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Abstract
Background Traditional chemotherapeutic agents suffer from a lack of selectivity, poor targeting ability, and drug 
resistance. Developing tumor-specific therapies is crucial for precisely eliminating tumors while circumventing toxicity 
to normal tissues. Disulfiram (DSF), an FDA-approved drug for treating alcohol dependence, exhibits antitumor 
effect by forming complexes with copper ions (Cu(DDC)2). Here, we developed a Cu-doped polydopamine-based 
nanosystem (DSF@CuPDA-PEGM) to achieve in situ generation of toxic Cu(DDC)2.

Results In cancer cells with elevated H2O2 contents, CuPDA responsively degrades to release Cu ions and DSF, 
allowing on-site synthesis of Cu(DDC)2 with potent antitumor activity. DSF@CuPDA-PEGM exhibits excellent 
therapeutic efficacy against both drug-sensitive and drug-resistant cancer cells while minimizing toxicity to 
noncancerous cells. Moreover, DSF@CuPDA-PEGM promotes the immune response by inducing cancer cell 
immunogenic death, thereby augmenting anti-PD-1-based immune checkpoint blockade therapy.

Conclusion A tumor-specifically degradable Cu-doped polydopamine-based nanosystem is developed to achieve in 
situ synthesis of antitumor compounds, providing a promising approach to precisely eliminate tumors and heighten 
chemo-immunotherapy.
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Introduction
Colorectal cancer (CRC) is the third most commonly 
occurring tumor with high morbidity and mortality [1]. 
Chemotherapy stands as a primary strategy in the treat-
ment of CRC, especially for patients with unresectable 
disease lesions. However, current chemotherapeutic 
drugs (e.g., fluorouracil and oxaliplatin) cause unfavor-
able and inevitable damage to healthy tissues due to the 
nonspecific toxicity and poor targeting ability, and criti-
cally suffer from cancer drug resistance, resulting in 
limited therapeutic efficacy and serious side effects [2]. 
Hence, there is an urgent need to develop tumor-specific 
therapeutic agents or strategies for precisely eradicating 
colorectal tumors, which are able to conceal their toxic-
ity in normal tissues and unleash the antitumor effects in 
tumors for eliminating both drug-sensitive and resistant 
cancer cells.

Disulfiram (DSF), a clinical drug used for treating alco-
holism, has recently been demonstrated to possess anti-
cancer properties [3]. DSF itself exhibits low toxicity, but 
its interaction with copper ions leads to the formation 
of toxic Cu(DDC)2 (Scheme 1) [4]. The formed complex 
binds with NPL4 and disables the p97-NPL4-UFD1 path-
way, consequently inducing cell apoptosis [5]. Hence, the 
cell-killing effects of DSF are highly dependent on the 
copper ions, conferring DSF with selectivity on toxifica-
tion. To enhance the DSF-based chemotherapy, a variety 
of DSF/Cu2+ co-delivering nanosystems have been devel-
oped, which promote the accumulation in tumors and 
release Cu2+ triggered by acidic conditions after cellular 

internalization for the generation of Cu(DDC)2 [6–12]. 
However, these nanosystems could also release Cu ions 
in the acidic endo/lysosomes in noncancerous cells to 
allow chelation of Cu2+/DSF, causing potential toxicity 
to normal tissues. Moreover, Cu2+ leakage will facilitate 
the generation of reactive oxygen species (ROS) owing 
to the Cu-catalyzed Fenton-like reactions, inducing cel-
lular oxidative stress and non-specific toxicity [13]. Thus, 
an ideal DSF-based therapeutic system requires the spe-
cific release of Cu2+ inside tumor tissues or cells, allowing 
in situ synthesis of Cu(DDC)2 for precisely eradicating 
tumors.

Reactive oxygen species (ROS) comprise a wide variety 
of reactive chemical species of oxygen metabolites that 
play a crucial role in regulating cellular function [14]. 
Cancer cells live in an aberrant redox homeostasis [15]. 
The hyperproliferation and active metabolism of cancer 
cells cause the overproduction of ROS, and cancer cells 
increase their antioxidant systems to maintain the redox 
balance [16]. Compared with normal cells and tissues, 
the levels of hydrogen peroxide (H2O2) in tumor cells and 
microenvironment are significantly elevated (∼ 100 µM) 
[17]. Of note, the H2O2 contents in drug-resistant cancer 
cells are even higher than those in drug-sensitive par-
ent cancer cells [18, 19]. The distinct difference in H2O2 
levels between tumors and normal tissues might be a 
promising key for designing therapeutic nanosystems for 
precise tumor elimination. Notably, the Cu(DDC)2 com-
plex has been demonstrated to facilitate the generation of 
cellular ROS, thereby elevating H2O2 levels [20]. Thus, we 

Graphical Abstract



Page 3 of 18Zhou et al. Journal of Nanobiotechnology          (2024) 22:612 

hypothesized that an H2O2-responsive copper-containing 
nanosystem would selectively unload the Cu ions and 
DSF, enabling in situ synthesis of Cu(DDC)2 in tumors 
with high levels of H2O2. Furthermore, the synthesized 
Cu(DDC)2 promotes H2O2 production intracellularly, 
which would cyclically trigger the release of Cu2+ and the 
synthesis of Cu(DDC)2. This therapeutic approach will 
achieve precise tumor elimination and help to minimize 
the toxicity to normal tissues. More importantly, the ele-
vated levels of H2O2 in drug-resistant cancer cells might 

promote the synthesis of Cu(DDC)2, inducing enhanced 
antitumor effects for overcoming drug resistance.

Polydopamine (PDA) is a melanin-like synthetic poly-
mer derived from dopamine, a naturally existing sub-
stance in the human body [21]. PDA nanoparticles are 
regarded as an exceptional material for drug delivery 
owing to their good biocompatibility and minimal long-
term toxicity, as well as the presence of cavities and 
surfaces that enable efficient drug loading [22]. Inter-
estingly, PDA and its derivatives could effectively scav-
enge multiple types of ROS to protect tissues from 

Scheme 1 A scheme illustration on the preparation (a) and precise tumor therapy (b) of CuPDA-based nanosystem
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oxidative stress-related injury and could be simultane-
ously degraded by the reactive species (e.g., H2O2) [23]. 
Moreover, PDA possesses excellent chelation capability 
of metal ions due to the abundant catechol and amino 
groups [24, 25]. Based on the versatile characteristics of 
PDA, it would be a feasible strategy to design a copper-
embedded PDA derivative that allows controllable Cu2+ 
release and in situ coordination with DSF in response to 
the high levels of H2O2 within tumor tissues or cells.

