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The tumor microenvironment (TME) offers a promising approach to enhancing cancer therapy by altering
the conditions that support tumor growth and immune evasion. However, tumors are highly hetero-
geneous, and the TME can vary greatly even within different regions of the same tumor. Moreover,
tumors can have evolving resistance mechanisms that limit the effectiveness of therapies. In this paper,
we have designed a multifunctional nanoparticle named Lip-Ce6-MnO,-TPZ, making sonodynamic
therapy (SDT), chemodynamic therapy (CDT), and hypoxia-activated prodrugs work synergistically to
maximize cancer treatment efficacy. The innovative Lip-Ce6-MnO,-TPZ nanoparticle was constructed by
loading Ce6, MnO,, and hypoxia responsive drug tirapazamine (TPZ) together into a cytotoxic reactive
oxygen species (ROS) responsive nanocarrier. Upon ultrasound (US) irradiation, ROS generated by Ce6
could not only induce cell apoptosis but also accelerate the disassembly of the nanoparticle for enhan-
cing the release of TPZ and MnO.. As a result, SDT consumed oxygen leading to the aggravation of the
hypoxic condition in the tumor site for TPZ activation and DNA damage in tumor cells. Meanwhile, the
MnO, was reduced to Mn?* by GSH and caused antioxidant depletion. Mn* triggered CDT through a
Fenton-like reaction by converting H,O5 to highly toxic «OH. Overall, the Lip-Ce6-MnO,-TPZ platform
could induce the generation of excess ROS combined with antioxidant depletion, resulting in oxidative
stress and aberrant redox homeostasis of the TME. This strategy has brought forward the idea of inducing
cancer cell death by synergistically working SDT, CDT, and hypoxia-activated prodrugs to maximize the
therapeutic efficacy in cancer treatment.
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tumor progression, survival, and therapy resistance.”” This is
attributed to the uncontrollable proliferation of cancer cells,

1. Introduction

Cancer remains one of the leading causes of death worldwide,
with conventional therapies such as surgery, chemotherapy,
and radiation often associated with significant side effects and
limited efficacy, especially in advanced stages or resistant
cancers. The tumor microenvironment representing a highly
complex ecosystem of the solid tumor plays a critical role in
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which has high metabolic demands. As a result, a series of
impacts are induced compared to normal tissues, such as the
chaotic architecture of the tumor vasculature, acidic pH con-
ditions, hypoxia, and aberrant redox homeostasis.*> Tumor
cells have evolved to tolerate and thrive under this stressful
environment. They can even accelerate malignancy leading to
drug resistance and treatment failure.*” In recent years, there
has been an increasing focus on developing therapies that
specifically target the TME, either by modifying the microenvi-
ronment to make it more conducive to therapy or by directly
attacking the stromal and immune cells that support tumor
growth.®®

