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Abstract Lacking therapeutic targets highlights the crucial roles of chemotherapy and radiotherapy in

the clinical management of triple-negative breast cancer (TNBC). To relieve the side effects of the che-

moradiotherapy combination regimen, we design and develop a self-assembled micelle nanosystem con-

sisting of perfluorocarbon chain-modified cisplatin prodrug. By incorporating perfluorodecalin, this

nanosystem can effectively carry ozone and promote irradiation-derived reactive oxygen species

(ROS) production. By leveraging the perfluorocarbon sidechain, the nanosystem exhibits efficient
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Triple-negative breast

cancer;

Reactive oxygen species;

Immunogenic cell death

internalization by TNBC cells and effectively escapes from lysosomal entrapment. Under X-ray irradia-

tion, ozone-generated ROS disrupts the intracellular redox balance, thereby facilitating the release of

cisplatin in a reduction-responsive manner mediated by reduced glutathione. Moreover, oxygen derived

from ozone decomposition enhances the efficacy of radiotherapy by alleviating tumor hypoxia. Notably,

the combination of irradiation with ozone-loaded cisplatin prodrug nano system synergistically prompts

antitumor efficacy and reduces cellular/systemic toxicity in vitro and in vivo. Furthermore, the combo

regimen remodels the tumor microenvironment into an immune-favored state by triggering immunogenic

cell death and relieving hypoxia, which provides a promising foundation for a combination regimen of

immunotherapy. In conclusion, our nanosystem presents a novel strategy for integrating chemotherapy

and radiotherapy to optimize the efficacy and safety of TNBC clinical treatment.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The prognosis of breast cancer has markedly improved thanks to
achievements in hormone therapy for hormonal receptor-positive
subtypes and targeted therapy for HER2-positive subtypes using
anti-human epidermal growth factor receptor 2 (anti-HER2)
agents1. However, patients with triple-negative breast cancer
(TNBC), which lacks these druggable targets, often rely on con-
ventional treatments such as chemotherapy and radiotherapy.
Chemotherapy holds significant importance in the systemic
treatment of TNBC2. For example, cisplatin, one of the most
commonly used chemotherapy drugs, disrupts DNA replication
and eliminates rapidly dividing cells3. Based on the principle, the
advantage of this chemotherapy is to clean the micronodules even
if they are invisible. On the flip side, radiotherapy serves as a
major local therapy approach for advanced breast cancer4,5,
particularly for patients who may not be suitable candidates for
surgery. Radiotherapy exerts its antitumor effects primarily by
directly causing DNA strand breaks and generating hydroxyl
radicals, leading to the indirect killing of tumor cells. Therefore,
the advantage of radiotherapy is to locally eliminate advanced
tumors with a heavy burden.

The distinct antitumor mechanism and advantages of radio-
therapy and chemotherapy provide a foundation for their combi-
nation in cancer treatment. Theoretically, the combination of
irradiation and chemotherapy drugs, such as cisplatin, has a syn-
ergistic effect. This synergy can be attributed to two potential
mechanisms referred to as “overlap” and “complementation”6.
From the perspective of “overlap”, platinum (Pt) in cisplatin
boosts the generation of free radicals induced by ionizing radia-
tion. Pt also captures free electrons liberated from irradiated DNA,
causing chemical damage to DNA. From the perspective of
“complementation”, Pt not only induces tumor cell G2 arrest,
amplifying the radiosensitivity of tumor cells, but also inhibits the
repair of radiation-induced DNA damage. In turn, irradiation
promotes the cellular uptake of Pt. In practice, combining local
treatment (radiotherapy) and systemic therapy (chemotherapy) is
beneficial to achieving more comprehensive efficacy. Radio-
therapy effectively targets localized lesions, making it an ideal
option for preventing local recurrence after surgery or treating a
limited number of metastatic lesions to alleviate symptoms. Sys-
temic chemotherapy can suppress or eradicate occult cancer cells,
complementing the local treatment.

