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Pancreatic cancer (PCa) is highly aggressive and resistant to conventional therapies due to its dense
stroma and immunosuppressive microenvironment. To overcome these barriers, we engineered dextran-
coated copper peroxide-doxorubicin nanoclusters (DCPD NCs) that enabled ultrasound (US)-augmented
chemodynamic therapy (CDT) and chemotherapy. In the acidic tumor microenvironment, DCPD NCs dis-
assemble and co-release Cu?*, doxorubicin, and self-supplied H,0,. Cu** depletes glutathione (GSH) and
catalyzes H,0; to generate *OH with US (1.5 fold higher than that without US). Under US treatment, DCPD
NCs not only increased the permeability of Panc02 tumor spheroids, but also increased intracellular re-
active oxygen species by 2.1 times, depleted GSH by up to 25.2 %, and induced lipid peroxidation. This
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Chemmherap&{ nanoplatform works synergistically to induce potent immunogenic cell death. In both subcutaneous and
Sl‘temc’dy‘(‘:m‘c therapy orthotopic PCa mice models, this nanoplatform demonstrated remarkable therapeutic effects. The tumor
rasoun

weights of mice treated with DCPD NCs + US were significantly reduced by 91.8 % and 85.7 % vs. controls,
with robust calreticulin (CRT) exposure and HMGB1 translocation in tumors. This work establishes an
US augmented and self-reinforcing nanoplatform that overcomes stromal and metabolic barriers in PCa,
providing a synergistic strategy for catalytic immunotherapy.

Immunogenic cell death

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pancreatic cancer (PCa) is represents one of the most malignant
and fatal types of solid malignancies, characterized by a poor 5-
year overall survival rate as low as 13 % [1]. Conventional thera-
pies, such as chemotherapy, surgical resection, and immunother-
apy, demonstrate limited efficacy for PCa treatment, primarily at-
tributable to its intrinsic immune resistance and suppressive tu-
mor microenvironment (TME) [2]. The key characteristics of TME in
PCa include dense stromal components, inadequate vascularization,
and profound immune suppression [3-5]. Notably, the abnormal
buildup of extracellular matrix (ECM) components creates substan-
tial physical obstacles that significantly impair the penetration and
distribution of therapeutic compounds within tumor tissues, con-
sequently diminishing the effectiveness of conventional treatments.
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Furthermore, the TME of PCa exhibits strong immunosuppressive
properties, where tumor cells recruit and activate cells capable of
suppressing antitumor immunity and promoting therapeutic resis-
tance [6-8]. Recent advancements in cancer treatment have intro-
duced innovative approaches including photothermal and photo-
dynamic therapies, which demonstrate promising clinical applica-
tions, yet their therapeutic efficacy face significant constraints due
to light’s limited penetration depth in biological tissues and in-
sufficient accumulation of therapeutic compounds within deeply
located pancreatic malignancies [9-12]. In summary, there is an
imperative need to develop novel synergistic therapies integrating
multiple mechanisms to achieve deep-tissue targeting, reverse im-
munosuppression, and ultimately improve therapeutic outcomes in
PCa.

Chemodynamic therapy (CDT), is an emerging antitumor strat-
egy that harnesses Fenton or Fenton-like reactions to transform in-
tracellular endogenous hydrogen peroxide (H,0,) into highly cyto-
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toxic hydroxyl radicals (*OH) [13-17]. Leveraging the intrinsic over-
expression of H,0, in the TME, "OH is generated with enhanced ef-
ficiency, a process that not only augments the selective cytotoxicity
against tumor cells but also mitigates the potential off-target toxic-
ity to normal cells. Additionally, unlike phototherapy, CDT does not
require external energy, enabling superior penetration and thera-
peutic efficacy in deep-seated tumors or those with inadequate
vascular supply. Nevertheless, CDT still faces several critical chal-
lenges. First, although tumor regions exhibit higher H,0, levels
than healthy tissues, the endogenous H,0, concentration within
tumors may still be insufficient to produce adequate “‘OH. Second,
it is difficult to effectively delivery metal ions to tumor sites and
sustain their effective concentrations for Fenton or Fenton-like re-
actions. Finally, a substantial amount of endogenous glutathione
(GSH) in tumors rapidly scavenge "OH, significantly compromising
the therapeutic potential of CDT.

To overcome the insufficient H,O, supply, several strategies for
enhancing CDT based on endogenous or exogenous stimuli have
been proposed. Notably, copper peroxide (CuO,), a Fenton-like
metal peroxide nanomaterial, is capable of generating Cu?* and
H,0, in the acidic tumor condition, thereby enabling CDT with
self-sustained H,0, supply and depletion of GSH to improve re-
active oxygen species (ROS) [18-20]. CuO, also exerts a synergistic
enhancement effect when combined with other therapeutic meth-
ods. For instance, Zhu et al. [21] engineered multifunctional CuO,
nanoparticles that integrated self-sustaining CDT with photother-
mal therapy. Furthermore, studies have demonstrated that the clin-
ically employed anticancer agent doxorubicin (Dox) can synergize
with copper-based CDT, leading to superior anticancer outcomes
[21-25]. This synergistic effect arises from the dual roles of Dox:
It not only directly kills tumor cells but also triggers immunogenic
cell death (ICD), thereby stimulating antitumor immune responses.

