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Abstract

Cuproptosis, a novel approach utilizing copper carriers to trigger programmed cell death, exhibits promise for
enhancing traditional therapies and activating robust adaptive immune responses. However, the uncontrolled
release of Cu ions risks triggering cuproptosis in healthy tissues, potentially causing irreversible damage. To
address this, we report on the use of a Cu-MOF (copper metal-organic framework) protective layer to regulate

the biodegradation of copper-based nanomaterials. In situ formation of Cu-MOF on Cu,O nanocubes not only
stabilizes the material under physiological conditions but also enhances its sonodynamic therapy (SDT) capabilities
by establishing a Z-Scheme heterojunction. Upon SDT activation, the targeted Cu ion release at the tumor site
triggers a cascade of reactions, generating reactive oxygen species (ROS) via Fenton-like processes and depleting
glutathione (GSH). This ROS surge, combined with effective cuproptosis, modulates the immunosuppressive tumor
microenvironment, inducing immunogenic cell death to eliminate primary tumors and inhibit metastasis. This
study offers a new paradigm for the controlled integration of SDT, chemodynamic therapy (CDT), cuproptosis, and
immunotherapy, achieving precise tumor-targeted treatment via controlled copper nanomaterial degradation.
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Introduction

Recurrence and metastasis remain the leading causes of
death among cancer patients, making cancer treatment
a persistent medical challenge despite ongoing efforts
to improve outcomes [1-3]. In contrast to radiotherapy
and chemotherapy, which target and destroy cancer cells,
immunotherapy works by stimulating the body’s immune
system to eradicate tumors [4-9]. However, the tumor
microenvironment (TME) has become the greatest
obstacle to immunotherapy [10-15]. Cold tumors, unlike
hot tumors, exhibit an immunosuppressive microenvi-
ronment. This environment is characterized by a defi-
ciency of tumor antigens and minimal T-cell infiltration,
which aids in immune evasion [16, 17]. To alleviate the
constraints imposed by tumor complexity, heterogeneity,
and the immunosuppressive TME on immunotherapy, it
is crucial to create new types of tumor vaccines and the
methods used to manufacture them need to be improved
urgently.

The construction of in situ tumor vaccines through the
induction of immunogenic cell death (ICD) has become
a topic of great interest in recent times [18—20]. The hall-
marks of ICD include the redistribution of cell surface
molecules, the release of DAMPs, and the activation of
immune cells [21-23]. Therefore, research and develop-
ment of ICD-mediated tumor vaccines are of great signif-
icance for advancing immunotherapy [24, 25]. However,

traditional treatment modalities primarily induce tumor
cell apoptosis, and tumor cells have developed relatively
sophisticated anti-apoptotic mechanisms through evolu-
tion [26, 27]. The level of tumor antigen release induced
by apoptosis is limited, making it difficult to establish a
lasting and effective tumor vaccine [28]. Recently, new
modes of programmed cell death have been discov-
ered, including ferroptosis, cuproptosis, and necroptosis
[29-31]. Unlike apoptosis, ferroptosis, cuproptosis, and
necroptosis are intrinsically inflammatory and immuno-
genic forms of cell death. Thus, exploring the induction
methods and effective strategies for new death modes
like cuproptosis offers new avenues for constructing
ICD-induced tumor vaccines.

Cuproptosis is a unique mechanism of cell death that
is copper-dependent, as an abundance of copper ions
can prompt cell death by binding to lipoylated proteins
[18-34]. Analysis of the mechanisms behind cupropto-
sis reveals that enhancing the copper ion level in tumor
cells is a key factor affecting the efficacy of tumor therapy
[35, 36]. To enhance therapeutic effectiveness, frequent
dosing is often required to increase the enrichment of
copper ions in tumors. However, cuproptosis-mediated
tumor therapy lacks high selectivity or intelligence; the
accumulation of Cu ions in normal tissues inevitably
poses potential safety risks [37]. Therefore, the rational
design of a TME-responsive nanoplatform as a copper
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ion carrier is crucial for achieving tumor-specific cupro-
ptosis [38, 39]. Moreover, the presence of copper ions in
the tumor microenvironment can interfere with the bind-
ing of these ions to the lipoylated molecules in the TCA
cycle due to the abundance of GSH, potentially diminish-
ing the efficacy of copper-induced toxicity [40, 41]. Thus,
on the foundation of achieving tumor-specific cupropto-
sis, consuming GSH through the modulation of the TME
should be overcome to further enhance the cuproptosis
effect. To achieve both cuproptosis and GSH depletion,
various copper-based nanomaterials with multivalent
metal ions have been employed for TME-regulation
enhanced cuproptosis and CDT [42-44]. However, the
biodegradability characteristics of these copper-based
nanomaterials are difficult to control; non-specific deg-
radation cannot achieve tumor-specific cuproptosis, and
non-degradable properties greatly limit the therapeu-
tic efficiency of cuproptosis. Consequently, the proper
management of the degradation rate of copper carriers is
a critical factor in enhancing the effects of cuproptosis,
TME regulation, and CDT.