Inspired by these points, clinicians have combined chemo-
therapy and radiotherapy in controlling several malignant

diseases, including head and neck cancer, larynx cancer, lung
cancer, and stage II‒III rectal tumors. For instance, in a clinical
trial for patients with locally advanced larynx cancer, concomitant
cisplatin/radiotherapy led to notable improvements in locoregional
control and preservation of larynx compared with the induction
cisplatin/fluorouracil arm or radiotherapy alone7. Furthermore,
concurrent administration of chemotherapeutic drugs and irradi-
ation has been found to be superior to sequential administration. In
a Japan clinical oncology group study, concurrent chemo-
radiotherapy (etoposide and cisplatin) demonstrated better sur-
vival outcomes in the limited stage of small-cell lung cancer
compared to sequential regimens, with a median survival time of
27.2 vs. 19.7 months8. Another clinical study on treating advanced
laryngeal cancer with concurrent chemoradiotherapy reported that
concurrent chemoradiotherapy with cisplatin is significantly su-
perior to induction chemotherapy, followed by irradiation in terms
of laryngeal preservation and locoregional control9. Additionally,
clinical trials FFCD 92e03 and EORTC 22921 demonstrated that
concurrent preoperative chemoradiotherapy remarkably improved
the pathological complete response (pCR) as well as the local
control rate of resectable rectal cancer10.

However, in breast cancer, there is no distinction in terms of
recurrence or survival outcomes between different sequencing
formats of radiotherapy and chemotherapy. Concurrent chemo-
radiotherapy even increases the risk of side effects such as anemia,
telangiectasia, and pigmentation11. Therefore, to apply concurrent
chemoradiotherapy in TNBC and improve patient outcomes, some
severe problems need to be addressed. Firstly, most chemothera-
peutic agents have inevitable systemic toxicities, which are further
exacerbated when combined with radiotherapy. Secondly, the
hypoxic tumor microenvironment limits the efficacy of chemo-
therapy and radiotherapy. Thirdly, drug-induced cytotoxicity
compromises (neutralizes or reverses) the T-cell-mediated tumor
elimination that is promoted by immunogenic cell death (ICD)
caused by the combination regimens.

To address these challenges, we design a self-assembled
micelle nanosystem consisting of fluorocarbon chain-modified
cisplatin prodrug. The nano micelle is loaded with per-
fluorodecalin (PFD) via its sidechain, which carries and delivers
ozone into the tumor microenvironment. Upon internalization, the
cisplatin prodrug in nano micelle backbone is transformed into
cisplatin by the high level of reduced glutathione (GSH) present in
tumor cells, a process further enhanced by ozone-derived reactive
oxygen species (ROS) under irradiation stimulation. The released
cisplatin, in combination with radiotherapy, synergistically
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induces oncolysis (Fig. 1). The advantages of this nanosystem are:
1) the cisplatin prodrug specifically releases cisplatin within tumor
cells, reducing systemic toxicity; 2) ozone decomposition under
irradiation generates oxygen, improving the efficacy of radio-
therapy by alleviating tumor microenvironmental hypoxia; 3)
enhanced ICD and oxygen level create an immune-favorable
microenvironment, laying the foundation for future combination
with immunotherapy.

2. Materials and methods

2.1. Materials

Meryer Biochemical Technology Co., Ltd. (Shanghai, China)
provided the cisplatin. PFD and perfluorooctanoic acid (PFOA)
were acquired from J&K Scientific (Beijing, China). Macklin
Biochemical Technology Co., Ltd. (Shanghai, China) supplied
the thionyl chloride (SOCl2). Thiazolyl blue tetrazolium bromide
(MTT), terephthalic acid (TA), and bovine serum albumin (BSA)
were acquired through SigmaeAldrich (St. Louis, MO, USA).
Fluorescein isothiocyanate (FITC) and NileRed fluorescence
probe were obtained from MedChemExpress (Shanghai, China).
Vitamin C sodium salt (NaVc) was provided by Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Tween-80
was acquired through BBI Life Sciences Corporation (Shanghai,
China). Invitrogen (Carlsbad, CA, USA) supplied the Alexa Fluor

