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In situ therapeutic agent production strategy is promising to overcome the drawbacks of direct drug
delivery. Hypoxia provides a great target for precise treatment of tumor. Here we report a copper ion
competition-based nanoparticle (NP) for hypoxia-activated formation of diethyldithiocarbamate (DTC)-
copper complex, an immunogenic cell death (ICD) inducer. The NP is composed of an amphiphilic
hypoxia-responsive DTC precursor and a fluorescence quenched copper ion-chelated squaric acid. In hy-
poxic tumor cells, the azobenzene linker in DTC precursor can be cleaved through bioreduction, leading to
DTC release and subsequent copper ion exchange between DTC and squaric acid. Simultaneous formation
of toxic DTC-copper complexes and fluorescence recovery will allow for visualization of in situ thera-
peutic agents production. Furthermore, the DTC-copper complexes can induce ICD and promote cytotoxic
T lymphocyte infiltration for cancer immunotherapy. This study not only provides a promising hypoxia-
activated nanomedicine for precision cancer therapy, but also a visualization strategy for evaluating the

treatment process.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer immunotherapy, an approach that recognizes and com-
bats tumor cells by activating the immune system, is promising
in the treatment of invasive and metastatic tumors [1-11]. Induc-
tion of cancer immunogenic cell death (ICD) is an effective strat-
egy to elicit an anticancer immune response [12-16]. ICD caused
damage-associated molecular patterns (DAMPs) release can pro-
mote the maturation of dendritic cells (DCs), thereby activating
antigen-specific adaptive immune response [17-19]. Various ther-
apeutic agents, including reactive oxygen species (ROS) and some
chemical drugs, can induce ICD beyond their direct toxic effects
[20-25]. Therefore, the precise delivery of ICD inducer is of great
significance to achieve potent antitumor immunity.

* Corresponding authors.
E-mail addresses: chen.shawn@nus.edu.sg (X. Chen), shengwang@tju.edu.cn (S.
Wang).
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Although the development of stimuli-responsive delivery sys-
tems has significantly improved the bioavailability of anticancer
drugs, the potential side effect caused by drug leakage remains
a challenge [26-29]. In situ therapeutic agent production strategy,
which employs benign components to produce bioactive drugs or
nanocomposites with therapeutic functions at the target site, of-
fers an alternative approach to traditional chemotherapy [30-35].
On the one hand, a single benign precursor leakage will not cause
side effects; on the other hand, the different metabolic rates and
low local concentrations of leaked precursors can also constrain
the undesirable formation of toxic therapeutic agents. Therefore,
this strategy can overcome the drawbacks of direct drug delivery,
providing a promising strategy to realize precise production of ICD
inducer.

Hypoxia is a prominent feature of most solid tumors due
to abnormal vasculatures-induced insufficient oxygen supply and
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rapid proliferation-induced severe oxygen consumption [36-40].
Although hypoxia can limit the effectiveness of various oxygen-
dependent treatment approaches and may promote metastasis and
invasiveness, it also provides a great target for precise treatment of
tumor due to the overexpression of certain enzymes in hypoxic tu-
mor cells [41-45]. In recent years, various efforts have been made
to develop carriers and prodrugs that respond to hypoxia [46-48].
For example, molecules containing active units that can be reduced
by cellular enzymes under hypoxic conditions have been used for
development of hypoxia-responsive medicines [49-51]. However,
little has been done to design hypoxia-activated systems for in situ
production of ICD inducer. Moreover, the successful formation of
ICD inducer is the key to achieving therapeutic effect; therefore,
visualization of in vivo production of ICD inducer, another impor-
tant issue that may affect treatment evaluation, should be taken
into consideration. Due to the high heterogeneity of the hypoxic
microenvironment of tumors, monitoring the response of hypoxia-
activated systems is of particular significance.