On the other hand, cancer therapies that utilize ROS,
such as radiotherapy, photodynamic, and sonodynamic
therapy, have the potential to induce ICD effects as well
[45-51]. However, as a non-invasive treatment, radio-
therapy can treat deep-seated tumors but is associated
with significant toxicity, strong side effects, and long
treatment cycles [6]. PDT is a minimally invasive treat-
ment that causes less damage to surrounding normal tis-
sues, but its light sources have limited tissue penetration,
potentially affecting the treatment of deeper tumors [52,
53]. SDT combines the advantages of PDT and radio-
therapy, using ultrasound (US) with deeper penetration
depth to activate sonosensitizers [54—56]. Nonetheless,
the ability of SDT-induced ICD is greatly hampered by
the insufficient generation of ROS as a result of the low
efficacy of sonosensitizers and the complicated TME
[7, 57], Traditional organic sonosensitizers suffer from
poor stability, potential phototoxicity, unstable chemical
properties, and inorganic nanomaterials often have wide
bandgaps and rapid electron-hole pair recombination,
leading to low ROS production rates [58]. Researchers
have been investigating the creation of heterojunctions
with aligned bandgaps in order to prevent electron-hole
pair recombination [59, 60]. Building on this foundation,
the development of heterojunction sonosensitizers utiliz-
ing copper-based nanomaterials shows potential in regu-
lating the degradation characteristics of copper carriers.

Compared with other Cu-based nanomaterials, such
as CuO, CuS, and CuFe,O,, Cu,O possesses good sono-
dynamic and Fenton-like reaction activities owing to the
narrow bandgap and the presence of Cu* [61]. In addi-
tion, Cu,O holds promise as a copper carrier for cupro-
ptosis, primarily because of its easily degradable nature
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[42, 62, 63]. Despite being within normal physiological
conditions, Cu,O degradation can still trigger cupropto-
sis in healthy cells, ultimately causing irreversible harm
to normal tissues. In this work, to control the degrada-
tion rate of Cu,O nanocubes, we utilize Cu-MOF formed
in-situ as a protection layer to load in Cu,O to form a
Z-scheme heterojunction. The CMC fabricated in-situ
not only show improved sonodynamic activity, but also
demonstrate controllable degradation behaviors, which
are resistant to degradation under normal physiological
conditions but can selectively degrade and release copper
ions in TME. By releasing Cu* and Cu®* specifically in
tumors, a cascading amplification of ROS production is
achieved. Additionally, the relevance lies in the release of
Cu", which triggers tumor-specific cuproptosis by stim-
ulating DLAT oligomerization. Due to these favorable
properties, CMC heterojunctions significantly enhance
a potent ICD effect by boosting ROS levels and induc-
ing tumor-specific cuproptosis (Scheme 1). As a result,
primary tumors are completely eliminated, and distant
tumors are almost fully suppressed. The exploration of
novel therapeutic approaches such as cuproptosis, SDT,
CDT, and immunotherapy not only enriches our under-
standing of cell death mechanisms but also provides new
insights for cancer therapy, paving the way for cancer
treatment with lower side effects and higher efficiency.

Results and discussion

Synthesis and structural characterization of CMC

We synthesized Cu,O nanocubes through the mild pre-
cipitation method. A reaction took place when copper
sulfate was combined with NaOH in the presence of SDS
to form Cu(OH),, which was subsequently reduced to
Cu” by sodium ascorbate (SA) under room temperature
stirring. TEM image revealed regular cubic structures of
Cu,O with a size of about 90 nm (Fig. 1a), similar to the
hydrodynamic diameter (112.4 nm) determined by DLS
measurements (Fig. 1f). To overcome the susceptibility of
Cu,O nanoparticles to oxidation in practical applications,
we combined Cu,0O with 2,3,6,7,10,11-hexahydroxyt-
riphenylene (HHTP) to prepare CMC nanoparticles.
TEM images clearly show a distinct core-shell structure
formed on the cubic structure of Cu,O (Fig. 1b), uni-
formly wrapped by a layer of material about 20 nm thick,
with the size of CMC about 130 nm. The hydrodynamic
diameter increased from 112.4 nm for Cu,O to 168.5 nm
for CMC (Fig. 1f), similar to the TEM observations,
slightly larger than the diameter of the Cu,O nanocubes.
TEM image also demonstrated that the surface coating
of Cu-MOF does not affect the original surface morphol-
ogy of the Cu,O nanocubes. Furthermore, the mapping
of CMC at high magnification were obtained by element
mapping to characterize the dispersion of the element
distribution of CMC, as shown in Fig. S1, the elements
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Scheme 1 A scheme to show the preparation of CMC heterojunctions for tumor-specific cuproptosis-enhanced SDT/CDT/immunotherapy