Nevertheless, the significant biological hazards posed by metal
peroxide nanoparticles restrict their broader use in biomedical ap-
plications. Therefore, overcoming biological toxicity is crucial for
further utilizing metal peroxide nanoparticles to enhance CDT. The
strategy of exogenous triggering enhancement of CDT was to use
exogenous energy to promote the efficacy of CDT or directly gen-
erate ROS to enhance CDT. For example, near-infrared (NIR) light
and X-rays were used to enhance CDT [26-28]. Even if these strate-
gies successfully enhance CDT, the low penetration depth of light
and the radiation risk associated with X-rays limit their develop-
ment. Fortunately, the ultrasound (US), which has both the low
bio-toxicity of NIR light and the high penetration depth of X-rays,
has emerged as a promising exogenous energy for enhancing CDT
[29-32]. Under US irradiation, the pressure and temperature of the
local microenvironment within tumors increase, thereby facilitat-
ing the enhancement of the Fenton reaction. Thus, there is a crit-
ical requirement to design innovative nanozyme exhibiting excel-
lent biocompatibility, which can simultaneously generate H,0, and
deplete GSH, making them suitable for US-enhanced CDT applica-
tions.

Inspired by this, polysaccharide dextran-coated copper
peroxide-Dox nanoclusters (DCPD NCs) were designed for en-
hanced PCa treatment through US-augmented chemotherapy and
CDT in this study (Scheme 1). DCPD NCs were fabricated through
one-step synthetic approach using dextran, Dox, and Cu?* in the
presence of H,0,. Upon exposure to the acidic and reductive TME,
DCPD NCs undergo decomposition to release Dox, H,0,, and Cu2*.
These released components exhibit individual antitumor activi-
ties and act synergistically to achieve highly efficient antitumor
efficacy. Specifically, the released Cu?* depletes intracellular GSH
and is reduced to Cu*, which then reacts with both endogenous
and self-supplied H,0, to generate *OH. This process amplifies
oxidative stress and induces ICD in tumor cells. Following intra-
venous injection, the DCPD NCs accumulate in both subcutaneous
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Scheme 1. Schematic illustration of the preparation of the US-enhanced ROS
nanoamplifier, DCPD NCs, and its synergistic chemo/chemodynamic therapy against
pancreatic cancer.

and orthotopic Panc02 tumors via the enhanced permeability and
retention (EPR) effect. A sequential US activation strategy was
further incorporated to address the poor tumor penetration of
nanotherapeutics and realize on-demand therapeutic activation,
laying the groundwork for maximizing the synergistic efficacy
of CDT and chemotherapy. The first US irradiation improves the
tumor penetration of DCPD NCs, while the second US irradia-
tion triggers the activation of tumor-localized NCs to generate
ROS. When combined with Dox-mediated chemotherapy, this
synergistically elicits ICD. This multimodal therapeutic strategy is
anticipated to effectively overcome the major limitations of con-
ventional CDT and chemotherapy. Collectively, this US-enhanced,
and self-amplifying nanoplatform lays a foundation for a trans-
latable therapeutic approach capable of disrupting both stromal
and immunosuppressive barriers in PCa. Moreover, it serves as a
promising strategy for combination with immunotherapy to elicit
durable antitumor responses.

Firstly, a series of acid-responsive nanoclusters with different
amounts of Dox was prepared successively via a one-step reac-
tion according to the previous report [33]. Initial experiments re-
vealed that when the Dox feeding quantity was elevated from 0 mg
to 10 mg, the hydrodynamic diameter of the resulting DCPD NCs,
as measured through dynamic light scattering (DLS) analysis, ex-
panded from (101.0 4+ 1.7) nm to (2567.0 +103.1) nm. Notably, other
parameters including polydispersity index (PDI), encapsulation ef-
ficacy (EE) of Dox, and Cu contents determined by ICP-OES showed
no significant change (Table S1 in Supporting information).

Based on this, DCPD5 was selected for subsequent characteriza-
tion and application. The transmission electron microscope (TEM)
images of dextran-coated copper peroxide (DCP) NCs in Fig. 1A and
Fig. S1A (Supporting information) demonstrated that copper per-
oxide nanodots were embedded within dextran matrices, forming
clustered structures, and DCPD NCs showed a similar morphology
with a larger size according to the TEM images in Fig. 1B and Fig.
S1B (Supporting information). Moreover, atomic force microscopy
(AFM) imaging was utilized to characterize DCP NCs, which exhib-
ited similar morphology to the TEM characterization (Figs. S1C and
D in Supporting information).

Additionally, the crystalline properties and phase composition
of DCP and DCPD NCs were examined through powder X-ray
diffraction (XRD) techniques. As shown in Fig. 1C, the presence of
a single broad diffraction peak indicated the amorphous nature of
both DCP and DCPD NCs. Furthermore, the full-range X-ray photo-
electron spectroscopy (XPS) spectrum (Fig. 1D) identified the ele-
mental composition, showing Cu, C, and O in both DCP and DCPD
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Fig. 1. Characterizations of the nanoclusters. DLS measuring particle size and TEM
images of (A) DCP and (B) DCPD NCs. Scale bar: 20nm. (C) XRD patterns of DCP
and DCPD NCs. (D) Survey XPS spectrum of DCP and DCPD NCs. High-resolution Cu
2p (E) and O 1s (F) XPS spectra of DCP and DCPD NCs. (G) FT-IR spectra of dextran,
DCP, DCPD, and Dox. (H) UV-vis spectra of Dox, DCP, and DCPD NCs (in different
pH). (I) Fluorescence spectra of free Dox, DCP, and DCPD NCs (in different pH). (]J)
Photographs of free Dox, DCP, and DCPD NCs in different pH solutions. (K) Release
of Cu?+ from DCP and DCPD NCs at pH 7.4, 6.5, and 5.5. (L) The accumulated release
of Dox from free Dox and DCPD NCs at pH 7.4, 6.5, and 5.5. Data are presented as
mean =+ standard deviation (SD) (n=3).