Herein, we report a copper ion (Cu?t) competition-based
nanoparticle (NP), termed “Cu?t nanoexchanger”, for hypoxia-
activated in situ formation of ICD inducer. As shown in Fig. 1, an
amphiphilic hypoxia-responsive diethyldithiocarbamate (DTC) pre-
cursor (PAD) was synthesized by linking DTC with poly(ethylene
glycol) (PEG) via azobenzene (Azo). A fluorophore, squaric acid
(SQ), whose fluorescence signal can be quenched by copper chela-
tion, was also synthesized. The PAD was used to encapsulate a
Cu?*-chelated SQ (SQ-Cu), forming PADSC NPs. Under physiological
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Fig. 1. (A) Synthesis processes of PAD and PCD. (B) Schematic illustration of the
copper ion nanoexchanger and its antitumor mechanism of in situ DTC-Cu produc-
tion. (a) The Azo linker in hypoxia-responsive precursor can be cleaved through
bioreduction in the presence of overexpressed azoreductase, leading to DTC release.
(b) Due to DTC’s stronger ability to chelate Cu?* than SQ, Cu?* exchange will oc-
cur between DTC and SQ-Cu. (c) In situ produced DTC-Cu exerts antitumor effects
due to upregulation of ROS level and accumulation of ubiquitinated proteins. (d)
Meanwhile, Cu?* exchange leads to SQ fluorescence recovery, allowing visualization
of DTC-Cu production. (e) DTC-Cu-induced ICD triggers maturation of DCs. (f) The
activated tumor-specific cytotoxic T cells results in potent antitumor immunity.
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condition, the PADSC NPs exhibit stable nanostructure and low tox-
icity, ensuring high biosafety. Moreover, due to copper chelation-
induced fluorescence quenching, the PADSC NPs can emit neg-
ligible fluorescence. In hypoxic tumor cells, the Azo linkers can
be cleaved through bioreduction in the presence of overexpressed
azoreductase, leading to 1,6-benzyl elimination subsequent release
of DTC and quinone methide. Due to the presence of reactive
thiol nucleophiles, DTC can strongly chelate Cu?* to produce cop-
per complexes, bis(DTC)-copper (DTC-Cu) [52-55]. Therefore, Cu+t
exchange will occur between DTC and SQ-Cu, resulting in syn-
chronous in situ production of toxic DTC-Cu and fluorescence re-
covery. The quinone methide can deplete intracellular glutathione
(GSH) and thus decrease the antioxidant capacity of cancer cells.
DTC-Cu can lead to upregulation of ROS level and accumulation
of ubiquitinated proteins, resulting in effective ICD. The released
DAMPs trigger maturation of DCs, thereby activating tumor-specific
cytotoxic T cells for potent antitumor immunity. Therefore, the
PADSC NPs can not only achieve hypoxia-activated in situ thera-
peutic agent production for precise cancer treatment, but also pro-
vide a promising visualization strategy to evaluate the treatment
process.

To synthesize the hypoxia-responsive PAD, an Azo linker (com-
pound 1) was first synthesized (Fig. 1A) [56]. After bromination of
one hydroxyl group of Azo linker, the obtained compound 2 was
then reacted with DTC to synthesize compound 3. To serve as a
non-responsive control group, the Azo linker was replaced by an
alkyl chain to synthesize compound 4. Subsequently, methoxy-PEG
(mPEG) was reacted with succinic anhydride for carboxylation, and
the mPEG-COOH was conjugated to the residual hydroxyl group of
compounds 3 and 4, obtaining PAD and non-responsive PCD, re-
spectively. The SQ was also synthesized for Cu?+ chelation (Scheme
S1 in Supporting information) [57]. The chemical structures of
compounds, PAD, PCD and SQ were characterized by nuclear mag-
netic resonance (NMR) spectroscopy and liquid chromatography-
mass spectrometry (Figs. S1-S9 in Supporting information).