of Cu, O, C and N are successfully distributed in CMC.
Figure 1c shows the colors of Cu,0O and CMC at the same
concentration, with Cu,O appearing yellow and CMC
dark green, which also confirmed the successful prepara-
tion of heterojunctions. Figure 1d illustrates that Cu,O
has a distinct absorption peak at 496 nm, which can also
be detected in that of CMC. Furthermore, the absorption
intensity of CMC is significantly higher than that of Cu,O
at the same concentration (200 pg/mL). Zeta potential
measurements for Cu,0 and CMC were 23.1+1.8 and
39.3+3.07 mV, respectively (Fig. le).

Next, the chemical composition of Cu,O and CMC was
studied through a series of characterizations such as XRD
and XPS. The successful synthesis of Cu,0 and CMC was
confirmed by their XRD patterns (Fig. 1g, h), which cor-
respond to the Cu,O nanostructure (PDF#99 - 0041). In
the XRD spectrum of Cu,0O, distinct diffraction peaks are
observed at ~29.5°, ~36.4°, ~42.3°, ~61.4°, and ~73.6°,
corresponding to the (110), (111), (200), (220), (220), and
(311) crystal planes of Cu,O, respectively. Notably, no
impurity peaks were observed, indicating that the syn-
thesized Cu,O possesses good crystalline and purity. For

CMC, the characteristic diffraction peaks of Cu,O are
clear, but there are no distinct Cu-MOF diffraction peaks,
and the corresponding XRD diffraction peaks are weaker
compared to Cu,O. This weakening could be due to the
low intensity of Cu-MOF’s diffraction peaks and the fact
that Cu-MOF encapsulation diminishes the intensity of
Cu,O’s diffraction peaks. XPS was utilized to analyze the
valence states and composition of the different samples
(Fig. 1i, m). The Cu,O’s peaks in high-resolution Cu 2p
spectrum at ~931.9, ~933.9, ~951.8, and ~953.9 eV
was observed (Fig. 1k). The results for CMC are similar
to those of Cu,O, with peaks at ~932.0, ~932.7, ~951.8,
and ~953.6 eV (Fig. 10). Moreover, the ratio of Cu" to
Cu** in CMC is much higher than in Cu,O, with a ratio
of 10.11 compared to only 3.85 in Cu,O, indicating that
the encapsulation by Cu-MOF reduces the loss of Cu*
and enhances the stability of Cu,0O nanocubes. Both
CMC and Cu,O exhibit characteristic C peaks of C-C
and C-OH in their high-resolution C 1s spectra (Fig. 1j,
n), and typical features of O-H and Cu-O in their high-
resolution O 1s spectra (Fig. 11, p). These above struc-
tural characterization results clearly demonstrate the
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Fig. 1 Characterization of CMC. (a, b) TEM images of Cu,O and CMC. (c) Photographic images displaying the colors of Cu,O (yellow) and CMC (dark
green) at the same concentration. (d-f) UV-visible absorption spectra, Zeta potential (n=3), and hydrodynamic diameters of Cu,0 and CMC (n=3). (g, h)
XRD spectra of Cu,0 and CMC. (i-p) XPS spectra of Cu,0 and CMC, including measurements of survey XPS, high-resolution C 1s, Cu 2p, and O 1s spectra

successful preparation of Cu,0O nanocubes and CMC
heterojunctions.

Heterojunction-enhanced SDT and CDT performances

Following the successful construction of heterojunctions,
we used DPBF as a ROS probe to assess the enhanced
sonodynamic characteristics of CMC. As shown in
Fig. 2a, b, with the increase in US time (0—10 min), the
absorption of DPBF at 418 nm rapidly decreased, indi-
cating significant ROS generation. Under the same con-
ditions, the rate of ROS generation was stronger in the
CMC group compared to the single-component Cu,O
group. Specifically, the rate of ROS generation under
CMC was 0.15 min~?, 1.5 times that of Cu,O (0.1 min~?)
(Fig. 2c), which robustly validates the superior sonody-
namic performance of CMC over pure Cu,O. The excep-
tional rate of ROS generation by CMC suggests that the

construction of the heterojunction significantly enhances
the SDT performance of Cu,O nanocubes. Since DPBF
can detect both !0, and O, ™", we used dihydrorhodamine
123 (DHR123) to monitor the O, production capac-
ity of Cu,O and CMC under US irradiation. The signifi-
cantly increased fluorescence intensity of DHR123 was
observed in Cu,O and CMC groups under US irradiation
(Fig. S2), suggesting their efficient O,™* generation abil-
ity. In addition to O,™*, the generation of 'O, by CMC
under US irradiation was confirmed by the ESR spectra.
As shown in Fig. S3, both Cu,O and CMC exhibited the
significant ESR signal, indicating the generation of 'O,.
Therefore, CMC-mediated ROS generation involves both
energy transfer and electron transfer processes, produc-
ing 0, and O,™* simultaneously.