Herein, we have synthesized copper ion-doped poly-
dopamine nanoparticles (CuPDA) through oxidation 
polymerization and Cu-chelation, which were subse-
quently modified with mannose-terminated polyethylene 
glycol (PEG-Mannose) to enhance the colloidal stability 
and tumor targeting ability (Scheme 1). In the presence 
of H2O2, CuPDA responsively degrades to free Cu ions, 
allowing the formation of Cu(DDC)2 complexes with 
excellent antitumor activity. Notably, the CuPDA-based 
nanosystem (DSF@CuPDA-PEGM) could selectively kill 
colorectal cancer cells, particularly demonstrating great 
antitumor effects against drug-resistant cancer cells, 
but exhibiting low toxicity towards noncancerous cells. 
Moreover, DSF@CuPDA-PEGM could induce immu-
nogenic cell death (ICD) to stimulate the antitumor 
immune response, thereby enhancing the immune check-
point therapy against the microsatellite stable (MSS) 
CRC tumor. Thus, this CuPDA-based nanosystem offers 
an effective and precise strategy against CRC tumors and 
provides a new insight for chemo-immunotherapy.

Materials and methods
Materials
Dopamine hydrochloride, disulfiram, rhodamine123, 
phloretin, and N-acetyl-L-cysteine were obtained from 
Aladdin Industrial Corporation (Shanghai, China). 
Hydrogen peroxide (30%), ethanol (AR, ≥ 95%), and 
ammonia solution (AR, 25–28%) were purchased from 
Sinopharm Chemical Regent Co., Ltd (Shanghai, China). 
SH-PEG-Mannose (Mn, 5000 Da) was purchased from 
Huateng Pharma (Hunan, China). 2’,7’-Dichlorofluo-
rescin diacetate (DCFH-DA), calcein acetoxymethyl ester 
(Calcein-AM), propidium iodide (PI), and Enhanced 
ATP Assay Kit were purchased from Beyotime Chemi-
cal Reagent (Jiangsu, China). Lysotracker was purchased 
from Yeasen Biotech Co., Ltd (Shanghai, China). HMGB1 
antibody and goat anti-Mouse lgG AF 488 were pro-
vided by Abmart Co., Ltd (Shanghai, China). Antibod-
ies for flow cytometry were purchased from Biolegend, 
lnc (USA). In Vivo MAb anti-mouse PD-1 (CD279) was 
obtained from BioXcell (USA).

Preparation of DSF@CuPDA-PEGM
CuPDA nanoparticles were prepared through the oxi-
dative polymerization and self-assembly of dopamine 

(DA) with Cu2+ chelation under the alkaline condition. 
Firstly, dopamine hydrochloride (380  mg, 2 mmol) and 
CuCl2·2H2O (28.4  mg, 0.17 mmol) were dissolved in 10 
mL of deionized water, respectively. Then, dopamine 
hydrochloride and CuCl2·H2O solutions were added into 
a mixture of ammonium hydroxide (3 mL), ethanol (40 
mL), and deionized water (90 mL) at room temperature 
stirring for 24 h. CuPDA nanoparticles were collected by 
centrifuging, washing, and freeze-drying.

SH-PEG-Mannose (5k) was modified to the surface of 
the CuPDA nanoparticles. Firstly, CuPDA NPs (20  mg) 
were dispersed in 20 mL of Tris buffer (10 mM, pH 8.5) 
containing SH-PEG-Mannose (20 mg). The reaction car-
ried on at room temperature for 24 h and CuPDA–PEGM 
was collected via centrifugation and washing.

To encapsulate the hydrophobic DSF, CuPDA-PEGM 
(20 mg) was dispersed in ethanol solution (10 mL) with 
DSF (10  mg) and stirred at room temperature for 24  h. 
The resulting DSF@CuPDA-PEGM was collected by cen-
trifugation and washing with ethanol and water.

Characterization of DSF@CuPDA-PEGM
A JEM-2010 F transmission electron microscope (TEM, 
JEOL, Japan) was employed for morphological char-
acterization of nanoparticles. Element mapping was 
conducted on FEI-Talos F200S. X-ray photoelectron 
spectroscopy (XPS) spectra were obtained by ESCALAB 
250Xi (Thermo Fischer). The hydrodynamic size and zeta 
potential of nanoparticles were measured by the Zeta-
sizer Nano series (Nano-ZS ZEN3600, Malvern). UV-Vis 
absorption spectra were observed on a VICTOR Nivo 
Multimode Microplate Reader (PerkinElmer). CuPDA-
PEGM NPs were incubated in PBS or DMEM with 10% 
FBS for 1 h and 24 h to investigate their stability, then the 
hydrodynamic sizes were measured.

Hydrogen peroxide-responsive degradation and copper 
ion release in vitro
CuPDA NPs (0.25 mg/mL) were incubated with different 
amounts of H2O2 (0, 0.1, 1, 5, 10 mM) in aqueous solu-
tions. After 72 h, UV-vis absorption spectra of solutions 
from 400 to 800 nm were measured. Cu2+ concentrations 
in supernatants were investigated by Inductively coupled 
plasma atomic emission spectrometer (ICP-AES). For 
different incubation times (6, 12, 24, 48, 72 h), the absor-
bance of CuPDA NPs at 500 nm was recorded.

To study the degradation behaviors, DSF@CuPDA-
PEGM dispersions were incubated in the buffers mimick-
ing different environments (pH 5.0 with 100 µM H2O2, 
pH 6.5 with 100 µM H2O2, and pH 7.4 with 3.6 µM H2O2) 
over 72 h. After incubation (6, 12, 24, 48, 72 h), the absor-
bance of DSF@CuPDA-PEGM dispersion at 500  nm 
was recorded. To test DSF release, DSF@CuPDA-PEGM 
(2 mg of DSF) was dispersed in the buffers (pH 7.4, 3.6 
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µM H2O2 or pH 6.5, 100 µM H2O2), and then dialyzed in 
10 mL of corresponding buffers. At given time intervals, 
the release media were collected and replaced with fresh 
buffers. The amount of released DSF was evaluated and 
calculated according to the reported method [26].

In vitro cellular uptake
Rhodamine123 was loaded on CuPDA-PEG or CuPDA-
PEGM to explore in vitro cellular uptake. For Rh123@
CuPDA-PEG and Rh123@CuPDA-PEGM synthesis, 
3  mg Rhodamine123 was dissolved in 500 µL ethanol, 
which was later added into CuPDA-PEG or CuPDA-
PEGM suspensions (10 mg/mL). After stirring overnight, 
Rh123@CuPDA-PEG and Rh123@CuPDA-PEGM were 
dialyzed in water for two days and freeze-dried for use.