Sonosensitizer-assisted sonodynamic therapy (SDT) in
cancer therapy is highlighted by using low-intensity ultra-
sound (US) to activate the crucial sonosensitizers generating
cytotoxic reactive oxygen species (ROS) to induce tumor cell
apoptosis.'® Ultrasound could target tumors in deep tissues
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effectively due to deeper tissue penetration when compared
with photodynamic therapy (PDT).'"'* It is a promising strat-
egy for tumor treatment owing to the therapeutic advantages
of its non-invasive therapeutic modality, high controllability,
and low toxic side effects. Despite the encouraging advantages
of SDT in the applicability for cancer therapy, single SDT treat-
ment makes it difficult to completely eradicate tumors and
inhibit tumor recurrence due to the extremely complex and
diverse tumor microenvironment.'® Hypoxia is a common con-
dition in a wide variety of solid tumors due to aberrant cancer
cell proliferation and distorted blood vessels in the tumor
site.’* During SDT, sonosensitizers react with oxygen to gene-
rate cytotoxic ROS, which will consume oxygen and further
aggravate the hypoxic condition in the tumor site."> This sub-
sequently reduces the oxygen levels and limits the SDT
efficiency contrarily. On the other hand, glutathione (GSH)
with high antioxidant activity owing to high metabolic rates is
critical for dampening ROS levels, presenting a major limit-
ation for the SDT results as well."®'” Thus, other therapeutic
modalities become progressively decisive to be combined to
avoid the limitation of SDT."®*
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Chemodynamic therapy (CDT) is a novel tumor treatment
strategy based on the reaction between catalysts and hydrogen
peroxide (H,0,), which is inherently in excess in the tumor
microenvironment compared to that in normal tissues.”>*' As
a result, the generation of highly toxic hydroxyl radicals (+OH)
via a Fenton or Fenton-like reaction could efficiently kill
cancer cells.?>** Unlike traditional treatment methods, CDT
induced cell death through endogenous chemical reactions
within the cells, which has been used for the treatment of
different types of tumors.>* Moreover, CDT can remodel the
tumor immunosuppressive microenvironment by inducing
immunogenic cell death (ICD) and improving the therapeutic
efficiency of SDT.>>° Recently, besides iron, a variety of other
transition-metal ions, such as Mn**, Cu®**, Ni** and Co?*, have
been applied rigorously to fabricate nanoplatforms for cancer
treatment via CDT.””>° Despite promising results in cancer
treatment, CDT faces several challenges that limit its effective-
ness and clinical application. The agents used for CDT often
face poor penetration into dense tumor tissue, and the off-
target effects, which can lead to systemic toxicity and oxidative
damage in healthy tissues.***' More importantly, the hypoxic
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Fig. 1 Design of Lip-Ce6-MnO,-TPZ that can combine chemokinetic and sonodynamic therapy for the treatment of breast cancer: (a) synthesis
method of Lip-Ce6-MnO,-TPZ and (b) schematic illustration of US-activatable Lip-Ce6-MnO,-TPZ for the treatment of breast cancer.

2984 | Biomater. Sci, 2025, 13, 2983-2993

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5bm00060b

Published on 15 d’ abril 2025. Downloaded on 12/6/2026 14:16:52.

Biomaterials Science

environment can impede CDT since oxygen is necessary for
ROS amplification, which decreases the therapeutic efficacy of
CDT.*> Developing nanoparticle delivery systems that can
target the tumor site may enhance the penetration ability of
the CDT agents.*?

In recent years, nanotechnology has emerged as a promis-
ing tool for enhancing drug delivery, improving the pharmaco-
kinetics of therapeutic agents, and enabling combination
therapies that can target multiple aspects of the tumor.
Despite these advances, the complexity of cancer and the het-
erogeneity of tumors continue to present significant chal-
lenges in developing universally effective treatments. To
address the abovementioned challenges, our study endeavors
to design and synthesize a ROS-responsive nanoplatform.**
Innovative Lip-Ce6-MnO,-TPZ was fabricated by a film
hydration method, which encapsulated the sonosensitizer Ce6,
MnO, for CDT, and hypoxia responsive drug tirapazamine
(TPZ) together.*>° This ROS-responsive nanoplatform success-
fully delineates the synergizing effects of SDT and CDT for
cancer treatment.’” As depicted in Fig. 1, when the nano-
particle circulated through the bloodstream and accumulated
in the tumor site, Ce6 generated ROS under US stimuli for
cancer cell apoptosis.*® ROS induced the breakage of the TK
bond and accelerated the disassembly of the nanoparticle to
enhance the release of TPZ and MnO,.*° Besides, SDT con-
sumed oxygen and aggravated the hypoxic condition in the
tumor site, leading to the activation of TPZ.***' Activated TPZ
further enhances oxidative damage, leading to DNA damage
and tumor cell death. Meanwhile, the MnO, was reduced to
Mn>* and caused GSH depletion. Subsequently, Mn>" triggered
CDT through a Fenton-like reaction by converting H,O, to
highly toxic OH.*>** As a result, the generation of excess ROS
and antioxidant depletion combined together in the tumor
cells caused aberrant redox homeostasis and modulation of
the tumor microenvironment. Taking together, the Lip-Ce6-
MnO,-TPZ platform induces cancer cell death by making SDT,
CDT, and hypoxia-activated prodrugs work synergistically to
maximize the therapeutic efficacy in cancer treatment.

2. Materials and methods
2.1. Materials

Chlorin e6 was provided by Aladdin (China). TPZ was pur-
chased from Selleckchem (USA). Bovine serum albumin (BSA)
and KMnO, were obtained from Aldrich (Shanghai, China).
20,70-Dichlorodihydrofluorescein diacetate (H2DCFDA) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)] (DSPE-mPEG) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd (China). A
singlet oxygen sensor green (SOSG) and Cell counting kit-8
(CCK-8) were obtained from Molecular Probes Inc. (USA).