Next, by analyzing the bandgap structures of Cu,O
and Cu-MOF, we explored the mechanism behind the
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Fig. 2 Heterojunction-enhanced SDT and CDT performances. (a, b) Evaluation of 1Oz generation efficiency of Cu,0 and CMC under US irradiation. (c)
Comparison of the rate constants for 'O, generation triggered by US in the presence of Cu,0 and CMC (n=3). (d-g) Tauc plots and XPS-VB spectra of
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the chemodynamic effects of Cu,0 and CMC at pH 6.0 (n=3). (0, p) Evaluation of GSH depletion by Cu,O and CMC. The concentration of Cu,0 and CMC

was 200 pg/mlL

enhanced sonodynamic activity of CMC. Initially, the
valence bands (VB) of Cu,O and Cu-MOF were deter-
mined using XPS-VB spectroscopy, which were found
to be 0.44 eV and 1.46 eV respectively (Fig. 2f, g). Sub-
sequently, the corresponding standard hydrogen elec-
trode (Eyp npp) values were calculated. The Eyp wy
for Cu,O and Cu-MOF were calculated as 0.44 eV and
1.46 eV, respectively. The bandgaps (Epg) of Cu,O and
Cu-MOF were obtained from Tauc plots derived from
UV-vis spectroscopy, which determined the bandgaps
to be 1.58 eV and 1.81 eV, respectively (Fig. 2d, e). Based
on Eyp = Ec + Epc, the conduction bands (CBs) of Cu,O
and Cu-MOF were calculated as -1.14 eV and -0.35 eV,
respectively. From these measurements, we plotted the

energy band diagrams of Cu,O and Cu-MOF (Fig. 2h).
Therefore, the electron transfer occurs from the con-
duction band of Cu-MOF to the valence band of Cu,O.
CMC’s enhanced sonodynamic performance is likely
attributed to the development of a Z-type heterojunc-
tion, which hinders the recombination of electron-hole
pairs within the separate semiconductors. Therefore, the
improved sonodynamic performance of the CMC hetero-
structure can be attributed to its efficient electron-hole
separation efficiency.

Due to the rich presence of Cu* in CMC, we then
measured its chemodynamic performance under differ-
ent pH using TMB as a probe. By monitoring changes in
absorbance at 652 nm, the capacity of CMC and Cu,O



Cao et al. Journal of Nanobiotechnology (2025) 23:246

to generate «OH was assessed. At a low pH of 4.5, the
absorption peaks at 652 nm for both Cu,0 and CMC
increased with the concentration of hydrogen peroxide
(Fig. 2i, j). CMC demonstrated significantly higher «OH
generation efficiency compared to Cu,O, with a rate
of 1.09 min~! (Fig. 2k) versus 0.33 min~! for Cu,O. The
enhanced CDT performance can be attributed to accel-
erated electron transfer processes within the CMC het-
erostructure. At pH 6.0, the CDT properties of CMC
were also studied (Fig. 21-n), where CMC still showed
a higher +OH generation rate (0.27 min~') compared
to Cu,O (0.24 min~'). We also calculated the V. and
K., of Cu,0 and CMC using Michaelis-Menten kinetic
analysis. As depicted in Fig. S4, the higher V, ., and the
lower K, can be detected in the CMC group compared
with that in the Cu,O group at pH 4.5 and 6.0, indicating
the higher chemodynamic activity of CMC. However, the
+OH generation rates for both CMC and Cu,O decreased
compared to those at pH 4.5. Importantly, at pH 7.4,
Cu,O still showed Fenton-like reaction activity and +OH
production ability (Fig. S5a), indicating that Cu,O could
be degraded under normal physiological conditions to
release Cu” for triggering CDT effect. For comparison,
almost no +OH generation was observed for CMC at pH
7.4 (Fig. S5b), suggesting that the coating of Cu-MOF
could regulate the degradation behaviors of Cu,O nano-
cubes to avoid the CDT in normal cells.

To verify that the composite material we constructed
has excellent SDT and CDT properties because of the
formation of a heterojunction, rather than simply mix-
ing the two materials. We prepared a physical mixture
of Cu,0O and Cu-MOF, which was then compared with
CMC. As depicted in Fig. $S6, the 'O, and +OH genera-
tion efficiency of CMC was significantly higher than the
physical mixture of Cu,O and Cu-MOE. These results
forcefully demonstrated that the enhanced SDT/CDT
performance of CMC could be ascribed to the formation
of Z-scheme heterojunctions rather than the physical
mixture of Cu,O and Cu-MOF.