Next, the chelation of SQ to Cu?t and accompanying fluo-
rescence quenching were investigated. SQ showed a fluorescence
emission at 670 nm, which could be quenched by excessive Cu2*
(Fig. 2A). In contrast, some other metal ions (Nat, K*, Fe3+, Mn?*,
Mg2*) did not cause obvious change in fluorescence spectra. This
result indicated that SQ could be used as a specific fluorescent
probe for Cu?*. To further determine the coordination between
SQ and Cu?*, the fourier transform infrared spectra of SQ and
SQ-Cu were measured (Fig. S10 in Supporting information). Af-
ter chelating copper, the characteristic peaks at positions 1226
and 1612cm~! disappeared, indicating that oxygen atoms in the
SQ were involved in coordinating with Cu?t. Both Cu?* and DTC
were colorless at low concentrations; however, their mixture ex-
hibited an obvious color change and absorbance in the range of
400-500 nm, indicating the coordination and production of DTC-Cu
(Fig. S11 in Supporting information). The binding constant of DTC-
Cu was determined by using the molar ratio method. As shown in
Figs. S12 and S13 (Supporting information), the binding constant
was calculated to be 6.37 x 104, indicating a high affinity between
DTC and Cu?*. Then the Cu?t competition between DTC and SQ-
Cu was investigated. As shown in the absorption spectra (Fig. 2B),
the mixture of DTC and SQ-Cu also exhibited a characteristic ab-
sorption peak of DTC-Cu, indicating Cu?t exchange caused DTC-
Cu production. The synchronous fluorescence recovery was further
confirmed by fluorescence spectra. After Cu?t exchange, an obvi-
ous increase of fluorescence intensity was observed (Fig. 2C). These
results indicated that the competitive binding of DTC to Cu?* can
produce DTC-Cu and synchronously trigger SQ fluorescence recov-
ery. Then the responsiveness of PAD was detected. As shown in
Fig. 2D, the PAD exhibited characteristic absorption peak of Azo.
However, after the treatment with sodium dithionite (Nay;S;04),
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Fig. 2. In vitro Cu?* exchange-induced DTC-Cu production and fluorescence recovery. (A) Fluorescence spectra of SQ upon addition of different metal ions. (B) Absorption
spectra of different samples in acetonitrile. (C) Fluorescence spectra of SQ, DTC, SQ-Cu and SQ-Cu with addition of DTC. (D) Absorption spectra of PAD treated with different
concentrations of Na;S,0;4. (E) Mass spectrum of Na,S;04-treated PAD upon addition of Cu*. (F) Size distribution and TEM image (inset) of PADSC NPs (polydispersity index:
0.101). (G) Colloidal stabilities of PADSC NPs in water, PBS and culture medium with 10% FBS. (H) Absorption spectra of different samples. (I) Fluorescence spectra of PADSC
NPs treated with different concentrations of Na,S,04. Data are presented as mean + standard deviation (SD) (n=3).

which was used to mimic bioreduction in hypoxic environment,
the absorbance was significantly reduced, indicating the degrada-
tion of Azo linker. The cleavage of Azo linker was further con-
firmed by NMR results (Fig. S14 in Supporting information). Af-
ter Na,S,04 treatment, the characteristic peaks belonging to Azo
and DTC disappeared. The release of DTC and production of DTC-
Cu were assessed by mass spectrum. The result demonstrated that
the released DTC could chelate Cu®* to form DTC-Cu (Fig. 2E).

Then the PADSC NPs were prepared by self-assembly of PAD.
SQ-Cu was encapsulated into the hydrophobic core of NPs due to
hydrophobic interactions. The non-responsive NPs (abbreviated as
PCDSC NPs) prepared by PCD and SQ-Cu were used as a control
group. As shown in Fig. 2F and Fig. S15 (Supporting information),
both PADSC NPs and PCDSC NPs exhibited nanosized structures
with hydrodynamic diameters of about 90 nm. In addition, the zeta
potentials of the PADSC NPs and PCDSC NPs were measured to be
—12.57, and —1.25mV, respectively (Fig. S16 in Supporting infor-
mation). The fluorescence of SQ in PADSC NPs and PCDSC NPs was
quenched by Cu?t chelation. In contrast, the NPs self-assembled
from PAD and SQ (abbreviated as PADSQ NPs) showed a character-
istic emission peak of SQ (Fig. S17 in Supporting information). Then
the stabilities of PADSC NPs were assessed. As shown in Fig. 2G, af-
ter incubation with water, phosphate buffer solution (PBS) or cul-
ture medium containing 10% fetal bovine serum (FBS) for 72 h, no
significant changes in the size of PADSC NPs were observed. Fur-
thermore, the fluorescence quenching was also well maintained
during this period (Fig. S18 in Supporting information). The above
results indicated that PADSC NPs have good colloidal and fluores-
cent stabilities, which is beneficial for further application in vivo.
In addition, the absorption spectrum of PADSC NPs showed typical
characteristic peaks of DTC, Azo, and SQ (Fig. 2H).

The bioreduction-responsive behavior of PADSC NPs was then
investigated. After Na,S,0,4 treatment, the morphology of PADSC
NPs was obviously changed (Fig. S19 in Supporting information),
which may be attributed to the cleavage of Azo linkers and dis-

assembly of the NPs. Meanwhile, the fluorescence performance of
PADSC NPs underwent significant changes. As shown in Fig. 21, in
the group of Na,S,04-treated PADSC NPs, the SQ fluorescence was
detected, indicating the production of DTC and Cu?* exchange be-
tween DTC and SQ-Cu in the NPs. However, the PCDSC NPs showed
negligible change in fluorescence intensity (Fig. S20 in Supporting
information). These results indicated that the production of DTC-
Cu and SQ fluorescence recovery occurred simultaneously.