2.2. Characterization

The morphological characteristics were evaluated using a
Tecnai G2 transmission electron microscope (TEM). The UV
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and fluorescence properties of nanoparticles were detected
using an ultraviolet spectrophotometer (Persee, TU-1810,
Beijing, China) and a fluorescence spectrophotometer
(SHIMADZU, RF-6000, Kyoto, Japan), respectively. The sizes
and zeta potential of nanoparticles in aqueous solutions
(10 pg mL ") were evaluated using a Malvern Zetasizer Nano
S90 analyzer.

2.3. Synthesis of Lip-Ce6-MnO,

DSPE-mPEG (15 mg), DSPE-TK-PEG (5 mg), HSPC (20 mg) and
cholesterol (5 mg) were dissolved in 5 mL chloroform, and Ce6
(1 mg) was dissolved in 1 mL tetrahydrofuran, respectively.
Then the two solutions were mixed and the solvent was evapor-
ated in a 40 °C water bath to obtain a thin film. BSA (16.7 mg)
and KMnO, (2.1 mg) were dissolved in 3 mL water and stirred
for 2 h. Then, the solution was added to a flask to dissolve the
thin film and hydrated at 60 °C for 1 h with stirring. The
obtained solution was sonicated for 1 h in an ice bath. To
obtain the Lip-Ce6-MnO, nanoagent, the product was purified
via ultrafiltration under centrifugation (2000 rpm, 1 h).

2.4. Synthesis of Lip-Ce6-MnO,-TPZ

DSPE-mPEG (15 mg), DSPE-TK-PEG (5 mg), HSPC (20 mg),
cholesterol (5 mg), and TPZ (0.5 mg) were dissolved in 5 mL
chloroform and Ce6 (1 mg) was dissolved in 1 mL tetrahydro-
furan. The two solutions were added into one flask and the
solvent was removed using a 40 °C water bath. BSA (16.7 mg)
and KMnO, (2.1 mg) were dissolved in 3 mL water and stirred
for 2 h. Then, the thin film was dissolved in the obtained solu-
tion and hydrated at 60 °C under stirring for 1 h. The obtained
solution was sonicated for 1 h in an ice bath. The resulting
solution was purified via ultrafiltration under centrifugation
(2000 rpm, 1 h) to obtain the final nanoagent.

2.5. Evaluation of the stability

Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ were dispersed in
aqueous solutions at a final concentration of 10 pg mL ™" and
stored at —4 °C. The hydrodynamic diameters of the samples
were measured by DLS at 0, 7, and 14 days, respectively, to
evaluate the stability.

2.6. Evaluation of 'O, generation

SOSG was a probe used to detect the generation of 'O,. Lip-
Ce6-MnO, or Lip-Ce6-MnO,-TPZ was diluted to a concen-
tration of 10 pg mL™" and SOSG (3 pL, 500 uM) was added to
the solution. The fluorescence intensities of the solution were
measured after 0, 2, 4, 6, 8 and 10 minutes of US (1.0 W cm™2).
The efficiency of 'O, generation was demonstrated by the mul-
tiple of fluorescence intensity increase.

2.7. Evaluation of Fenton-like reaction

MB was a *OH indicator used for detecting the generation of
*OH via Fenton-like reaction. Lip-Ce6-MnO,, Lip-Ce6-MnO,-
TPZ, GSH (final concentration = 1 mM) and MB were added to
an aqueous solution of NaHCO; with US for 10 min. After
incubation for 30 min, MnO, in Lip-Ce6-MnO, and Lip-Ce6-

Biomater. Sci, 2025, 13, 2983-2993 | 2985


https://doi.org/10.1039/d5bm00060b

Published on 15 d’ abril 2025. Downloaded on 12/6/2026 14:16:52.

Paper

MnO,-TPZ was reduced to Mn?*, and then H,O, (final concen-
tration = 100 pM) was added to induce a Fenton-like reaction
with Mn** to produce «OH. The absorption of MB solution was
measured at 650 nm to evaluate the production of -OH.