Given the abundance of GSH in the TME, the ROS (*O,
and «OH) created by the SDT-CDT combination could
be counteracted by GSH, thus decreasing the therapeutic
impact of SDT and CDT. Given the presence of Cu*" in
CMC, we further assessed its capacity for GSH depletion.
Using DTNB as a probe, the reaction between CMC and
GSH was monitored. As shown in Fig. 2p, o, the absorp-
tion peak at 412 nm for CMC or Cu,O alone decreased
sharply within 12 h, indicating a strong GSH depletion
capability. By significantly enhancing GSH depletion,
CMC successfully tackled GSH-mediated resistance in
the tumor microenvironment, ultimately boosting the
therapeutic impact of CDT-SDT in tumor treatment.
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pH-responsive biodegradation behavior of CMC

After demonstrating the heterojunction-enhanced SDT
and CDT performances of CMC, we then studied their
biodegradability through dialysis. During dialysis, deg-
radation of Cu,O was observed as early as 20 min (Fig.
S7a), with rapid degradation progressing to a translu-
cent light yellow by 40 min. And it approaches a nearly
transparent colorless state by 90 min. CMC, however,
remained stable during the first two days, potentially
providing a stable window for SDT (Fig. S7b). After two
days, the composite material began to degrade, turn-
ing from dark green to dark blue by the third day, likely
due to the degradation of the Cu,O encapsulated within
CMC. By the fifth day, CMC had turned to a translucent
blue. UV-vis absorption spectra at various time points, as
shown in Fig. 3e, {, further indicate that the absorption of
Cu,0 and CMC gradually decreased with the duration of
dialysis, and the corresponding absorption curves tended
to flatten by the end of dialysis.

For a more comprehensive view of the degradation
process of CMC, TEM images were acquired on 1, 3,
and 5 days (Fig. 3b-d). On the first day, the morphology
of CMC remained unchanged, by the third day, CMC
showed overall aggregation, but separation between Cu-
MOF and Cu,O began to occur. On the fifth day, Cu,O
was almost completely invisible. TEM images were also
obtained for Cu,O during corresponding stages of degra-
dation (20, 40, 90 min) (Fig. 3a and S8), where by 40 min
Cu,O had diminished in size and showed significant
aggregation, unable to maintain its stable cubic structure,
and by 90 min it was almost completely degraded. These
results demonstrate that the coating of Cu-MOF on the
surface of Cu,O could mitigate the degradation process
of Cu,O under the acidic conditions.

We then evaluated the sonodynamic performance of
CMC during its degradation. The presence of Cu-MOF
plays a crucial role in enhancing SDT performance,
allowing CMC to remain stable for a certain period. One
day after dialysis began, it still demonstrated good 'O,
generation capabilities of CMC (Fig. 3i), whereas Cu,O
showed significantly reduced 'O, generating ability just
20 min into dialysis (Fig. 3g). By the end of the dialysis
process for both Cu,O and CMC, there was no remain-
ing SDT activity (Fig. 3h, j). These results demonstrate
that CMC significantly improves the stability of Cu,O
nanocubes and confirm that the ROS generation function
activated by US through CMC can be sustained within a
stable one-day window.

The structural characterization of CMC and Cu,O
was performed to unveil their degradation mechanism
including XRD patterns and XPS spectra. The XRD
patterns of Cu,0O and CMC at their respective dialysis
points were measured. The diffraction peaks for Cu,O
after 90 min of dialysis and for CMC after five days of
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dialysis were weakened or almost disappeared (Fig. 3k,
). Furthermore, high-resolution Cu 2p XPS spectra
were measured to detect changes in the Cu*/Cu®* ratio
after 90 min of dialysis for Cu,O and five days for CMC
(Fig. 3m-p). The Cu*/Cu®" ratio for Cu,0O decreased
from 3.85 to 0.54 after 90 min of dialysis, and for CMC it
dropped from 10.11 to 0.06 after five days, indicating that
nearly all Cu* in Cu,O and CMC had been oxidized to
Cu?**. These results indicate that the degradation mecha-
nism of CMC and Cu,O was ascribed to the oxidation of
Cu* to Cu?*.

Similar to pH 6.0, the noticeably lightened color of Cu,O
solution can be detected after 4 h at pH 7.4 (Fig. S9a), sug-
gesting that Cu,O can deteriorate in the acidic and normal
physiological condition. After Cu-MOF coating, insignifi-
cant change of the absorption spectrum of CMC hetero-
junctions can be detected after storing for 5 days at pH

7.4 (Fig. S9d), illustrating that CMC cannot be degraded
in normal physiological conditions. Furthermore, as
presented in Fig. S9b, no obvious color change can be
observed in CMC solution after storing for 5 days at pH
7.4. This not only limits its ability to successfully conduct
SDT/CDT, but also brings about harmful consequences on
normal tissues. The Cu-MOF coating functions as a pro-
tective barrier, stopping the non-specific degradation of
Cu,O nanocubes on normal tissues and enabling the spe-
cific induction of cuproptosis and CDT in tumors.