To investigate GLUT1-mediated cellular uptake, 
HCT116 cells were seeded in confocal dishes (5 × 104 
cells/well). After 24  h, cell media were replaced with 
fresh media containing Rh123@CuPDA-PEG or Rh123@
CuPDA-PEGM (1.25  µg/mL). For the phloretin inhibi-
tion group, the cells were pretreated with phloretin for 
12 h before exposure to Rh123@CuPDA-PEGM. For the 
mannose competition group, the cells were exposure to 
Rh123@CuPDA-PEGM in the media containing man-
nose (4.5 g/L) for 4 h. After treatment for 4 h, the cells 
were stained with Hoechst 33,342, and then observed on 
a confocal. For flow cytometry analysis, HCT116 cells 
(2 × 105 cells per well) were cultured in a 6-well plate for 
24 h, and treated as mentioned above before flow cytom-
etry analysis.

In vitro cytotoxicity and apoptosis assay
HCT116, HUVEC, L929, CT26, NCM460, and 3T3 
cells were seeded in the DMEM medium with 10% fetal 
bovine serum (FBS) at 37  °C in an incubator with 5% 
CO2. HCT116 L/OHP cells were cultured in RPMI-1640 
medium with 10% FBS at 37 °C under the atmosphere of 
5% CO2.

The cytotoxicity of different drug formulations (DSF, 
CuPDA-PEGM, DSF@CuPDA-PEG, DSF@CuPDA-
PEGM) towards HCT116 cells, HCT116 L/OHP cells, 
HUVEC cells, L929 cells, Hela cells, MCF-7 cells and 
A549 cells were measured by a CCK-8 kit (Vazyme). 
Briefly, cells (6 × 103 cells per well) were cultured in 
96-well plates for 24  h. Then, the cell culture media 
were replaced with media containing different formula-
tions (0–5  µg/mL DSF, 0–50  µg/mL CuPDA-PEGM). 
After incubating for 24  h, the cell viability was evalu-
ated by a CCK-8 assay according to the manufacturer’s 
instructions.

Cell apoptosis assay was conducted through an 
Annexin V/PI kit. First, HCT116 or HUVEC cells (2 × 105 
cells per well) were cultured in a 6-well plate for 24  h. 
DSF (2.5  µg/mL), CuPDA-PEGM (25  µg/mL), DSF@

CuPDA-PEG (2.5  µg/mL DSF), DSF@CuPDA-PEGM 
(2.5 µg/mL DSF) were applied to treat these cells. After 
24  h, the cells were washed, collected, and stained with 
Annexin V and PI for flow cytometry analysis.

For live/dead staining, HCT116 or HUVEC cells 
(1 × 105 cells per well) were cultured in a 12-well plate and 
incubated for 24 h. The cells were treated as mentioned 
above. After that, the media were discarded and the cells 
were stained with Calcein-AM and PI for 30 min before 
observation by a fluorescence microscope.

The mechanisms of in vitro cell cytotoxicity
For intracellular ROS levels detection, HCT116 cells 
(1 × 105 cells per well) were seeded in a 12-well plate and 
incubated for 24  h, followed by treatment with DSF@
CuPDA-PEGM (1.25 µg/mL) for different times (1 h, 2 h, 
4  h, 8  h, 24  h). DCFH-DA probe (10 µM) was used to 
indicate the cellular ROS of the treated cells.

To alter the ROS content in HCT116 cells, H2O2 and 
N-acetyl-L-cysteine (NAC) were applied. HCT116 cells 
(1 × 105 cells per well) were seeded in a 12-well plate 
and incubated overnight. Then the culture media were 
replaced with fresh medium containing 0.2 mM H2O2 or 
0.5 mM NAC and incubated for 4 h. Afterward, the cells 
were treated with serum-free media containing DCFH-
DA (10 µM) and incubated for 20  min before imaging 
using a fluorescence microscope. For flow cytometry 
analysis, HCT116 cells (2 × 105 cells per well) were cul-
tured in a 6-well plate overnight. Cells were treated with 
the same procedure as mentioned above, and then the 
cells were collected for flow cytometry analysis.

To investigate the impact of intracellular ROS on DSF@
CuPDA-PEGM’s selective killing ability, cells (6 × 103 cells 
per well) cultured in a 96-well plate were pretreated with 
0.2 mM H2O2 or 0.1 mM NAC, then cells were incubated 
with DSF@CuPDA-PEGM (DSF, 0–5  µg/mL) for 24  h. 
Afterward, the cell viability was measured by a CCK-8 
assay.

In order to explore the cell death mechanisms induced 
by DSF@CuPDA-PEGM, HCT116 cells were pretreated 
with Z-VAD-FMK (30 µM) or rotenone (100 nM), and 
then exposed to DSF@CuPDA-PEGM (DSF, 0–5 µg/mL). 
After incubation for 24 h, the cell viability was evaluated 
by a CCK-8 assay.

In vitro ICD effect
To assess the ICD effect of DSF@CuPDA-PEGM, ICD-
related DAMPs (HMGB1 and ATP) were evaluated in 
CT26 cells in vitro. CT26 cells were treated with free 
DSF, CuPDA-PEGM, DSF@CuPDA-PEG, and DSF@
CuPDA-PEGM (2.5  µg/mL of DSF), respectively. After 
4 h, the cells were washed, fixed, and stained with anti-
HMGB1 primary antibody, followed by Alexa Fluor 488 
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secondary antibody according to the manufacturer’s 
protocol.

After CT26 cells were incubated with these drug for-
mulations for 5  h, the media were collected and cen-
trifuged at 1000  rpm for 5  min. ATP contents in the 
supernatants were tested using an Enhanced ATP Assay 
Kit according to the manufacturer’s instructions.

To evaluate DCs maturation, the culture media of CT26 
cells were collected and centrifuged after treatment with 
free DSF, CuPDA-PEGM, DSF@CuPDA-PEG, and DSF@
CuPDA-PEGM for 24 h. Then, DC2.4 cells were treated 
with these condition media for 24  h. Finally, the DCs 
were collected and stained with anti-CD11c-BV421 and 
anti-CD86-PE antibodies. The proportion of mature DCs 
was determined by flow cytometry.