2.8. Assessment of the drug release property

Lip-Ce6-MnO,-TPZ was dispersed in aqueous solution at a con-
centration of 100 pg mL™". The solution was sonicated using
ultrasonic treatment (1.0 W cm™?) for 0 min, 5 min, 10 min
and 15 min, respectively. The release efficiency of TPZ was
evaluated using HPLC.

2.9. Invitro cytotoxicity evaluation

4T1 cancer cells were incubated with PBS, H,O, (final concen-
tration = 100 pM), Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (Ce6
concentration = 0, 3.125, 6.25, 12.5, 25 and 50 pg mL_1), under
hypoxic conditions for 12 h. After incubation, the cells were
washed with PBS and cultured in a medium containing CCK-8.
Then, the cell viability was determined by CCK-8 analysis.

2.10. Evaluation of therapeutic effects in vitro

4T1 cancer cells were incubated with H,0, (final concentration
=100 pM), Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (Ce6 concen-
tration = 10 pg mL ™) under normoxic and hypoxic conditions
for 12 h and the cells were subjected to US treatment (1.0 W
cm™?) for 3 min. After the cells were cultured for 12 h under
normoxic and hypoxic conditions, the cell viability was
measured by CCK-8 analysis.

2.11. Invitro cellular uptake evaluation

4T1 cells were incubated with Lip-Ce6-MnO, and Lip-Ce6-
MnO,-TPZ (Ce6 concentration = 10 pg mL™") for 12 h. The cells
were washed with PBS and collected. On the one hand, the
uptake of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ by cells was
assessed by flow cytometry (Beckman Coulter, Full Coulter,
Fullerton, CA, USA), and on the other hand, cellular uptake
assessment of the collected cells was performed using confocal
fluorescence microscopy. Fluorescence intensity measure-
ments were performed with Image] software.

2.12. Assessment of the intracellular GSH level

4T1 cells were incubated with Lip-Ce6-MnO, and Lip-Ce6-
MnO,-TPZ for 12 h and then the cells were subjected to US
treatment (1.0 W cm ™2, 3 min). After culture for another 12 h,
the cells were collected to measure the GSH level using a GSH/
GSSG assay kit.

2.13. Evaluation of intracellular ROS production

H2DCFDA was a fluorescent probe used to detect the gene-
ration of intracellular ROS. 4T1 cells were incubated with Lip-
Ce6-MnO, and Lip-Ce6-MnO,-TPZ for 24 h. Then the cells were
cultured in medium containing H2DCFDA for 30 min. After
incubation, 4T1 cells were subjected to US treatment (1.0 W
em™?) for 3 min. An inverted fluorescence microscope was
used to detect fluorescence signals and evaluate intracellular
ROS production.
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2.14. Establishment of subcutaneous tumor models

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Donghua University and approved by the Animal Ethics
Committee of Donghua University. 4T1 cells were injected sub-
cutaneously into each BALB/c mouse to build a mouse model
of subcutaneous breast cancer.

2.15. In vivo fluorescence imaging and biodistribution
analysis

The 4T1 cancer mouse models were injected with Lip-Ce6-
MnO, and Lip-Ce6-MnO,-TPZ (300 pg mL™", 200 pL) via the
tail vein. To study nanoparticle accumulation into orthotopic
pancreatic tumors, an IVIS fluorescence imaging system was
used to image the mice (excitation: 640 nm, emission: 700 nm)
at 0, 4, 8,12, 24, 30 and 36 h. The fluorescence intensity of the
tumor sites was quantified using Living Image software. After
36 h of injection, 4T1 tumor-bearing mice were sacrificed and
major organs and tumors were taken for fluorescence imaging.
The fluorescence intensity of major organs and tumors was
quantified using Living Image software.

2.16. In vivo clearance study

After tail intravenous injection of Lip-Ce6-MnO, and Lip-Ce6-
MnO,-TPZ (300 pg mL™*, 200 uL), living mice and the collected
feces were imaged with the IVIS imaging system at different
days post-injection. In addition, after 24 days of systemic
administration, the mice were euthanised and the main
organs were taken to detect their fluorescence signals.

2.17. Invivo therapeutic efficacy evaluation

The mice with 4T1 tumor-bearing cancer were i.v. injected
with PBS, Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (300 pg mL™",
200 pL). After 24 h, the 4T1 cancer cells were subjected to US
treatment (10 min). The volume of the tumors was monitored
every 2 days, and the weight of the mice was recorded, and
after 18 days, the mice were sacrificed, and the tumors were
photographed and weighed. Tumors and major organs were
taken for hematoxylin and eosin H&E staining.