NCs, whereas the N element was exclusively detected in DCPD NCs,
confirming the successful incorporation of Dox (which contains N-
containing functional groups). High-resolution XPS spectrum of Cu
2p (Fig. 1E) displayed two characteristic peaks at binding energies
of 934 and 954 eV, along with distinct shakeup satellite peaks cor-
responding to Cu?t. This confirms that Cu?* existed in both DCP
and DCPD NCs. Meanwhile, the high-resolution O 1s XPS spectrum
(Fig. 1F) was deconvoluted into three distinct peaks, which were
respectively assigned to 0-0, C=0, and Cu-O. These findings pro-
vide evidence for the successful incorporation of dextran and the
retention of peroxyl groups in the fabricated nanomaterials. Fourier
transform infrared (FT-IR) spectroscopy (Fig. 1G) was conducted to
elucidate the interaction mechanism among dextran, Dox, and cop-
per peroxide in DCPD NCs. Both spectral analysis of DCP and DCPD
NCs displayed characteristic peaks at 3320 cm~! (O-H stretch-
ing) and 1400-1100 cm~! (C-0 stretching and C-O-C asymmetric
stretching), which were consistent with the characteristic infrared
fingerprint of dextran. Moreover, a characteristic peak at 880 cm!
was observed in the FT-IR spectra of both DCP and DCPD NCs, cor-
responding to the -O-O- stretching vibration of copper peroxide
(blue line). Furthermore, the DCPD spectrum displayed a distinctive
absorption at 1580 cm~! (marked in red), corresponding to Dox’s
molecular signature. These spectroscopic observations provide con-
clusive evidence for the effective integration of Dox molecules into
the DCP matrix during the formation of DCPD nanocomposites.
Furthermore, the successful encapsulation of Dox within DCPD
NCs and their pH-dependent degradation characteristics were con-
firmed through ultraviolet-visible (UV-vis) and fluorescence spec-
troscopic analyses. As shown in Fig. 1H, DCP NCs in pH 7.4 showed
an obvious shoulder peak at 375 nm, whereas this spectral signa-
ture disappeared under acidic condition (pH 5.5), indicating the
decomposition of copper peroxide. For DCPD NCs in pH 7.4, the
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spectrum showed a shoulder peak at 375 nm, similar to the curve
of DCP NCs, demonstrating the existence of CuO, in DCPD NCs.
Furthermore, UV-vis spectroscopy analysis revealed that both Dox
and DCPD NCs exhibited distinct absorption bands at ~300 nm and
in the 450-700nm range. Specifically, Dox displayed two maxi-
mum absorption peaks at 288 and 480 nm, whereas DCPD NCs sus-
pended in pH 7.4 buffer exhibited dual absorption maxima at 297
and 495 nm. The spectroscopic analysis confirmed the effective en-
capsulation of Dox within the nanodot structures. The observed
red shift in DCPD NCs demonstrated that intermolecular interac-
tions between Dox and CuO, induced the generation of extended
conjugated architectures. Importantly, the coordination between
Dox and Cu?* significantly quenched its fluorescence, while acidic
conditions triggered the breakdown of this coordination complex,
restoring the fluorescent properties (Fig. 11). Moreover, DCPD NCs
in pH 5.5 exhibited the same color and absorbance characteristics
as Dox, demonstrating the release of Dox (Fig. 1]).

To systematically assess the acid-responsive release behavior,
DCP or DCPD NCs were separately dispersed in phosphate buffered
solution (PBS) at different pH. Figs. 1K and L demonstrate dis-
tinct release patterns for both Cu?* and Dox, showing minimal and
gradual release at neutral conditions (pH 7.4). However, when ex-
posed to acidic condition (pH 5.5), a significantly faster and more
substantial release occurred. Specifically, DCPD NCs displayed fa-
vorable stability at pH 7.4, releasing merely 10 % of Cu?t and 6
% of Dox over a 24h incubation period. While under acidic condi-
tions, DCPD NCs exhibited a markedly accelerated release kinetics,
with the cumulative release of Cu?* and Dox reaching nearly 80 %
and 60 %, respectively, within 24 h incubation. This pH-responsive
release profile of DCPD NCs is anticipated to potentiate the thera-
peutic efficacy against tumor tissues while mitigating off-target cy-
totoxicity toward normal cells. Moreover, the DCPD NCs at pH 7.4
maintained stable hydrodynamic size and PDI over 24 h, indicating
good physiological stability. At pH 5.5, their size dropped sharply
within 4h and PDI rose markedly, suggesting rapid disassembly
(Fig. S2A in Supporting information). TEM image confirmed acidic-
triggered dissociation and morphological breakdown (Fig. S2B in
Supporting information). The DLS particle size changes and TEM
results of the DCPD NCs were consistent with the acid-responsive
drug release behavior of the nanoclusters.

After DCP degradation in an acidic environment, the acid-
triggered Cu?*-driven CDT process and US-enhanced ‘OH genera-
tion in vitro were shown in Fig. 2A. Firstly, the H,0, self-supplying
ability of DCP and DCPD NCs was validated by the KMnO4-based
colorimetric method. As presented in Fig. 2B, upon the addition of
DCP or DCPD NCs, the UV-vis absorption and characteristic purple
color of the KMnO,4 gradually diminished and eventually vanished.
This is attributed to a H,O,-mediated redox process, wherein the
purple potassium MnO4~ was reduced to colorless Mn%*. To fur-
ther elucidate the correlation between pH conditions and H,0,
release capacity, a colorimetric assay based on horseradish per-
oxidase (HRP) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) was utilized to detect H,0,. The H,0, can be de-
composed into free radicals catalyzed by HRP, and free radicals
can be captured by ABTS to produce green-colored ABTS*'. The
absorbance spectra and digital photographs showed that no H,0,
was detected in the solution at pH 7.4 (Fig. S3A in Supporting in-
formation), while a substantial amount of H,O, was produced at
pH 6.5 (Fig. S3B in Supporting information) and pH 5.5 (Fig. 2C).
Moreover, US treatment could further accelerate the generation of
H,0, under acidic conditions (Fig. 2D).