Then the Cu?t exchange-induced fluorescence recovery was in-
vestigated in 4T1 cells. As shown in confocal laser scanning mi-
croscopy (CLSM) images (Fig. S21 in Supporting information), obvi-
ous red fluorescence was observed inside the cells incubated with
SQ; while the intracellular fluorescence in the SQ-Cu treatment
group was very weak, indicating stable chelation between SQ and
Cu?*. The subsequent incubation of DTC resulted in fluorescence
recovery, which was attributed to the Cu?t competition and re-
lease of free SQ (Fig. S22 in Supporting information). To further
investigate the hypoxia responsiveness of the PADSC NPs, 4T1 cells
incubated with PADSC NPs in hypoxic or normoxic conditions were
observed using CLSM (Fig. S23 in Supporting information). Com-
pared to normoxic condition, the incubation in hypoxic condition
obviously increased fluorescence signal, indicating that the PADSC
NPs could respond to hypoxia and achieve fluorescence recovery.
In contrast, the PCDSC NPs could not achieve fluorescence recovery
under normoxic or hypoxic conditions (Fig. S24 in Supporting in-
formation). Meanwhile, this hypoxia-responsive activation and flu-
orescence recovery were also studied in HeLa and CT26 (Figs. S25
and S26 in Supporting information). The results indicated that
PADSC NPs could respond to hypoxic environments and release
DTC in different tumor cells. To further demonstrate the produc-
tion of toxic DTC-Cu, cytotoxicity study was performed by using
a methyl thiazolyl tetrazolium (MTT) assay. As shown in Fig. 3A,
SQ and SQ-Cu showed low cytotoxicities to 4T1 cells under both
normoxic and hypoxic conditions, indicating their high biosafety
as fluorescent indicators. DTC and Cu®* exhibited low cytotoxicity
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Fig. 3. In vitro assess of hypoxia-triggered DTC-Cu production and antitumor effect of PADSC NPs. (A) Cytotoxicity of SQ and SQ-Cu (n=4). (B) Cytotoxicity of DTC and DTC-
Cu (n=4). (C) Cytotoxicity of PAD NPs and PADSC NPs (n=4). (D) CLSM images of different samples-treated 4T1 cells after DCFH-DA staining. Scale bar: 100 um. (E) FCM
analysis showing intracellular ROS generation caused by different samples. (F) FCM analysis showing GSH depletion caused by different samples. (G) Quantitative analysis of

mature DCs (n=

even at a high concentration; however, the cytotoxicity was signif-
icantly enhanced when DTC-Cu was produced (Fig. 3B and Fig. S27
in Supporting information). These results indicated that the anti-
cancer agent DTC-Cu could be produced from two benign compo-
nents. Then the antitumor activities of PADSC NPs under normoxic
and hypoxic conditions were evaluated. As shown in Fig. 3C, the
cytotoxicity of PADSC NPs in hypoxic condition was higher than
that in normoxic condition, which may be due to the fact that hy-
poxia was more favorable for the release of DTC and production
of DTC-Cu. In contrast, the NPs prepared by PAD without SQ-Cu
(abbreviated as PAD NPs) did not show obvious anticancer effect
under both conditions. Moreover, PCDSC NPs without Azo linker
exhibited negligible anticancer effect because DTC could not be re-
leased to form DTC-Cu (Fig. S28 in Supporting information). All
of these results indicated that the release of DTC and Cu?t ex-
change were key factors in the production of therapeutic agents.
In addition, Annexin V-FITC/PI staining results also demonstrated
that therapeutic agents could be produced under hypoxic condi-
tion when the cells were incubated with PADSC NPs. As shown
in Figs. S29 and S30 (Supporting information), in the PADSC NPs
group, more apoptotic cells were detected under hypoxic condition.