2.18. In vivo detection of intratumoral ROS production

4T1 tumor mouse models were injected with PBS, Lip-Ce6-
MnO, and Lip-Ce6-MnO,-TPZ (200 upL, 300 pg mL™"). After
24 h, 25 pL of H2DCFDA in PBS solution (150 pM) was injected
into the tumors. After 2 h, the tumors were subjected to US
treatment (1.0 W cm ™) for 10 min. Two hours after US treat-
ment, the tumors were collected and used for ROS level evalu-
ation using fluorescence imaging.

2.19. Statistical analysis

The data were reported as mean + SD and the sample numbers
(n) were provided. The significant differences were indicated
by using One-way ANOVA analysis (*p < 0.05, **p < 0.01, and
***p < 0.001).

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion
3.1 Fabrication and characterization of the nanoparticles

The morphology and size distribution of these two nano-
particles were evaluated by TEM and DLS.** As shown by TEM
images (Fig. 2a), they had homogeneous spherical shapes
around 50 nm. The hydrodynamic diameters of Lip-Ce6-MnO,
and Lip-Ce6-MnO,-TPZ were 22.72 nm and 27.26 nm with zeta
potentials of —23.1 mV and -19.8 mV, respectively, as
measured by DLS (Fig. 2b and c). After fourteen days of
storage, the hydrodynamic diameters of Lip-Ce6-MnO, and
Lip-Ce6-MnO,-TPZ remained almost unchanged, which
showed their good stability (Fig. S11). UV-Vis and fluorescence
measurements were used to demonstrate the optical pro-
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perties. Both Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ showed an
absorption peak at 670 nm from Ce6. Moreover, Lip-Ce6-
MnO,-TPZ possessed a characteristic absorption peak of TPZ
at 270 nm, indicating the successful loading of TPZ (Fig. 2d).
In the fluorescence spectrum, both nanoparticles exhibited
typical fluorescence emissions of Ce6 at 600-750 nm (Fig. 2e).
The encapsulation efficiency and loading capacity were evalu-
ated by HPLC for TPZ and UV-Vis spectroscopy for Ce6. As cal-
culated, the encapsulation efficiency of TPZ and Ce6 was
84.58% and 81.47%, respectively, and the loading capacity was
0.65% and 1.25%, respectively. The singlet oxygen (*O,) gene-
ration under sonodynamic treatment was evaluated using
singlet oxygen sensor green (SOSG) as the fluorescence probe.
After irradiation, fluorescence intensity relative to 0 min at
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Fig. 2 Characterization of nanoparticles: (a) morphological characterization of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ by TEM. (b) Particle dia-
meter size of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ; (c) measurements of the zeta potentials of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (n = 3); (d)
absorbance spectrograms of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (10 pg mL™); (e) fluorescence emission spectra of Lip-Ce6-MnO, and Lip-
Ce6-MnO,-TPZ; (f) ratios of fluorescence intensity enhancement (F/Fo) of solutions containing Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ (10 ug mL™)
(n = 3); (g) absorption spectra of MB solutions by Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ; and (h) HPLC verification of TPZ release from Lip-Ce6-

MnO,-TPZ.
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528 nm was calculated (Fig. 2f and Fig. S21). As we could see,
the values gradually rose, verifying the efficient generation of
'0,, which confirmed reliable sonodynamic effects in the fol-
lowing experiments. MB was used as a sensitive indicator of
+OH radical production because it can degrade MB, reducing
its absorbance intensity at its characteristic peak.*” The absor-
bance peaks of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ
decreased under US, suggesting a more effective Fenton-like
reaction, leading to greater +OH generation and faster MB
degradation (Fig. 2g).*® TPZ release under US stimuli was ana-
lyzed by HPLC (Fig. 2h). At 0 minutes, there was minimal
detectable TPZ release, implying that TPZ was effectively
encapsulated into the nanoparticles without ultrasound acti-
vation. The peak area for TPZ increased with time upon ultra-
sound activation (0, 5, 10, and 15 minutes), indicating that
ultrasound facilitated the breakdown of the nanoparticle struc-
ture and a progressive release of TPZ.