In vitro antitumor efficacy of CMC

After confirming the enhanced sonodynamic and chemo-
dynamic properties of CMC, we investigated its synergistic
tumor treatment effects at the cellular level. Initially, we used
confocal imaging microscopy to study the uptake behav-
ior of CMC and Cu,O in 4T1 cells. Cu,0 and CMC were
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labeled with FITC fluorescent dyes to evaluate their cellular
uptake. The fluorescence imaging showed bright green fluo-
rescence in the cytoplasm of 4T1 cells, indicating effective
intracellular uptake of Cu,O and CMC (Fig. S10). Next, we
assessed the biocompatibility of CMC and Cu,O. As shown
in Fig. S11, LO2 cells treated with different concentrations
of Cu,O for 24-48 h exhibited significant cytotoxicity, indi-
cating that Cu,O can degrade in the normal physiological
conditions to release Cu*. Conversely, CMC did not exhibit
any notable cytotoxicity towards LO2 cells, as shown in Fig.
S12. This indicates that the Cu-MOF coating effectively pro-
tects Cu,O nanocubes from degradation in normal cells. The
CCK-8 results presented in Fig. 4a-d showed the cell viability
of 4T1 cells after different treatments for 24 and 48 h. Com-
pared with the single-component Cu,O nanocubes, CMC
exhibited higher cytotoxicity against 4T1 cells at the same
conditions, which could be ascribed to the stronger chemo-
dynamic activity of heterojunctions. Moreover, the severe
cell death phenomenon of 4T1 cells treated with CMC in the
presence of US irradiation was observed (Fig. 4d). The cyto-
toxicity of CMC+ US against 4T1 cells was much higher than
that of the single-component Cu,O nanocubes (Fig. 4c).

The superior therapeutic effect of CMC through SDT
and CDT was further evaluated using live/dead cell
staining. As shown in Fig. 4e, no red fluorescence sig-
nals were detected in the control and US alone groups,
indicating that US (50 kHz, 1.0 Wcm™?) alone does not
have significant cytotoxicity. Both Cu,O and CMC alone
groups showed decreased green fluorescence signals
and increased red fluorescence signals, verifying their
good chemodynamic effects. Furthermore, the red fluo-
rescence intensity in the CMC group was higher than
that in the Cu,O alone group (Fig. S13a), confirming the
enhanced chemodynamic activity of heterojunctions. The
CMC +US group exhibited significantly higher red fluo-
rescence signals than the Cu,O + US group, demonstrat-
ing the synergistic enhancement between CDT and SDT.
These results clearly indicated that the construction of
CMC heterojunctions greatly improved the efficiency of
SDT and CDT treatment through Cu,O alone.

We then investigated the antitumor mechanism of
CMC-mediated SDT and CDT. The intracellular ROS
levels induced by CMC+US were determined using
DCFH-DA as the ROS probe. There were no signifi-
cant ROS fluorescence signals in the control and US
alone groups of 4T1 cells (Fig. 4f), suggesting that the
US alone could not generate ROS to induce apopto-
sis. In contrast, the CMC alone and Cu,O alone groups
exhibited a bright ROS fluorescence signal, confirming
the enhanced intracellular ROS generation by CMC and
Cu,0. Notably, the highest ROS signal can be detected in
the CMC + US group (Fig. S13b), demonstrating the high-
efficiency sonodynamic and chemodynamic activities of
heterojunctions.
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In vitro antitumor mechanism of CMC

In addition to ROS-mediated antitumor mechanism, we
then investigated the cuproptosis-mediated antitumor
mechanism owing to the presence of Cu* in CMC. Cupro-
ptosis is known to be especially potent against cancer cells
that have strong mitochondrial respiration, such as 4T1 cells
[62]. Consequently, we opted for 4T1 cells as the subject of
our study to assess the impact of CMC on the cupropto-
sis pathway. As presented in Fig. 5a, both Cu,0 and CMC
treatments led to significant oligomerization of lipoylated
DLAT, confirming that Cu,0 and CMC induced cupropto-
sis, likely promoting the aggregation of lipoylated proteins.
Additionally, Cu,0 and CMC treatments reduced the lev-
els of FDX1 and LIAS (Fig. S14), with the CMC treatment
group showing a more pronounced decrease in FDX1 and
LIAS levels compared to the Cu,O treatment group. Pyru-
vate, the starting substrate of the TCA cycle, reflects the
efficiency of the TCA cycle [64]. As shown in Fig. 5d, the
highest levels of pyruvate content can be observed in the
CMC +US treatment group, demonstrating that copper ions
affects components of the TCA cycle, inhibits the cycle and
leads to pyruvate accumulation.