To further elucidate the mechanism of DTC-Cu’s antitumor ac-
tivity, ROS generation, GSH depletion and mitochondrial mem-
brane potential were monitored. The intracellular ROS levels of
4T1 cells incubated with different samples were detected by us-
ing 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA). As shown
in CLSM images (Fig. 3D) and flow cytometry (FCM) analysis re-
sults (Fig. 3E), DTC-Cu could cause increased ROS levels inside cells
under both normoxic and hypoxic conditions. However, the other
control groups (Cu, DTC, SQ-Cu and SQ) did not significantly in-
crease the level of ROS at the same concentration. For PADSC NPs
group, ROS generation was only observed under hypoxic condi-
tion, indicating hypoxia-responsive DTC release and DTC-Cu pro-
duction (Fig. S31 in Supporting information). The intracellular GSH
was detected using Triol-Violet as a probe. As shown in Fig. 3F and
Fig. S32 (Supporting information), DTC-Cu incubated cells exhib-

3). All data are presented as mean =+ SD. Statistical significance was determined using one-way ANOVA.

ited reduced GSH level; while the cells treated with PADSC NPs
showed a GSH decrease only under hypoxic condition (Fig. S33
in Supporting information), which may be attributed to the ROS
generation and quinone methide release. The mitochondrial mem-
brane potential change caused by upregulation of ROS level was
further explored by using JC-1 probe. Consistent with the cyto-
toxicity and ROS production results, DTC-Cu could lead to mi-
tochondrial dysfunction under normoxia and hypoxia; however,
the PADSC NPs only caused mitochondrial membrane depolariza-
tion under hypoxic condition (Fig. S34 in Supporting information).
These results further confirmed that the PADSC NPs could respond
to hypoxic environment to produce DTC-Cu for causing mitochon-
drial dysfunction and inducing apoptosis. Besides ROS generation,
the accumulation of ubiquitinated proteins is another characteristic
of DTC-Cu treatment, as DTC-Cu can inhibit the function of protea-
somes [58]. As shown in Figs. S35 and S36 (Supporting informa-
tion), the poly-ubiquitin protein level was obviously upregulated
in DTC-Cu-treated cells under both normoxia and hypoxia, which
was consistent with previous studies [59,60]. In PADSC NPs-treated
groups, the accumulation of poly-ubiquitin protein inside cells un-
der hypoxia was higher than that under normoxia. The determi-
nation of mono-ubiquitin protein also confirmed that the PADSC
NPs could induce accumulation of ubiquitinated proteins in hy-
poxic condition (Figs. S37 and S38 in Supporting information).
Then the ability of the PADSC NPS to induce ICD was investi-
gated by the release of DAMPs. The high-mobility group protein
B1 (HMGB1) release under hypoxia was first observed by CLSM. As
shown in Fig. S39 (Supporting information), HMGB1 (green) was
mainly distributed in nuclei of cells in control group and PCDSC
NPs group. In contrast, the treatments of DTC-Cu and PADSC NPs
resulted in effective HMGB1 release from the nuclei, indicating
their robust ability to induce ICD. The calreticulin (CRT) exposure
was investigated by using an immunofluorescence assay via FCM
(Figs. S40 and S41 in Supporting information). Compared with con-
trol group and PCDSC NPs group, DTC-Cu treatment could cause
obvious CRT exposure under both hypoxia and normoxia. In PADSC
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Fig. 4. In vivo antitumor activities of PADSC NPs. (A) Fluorescence images of 4T1 tumor-bearing mice after intravenously injection of NPs. (B) Integrated optical density (I0D)
analysis of the tumor fluorescence signals at different times. (C) Ex vivo fluorescence images of major organs and tumor tissue at 36 h postinjection. H: heart; Lu: lung; S
spleen; Li: liver; K: kidneys; T: Tumor. (D) IOD analysis of the fluorescence signals of major organs and tumor tissue. (E) Tumor volume growth curves of different groups on
the 4T1 tumor-bearing mice (n=4). (F) The weight of the excised tumors of mice after treatments (n=4). (G) H&E staining of tumor tissues after different treatments. Scale
bar: 500 um. (H, I) The levels of (H) TNF-¢, and (I) IFN-y in serum of mice after different treatments (n=3). (J) Percentage of mature DCs in TDLNs. (K) Percentage of mature
DCs in tumors. (L) Percentage of CD8" T cells in TDLNs. (M) Percentage of tumor-infiltrating CD8+ T cells. All data are presented as mean + SD. Statistical significance was

determined using one-way ANOVA.