3.2 Evaluation of SDT and CDT efficiency in vitro

Both Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ demonstrated
good biocompatibility at concentrations up to 50 pg mL ™" in
4T1 cells (Fig. 3a). The cellular uptake of Lip-Ce6-MnO, and
Lip-Ce6-MnO,-TPZ was evaluated by flow cytometry, as we
could see that the two nanoparticles had similar endocytosis
efficiency as confirmed by quantitative analysis (Fig. 3b and c).
The confocal microscopy image revealed that the nanoparticles
were located in the cytosol after they were taken up. The quan-
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titative analysis result of fluorescence from Ce6 was compar-
able, indicating that it had equal intracellular delivery
efficiency (Fig. 3d and e), which was consistent with the flow
cytometry results.

The ROS generation was evaluated by using the ROS probe.
Without US irradiation, Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ
exhibited minimal ROS generation as the image showed slight
fluorescence comparable to that of PBS. This might be due to
the small quantity of MnO, released from the nanoparticles
into the cytosol and then reduced by GSH to Mn**, which trig-
gered CDT for «OH production through a Fenton-like reaction.
However, significantly higher green fluorescence was detected
under US irradiation, suggesting that higher ROS levels and
strong oxidative stress were induced by SDT and CDT sub-
sequently (Fig. 4a and b). During SDT the MnO, in the nano-
particle would be reduced to Mn** by GSH in the cancer cells
since it is abundant in the tumor environment and caused
GSH depletion. We tested the GSH levels in 4T1 cells after
nanoparticle treatment. Without US irradiation, the GSH level
dropped slightly, which is possible because of the small
amount of MnO, released from the nanoparticles as we had
discussed above. Compared with groups that were not sub-
jected to US stimuli, both Lip-Ce6-MnO, and Lip-Ce6-MnO,-
TPZ consumed GSH remarkably through redox reactions,
demonstrating US induced disassembly of the nanoparticles,
and facilitated the release of MnO, (Fig. 4c). Since hypoxia is a
hallmark of many aggressive tumors and SDT might aggravate
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Fig. 3 Evaluation of in vitro therapeutic efficacy: (a) cell viability of 4T1 cells after incubation with Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ at
different concentrations (n = 5); (b) fluorescence intensity analysis of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ incubated 4T1 cells using flow cytome-
try; (c) quantitative analysis of cellular phagocytosis (n = 5); (d) representative confocal fluorescence images of Lip-Ce6-MnO, and Lip-Ce6-MnO,-
TPZ incubated 4T1 cells; and (e) quantitative analysis of confocal fluorescence (n = 5).
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Fig. 4 ROS generation and functional characterization: (a) ROS fluorescence images of 4T1 cells in each group; (b) quantitative analysis of ROS flu-
orescence (n = 5); (c) levels of GSH in different treated 4T1 cells (n = 5); (d) cell viability of 4T1 cells under normoxic conditions (n = 5); (e) cell viabi-

lity of 4T1 cells under hypoxic conditions (n = 5).

the hypoxic condition, we evaluated 4T1 cell viability under
both normoxic and hypoxic conditions. As shown in Fig. 4d
and e, SDT induced the decrease of cell viability to 45.5% and
29.7% for Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ, respectively,
due to the cell killing effects of ROS. Under hypoxic con-
ditions, TPZ demonstrated a selective cytotoxic effect by
decreasing the cell viability to 38.7% and 23.1%, indicating
that TPZ’s efficacy could improve overall treatment outcomes
by selectively killing the tumor cells. We also included experi-
mental groups with single-component formulations (Lip-Ce6)
and two-component formulations (Lip-Ce6-MnO, and Lip-Ce6-
TPZ) to systematically evaluate their individual and combined
effects. Our findings confirmed that Lip-Ce6-MnO,-TPZ under
US irradiation exhibited superior therapeutic efficacy com-
pared to individual or dual-component formulations, support-
ing the hypothesis that the combination of all three com-
ponents enhances therapeutic synergy (Fig. S37).