Secondly, Cu?t derived from the degradation of DCPD NCs is
capable of reacting with GSH to yield Cu*, which can subse-
quently react with H,0, to generate a substantial quantity of *OH.
US stimulation can enhance the Fenton reaction, further ampli-
fying ‘OH generation. To investigate this process, 5,5'-dithiobis-



M. Pan, D. Mo, W. Chen et al.

A &
Acid-triggered CDT US Q\‘
He
\ /4
AL e
-OH ‘2‘ Sk T
Fenton- “ke\ HeRs \y‘b %4 S-enhanced
reaction \ X Fenton-like
] 4/ H‘> *'QA..L ~> ‘/ reaction
Cur <y s brs u*
epletion Cu2+ Cu deplenon
1 123 456 270248121620 —Jmm| "*J 0248121620 %m::

15— 2 (1] g 10 4min | @ 1.0 - min
2 =’ gmin | & 4mn
& 1 5 ne; HRp — 1mi| 08 HRP, — iami
§ 10{" & 2KMnO,+5H,0,16H— Loe Foor 2ATsHRE, — 8Nl § Y0, Zhers HRE, — j3mi
5 6 2Mne+50}+8H,0 2H0'+2 ABT g "l MO2A8I0
25 '1‘ 04 s o4
=" 7 = / <

0.0 ¥ 0.0 0.0

550 600 550 700 750 800 850
Wavelength (nm)

550 600 650 700 750 800 850
Wavelength (nm)

480 510 540 570 600 630
E Wavelength (nm) F

301 12345 GSH 02345 Cu* 1: PBS 2: Cu
8 25 DINB | §4° B neocuproine 3: H,0, 4: Cuz++H,0,
£ _—1pcro | 2 : g
8 20 = 20cpi25 § 30 _SSH, 5: DCP 6: DCPD
2 45 socps | £ 1 2 mmollL
2 4pcPso | Q2 3 mmollL oxTMB
210 50CP100| 8 b dmmorL
<5 < 10 5 mmol/L

. B

00 : : , 00 L

420 450 480 400 450 500 550 P o

H Wavelength (nm) I Wavelength (nm)

10 123456 TMB ®1-° 123456 TMB 1.0 123456 TMB
Yos pH7.4| 8os pH55( 8os FrH55
& -1 -1 S
G 06 —2 | Bos. “2 | Sos -2
;2 - 5 1% 3
S04 4 | @oa 4 @ 04 2
2 5 | © 5 |8 2
<02 6 | <oz 6 | <oz

0. 0. — — 0.0 -~

600 650 700 750
Wavelength (nm)

600 650 700 750
Wavelength (nm)

600 650 700 750
Wavelength (nm)

Fig. 2. Acid-triggered and US-enhanced CDT in solution. (A) Schematic diagram of
acid-triggered CDT and US-enhanced Fenton-like reaction. (B) Absorption spectra
and digital photo of acidic KMnO, solution after mixing with different sample so-
lutions. Time-dependent absorption spectra and digital photos of ABTS and HRP
mixed with DCP NCs at pH 5.5 (C) without or (D) with US irradiation. (E) DCP
NCs concentration-dependent absorption spectra of DTNB. (F) GSH concentration-
dependent absorption spectra and digital photo of neocuproine with DCP NCs. (G)
Schematic illustration of the TMB assay for detecting *OH. Absorption spectra and
digital photos of TMB after mixing with different sample solutions at pH 7.4 (H),
pH 5.5 (I), and pH 5.5 with US irradiation (J).

2-(nitrobenzoic acid) (DTNB) was utilized as a probe to measure
the GSH consumption capability of both DCP and DCPD NCs, as
determined by UV-vis spectra (Fig. 2E and Fig. S4 in Support-
ing information), indicating the efficient depletion of GSH. To fur-
ther demonstrate the GSH-mediated valence state transformation
from Cu?* to Cu', the neocuproine was utilized as the probe
because it could form yellow complexes with Cu®. As shown in
Fig. 2F and Fig. S5 (Supporting information), GSH concentration-
dependent Cu* generation was observed after mixing the acidic
DCP or DCPD solution with different concentrations of GSH.

Lastly, the "OH generating capacity of DCP and DCPD NCs was
investigated by 3,3’,5,5'-tetramethylbenzidine (TMB) chromogenic
test. This method relies on the fact that TMB undergoes oxida-
tion when exposed to highly reactive *OH, producing a distinct
blue-green coloration. The oxidized form of TMB (oxTMB) displays
maximum absorption around 650nm (Fig. 2G). Experimental re-
sults presented in Figs. 2H and I and Fig. S6 (in Supporting infor-
mation), neither Cu?t nor H,0, alone exerted any detectable ef-
fect on the absorbance enhancement of TMB, irrespective of neu-
tral or acidic conditions. In contrast, the combination of Cu?t and
H,0, triggered a pronounced and rapid chromogenic shift of the
aqueous TMB solution under acidic conditions (pH 5.5). This ob-
servation confirms the excellent Fenton-like catalytic performance
of Cu?* and their ability to effectively produce ‘OH through Cu?*-
catalyzed Fenton chemistry. Consistent with predictions, both DCP
and DCPD induced visible color alterations in TMB solutions un-
der mild acidic conditions (pH 6.5 and 5.5), but not under neutral
conditions (pH 7.4), which could be arisen from the accompanying
Fenton-like reaction between their acid-directed dissociation prod-
ucts (Cu?*+ and H,0,). More importantly, the presence of US signif-
icantly enhanced the oxidation of TMB which elevated by 1.5-fold
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Fig. 3. Cellular uptake and cytotoxicity. (A) CLSM images showing lysosomal colo-
calization of DCPD NCs in Panc02 cells after 1, 2, 4, and 6 h of incubation. Scale bar:
40 m. (B) Lysosome colocalization of DCPD NCs-treated Panc02 cells for 6 h. Scale
bar: 10 um. (C) Lysosome colocalization curve of Panc02 cells treated with DCPD
NCs for 6h. (D) The quality of Dox in Panc02 cells treated with DCPD NCs for 1,
2, 4, and 6h. Data are expressed as mean + SD (n=3). Cell viability assessment of
Panc02 cells exposed to varying doses of Dox, DCP, and DCPD NCs without US (E)
or with US (F). Data are expressed as mean 4 SD (n=6). (G) Fluorescence images of
live (green) and dead (red) Panc02 cell populations. Scale bar: 100 wm. (H) Apop-
totic response evaluation in Panc02 cells treated with PBS, Dox, DCP, and DCPD NCs
with or without US treatment.

compared to DCPD without US irradiation, as shown in Fig. 2], val-
idating the US enhancement of the Fenton-like reaction.