Animals
Female BALB/c nude mice (6 weeks) were obtained from 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China). Female BALB/c mice (6–8 weeks) 
were provided by Liaoning Changsheng Biotechnology 
Co., Ltd. (Benxin, China). All animal experiments were 
performed according to the protocols approved by the 
Animal Care and Use Committee of Huazhong Univer-
sity of Science and Technology (Wuhan, China).

In vivo antitumor effect
To evaluate the in vivo therapeutic effects of DSF@
CuPDA-PEGM, subcutaneous HCT116 tumor-bearing 
models in BALB/c nude mice were used. HCT116 cells 
(1.2 × 106 cells) were injected into the right infra-axillary 
dermis subcutaneously to develop models. Tumor-bear-
ing mice were randomly divided into 5 groups (n = 6): (1) 
PBS control, (2) free DSF, (3) CuPDA-PEGM, (4) DSF@
CuPDA-PEG, (5) DSF@CuPDA-PEGM. The mice were 
intravenously injected with 200 µL of the above formula-
tions every three days for 4 times since the tumor volume 
reached approximately 100 mm3. The dosages of DSF and 
CuPDA-PEGM were 3.75 mg/kg and 37.5 mg/kg, respec-
tively. Body weight and tumor volume were monitored 
every two days. Tumor volume was calculated accord-
ing to the following formula: V = 1/2 × width2 × length. 
Mice were sacrificed at day 18, major organs were col-
lected and stained with hematoxylin and eosin, while the 
tumors were weighed and performed with TdT-mediated 
dUTP nick-end labeling (TUNEL) staining.

In vitro biocompatibility
Hemolysis assay was performed to evaluate the biocom-
patibility of CuPDA-PEGM. Red blood cells suspension 
(900 µL, 2%) was incubated with 100 µL CuPDA-PEGM 
(0–100  µg/mL) under vibration for 4  h at 37  °C. Then, 
the mixtures were centrifuged at 3000  rpm for 10  min 
and the supernatants were measured at 545 nm. PBS and 

Triton X-100 were applied as the negative and positive 
controls.

The cytotoxicity of CuPDA-PEGM NPs (0–100 µg/mL) 
in noncancerous cell lines (L929, NCM460, and 3T3) was 
evaluated by a CCK-8 kit according to the methods men-
tioned above.

In vivo antitumor efficacy by DSF@CuPDA-PEGM/αPD-1 
combination
When CT26 tumor volumes reached around 80 mm3, 
mice were treated with PBS, αPD-1, DSF@CuPDA-
PEGM, DSF@CuPDA-PEGM/αPD-1, respectively (n = 6, 
3.75  mg/kg of DSF, 100  µg of αPD-1 per mouse). The 
body weight and tumor volumes of mice were moni-
tored every day. On day 12, mice were sacrificed and 
their tumors were harvested for staining with CD8 anti-
body. Cells with red fluorescence around blue nuclei were 
regarded as CD8+ T cells.

To investigate the immune responses of mice, CT26 
tumor-bearing BALB/c mice were divided into 4 groups 
randomly (n = 4). DSF@CuPDA-PEGM (DSF: 3.75  mg/
kg) were intravenously injected two times on day 0 and 
day 3, and αPD-1 was intraperitoneally administered on 
day 1 and day 4 at a dose of 100  µg/mouse. Mice were 
sacrificed on day 5. Their tumors and tumor-draining 
lymph nodes were collected for flow cytometry analysis. 
The tumors were pulverized and the collected cells were 
washed with 1640 medium followed by staining with 
specific antibodies including CD4-BV605, and CD8a-
APC. The lymph nodes were obtained and collected 
for CD11c-FITC and CD86-PE staining. The cells were 
finally analyzed by flow cytometry.

Results and discussion
Preparation and characterization of DSF@CuPDA-PEGM
The copper ion-doped polydopamine (CuPDA) was syn-
thesized through oxidative polymerization and Cu(II)-
doping in the alkaline condition at room temperature. 
During the oxidation and crosslinking of dopamine, the 
Cu2+ would be embedded in the polymeric nanoparticles 
through coordination with catechol, carboxy, and imine 
groups. The CuPDA exhibited a spherical shape with an 
average diameter of 180  nm (Fig.  1a), similar to that of 
PDA nanoparticles (Fig. S1a), suggesting that the cop-
per incorporation would not change the morphology of 
polydopamine. The element mapping visually revealed 
that the Cu, O, C, and N elements were homogeneously 
distributed in the CuPDA nanoparticles (Fig. 1b), indicat-
ing the successful chelation of Cu ions during dopamine 
polymerization. The Cu content in CuPDA was examined 
to be 1.92% by inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES). Next, the Cu coordination 
status within CuPDA was analyzed by X-ray photoelec-
tron spectroscopy (XPS) (Fig.  1c). The Cu 2p spectrum 
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exhibited two characteristic peaks at 934  eV (Cu 2p3/2) 
and 953.7  eV (Cu 2p1/2) along with two satellite peaks 
(Fig.  1d), indicating the existence of Cu(II). In the O 1s 
spectrum (Fig.  1e), the peaks at 532.7  eV and 531.0  eV 
were attributed to O–C and O-Cu, respectively, confirm-
ing the Cu coordination in CuPDA.

To endow the CuPDA nanoparticles with tumor-target-
ing capability and colloidal stability, mannose-terminated 
polyethylene glycol (SH-PEG-Mannose, Mn: 5000 Da) 
was decorated on the surface of CuPDA by the Michael 
addition reaction between the thiol group of SH-PEG-
Mannose and quinone on CuPDA [21]. After modifica-
tion of PEG-Mannose, the morphology of nanoparticles 

remained spherical (Fig. 1f ), while the hydrodynamic size 
increased by 8.7 nm and the zeta-potential decreased by 
5.8 mV (Fig. 1g and h). Fourier transform infrared (FTIR) 
spectrum of CuPDA-PEGM revealed the aliphatic C–H 
stretching in PEG (∼ 2880  cm− 1), suggesting the suc-
cessful modification of SH-PEG-Mannose (Fig. S1b). Of 
note, the PEG-Mannose coating significantly enhanced 
the colloidal stability of nanoparticles, as the particle 
sizes of CuPDA-PEGM in physiological buffers (PBS and 
cell medium) hardly changed after incubation for 24  h 
(Fig. 1i and j). Finally, DSF was loaded in CuPDA-PEGM 
through hydrophobic interactions with a loading con-
tent of 8.4%. Meanwhile, the SH-PEG-modified CuPDA 

Fig. 1 Characterization of DSF@CuPDA-PEGM. (a) TEM image of CuPDA. Scale bar, 500 nm. (b) Element mapping of CuPDA. Scale bar, 50 nm. (c) XPS 
survey spectrum of CuPDA. (d, e) Cu 2P XPS spectrum (d) and O 1s XPS spectrum (e) of CuPDA. (f) TEM image of CuPDA-PEGM. Scale bar, 500 nm. (g) 
Hydrodynamic sizes of CuPDA and CuPDA-PEGM. (h) Zeta potential of CuPDA and CuPDA-PEGM. (i, j) The size distribution of CuPDA-PEGM dispersions in 
PBS (i) or DMEM containing 10% FBS (j) after incubation for 1 h and 24 h
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(CuPDA-PEG) was synthesized as the control without 
targeting moiety.