NPs group, the CRT exposure induced by the treatment under hy-
poxia was higher than that under normoxia (Fig. S42 in Support-
ing information). Then adenosine triphosphate (ATP) content in
the supernatant was determined by using an ATP assay (Fig. S43
in Supporting information). The cells treated with PADSC NPs un-
der hypoxic condition possessed the highest extracellular ATP level.
These results demonstrated that the PADSC NPs could promote ICD
by in situ production of ICD inducer, which may further activate
anti-tumor immunotherapy. The released DAMPs during ICD can
lead to the maturation of DCs, which are the most representative
antigen-presenting cells. Next, the maturation of bone marrow-
derived dendritic cells (BMDCs) was determined. The cytotoxicity
study showed that the viability of BMDCs was still >60% even
at a high concentration (Fig. S44 in Supporting information). Af-
ter the co-incubation of BMDCs and sample-treated 4T1 cells, the
expressions of the co-stimulatory molecules on the surface of DCs
were analyzed by using FCM. As shown in Figs. S45-S47 (Support-
ing information), the expression of CD80 and CD86 significantly in-
creased upon incubation of BMDCs with DTC-Cu-treated 4T1 cells,
indicating effective DCs maturation. The proportion of mature DCs
(CD11ct CD80* CD86%) in PADSC NPs treated cells under hypoxia
was higher than that in other control groups (Fig. 3G). These re-
sults demonstrated that PADSC NPs can promote the maturation of
BMDCs by production of ICD inducer DTC-Cu, exerting strong im-
mune activation effect.

Then the in vivo fluorescence imaging and anticancer studies
were further performed on 4T1 tumor-bearing mice to investigate
the in vivo performance of PADSC NPs and PCDSC NPs. All an-
imal procedures were performed in accordance with the Guide-
lines for Care and Use of Laboratory Animals of Tianjin University
and approved by the Animal Ethics Committee of Tianjin Univer-
sity (No. TJUE-2023-031). As shown in Figs. 4A and B, after in-
travenous injection of the PADSC NPs, the fluorescence intensity
at the tumor site gradually increased and reached its maximum
value at 24h postinjection. This result may be attributed to the
accumulation of the NPs and Cu?t competition-induced fluores-
cence recovery of SQ. After 24 h, the fluorescence intensity at the
tumor site gradually decreased, indicating that the NP had begun
to be metabolized. In contrast, almost no fluorescence signal was
observed in the group treated with PCDSC NPs. Due to the limi-
tation of light penetration depth and the influence of fur, the in
vivo fluorescence imaging may not accurately reflect the fluores-
cence changes of organs in the body. Therefore, the ex vivo imaging
of tumor and major organs was further performed at 36 h postin-
jection (Fig. 4C). Negligible fluorescence signals could be detected
in PCDSC NP group; however, in the PADSC NP group, tumor ex-
hibited strong fluorescence intensity, indicating the production of
DTC-Cu and release of fluorescent SQ (Fig. 4D). This result further
confirmed that Azo linker was critical to the DTC release and fluo-
rescence recovery. A fluorescence signal was also observed in liver,
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which may be attributed to SQ produced at the tumor site be-
ing metabolized. The in vivo and ex vivo fluorescence results also
demonstrated that free SQ was metabolized by the liver (Fig. S48
in Supporting information). These imaging results indicated that
the PADSC NPs could achieve visualization of in situ DTC-Cu pro-
duction via Cu?t exchange-induced fluorescence recovery of SQ,
Based on the results of in vivo imaging, 48 h was selected as the
dosing interval in subsequent treatment experiments.

Encouraged by the efficient in vivo fluorescence recovery, the
anticancer effect of PADSC NPs was further evaluated. When the
tumors formed and the average volume reached about 60 mm?,
PBS, DTC-Cu, PADSC NPs and PCDSC NPs were intravenously
injected into 4T1 tumor-bearing mice every 2 days for 5 times.
Tumor volume and body weight were monitored every 2 days
starting from the first injection. As shown in Fig. 4E and Fig. S49
(Supporting information), both DTC-Cu and the PADSC NPs groups
have inhibitory effects on tumor growth. The PADSC NPs exhibited
the highest inhibition rate of tumor growth (79.23 %), which was
much higher than that of other treatment groups (Fig. S50 in
Supporting information). At the end of treatment, the tumors
were collected and weighed. The weigh (Fig. 4F) and photo-
graph (Fig. S51 in Supporting information) of tumor tissues also
demonstrated the effective suppression of tumor growth caused
by PADSC NPs treatment. These results were consistent with
hematoxylin and eosin (H&E) staining. As shown in Fig. 4G, apop-
tosis or necrosis of tumor cells were detected in tumors of mice
treated with DTC-Cu and PADSC NPs. In contrast, the PCDSC NPs
without the ability to release DTC did not exhibit antitumor effect.
These results demonstrated that the production of DTC-Cu was
crucial for inhibiting tumor. More importantly, in situ formation
of DTC-Cu could overcome the systemic toxicity caused by direct
application of DTC-Cu. No significant weight loss or organ damage
was observed in the mice treated with the PADSC NPs (Figs. S52
and S53 in Supporting information). In addition, no hemolysis
occurred after mixing PADSC NPs with erythrocyte suspensions,
indicating that PADSC NPs has favorable biological safety (Fig. S54
in Supporting information).