We then examined the morphological changes in mito-
chondria after copper ion uptake. Bio-TEM analysis
showed significant disruption of mitochondrial struc-
tures in 4T1 cells treated with CMC (Fig. 5c). Compared
to the control group (Fig. 5b), the CMC-treated 4T1 cells
exhibited reduced inner mitochondrial membranes and
large vacuoles, further confirming that 4T1 cells treated
with CMC underwent cuproptosis. The JC-1 mitochon-
drial membrane potential staining assay was used to
detect the disruptive effects of CMC on mitochondria.
Following copper ion treatment, the Cu,0 and CMC
alone groups showed a reduction in red fluorescence
signals and an elevation in green fluorescence signals
(Fig. 5e). The increase in green fluorescence signal in
the JC-1 assay for the CMC + US group was significantly
higher than that of the Cu,O + US group (Fig. S13c). This
phenomenon demonstrated that copper-induced -cell
death is related to mitochondrial metabolism and that US
further promotes mitochondrial metabolism, clearly con-
firming that the preparation of CMC greatly enhances
the synergistic effects of copper-induced cell death and
SDT.

In vitro induction of ICD effects by CMC

After demonstrating the effective in vitro therapeutic
effects of CMC through ROS generation and cupropto-
sis effect, we further investigated the cell death path-
ways involved in the synergistic action of CDT, SDT and
cuproptosis. ROS and cuproptosis have the ability to
induce immunogenic cell death in tumor cells, leading to
the presentation of CRT, the release of HMGB1 and ATP
[65-67]. Dendritic cells can be recruited and activated
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by these three DAMPs, subsequently initiating an adap-
tive immune response to eliminate tumor cells [8, 68].
The strongest red fluorescence signal was observed in
the CMC + US group compared to other groups (Fig. 6a),
indicating that CRT was exposed from the endoplasmic
reticulum to the cell surface after the synergistic action

of CDT, SDT, and cuproptosis. Next, the highest concen-
tration of HMGB1 was released by 4T1 cells treated with
CMC+US (41.5+5.3 pg/ml) compared with the other
groups (Fig. 6e). The other groups followed in order:
Cu,0+US (31.2+4.5 pg/ml), CMC (25.5+4.0 pg/ml),
and Cu,O (20.5+3.5 pg/ml). The control group and the
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US alone group showed little difference, with levels of
10.8+1.3 pg/ml and 11.0 + 1.3 pg/ml, respectively. To fur-
ther confirm ROS- and cuproptosis-triggered ICD effect,
we used an ATP assay kit to evaluate ATP release level
in 4T1 cells after different treatments. Figure 6f shows
that intracellular ATP levels decreased in the CMC + US
group, indicating that CMC could secrete more ATP
from the intracellular to the extracellular space under US
irradiation. These above results strongly demonstrated
that CMC can trigger ICD effect through the synergis-
tic action of CDT, SDT, and cuproptosis. Tumor-associ-
ated antigens have the potential to activate DCs, which
are an essential type of APCs [45, 69-71]. After adding
the supernatant from 4T1 cells co-incubated with CMC
(Fig. 6b), the expression levels of CD80 and CD86 on DCs

cells were detected. As shown in Fig. 6¢, d, CMC+US
group exhibited the higher proportion of CD80*CD86"
DCs compared with the Cu,O+US group, suggesting
that the construction of heterojunctions could enhance
the sonodynamic and chemodynamic properties of Cu,O
nanocubes to induce the stronger ICD effects.

In vivo antitumor efficacy of CMC

Considering that the tumor-specific cuproptosis and
ROS could induce antitumor immune responses by acti-
vating ICD effect, we then investigated the in vivo anti-
cancer effects of CMC. Upon injecting ICG-labeled CMC
intravenously, the tumor site exhibited prominent fluo-
rescence signals (Fig. 7b and S15), indicating the gradual
accumulation of CMC in the tumor tissue. Furthermore,
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the ex vivo NIR imaging results showed that CMC accu-
mulation in the tumor tissue was highest 24 h after
injection (Fig. 7c and S16). On this basis, US irradiation
should be performed 24 h after intravenous injection of
CMC.