Hydrogen peroxide (H2O2)-responsive degradation and 
copper ion release
It was reported that PDA could undergo oxidation-
induced degradation in the presence of reactive oxygen 
species (ROS), such as H2O2 [22]. Herein, we investigated 
whether Cu-chelated PDA could degrade and release Cu 
ions in the presence of H2O2. CuPDA nanoparticles were 
exposed to H2O2 aqueous solutions at different concen-
trations for 72  h. Upon incubation with H2O2 solution, 
the color of CuPDA suspensions faded in a dose-depen-
dent manner and became light brown after incubation 

with 10 mM H2O2 (Fig.  2a). TEM images exhibited the 
morphological changes of H2O2-treated CuPDA, sug-
gesting the degradation of CuPDA (Fig. S2). The UV-Vis 
spectra further confirmed the degradation of CuPDA 
in H2O2 solution, as the absorption of CuPDA suspen-
sions (from 400 nm to 800 nm) decreased with increas-
ing H2O2 concentration and incubation time (Fig. 2b and 
c). Reasonably, CuPDA responsively released Cu ions 
due to the degradation induced by H2O2, while only 6% 
of Cu2+ were leaked from CuPDA in the physiological 
condition without H2O2 (Fig.  2d). Moreover, the degra-
dation behaviors of DSF@CuPDA-PEGM were examined 
in the buffers mimicking different environments (Fig. 
S3). Of note, high levels of H2O2 and acidic environment 

Fig. 2 Hydrogen peroxide-responsive degradation. (a) Image of CuPDA incubated in H2O2 solutions at different concentrations for 72 h. (b) UV-Vis ab-
sorption spectra of CuPDA after incubation with H2O2 for 72 h. (c) Relative absorbance of CuPDA dispersions at 500 nm in the H2O2 solution over 72 h. (d) 
Cu ion release amounts from CuPDA in the H2O2 solutions at different concentrations at 72 h
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significantly accelerated the degradation rate of nanopar-
ticles and promoted the DSF release (Fig. S3 and S4). 
These results indicate that CuPDA would specifically 
release Cu ions and DSF in response to the tumor micro-
environment with high contents of H2O2 (∼ 100 µM) 
[17], which might further generate cytotoxic Cu(DDC)2 
for precision cancer therapy. On the contrary, the Cu 
ions would be restricted in the nanoparticles to avoid 
side effects in normal tissues or cells with low contents 
of H2O2.

Cellular internalization of CuPDA-PEGM in vitro
The glucose transporter type 1 (GLUT1) has been identi-
fied to be over-expressed on the membranes of colorectal 
cancer cells (CRC) [27, 28], and relatively low expressed 
in the immune cells [29], which is a potential target for 
drug delivery for CRC. Thus, mannose ligands (the epi-
mer of glucose that could specifically bind to GLUT1 
[30]) were modified on the surface of CuPDA (CuPDA-
PEGM) to endow it with targeting capability to enhance 
the drug delivery efficacy. To test this notion, Rhodamine 
123 (Rh123, green fluorescence) was loaded in CuPDA-
PEGM for the visualization of endocytosis behaviors. 

The CuPDA modified with SH-PEG (without mannose 
ligand) was synthesized as a control. After co-incuba-
tion with HCT116 cells for 4  h, more green fluorescent 
spots could be observed in the cells exposed to Rh123@
CuPDA-PEGM compared with the cells incubated with 
Rh123@CuPDA-PEG (Fig.  3a), suggesting that more 
Rh123@CuPDA-PEGM was internalized in HCT116 
cells. Moreover, the phloretin (a GLUT1 inhibitor) signif-
icantly weakened the cellular uptake of Rh123@CuPDA-
PEGM, indicating that the enhanced internalization was 
dependent on the GLUT1/mannose-mediated targeting 
effect. Furthermore, the flow cytometry analysis con-
firmed the targeting effect of CuPDA-PEGM in GLUT1-
positive cancer cells when the cells were pretreated with 
either mannose or phloretin (Fig. 3b and Fig. S5). In addi-
tion, the internalized Rh123@CuPDA-PEGM was mainly 
observed in the cytoplasm and highly overlapped with 
the lysosomes (Fig. S6). These results suggest that the 
mannose decoration promotes the cellular uptake effi-
cacy of CuPDA-PEGM in colorectal cancer cells with 
overexpressed GLUT1.