Prior to evaluating the anticancer activity in vitro, the cellu-
lar uptake of DCPD NCs was evaluated initially. Extended incuba-
tion time between DCPD NCs and Panc02 cells resulted in pro-
gressive enhancement of Dox fluorescence intensity and intracellu-
lar accumulation (Fig. S7 in Supporting information). As previously
discussed, nanoparticles are naturally internalized into lysosomes,
and pH-sensitive nanoreactors would be decomposed preferentially
within the acidic lysosomes and then leak into the cytoplasm. To
demonstrate the acid-responsive of DCPD NCs, the colocalization
of DCPD NCs (red) with lysosomes (green) in Panc02 cells follow-
ing incubation at different time intervals was conducted (Fig. 3A).
Notably, DCPD NCs exhibited co-localization with lysosomes start-
ing from 1h, and the red fluorescence of Dox gradually increased
within 6h (Figs. 3B and C), suggesting the dissociation of DCPD
NCs and subsequent release of Dox. Weak mitochondrion and en-
doplasmic reticulum (ER) co-localization with DCPD NCs, as de-
picted in Fig. S8 (Supporting information), further confirmed the
specific lysosome distribution. Furthermore, a quantitative analysis
was conducted to detect the cellular uptake of Dox, and the re-
sults were consistent with the fluorescence imaging, showing that
the uptake of Dox increased in a time-dependent manner within
6h incubation (Fig. 3D).

Next, the cytotoxicity was studied by an MTT assay. As dextran
was the main component of DCPD NCs, its biosafety was evalu-
ated first. As shown in Fig. S9A (Supporting information), there was
negligible cytotoxicity, even when dextran concentrations reached
25mg/mL. Then, the cytotoxicity of the preparations was studied
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at a series of concentrations (Fig. 3E). The DCP NCs exerted low
toxicity on the tumor cells at 0.5 wg/mL of copper, whereas DCPD
NCs killed nearly half of the cells at the same concentration of cop-
per, due to the introduction of Dox. Moreover, DCPD NCs exhibited
higher cytotoxicity than free Dox. Furthermore, following US expo-
sure, all three preparations exhibited diminished cell viability rel-
ative to their counterparts without US (Fig. 3F). Moreover, the cy-
totoxicity of the preparations on 3T3 cells was also evaluated (Fig.
S9B in Supporting information). There was negligible cytotoxicity
of both DCP and DCPD NCs, even when Cu concentrations reached
4 pg/mL. Consistently, bright-field microscopy images and calcein
AM/propidium iodide (PI) dual-staining experiments corroborated
that the DCPD NCs combined with US exposure exerted the most
prominent therapeutic efficacy relative to all other groups (Fig. 3G
and Fig. S10 in Supporting information). These observations were
further validated by quantitative assessments of apoptotic rates us-
ing flow cytometry (Fig. 3H). Collectively, the cellular experiments
demonstrated that DCPD NCs responded to acidic conditions by re-
leasing Dox, thereby achieving a synergistic effect of US-enhanced
CDT and in situ chemotherapy in cell treatments.

The mechanisms of DCPD NCs in the tumor cells, including
US-enhanced cascade oxidative stress and induced immunogenic
responses, were further investigated in detail (Fig. 4A). Consider-
ing that Fenton catalytic Cu?* can regulate intracellular oxidative
stress, the fluorescent probe (DCFH-DA) was employed to quantify
ROS production in Panc02 cells across various treatments by confo-
cal laser scanning microscope (CLSM) and flow cytometry. A mod-
erate intracellular ROS fluorescence signal was detected in Dox-
treated cells, attributed to the intrinsic redox-modulating proper-
ties of Dox (Fig. 4B). Notably, DCP and DCPD NCs elicited markedly
enhanced intracellular green fluorescence indicative of elevated
ROS levels, which stemmed from the dual functionalities of CuO,,
namely its capacity for on-site H,0, self-supply and Cu-mediated
CDT. In addition, after US treatment, all experimental groups ex-
hibited higher fluorescence signals, indicating that US has an en-
hancing effect on ROS generation. Among all experimental condi-
tions, the combination of DCPD NCs with US stimulation exhib-
ited the most intense green fluorescence signal, indicating that
the combined approach of US-augmented CDT and Dox-mediated
chemotherapy achieved the highest CDT performance. Flow cytom-
etry quantification of intracellular ROS concentrations revealed a
parallel pattern (Fig. 4C), which fully corroborated the superior
ROS-generating capacity of DCPD NCs under US irradiation, show-
ing a 2.1 times greater ROS production compared to DCPD NCs
treatment alone without US activation.