Considering that treating the primary tumor can acti-
vate the immune system, we constructed a bilateral tumor
model to evaluate whether CMC-mediated immunother-
apy can inhibit the growth of distant tumors. During the
treatment, neither the control group nor the US group
showed significant inhibition of primary or distant tumor
growth. In the Cu,O and CMC groups, tumor volume
growth in both primary and distant tumors was reduced
compared to the control or US groups (Fig. 7d, e), indicat-
ing that CMC-induced CDT and cuproptosis had a cer-
tain therapeutic effect within the TME. Compared to the
Cu,0 +US group, the CMC +US group exhibited greater
inhibition of tumor growth, demonstrating enhanced syn-
ergistic therapeutic effects of CDT, SDT, and tumor-spe-
cific cuproptosis. In addition, it is worth noting that the
primary tumors in the CMC + US group were completely
eliminated within a mere 8 days, underscoring the formi-
dable antitumor capabilities of CMC. The growth of dis-
tant tumors in CMC+US group was almost completely
inhibited, which was superior to that in CMC alone group.
Additionally, mice in the CMC + US group survived for 45
days, while mice in the control group survived only about
20 days (Fig. 7f). Histological analysis of primary and dis-
tant tumor tissues was performed using TUNEL and H&E
staining to study the therapeutic effects of CMC-mediated
CDT, SDT, and tumor-specific cuproptosis. Figure 7g and
S17 show that the CMC+ US group had the highest lev-
els of apoptosis or necrosis in primary and distant tumor
cells, indicating that CMC-enhanced CDT, SDT, and
tumor-specific cuproptosis can induce severe apoptosis
or necrosis. ROS staining also showed that CMC-medi-
ated TME modulation and SDT had superior therapeutic
effects. Fig. S18 showed that the CMC + US group had the
highest levels of ROS in tumor, indicating that the effec-
tiveness of CMC in therapy may be due to the production
of a large amount of ROS in tumors.

In vivo immune response evaluation
Apart from the ROS generation in tumor tissues, we
then carefully investigated the in vivo therapeutic
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mechanism of combined CDT, SDT, and tumor-spe-
cific cuproptosis through CMC heterojunctions. Eval-
uating the levels of CRT, HMGB1, and ATP in tumor
tissues was the initial step in assessing the ICD effects
induced by CMC-mediated SDT/CDT and tumor-
specific cuproptosis. The release levels of HMGB1
in each group were measured using ELISA assay. Fig.
S19 shows that the CMC + US group had the highest
concentration of released HMGBI, indicating that the
combined SDT/CDT and cuproptosis effects induced
a stronger ICD effect. Additionally, the ATP levels
within tumors were highest in the CMC+US group
compared to the other groups (Fig. S20). As depicted
in Fig. 8a, the immunofluorescence staining images
showed a significant increase in the green fluorescence
signal of CRT in the CMC+ US group as opposed to
the other groups.

Next, we investigated the immune responses in both
primary and distant tumors in order to understand
how the treatment works. In Fig. 8b, it can be observed
that the CMC+US group had a greater amount of
CD80*CD86" mature DCs than the CMC alone group.
Specifically, the CMC + US group had the highest num-
ber of mature DCs, with a proportion of CD80*CD86*
DCs at 19.0+3.0% (Fig. 8c). Next, we evaluated the
activation of T cells in the spleen and tumors by CMC-
mediated synergistic tumor therapy using flow cytom-
etry. Following treatment with CMC and US irradiation,
a higher number of CD4*CD8" T cells were observed
in spleen (Fig. S22), primary tumors (Fig. 8d-f), and
distant tumors (Fig. S21). Finally, we assessed the bio-
safety of Cu,0 and CMC and confirmed the protection
effect of Cu-MOF coating. The histopathological test-
ing and hematological analysis were used to evaluate
the in vivo long-term toxicity of these treatments. The
major organs of the CMC + US group in Fig. S24 showed
no significant pathological abnormalities. All markers
in the blood biochemistry and blood routine examina-
tion for the CMC + US group were within normal levels,
suggesting that Cu ions were not released from CMC,
as depicted in Fig. S25. We also performed the hemo-
lysis experiments to further investigate the biosafety of
CMC. At CMC concentrations as high as 320 pg/mlL,
red blood cell hemolysis is still not detected (Fig. S26),
clearly proving the good biosafety of CMC.
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Conclusion

In conclusion, our approach involves using Cu-MOF as
a safeguarding layer to manage the biodegradation pro-
cesses of Cu,O. By forming in-situ, the Cu-MOF effec-
tively prevents the non-tumor-specific degradation of
Cu,0O nanocubes, ultimately shielding normal tissues
from harm. Given the tumor-specific degradation of
Cu,0O nanocubes, the potential clinical translation of
CMC heterojunctions can be highlighted for its advan-
tages. Despite the inevitable accumulation of CMC in
healthy tissues, the mere presence of Cu* is insufficient
to trigger chemodynamic and cuproptosis effects. This is

due to the limited degradation of these heterojunctions
occurring mainly in tumors. Second, CDT/cupropto-
sis can be exclusively activated in tumors because of the
tumor-specific release of Cu*. Moreover, the depletion of
GSH by Cu®" causes a domino effect of ROS amplifica-
tion. Ultimately, by increasing ROS levels and promot-
ing efficient cuproptosis, the immunosuppressive tumor
microenvironment can be reversed.
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