Fig. 3 Cellular internalization of CuPDA-PEGM in vitro. (a) Confocal images of HCT116 cells exposed to Rh123@CuPDA-PEG, Rh123@CuPDA-PEGM, or 
Rh123@CuPDA-PEGM with phloretin-pretreatment. Scale bars, 20 μm. (b) Flow cytometry analysis (upper) and mean fluorescence intensity (MFI) (lower) 
of HCT116 cells treated with Rh123@CuPDA-PEG, Rh123@CuPDA-PEGM, or Rh123@CuPDA-PEGM with phloretin-pretreatment
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Specific antitumor effect of DSF@CuPDA-PEGM in vitro
To study the antitumor effect of DSF-loaded CuPDA-
PEGM, the cytotoxicity of different formulations against 
colorectal cancer cells and noncancerous cells was inves-
tigated by CCK-8 assay. Of note, in the drug-sensitive 
cancer cells (HCT116, human colorectal cancer cells) and 
drug-resistant cancer cells (HCT116/L-OHP, an oxalipla-
tin-resistant counterpart), DSF@CuPDA-PEG and DSF@
CuPDA-PEGM exhibited dose-dependent cytotoxicity, 
while DSF alone barely killed the cancer cells (Fig.  4a 
and b). Owing to the targeting ability of mannose, DSF@
CuPDA-PEGM showed an enhanced antitumor effect 
compared with DSF@CuPDA-PEG. Impressively, both 
DSF@CuPDA-PEG and DSF@CuPDA-PEGM exhibited 
greater antitumor effects against the drug-resistant can-
cer cells, as the IC50 of these formulations decreased by 
∼ 36% in HCT116/L-OHP cells compared to HCT116 
cells (Table S1). Moreover, in other types of cancer cells, 
DSF@CuPDA-PEGM also exhibited effective antitumor 
effects (Fig. S7). In sharp contrast, the cytotoxicity of both 
DSF@CuPDA-PEG and DSF@CuPDA-PEGM in noncan-
cerous cells (HUVEC and L929) was markedly lower than 
that in cancer cells (Fig. 4c and d), suggesting the specific 
antitumor effects. Next, the apoptosis assay and live/
dead staining images revealed that DSF@CuPDA-PEG 
and DSF@CuPDA-PEGM could precisely induce cell 
death in HCT116 cells, but hardly reduced the viability of 
HUVEC cells (Fig.  4e-h). Of note, DSF@CuPDA-PEGM 
induced more apoptotic cells or PI-positive cells in these 
assays compared with DSF@CuPDA-PEG (Fig. 4e and g), 
confirming that the mannose-GLUT1 mediated targeting 
effect enhances the antitumor activity. These results con-
sistently demonstrate that the CuPDA-based nanosys-
tems (CuPDA-PEG and CuPDA-PEGM) are capable of 
delivering DSF to selectively kill cancer cells while exhib-
iting minimal toxicity toward noncancerous or normal 
cells. In addition, the mannose functionalization could 
further enhance the antitumor effect of DSF@CuPDA-
PEGM in the GLUT1-positive cancer cells.

DSF@CuPDA-PEGM exhibits the specific antitumor effect 
depending on the cellular ROS and induces immunogenic 
cell death
Hydrogen peroxide is considered as the major source of 
cellular ROS and has a relatively long biological lifespan 
[31–33]. Given that CuPDA could degrade and release 
Cu ions in response to H2O2, which will chelate with 
DSF to synthesize the antitumor agent, the cytotoxicity 
of DSF@CuPDA-PEGM may be dependent on the intra-
cellular ROS levels that trigger CuPDA degradation for in 
situ Cu(DDC)2 synthesis. To test this notion, the intra-
cellular ROS level of HCT116 cells was monitored after 
exposure to DSF@CuPDA-PEGM (DSF: 1.25  µg/mL, 
with low cytotoxicity) for 24 h (Fig. 5a and b, Fig. S8). The 

ROS levels (indicated by the green fluorescence of DCF) 
of HCT116 cells were gradually decreased over time, and 
the mean fluorescence intensity reduced to 37% at 24 h 
post-treatment, suggesting that DSF@CuPDA-PEGM 
consumes the ROS intracellularly and may release Cu 
ions responsively. Next, H2O2 and N-acetyl-L-cysteine 
(NAC) were employed to upregulate and downregulate 
the cellular ROS contents in HCT116 cells, respectively. 
H2O2 pretreatment markedly increased the intracellu-
lar ROS level (Fig.  5c and d, Fig. S9a), which enhanced 
the antitumor effect of DSF@CuPDA-PEGM (Fig.  5e). 
In contrast, NAC pretreatment significantly reduced the 
intracellular ROS content (Fig. 5c and d, Fig. S9a), which 
suppressed the cytotoxicity of DSF@CuPDA-PEGM 
(Fig.  5f ). As a precursor of reduced glutathione (GSH), 
NAC pretreatment could increase the intracellular GSH, 
which could chelate with Cu ions to form Cu-GSH com-
plexes. Since Cu-GSH complexes could be disassembled 
to form Cu(DDC)2 in the presence of DSF (Fig. S9b), the 
increased cellular GSH might not affect the formation of 
Cu(DDC)2. These results indicate that the selective anti-
tumor activity of DSF@CuPDA-PEGM highly relies on 
the intracellular ROS levels. The ROS-dependent anti-
tumor effect explains why DSF@CuPDA-PEGM killed 
drug-resistant HCT116/L-OHP cells more effectively 
(Fig. 4 and Table S1), which possess higher cellular H2O2 
than drug-sensitive HCT116 cells (Fig. S10). Therefore, in 
the tumor tissues or cells with high ROS contents, DSF@
CuPDA-PEGM would responsively degrade for Cu2+ 
release and Cu(DDC)2 synthesis in situ, resulting in pre-
cise tumor killing and minimum side effects.

The combination of DSF and Cu ions has been reported 
to induce cell apoptosis in a p38-dependent manner, 
or through the inhibition of NF-κB activity [34, 35]. In 
addition, copper ions could bind with lipoylated pro-
teins in the tricarboxylic acid (TCA) cycle to induce pro-
tein oligomerization, leading to proteotoxic stress and 
cell cuproptosis [36]. Thus, to investigate the cell death 
mechanisms induced by DSF@CuPDA-PEGM, the pan-
caspase inhibitor (Z-VAD-FMK) and mitochondrial 
electron transport chain complex I inhibitor (rotenone, 
a cuproptosis inhibitor) were employed. The CCK-8 
assay showed that Z-VAD-FMK and rotenone markedly 
attenuated the cytotoxicity of DSF@CuPDA-PEGM in 
HCT116 cells (Fig. S11 and S12), indicating that the anti-
tumor effect of DSF@CuPDA-PEGM is associated with 
both apoptosis and cuproptosis.