Elevated GSH levels in the TME not only function as an endoge-
nous antioxidant to scavenge excessive ROS but also act as a chela-
tor of Cu?t. Accordingly, the intracellular GSH depletion capacity
of DCPD NCs was evaluated, with the corresponding results pre-
sented in Fig. 4D. Compared to the control group, cells treated with
Dox alone showed minimal alteration in intracellular GSH content.
DCPD NCs exhibited a pronounced capacity to deplete intracellular
GSH, which could be ascribed to the fact that US facilitated the in-
tracellular release of Cu?*. Flow cytometry measurements of GSH
inside cells provided corroborating evidence (Fig. S11 in Support-
ing information). The combination of DCPD NCs and US irradia-
tion achieved a remarkable intracellular GSH depletion efficiency
of 25.2 %. Taken together, these findings conclusively verify that
DCPD NCs are capable of perturbing the intracellular redox home-
ostasis of cancer cells via a dual-mode mechanism characterized
by US-amplified ROS generation and GSH depletion.

Mitochondria play pivotal roles in the modulation of cellu-
lar apoptosis and ROS generation, whereas intracellular ROS ac-
cumulation is concomitantly associated with mitochondrial hyper
polarization. Given the remarkable capacity of DCPD NCs to in-
duce ROS generation, changes of mitochondrial membrane poten-
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Fig. 4. Potential mechanisms of DCPD-induced oxidative stress and ICD in vitro. (A)
Schematic illustration of potential mechanisms of DCPD-induced oxidative stress
and ICD. (B) CLSM images and (C) flow cytometry of the DCFH-DA probe for detect-
ing intracellular ROS levels in Panc02 cells treated with different samples without
or with US irradiation. Scale bar: 50 wm. (D) CLSM images of GSH tracer for detect-
ing intracellular GSH levels in Panc02 cells after incubation with various samples
without or with US treatment. Scale bar: 50 um. (E) Flow cytometry of the JC-1
probe for detecting mitochondrial damage of Panc02 cells after various treatments.
(F) Flow cytometry of the C11-BODIPY>81/591 probe for detecting lipid peroxidation
products of Panc02 cells after various treatments. Fluorescent images of CRT (G) and
HMGB1 (H) in Panc02 cells incubated with different samples. Scale bar: 100 wm.
Flow cytometry of CRT (I) and HMGB1 (J) in Panc02 cells incubated with differ-
ent samples. (K, L) Flow cytometry analysis of CD80/CD86 expression to detect DC
maturation. (M) The extracellular ATP level of Panc02 cells after incubation with
different samples. Data are expressed as mean 4+ SD (n=3). *P<0.05, **P <0.01,
P <0.001, ****P < 0.0001.

tial (AWn) within cancer cells were further examined utilizing the
JC-1 probe. This sensitive indicator forms red-emitting aggregates
when mitochondrial potential remains high, but shifts to green-
emitting monomers when depolarization occurs. As presented in
Fig. S12 (Supporting information) and Fig. 4E, Panc02 cells exposed
to DCPD NCs with US irradiation displayed the most intense green
fluorescence signal accompanied by a negligible red fluorescence
signal, a hallmark indicative of severe mitochondrial impairment.
These observations correlated well with previous measurements of
cell viability and oxidative stress levels.

Furthermore, ROS react with diverse intracellular macro-
molecules, to induce lipid peroxidation (LPO). This process per-
turbs cell membrane fluidity and permeability, and more critically,
impairs the structural integrity of mitochondrial membranes. The
lipophilic C11-BODIPY381/591 flyorescent probe readily penetrates
the lipid bilayer and exhibits a characteristic fluorescence shift
from red to green emission when encountering LPO byproducts.
The CLSM observations revealed that Panc02 cells treated with
DCPD NCs combined with US irradiation exhibited the most promi-
nent enhancement in green fluorescence intensity accompanied by
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Fig. 5. US-enhanced penetration and biodistribution. (A) Drug penetration in a
three-dimensional multicellular tumor sphere analyzed by CLSM, and representa-
tive 2.5D profile of fluorescent signals. Scale bar: 200 wm. (B) Semi-quantitative
fluorescence intensities of tumors based on in vivo fluorescence imaging of sub-
cutaneous tumor-bearing mice. (C) Ex vivo fluorescence images after post-injection
of nanoparticles over 8h on the subcutaneous tumor model. (D) Semi-quantitative
fluorescence intensities of major organs based on ex vivo fluorescence imaging. (E)
Semi-quantitative fluorescence intensities of tumors based on ex vivo fluorescence
imaging of orthotopic tumor-bearing mice. (F) Ex vivo fluorescence images and (G)
semi-quantitative fluorescence intensities of tumors, pancreas, and major organs of
orthotopic tumor-bearing mice after 8 h injection. Data are presented as mean + SD
(n=3). *P<0.05, **P <0.01. (H) Ex vivo fluorescence images of tumors stained with
the DCFH-DA probe. (I) ROS generation in tumor tissues. Scale bar: 100 wm.

diminished red fluorescence, indicative of robust LPO (Fig. S13 in
Supporting information). In addition, flow cytometry analysis fur-
ther validated the enhanced green fluorescence signal, yielding re-
sults consistent with those of fluorescence imaging assays (Fig. 4F).

To confirm if DCPD NCs trigger ICD effects, changes in key
damage-associated molecular patterns (DAMPs) were evaluated, in-
cluding calreticulin (CRT), high-mobility group box 1 (HMGB1), and
adenosine triphosphate (ATP). Fluorescence imaging (Figs. 4G and
H) and flow cytometry (Figs. 41 and ], Figs. S14 and S15 in Sup-
porting information) consistently showed that Panc02 cells treated
with DCPD NCs plus US exhibited the highest CRT surface expo-
sure and nearly complete HMGB1 translocation to the extracel-
lular milieu, compared with other groups. Subsequently, a Tran-
swell model was constructed to establish and to assess the ef-
fect of DCPD NCs-induced ICD on dendritic cell (DC) maturation in
vitro. Using CD80 and CD86 co-stimulation molecules as DC matu-
ration/activation markers, flow cytometry results showed that ~77
% of DCs matured in the DCPD NCs+US group (Figs. 4K and L),
a proportion significantly higher than that in other groups. Mean-
while, this combination treatment also resulted in the highest ATP
secretion level (Fig. 4M).The above in vitro cellular experiments
demonstrated that DCPD NCs could induce ICD effects in tumor
cells, and US could enhance anti-tumor responses.