3.3 Biodistribution and tumor retention efficiency

The biodistribution of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ
was evaluated in subcutaneous 4T1 tumor models. Both
groups showed an accumulation of fluorescence signals at the
tumor sites after intravenous injection (Fig. 5a) and an
increase in signals over time was observed (Fig. 5b). The stron-
gest fluorescence signal appeared around 24-hour post-injec-
tion, which might provide useful guidance for US stimulation
in the following tumor therapy experiments. The fluorescence

This journal is © The Royal Society of Chemistry 2025

in other organs was also assessed at 24 h after injection
(Fig. 5¢) and both groups showed the highest signal at the
tumor sites compared to other organs (Fig. 5d). These results
indicated that the nanoparticles could efficiently accumulate
at the tumor sites over time, holding great advantages in over-
coming the physical barriers to penetrate tumors. The time-
course analysis of biodistribution and in vivo clearance of
nanoparticles was explored. The results showed a gradual
decrease of fluorescence intensity in the livers, kidneys, and
feces, almost absent by day 24 (Fig. S4 and S57). After 24 days
of administration, the fluorescence signal of the hearts, livers,
spleens, lungs, and kidneys almost disappeared (Fig. S6%).
These findings confirmed the safety profile of our nano-
particles. In addition, the pharmacokinetic properties of Lip-
Ce6-MnO, and Lip-Ce6-MnO,-TPZ were also explored. The
nanoparticle concentration showed a gradual decrease in the
bloodstream, until it approached a near-minimal level at 24 h,
indicating that the nanoparticles were relatively cleared from
circulation (Fig. S77).

3.4 Evaluation of antitumor efficacy in vivo

Encouraged by the promising results from the above in vitro
tumor cell inhibition and the accumulation ability at the tumor
sites of Lip-Ce6-MnO, and Lip-Ce6-MnO,-TPZ, we studied its
therapeutic efficacy on subcutaneous 4T1 tumors in BALB/c
mice. All animals showed steady mouse body weights
indicating the great safety of the two nanoparticles (Fig. 6a).
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Relative tumor volume was recorded twice a day until 18 days
post-treatment (Fig. 6b). Both Lip-Ce6-MnO, and Lip-Ce6-
MnO,-TPZ with US stimuli showed significant efficacy in tumor
suppression compared to other groups. Lip-Ce6-MnO,-TPZ plus
US irradiation exhibited the best therapeutic efficacy with a
tumor inhibition of about 93.2% which was much higher than
those of groups without US irradiation (Fig. 6¢c). At the end of
the experiment, tumors from each group were collected, and
the tumor photograph clearly showed the treatment efficiency
of different groups (Fig. S8at). The tumor weight was recorded,
which showed consistent best tumor inhibition for Lip-Ce6-
MnO,-TPZ with US irradiation (Fig. S8bt).*” After treatment,
the mechanisms of SDT and CDT in the tumor sites were
assessed. First, the ROS generation was evaluated by intraperi-
toneal injection of the ROS probe 24 h after nanoparticle injec-
tion. As could be seen from Fig. 6d, Lip-Ce6-MnO, and
Lip-Ce6-MnO,-TPZ under US stimulation showed diffused
green fluorescence signals throughout the tumor section. The
quantitative fluorescence intensity of the two groups was
higher than those of the other groups (Fig. S9%), indicating the
efficient generation of ROS during treatment. The GSH level at
the tumor sites was also evaluated (Fig. 6e). Groups under
US stimulation dramatically induced the reduction of
GSH, indicating that the nanoparticle disassembly under US
irradiation accelerated the release of MnO,, and a robust

Lip-Ce6-MnO,
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reaction between MnO, and GSH caused the
consumption of GSH. This result implied the antitumor
efficiency of CDT.