Cu/DSF co-treatment is able to induce immunogenic 
cell death (ICD) in cancer cells, with the mechanism 
involving the expression of damage-associated molecular 
pattern (DAMP) hallmarks [37]. These hallmarks include 
exposure of the endoplasmic reticulum protein calre-
ticulin (CRT) and unloading of high-mobility group box 
1 (HMGB1) and ATP into the extracellular space, which 
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Fig. 4 Antitumor effect of DSF@CuPDA-PEGM in vitro. (a-d) In vitro cytotoxicity of free DSF, DSF@CuPDA-PEG, and DSF@CuPDA-PEGM against HCT116 
cells (a), HCT116/L-OHP cells (b), HUVEC cells (c), and L929 cells (d) at different concentrations of DSF for 24 h. (e-f) Flow cytometry analysis of cell apop-
tosis of HCT116 cells (e) and HUVEC cells (f) receiving different treatments (DSF: 2.5 µg/mL, CuPDA-PEGM: 25 µg/mL) for 24 h. (g-h) Live/dead staining of 
HCT116 cells (g) and HUVEC cells (h) receiving different treatments (DSF: 2.5 µg/mL, CuPDA-PEGM: 25 µg/mL) for 24 h. Scale bars, 100 μm
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Fig. 5 The mechanisms of in vitro cell cytotoxicity and ICD effect. (a-b) Intracellular ROS of HCT116 cells treated with DSF@CuPDA-PEGM stained by 
DCFH-DA, and (b) quantification of mean fluorescence intensity. Scale bars, 100 μm. (c) Intracellular ROS levels of HCT116 cells treated with H2O2 or NAC. 
Scale bars, 100 μm. (d) Flow cytometry assay of intracellular ROS of HCT116 cells treated with H2O2 or NAC. (e-f) In vitro cytotoxicity of DSF@CuPDA-PEGM 
in the HCT116 cells, which were pretreated with H2O2 (e) or NAC (f). (g) ATP release from CT26 cells treated with PBS (G1, Control), DSF (G2), CuPDA-PEGM 
(G3), DSF@CuPDA-PEG (G4), DSF@CuPDA-PEGM (G5). (h) HMGB1 in CT26 cells after receiving different formulations. Scale bars, 20 μm. (i) Flow cytometry 
analysis of DC maturation after incubation with the cell lysates of CT26 cells which were treated with different formulations
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facilitates the recruitment of dendritic cells (DCs) and 
promotes the antigen presentation by DCs. To study the 
ICD-inducing ability of DSF@CuPDA-PEGM, the ICD-
related DAMPs (HMGB1 and ATP) and consequent 
DCs maturation were examined. DSF@CuPDA-PEG 
and DSF@CuPDA-PEGM effectively induced HMGB1 
release, as the green fluorescence of stained HMGB1 
in nuclei was markedly decreased (Fig.  5h, Fig. S13). 
Moreover, the ATP contents in the cell media of DSF@
CuPDA-PEG and DSF@CuPDA-PEGM groups increased 
by 3.5 and 4.5 times, respectively (Fig.  5g), suggesting 
ATP secretion from the treated cells. To confirm the mat-
uration of DCs induced by ICD, DC2.4 cells were treated 
with the supernatants of CT26 cells which were pre-
treated with different drug formulations. Flow cytometry 
analysis revealed that the supernatants from cells treated 
with DSF-loaded nanoparticles (DSF@CuPDA-PEG and 
DSF@CuPDA-PEGM) effectively upregulated the DCs 
(CD86+) maturation (Fig. 5i). Especially, the DC matura-
tion effect of DSF@CuPDA-PEGM-treated cell medium 
was more effective compared with DSF@CuPDA-PEG 
group, likely because of the enhanced antitumor activ-
ity of DSF@CuPDA-PEGM with tumor-targeting effect. 
Overall, these results verified that DSF@CuPDA-PEG 
and DSF@CuPDA-PEGM could induce ICD in cancer 
cells in vitro and subsequently promote DC maturation.

In vivo antitumor effect and biocompatibility
The in vivo antitumor effect of DSF@CuPDA-PEGM 
was evaluated in HCT116 tumor-bearing mice (Fig. 6a). 
When the tumor volume reached approximately 100 
mm3, these mice were randomly divided into five groups 
(n = 6) and intravenously injected with PBS, DSF, CuPDA-
PEGM, DSF@CuPDA-PEG, and DSF@CuPDA-PEGM 
(four times, 3.75 mg/kg DSF), respectively. The DSF alone 
was unable to suppress tumor growth, as the tumor vol-
ume in DSF-treated mice grew as fast as the PBS group 
(Fig. 6b-f ), indicating the low toxicity of DSF itself. Simi-
larly, the CuPDA-PEGM (without DSF) did not inhibit 
the tumor growth. On the contrary, DSF-loaded CuPDA-
PEGM (DSF@CuPDA-PEGM) effectively suppressed 
tumor growth with a tumor mass reduction of 68.4% 
compared with the PBS group (Fig.  6b-f ). In addition, 
DSF@CuPDA-PEGM exhibited a significantly higher 
antitumor effect compared with DSF@CuPDA-PEG likely 
due to the targeting capability of mannose modification. 
Furthermore, the histochemical staining assay confirmed 
the antitumor effect of DSF@CuPDA-PEGM by increas-
ing apoptotic cells (Fig.  6g). These results suggest that 
the combination of CuPDA-PEGM and DSF effectively 
inhibits tumor growth, potentially via the in situ synthe-
sis of lethal Cu(DDC)2 from DSF@CuPDA-PEGM.

Next, the biosafety of CuPDA-PEGM was evaluated in 
vitro and in vivo. After incubation with red blood cells 

for 4 h, the hemolysis rate was lower than 1% even at the 
concentration of 100 µg/mL, indicating good hemocom-
patibility of CuPDA-PEGM (Fig. S14). In addition, the 
viability of cells (L929, NCM460, and 3T3) exposed to 
CuPDA-PEGM remained higher than 80% at all the test 
concentrations (0–100 µg/mL), suggesting its good cyto-
compatibility (Fig. S15). Moreover, CuPDA-PEGM-based 
formulations (with or without DSF) did not decrease 
the body weight of mice nor damage the major organs 
(Fig.  6d, Fig. S16). These results suggest the favorable 
biocompatibility of CuPDA-PEGM. Melanin-like PDA 
nanoparticles are well-known for their great biocompat-
ibility and biodegradability, making them suitable as drug 
delivery systems and therapeutic platforms [38]. After 
intravenous injection, Cu-doped PDA nanoparticles pre-
dominantly accumulate in the liver and kidneys within 
24 h post-administration, attributed to the reticuloendo-
thelial system. These nanoparticles could be completely 
cleared from major organs within 7 days, indicating that 
CuPDA could be effectively degraded and eliminated in 
vivo [39]. Thus, CuPDA-based nanosystems are expected 
to be cleared from mice and wouldn’t induce long-term 
toxicity, owing to the biodegradability and low cytotoxic-
ity of CuPDA (Fig. 2, S3, S15, and S16).