To investigate the US-enhanced tumor tissue penetration of
DCPD NCs, a 3D Panc02 tumor sphere model was established.
Uniform-sized tumor spheres (~200 um) were employed to assess
nanoreactor penetration. As shown in Fig. 5A, following 4h of in-
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cubation, DCPD NCs achieved a penetration depth of ~70 um in
tumor spheres, which increased to ~110jwm post-US irradiation.
These results demonstrate that US effectively enhances nanoreac-
tor penetration in tumor spheres.

Next, the in vivo distribution of DCPD NCs was investigated.
All procedures involving animals were conducted in strict accor-
dance with the ethical standards established by the State Key
Laboratory of Biotherapy at West China Hospital, Sichuan Univer-
sity, following approval from the Institutional Animal Care and
Use Committee (No. 20250313037). The pharmacokinetics of DCPD
NCs were evaluated by quantifying the Dox concentration in cir-
culating blood. Fig. S16 (Supporting information) illustrates that
DCPD demonstrated significantly prolonged circulation time and
enhanced blood retention compared to unencapsulated Dox, high-
lighting the nanoparticle’s superior ability to avoid rapid clearance
from the body. Next, the in vivo tumor tropism of DCPD NCs in
Panc02 subcutaneous tumor-bearing mice was monitored by an in
vivo imaging system. As displayed in Figs. 5B and C and Fig. S17
(Supporting information), a distinct fluorescent signal was detected
at the tumor site 8 h post-intravenous injection of DCPD NCs, con-
firming the excellent tumor-targeting ability of the nanoparticles.
Moreover, the DCPD NCs plus US showed higher fluorescence in-
tensity (~1.3 folder), demonstrating that US could enhance the
accumulation at tumors. The nanoparticles exhibited significant
tumor uptake while also showing widespread organ distribution,
with the liver and kidneys displaying particularly high accumula-
tion levels. This was confirmed through ex vivo imaging analysis
and quantitative measurements of fluorescence signals in both tu-
mor tissues and organs (Fig. 5D).

Further investigation into the biodistribution of DCPD NCs was
conducted using orthotopic tumor models. As exhibited in Figs. 5E-
G, the DCPD NCs + US showed higher fluorescence intensity (~1.2-
fold), demonstrating the enhancement of US on drug deep pen-
etration. Moreover, the ex vivo tissues were collected for induc-
tively coupled plasma mass spectrometry (ICP-MS) detection. The
results in Fig. S18 (Supporting information) were consistent with
those of in vivo bio imaging. In addition, in vivo ROS detection
was performed by the DCFH-DA probe. Strong fluorescent signals
of tumor tissues and sections were detectable in mice treated with
DCPD NCs in conjunction with US irradiation, indicating that CDT
and chemotherapy synergistically generate ROS upon US irradiation
(Figs. 5H and I).

Building upon the promising in vitro tumor inhibition results
and US-improved tumor penetration properties of DCPD NCs, fur-
ther investigations were conducted into their synergistic antitu-
mor performance using Panc02 tumor-bearing mouse models (Fig.
6A). In this in vivo therapeutic assessment, male C57BL/6 mice
were systematically allocated into 8 groups (n=5): Saline (G1),
Dox (G2), DCP (G3), DCPD (G4), saline+US (G5), Dox +US (G6),
DCP + US (G7), and DCPD + US (G8). Mice in each group were then
administered with the corresponding therapeutic agents. And the
US-treated groups (G5-G8) were treated with two US irradiation,
including the first US application right after administration to open
the tumor barrier, and the second US application 8 h post admin-
istration to fully enhance the intratumoral CDT effect. Moreover,
the treatment was repeated every two days. Subsequently, tumor
growth and excised tumor weights were recorded continuously
throughout the experiment.

During the experimental period, the results depicted in Figs.
6B-D demonstrated that tumor progression in the US-only treat-
ment (G5) remained largely unchanged when compared to the
saline group (G1). In contrast, all the therapeutic agents plus US
treatment groups exhibited higher tumor inhibition, especially the
DCPD + US (G8). This finding strongly supported the superior effec-
tiveness of combined chemotherapy and CDT when augmented by
US. Notably, tumor weights of mice treated with DCPD under US
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Fig. 6. Evaluation of DCPD-mediated therapy in subcutaneous pancreatic tumor
mouse models. (A) Schedule of subcutaneous pancreatic tumor establishment, sys-
temic administrations of therapeutic agents, sequential US treatment, and tumor
growth monitoring. (B) Plots of the average tumor volume and (C) tumor weights of
mice following the indicated treatments. Data are presented as mean + SD (n=5).
ns, not significant. **P < 0.01, ****P <0.0001. (D) Photograph of resected tumors on
day 18 after indicated treatments. (E) H&E, (F) Ki67, and (G) TUNEL staining of
post-treatment mouse tumor sections. (H) CRT and (I) HMGB1 immunofluorescence
staining of Panc02 tumor sections at 24h post-treatment (green fluorescence for
CRT and HMGB1). Scale bar: 100 pm.

irradiation significantly reduced by 91.8 % compared to the Saline.
Furthermore, excised tumors were fixed followed by Hematoxylin-
Eosin (H&E), terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL), Ki67, CRT, and HMGB1 staining to as-
sess tumor cell necrosis, apoptosis, proliferation, and ICD induction
(Figs. 6E-I). Specifically, H&E staining revealed that tumor cells in
the DCPD + US (G8) were more sparsely distributed compared with
other groups. Additionally, TUNEL and Ki67 staining results showed
a higher apoptotic cell ratio and a lower proliferative cell ratio in
the DCPD + US (G8) than in the other groups. Furthermore, com-
pared with the saline group, Dox, DCP, and DCPD induced moder-
ate release of HMGB1 and exposure of CRT. Notably, DCPD com-
bined with US irradiation triggered the most pronounced eleva-
tion in HMGB1 and CRT levels, demonstrating robust DAMP re-
lease into the TME and subsequent activation of anti-tumor im-
mune responses. Moreover, the body weight change of mice in-
jected with DCP and DCPD NCs combined with or without US dur-
ing the treatments was not significant, while mice in the Dox-
treated groups (G2 and G6) experienced substantial body weight
loss (Fig. S19 in Supporting information), indicating the relative
safety of nanomedicine. Moreover, histological examination of ma-
jor organs revealed no obvious pathological abnormalities (Fig. S20
in Supporting information), indicating good biocompatibility of this
therapy.