The immunological analyses were conducted to explore the po-
tential immunotherapeutic mechanism. Tumor necrosis factor al-
pha (TNF-«) and interferon y (IFN-y) in the serum of mice after
different treatments were detected by enzyme-linked immunosor-
bent assay. As shown in Figs. 4H and I, there was no significant
difference in the levels of TNF-o and IFN-y in the serum of mice
treated with PBS and PCDSC NPs. However, the levels of TNF-« and
IFN-y in the DTC-Cu group increased, indicating that DTC-Cu can
initiate an immune response. Due to the effective tumor accumu-
lation of NPs and in situ production of DTC-Cu, PADSC NPs induced
the highest cytokines secretion. The levels of TNF-« and IFN-y in
the serum of mice treated with PADSC NPs were 4.55- and 2.77-
fold higher than those in control group, respectively. These re-
sults indicated that the PADSC NPs could effectively activate the
immune system. Next, the activations of immune cells in tumor-
draining lymph nodes (TDLNs) and tumor tissues were examined
by FCM analysis. In the TDLNs of PADSC NPs treatment group, the
mature DCs (CD11ct CD80* CD86%) was significantly increased
(Fig. 4] and Fig. S55A in Supporting information). The DC matu-
ration in the PADSC NPs group was 16.7 % + 0.7 %, which was 2.53-
fold higher than that of control group (6.6% + 0.3%). The pro-
portion of mature DCs within tumor tissues was also increased
after the treatment of PADSC NPs (Fig. 4K and Fig. S55B in Sup-
porting information), indicating that the in situ production of ICD
inducer could effectively facilitate the maturation of DCs. By pre-
senting tumor antigens to T lymphocytes via mature DCs, the ac-
tivation and proliferation of cytotoxic T lymphocytes could be pro-
moted, thereby initiating anti-tumor immune response. As shown
in Figs. 4L and M and Figs. S55C and D (Supporting information),

Chinese Chemical Letters 37 (2026) 111404

after the treatment of PADSC NPs, the CD8* T cells (CD3+ CD8%) in
TDLNs and tumors were 38.6% + 2.5% and 34.5% + 0.4%, respec-
tively. The increased infiltration of CD8* T cells indicated that the
treatment of PADSC NPs could promote anti-tumor immune acti-
vation, thereby enhancing the efficacy of immunotherapy.

In conclusion, we have developed a Cu?t competition-based
nanomedicine to realize in situ production of ICD inducer. The
nanomedicine was constructed by a hypoxia-responsive precur-
sor and a Cu?*-quenched fluorophore (SQ-Cu). Under hypoxic tu-
mor environment, the precursor could be activated to release DTC,
which could undergo Cu?* exchange with SQ-Cu, resulting in the
in situ production of toxic DTC-Cu. Synchronously, the dissocia-
tion of complex compound SQ-Cu could lead to amplified fluores-
cence signal for visualization. The produced toxic DTC-copper com-
plexes could induce potent antitumor immunity. Therefore, this
study provided a promising hypoxia-activated nanomedicine and a
Cu?* exchange strategy to achieve monitorable production of ICD
inducer. It should be noted that the low expression of azoreduc-
tases under normoxic conditions may still cause off-target activa-
tion, resulting in unnecessary pharmacological effects or toxicity.
The long-term toxicity risk of this system should be further stud-
ied in the future. In addition, the damage of DTC-Cu to mitochon-
drial function may interfere with the tricarboxylic acid cycle and
other key metabolic pathways, resulting in the imbalance of cellu-
lar metabolism. Future work will focus on investigating the specific
mechanisms of anti-tumor effects.
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