DSF@CuPDA-PEGM enhances the αPD-1-based tumor 
immunotherapy
Given the great antitumor effect and ICD-inducing 
capability of DSF@CuPDA-PEGM, we assumed that 
DSF@CuPDA-PEGM could effectively kill tumor cells 
to provide immunogenic signals for enhancing immu-
notherapy. To test this notion, we further studied the 
combination therapeutic efficacy of DSF@CuPDA-
PEGM and immune checkpoint blockade (ICB) therapy. 
PD-1/PD-L1 axis causes immune evasion mediated by 
the mutual interaction between tumor cells and T cells or 
antigen-presenting cells (APCs), consequently suppress-
ing the anti-tumor immunity of cytotoxic T lymphocytes 
[40, 41]. Notably, DSF/Cu2+ co-treatment could restrain 
GSK3β activity by inhibiting PARP1, leading to the 
upregulation of PD-L1 [42]. Hence, we evaluated the anti-
tumor efficacy of combining DSF@CuPDA-PEGM with 
anti-PD-1 (αPD-1) in a microsatellite stable (MSS) CRC 
tumor model (CT26 tumor), which possesses a low muta-
tional burden and poor response to ICB therapy [43, 44]. 
The tumor-bearing mice were treated with PBS, αPD-1, 
DSF@CuPDA-PEGM, and DSF@CuPDA-PEGM + αPD-1 
following the schedule, respectively (Fig. 7a). The tumor 
volume curves and tumor weight revealed that the αPD-1 
or DSF@CuPDA-PEGM alone markedly inhibited the 
tumor growth (about 50% reduction in the tumor mass) 
compared to PBS treatment (Fig.  7b-f ). However, the 
tumor volumes of these two groups increased nearly 10 
times compared with the initial tumor (Day 0), suggesting 
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that the therapeutic efficacy of αPD-1 or DSF@CuPDA-
PEGM is still insufficient. Remarkably, the combination 
of DSF@CuPDA-PEGM and αPD-1 almost completely 
halted the tumor growth (Fig.  7b-f ). The tumor weight 
was reduced by 84.8% compared to the PBS group, 
highlighting the tumor regression efficacy of DSF@
CuPDA-PEGM/αPD-1. These results confirm that DSF@
CuPDA-PEGM could potentiate the immunotherapeutic 
effect of ICB therapy.

The antitumoral response of immunotherapy is highly 
reliant on the mature dendric cells (DCs), which trans-
port tumor antigens to tumor-draining lymph nodes 

(TDLNs) and cross-present them to activate cytotoxic T 
cells [45]. To further test the antitumor immunity of the 
DSF@CuPDA-PEGM/αPD-1 combination, the DC mat-
uration in TDLNs and the T cell infiltration in tumors 
were analyzed by flow cytometry. Notably, the combina-
tion of DSF@CuPDA-PEGM and αPD-1 induced a sig-
nificant increase of mature DCs (CD11c+CD86+ DCs) in 
TDLNs with a level of 5.2%, markedly higher than those 
in PBS (3.1%, p<0.001), αPD-1 (3.7%, p<0.05), and DSF@
CuPDA-PEGM groups (4.1%, p<0.05), indicating that 
αPD-1 significantly enhanced the antitumor immunity 
elicited by DSF@CuPDA-PEGM (Fig. 7g and h). Next, the 

Fig. 6 In vivo antitumor effect. (a) Illustration of the tumor establishment and therapeutic process. HCT116 tumor-bearing nude mice were divided into 
5 groups (n = 6 per group) receiving different treatments including PBS (G1), DSF (G2), CuPDA-PEGM (G3), DSF@CuPDA-PEG (G4) and DSF@CuPDA-PEGM 
(G5). (b) Images of isolated tumors from HCT116 tumor-bearing nude mice. Scale bar, 1 cm. (c) Tumor-volume curves of nude mice in different groups 
recorded every 2 days. (d) The relative body weight profile of nude mice. (e) Tumor-weight. (f) Individual tumor growth profiles of tumor-bearing mice in 
different groups. (g) TUNEL staining images of tumor tissues from different groups. Scale bars, 50 μm
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Fig. 7 (See legend on next page.)
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T-cell infiltration in tumors was further examined by flow 
cytometry. Similar to the DC maturation, DSF@CuPDA-
PEGM and αPD-1 synergistically promoted the infiltra-
tion of CD8+ T cells in the tumor, reaching a frequency of 
3.3% CD8+ T cells among all the cells in the tumor, which 
was 2.4-fold of DSF@CuPDA-PEGM alone or αPD-1 
alone (Fig. 7i and j). In addition, the immunofluorescence 
staining of tumor slices confirmed the distinct increase of 
CD8+ T cell infiltration in the combination therapy group 
(Fig. 7l and m). However, the percentage of CD4+ T cells 
in tumors showed no significant difference between these 
groups (Fig. 7i and k), possibly due to the counteractive 
effect of different subsets of CD4+ cells. These findings 
collectively suggest that DSF@CuPDA-PEGM, in com-
bination with αPD-1, can effectively enhance immune 
responses, demonstrating the effectiveness and versatility 
of DSF@CuPDA-PEGM-based chemo-immunotherapy 
in colorectal cancers.

Conclusion
In summary, we synthesized Cu-loaded polydopamine 
(CuPDA) by oxidation-polymerization and Cu-chelation, 
which was subsequently modified with PEG-Mannose 
(CuPDA-PEGM) to enhance the targeting ability towards 
GLUT1-overexpressed cancer cells. In the presence of 
high levels of H2O2, CuPDA was responsively degraded 
and released the Cu ions chelated in the nanoparticles. 
Therefore, DSF-loaded CuPDA-PEGM could specifically 
free Cu2+ and DSF in the cancer cells with high H2O2 
contents, which in situ synthesized the Cu(DDC)2 com-
plex to activate the antitumor effect of DSF, enabling the 
effective killing of both drug-sensitive and drug-resistant 
cancer cells. On the contrary, in immortalized normal 
cells, this nanosystem exhibited significantly lower tox-
icity compared with cancer cells. DSF@CuPDA-PEGM 
monotherapy demonstrated potential antitumor efficacy 
in the HCT116 tumor-bearing mice. In a microsatellite 
stable (MSS) CT26 tumor model, DSF@CuPDA-PEGM 
synergized with anti-PD-1 to enhance the ICB immu-
notherapy via enhancing the maturation of DCs and 
infiltration of CD8+ T cells. Thus, this study not only pro-
vides a specific and effective therapeutic nanosystem for 
precise tumor therapy but also offers a potent strategy 
to promote ICB immunotherapy. However, some chal-
lenges remain to be addressed in future studies: (1) DSF 
is loaded in CuPDA-PEGM via hydrophobic interactions, 
leading to unfavorable leakage during circulation; (2) 

elevated ROS levels in tissues with pathological damages, 
such as inflammation, might trigger the degradation of 
DSF@CuPDA-PEGM, potentially resulting in side effects 
in these regions.
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