Subsequently, the chemo/chemodynamic treatment capabilities
of DCPD NCs in deep tissues were assessed by orthotopic Panc02
pancreatic tumor models (Fig. 7A). Tumor progression was moni-
tored via tracking bioluminescent (BL) emissions from Panc02-Luc
cells. In the absence of US irradiation, monotherapy with Dox or
DCP alone afforded minimal tumor growth suppression, whereas
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US monotherapy even exerted a mild tumor-promoting effect (Figs.
7B and C). Notably, US irradiation significantly enhanced the an-
titumor efficacy of all therapeutic regimens, with the DCPD + US
group demonstrating the most potent efficacy. Tumor BL intensi-
ties (Fig. 7D) and excised tumor weights (Fig. 7E) were quantified
to confirm therapeutic outcomes; specifically, the DCPD + US group
exhibited a significant 85.7 % reduction in tumor weight relative to
the saline group. To assess the therapeutic efficacy of this DCPD-
based approach in inhibiting tumor growth and preventing metas-
tasis, major organs (including kidneys, lungs, spleen, liver, heart,
and intestines) from mice after treatment initiation for 12 days
were harvested for BL imaging (Fig. 7F). In both saline groups (with
or without US), distinct BL signals consistent with tumor metasta-
sis were detected in all tested organs except the heart and lungs.
In contrast, BL signals in these organs were barely detectable in
groups receiving therapeutic agents with US. Quantitative analy-
sis further confirmed that US irradiation significantly enhanced the
tumor-suppressive effect of the therapeutic regimens (Fig. 7G). Ad-
ditionally, microscopic analysis of tumor tissue sections through
H&E staining provided additional evidence supporting the strong
anticancer effects achieved when DCPD were used in conjunction
with US (Fig. S21 in Supporting information). H&E staining images
of major organs showed that no tumor metastasis was observed
in the liver, spleen, and kidneys for the DCPD + US group (Fig. S22
in Supporting information). Moreover, no significant fluctuations in
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mouse body weights were noted throughout the treatment period
(Fig. S23 in Supporting information), further confirming the good
biocompatibility of this strategy.

To further evaluate the biocompatibility of DCPD NCs, the body
weight changes of healthy mice treated with different doses were
monitored. In the comparison of body weight, slightly substantial
variation was observed between all the DCPD NCs groups and the
saline group, while no significant changes were monitored among
groups with different doses of DCPD NCs (Fig. S24 in Support-
ing information). Blood specimens were gathered from the mice
for hematological and biochemical analyses. Comprehensive safety
evaluations revealed that all tested parameters fell within the nor-
mal reference range, with no statistically significant differences de-
tected between the DCPD (5 mg/kg) and saline groups (Fig. S25 in
Supporting information). Furthermore, H&E staining of major or-
gans (heart, liver, spleen, lungs, and kidneys) demonstrated no no-
ticeable pathological lesions or inflammatory responses in both the
DCPD NCs and saline groups (Fig. S26 in Supporting information).
Collectively, these findings validated that DCPD NCs exhibited a
promising biosafety profile, demonstrating both safety and efficacy
for potential clinical applications in future clinical translation en-
deavors.

To summarize, we have successfully engineered a dextran-
decorated nanoplatform, DCPD NCs, for the synergistic treatment
of PCa. This system integrates US-enhanced CDT and chemother-
apy into a single smart platform. The facile one-step synthesis
yields NCs that efficiently achieve preferential tumor localization
facilitated by the EPR effect and US enhancement. Upon encoun-
tering the acidic and reductive TME, DCPD NCs undergo dissocia-
tion to release their therapeutic cargos. These components engage
in a powerful self-reinforcing cycle: Cu?t depletes GSH and gener-
ates Cut, which then catalyzes the conversion of both endogenous
and self-supplied H,0, into highly toxic ‘OH, amplifying oxidative
stress and inducing robust ICD. Concurrently, Dox not only exerts
direct cytotoxic effects but also elevates H,0, intracellular levels,
thereby fueling the Fenton-like reaction and further enhancing the
ICD effect. This multimodal strategy effectively overcomes the lim-
itations of conventional monotherapy, offering a potent approach
to disrupt the stromal and immunosuppressive barriers of PCa.

Despite the promising results, several aspects warrant further
investigation to advance this nanoplatform towards clinical trans-
lation. Future studies will focus on a comprehensive evaluation of
the long-term biosafety, biodegradation, and clearance pathways of
the DCPD NCs in vivo. A deeper mechanistic exploration into how
this platform remodels the TME and reverses immunosuppression
is also crucial. Furthermore, the potential of DCPD NCs to syner-
gize with existing immunotherapy, such as immune checkpoint in-
hibitors, represents an exciting frontier. Validating this combina-
tion strategy in more advanced preclinical models will be essen-
tial to establish its efficacy in eliciting durable antitumor immunity
and preventing recurrence. This US-enhanced and self-reinforcing
nanoplatform is anticipated to pave a viable and translatable path
for combination therapy against PCa.
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