motivated the strongest green fluorescence because the SCH

system yielded CPT under 808 nm irradiation, which then

caused H2O2 to break down to produce •OH. We then

administered various treatment combinations to

CT26 tumor cells to verify the cytotoxicity of the SCH

therapy. The viability of these cells was then evaluated via

an MTT assay. In line with the inability of PBS, NIR, and SCH

FIGURE 3
(A)Infrared thermal images of tumors in the specified treatment groups. (B) After being irradiated with 808 nm laser (0.5 W cm−2) for 5 min, the
temperature elevates in mice having CT26 tumor, in the specified treatment groups. (C) The treatment groups’ tumor volume alters over time, as
specified (n = 5). (D) Average tumor weight values associated with the indicated treatments (n = 5). (E) Changes in body weight in response to the
indicated treatments (n = 5). (F) HPF, H&E, and Ki-67-stained tumor sections from the indicated treatment groups (n = 5). Scale bars: 100 μm
***p < 0.005; Student’s t-test. The results were presented as mean ± SD.
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therapies in stopping the growth of the tumor, cells in these

treatment groups did not demonstrate any discernible

cytotoxicity (Figure 2F). On the other hand, SH + NIR and

SCH + NIR treatments significantly increased the tumor cell

cytotoxicity, with SCH + NIR treatment proving to be more

cytotoxic than SH + NIR treatment alone. This is explained by

the fact that CPT in the hydrogel system disintegrated H2O2 to

yield •OH, which further enhanced the efficacy of CDT,

thereby inhibiting tumor growth. As a result, this

combination therapy strategy has the ability to compensate

for the tumor’s deficiency of H2O2 and thereby improve

treatment efficacy. As demonstrated in Figure 2G, we also

developed SCH systems with various drug loading ratios and

carried out MTT assays. The cell death was further boosted as

CuS’s concentration elevated, showing that SCH’s cell killing

was concentration-dependent.

We then examined this prepared SCH’s capacity to induce

the in vivo elimination of CT26 breast tumors in mice because

they demonstrated positive antitumor activity in vitro.

Following PBS or SCH treatment, the tumor site’s

temperature was measured for 5 min under an 808 nm

(0.5 W cm−2) laser. Temperatures in the SCH group were

significantly higher than in the control group, according to

IR thermal imaging (Figures 3A,B). The increase in temperature

in the control group was insignificant (from 33.3 to 35.8°C),

indicating that the increase in temperature in the SCH group

was from 33.5 to 48.7°C. Since the heat resistance of tumor

tissue is comparatively inferior to that of normal cells, SCH-

mediated photothermal therapy can lead to the destruction of

proteins and other active substances in tumor cells at elevated

temperatures (42–47°C), thereby inducing apoptosis. On the

other hand, SCH can release CuS NPs and CPT at high

temperatures, enabling multiple rounds of treatments. The

primary impact of SCH was determined by subcutaneously

injecting 1 × 106 CT26 cells into BALB/c mice. The mice

received treatment after their main tumor volume had

reached almost 200 mm3. Five groups of mice having tumors

were created at random (5 mice in each group) (Zhang et al.,

2020) PBS; (Chen et al., 2021a); NIR; (Zhu et al., 2021a); SCH;

(Zhu et al., 2020); SH + NIR; and (Zhu et al., 2021b) SCH +NIR.

The CuS NPs concentration was 20 mg/kg in groups 3, 4, and 5.

After that, for 10 min, mice in groups 2, 4, and 5 were exposed

to 808 nm laser radiation (0.5 W cm−2). Every 2 days, the weight

of the mice was recorded. The tumor volumes in the control

FIGURE 4
(A) Kidney functionmarkers: BUN, (B)CRE, and (C) Liver function indicators: ALT, AST, and ALP following different treatments. (n = 3). (D) Results
of histopathological examination (H&E-stained images) of the mice’s major organs, including the heart, lung, liver, kidneys, and spleen, after
exposure to various therapies 14 days after the injection. (n = 3). Scale bars: 50 µm.
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group (PBS) and the NIR group dramatically increased

throughout the continuous treatment cycle, whereas the SCH

group showed a slight tumor suppressor effect, because the

hydrogel would degrade slowly in the animal body in the

absence of light, releasing a small part of drugs to cause a

certain degree of killing effect on the tumor. A better

therapeutic impact is exhibited by the SH + NIR

group. Though SH in combination with the laser has a

certain tumor-ablating impact, the intracellular H2O2 level

restricts SH’s ability to further induce the CDT effect. The

group receiving treatment with SCH and NIR demonstrated the

most effective tumor suppression (Figure 3C). Possibly

following the laser irradiation, the chemotherapeutic drug

CPT might boost H2O2 levels and further improve CuS NPs-

mediated •OH generation in addition to promoting tumor cell

apoptosis. Moreover, Cu2+ also could decrease intracellular

GSH to cause oxidative stress damage. The weight of the

tumor in mice following therapy matched the outcomes

(Figure 3D). Throughout treatment, the mice’s body weight

did not alter abnormally, proving that the agarose hydrogel was

safe and nontoxic and that our course of treatment was safe

(Figure 3E). Moreover, when the production of •OH in these

mice was assessed using HPF, considerably elevated levels were

determined in mice treated with SCH +NIR, suggesting that the

current treatment approach can improve the CDT effectiveness

and thus inhibit tumor growth. After the SCH + NIR group

received therapy, Ki-67 staining was performed, and it was seen

to be reduced. The hematoxylin and eosin (H&E) staining

results showed that upon treatments with SCH + NIR, the

solid tumor tissue’s structure was damaged, numerous tumor

cells were necrotic, and the tissue’s cells were constricted with

vanished nuclei (Figure 3F). These findings indicate that laser

irradiation and our CFH could work together to treat tumors.

We then assessed liver and renal functions which were not

impaired and this ensured that there was no systemic toxicity

caused by SCH (Figures 4A–C). Also, the outcomes of

comprehensive histological examinations of H&E- stained

lung, liver, heart, spleen, and kidney sections from these

animals confirmed that there are no major anomalies in any

mice (Figure 4D). Therefore, in these mice, SCH therapy did not

cause any severe adverse events. In summary, we have

demonstrated that the SCH system can achieve extremely

high tumor suppression rates. In the treatment of tumors,

CDT has been limited by insufficient hydrogen peroxide

content in tumors. Our SCH system provides new ideas for

CDT treatment of tumors in the future.

Conclusion

To conclude, we designed CuS NPs and CPT co-loaded

thermosensitive injectable hydrogel with self-supplied H2O2

for enhanced Chemodynamic Therapy (SCH). We injected

SCH into the tumor tissue of mice, and under the

illumination at 808 nm, CuS NPs converted the near-

infrared laser into heat to realize photothermal therapy,

and at the same time, the agarose hydrogel was changed

into a sol state and CPT was released. CPT activates

nicotinamide adenine dinucleotide phosphate oxidase,

increases the level of H2O2 inside the tumor, and realizes

the self-supply of H2O2. At the same time, CuS NPs can

accelerate the release of Cu2+ in an acidic environment and

light, combined with H2O2 generated by CPT for

chemokinetic treatment, and deplete glutathione inside the

tumor. The SCH system we constructed achieved an

extremely high tumor inhibition rate in vitro and in vivo,

presenting a new idea for the design of future chemical

kinetic systems. In the future, our system can be expected

to be used in combination with advanced nanotechnology

and immune technology concepts such as immunotherapy to

further improve our therapeutic effect.
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