As we all know, the 4T1 cell line is highly aggressive, which
not only forms primary tumors but also exhibits spontaneous
metastasis to distant organs, such as the lungs and liver, which
are common secondary sites for 4T1.**° After treatment, the
lungs and liver were also collected for metastasis analysis by
H&E staining. The staining images of the lungs showed visible
metastatic tumor nodules for PBS, indicating significant
tumor infiltration in the lung tissue. However, the number
and size of metastatic nodules decreased, especially for Lip-
Ce6-MnO,-TPZ under US stimulation, demonstrating the treat-
ment progress for this nanoparticle (Fig. 7a and b). Similar to
the lung analysis, the liver H&E staining images of
groups without US irradiation showed visible metastatic
nodules disrupting normal liver architecture, indicating promi-
nent tumor infiltration into the liver parenchyma (Fig. S107).
In contrast, treated groups under US stimulation demonstrated
reduced tumor burden, especially Lip-Ce6-MnO,-TPZ exhibited
minimal metastatic nodules (Fig. 7c and d). This analysis high-
lighted the metastatic spread of cancer to both the lungs
and liver, and Lip-Ce6-MnO,-TPZ with US treatment was
effective in reducing metastatic tumor burden in both the
lungs and liver.
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Fig. 7 In vivo antimetastatic efficacy evaluation; (a) analysis of lung metastasis inhibition in different treatment groups by H&E staining; (b) quantitat-
ive analysis of metastatic tumor nodules in the lungs (n = 3); (c) H&E staining was used to analyze the role of inhibition of liver metastasis in different
treatment groups; and (d) quantitative analysis of metastatic tumor nodules in the liver (n = 3).
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4. Conclusions

Unlike the normal tissues from which they originate, tumors
are characterized by aberrant structures, impaired blood
supply, and altered biochemical properties within their micro-
environment. One of the most distinctive features of the TME
is its hypoxic and acidic nature, often resulting from rapid
tumor growth that outpaces the development of new blood
vessels, creating regions of oxygen deprivation. These regions
are typically more resistant to traditional therapies like radi-
ation and chemotherapy, which rely on oxygen to generate
cytotoxic effects. On the other hand, tumor cells exist in a deli-
cate balance between the stress of ROS and antioxidant neu-
tralization, which contributes to drug resistance and protects
tumors from oxidative stress. Here, we developed a multifunc-
tional nanoparticle Lip-Ce6-MnO,-TPZ synergizing multiple
therapeutic modalities, namely, ultrasound-triggered SDT,
tumor microenvironment-targeted CDT, and hypoxia-specific
drug into a single treatment platform. By combining these
therapies, Lip-Ce6-MnO,-TPZ could create a multifaceted
attack on tumor cells, utilizing multiple therapeutic modalities
to overcome treatment resistance and enhance the efficacy of
cancer therapy. Specifically, we encapsulated the sonosensiti-
zer Ce6, MnO,, and hypoxia responsive drug tirapazamine
(TPZ) together into a ROS responsive nanoparticle.
Ce6 generated ROS under US stimuli could induce cancer cell
apoptosis. Furthermore, ROS induced the acceleration of the
nanoparticle disassembly to enhance the release of TPZ and
MnO,. As a result, SDT consumed oxygen and aggravated the
hypoxic condition in the tumor site, leading to the activation
of TPZ. Activated TPZ further enhances oxidative damage,
leading to DNA damage and tumor cell death. Meanwhile, the
MnO, was reduced to Mn*' and caused GSH depletion.
Subsequently, Mn*" triggered CDT through a Fenton-like reac-
tion by converting H,0, to highly toxic +OH. The generation of
excess ROS and antioxidant depletion combined together in
the tumor cells caused aberrant redox homeostasis and modu-
lation of the tumor microenvironment. The three-modality
therapy showed significant advantages over single- or dual-
modal treatment by leveraging multi-mechanistic synergy.
When SDT or CDT was applied individually, the generation of
ROS was limited and readily neutralized by glutathione (GSH)
in the tumor microenvironments, particularly. For chemo-
therapy, it often resulted in high systemic toxicity and an
increased likelihood of drug resistance. When using dual-
mode treatment, such as SDT combined with CDT, although it
enhanced oxidative damage, but would consume oxygen and
further aggravate the hypoxic condition in the tumor site, lim-
iting its overall therapeutic efficacy. In comparison, the combi-
nation of SDT, CDT and chemotherapy had significantly
improved the anti-tumor effect and reduced the risk of side
effects through multi-mechanism coordination, dose optimiz-
ation and accurate delivery. Despite the technical complexity,
its potential to overcome drug resistance and microenviron-
mental limitations provided a new direction for future tumor
treatment. By targeting the tumor with multiple complemen-
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tary mechanisms, these nanoparticles could significantly
improve the effectiveness and specificity of cancer therapy,
ultimately offering a more personalized and less invasive treat-
ment option for patients. In conclusion, the use of a nanoplat-
form combining SDT, CDT, and hypoxia-specific drug rep-
resents a promising strategy for next-generation cancer
treatments.
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