488 or Alexa Fluor 594-conjugated secondary antibodies and
Alexa Fluor 647-conjugated wheat germ agglutinin (WGA).
Beyotime Biotechnology Co., Ltd. (Nantong, China) provided the
assay kit for GSH and oxidized glutathione (GSSG), citrate and
ethylenediaminetetraacetic acid (EDTA) antigen retrieval solu-
tion, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), and
endogenous peroxidase-blocking buffer. Ozone was generated by
ionizing oxygen with an ozone generator (Chuanghuan Ozone
Electrical Equipment Co., Ltd., CH-ZTW3G, Guangzhou,
China). Gibco Life Technologies (Grand Island, NY, USA) pro-
vided the fetal bovine serum (FBS), collagenase, deoxyribonu-
clease I (DNase I), and Hanks’ balanced salt solution (HBSS).
Merck Millipore (Billerica, MA, USA) provided streptomycin,
penicillin, trypsineEDTA, and radioimmunoprecipitation
assay (RIPA). HyClone (Logan, UT, USA) provided the RPMI
and DMEM medium. Secondary antibodies conjugated with
species-specific horseradish peroxidase (HRP) and 3, 30-dia-
minobenzidine (DAB) were acquired from Dako (Glostrup,
Denmark).

2.2. Cells and mice

The SUM149 cell line was acquired from the State Key Labora-
tory of Biotherapy of Sichuan University (Chengdu, China). The
4T1, BT-549, and MCF-10A cell lines were acquired from the
National Collection of Authenticated Cell Cultures (Shanghai,

Figure 1 Schematic working model of O3_PFD@PtF nanosystem. The platinum(IV) prodrug (Pt(IV)-PFOA), modified with perfluorocarbon

chains, undergoes assembly with perfluorodecalin (PFD) to form PFD@PtF nanoparticles. Subsequently, the PFD@PtF particles are saturated

with ozone (O3). Following intravenous injection, the O3_PFD@PtF particles accumulate within the tumor mass and are internalized by tumor

cells. Under irradiation, the ozone generates reactive oxygen species (ROS) that facilitate the release of cisplatin (Pt (II)) from the platinum(IV)

prodrug by influencing the ratio of reduced glutathione (GSH) and oxidized glutathione (GSSG) in the cytosol. Simultaneously, the ROS induces

endoplasmic reticulum (ER) stress, calreticulin exposure, and high mobility group box 1 (HMGB1) release, which promote the tumor-specific

neoantigen release by inducing immunogenic cell death (ICD). TAM, tumor-associated macrophage. CAF, cancer-associated fibroblasts

(created with BioRender.com).
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China). The cells were all cultured in a completed RPMI/DMEM
medium, which was supplemented with 10% FBS, 100 mg/mL
streptomycin, and 100 U/mL penicillin in a 37 �C CO2 incubator.
The female BALB/c mice were obtained from Beijing HFK
Bioscience Co., Ltd. (Beijing, China) and kept in specialized fa-
cilities under pathogen-free conditions. The mice received hu-
mane treatment throughout the experiments. The animal
experiments followed the protocols approved by the Ethics Re-
view Committee of Animal Experimentation of Sichuan Univer-
sity (20230302071, 20231221004).

2.3. Synthesis of Pt(IV)-PFOA

Cisplatin (100 mg) was suspended in distilled water (2.5 mL) at
55 �C under stirring. Then, 3.5 mL of hydrogen peroxide (H2O2)
with a weight percentage of 30% was introduced into the mixture,
which was then stirred at 55 �C for 1.5 h. Subsequently, the re-
action solution was cooled to 4 �C overnight to allow complete
crystallization of the resulting product, which was then collected
by filtration. The collected precipitate was sequentially washed
with pre-cooled distilled water (240 mL), absolute ethanol
(240 mL), and absolute ether (600 mL) to obtain oxoplatin as a
pale-yellow powder (yield: 80.5%).

To synthesize pentadecafluorooctanoyl chloride (PFOC),
PFOA (1 g), SOCl2 (104 mL), and N,N-dimethylformamide (DMF,
50 mL) were stirred and reacted under a nitrogen atmosphere at
75 �C for 4 h. After the reaction, the remaining SOCl2 and DMF in
the system were removed by rotary evaporation, yielding PFOC as
a pale-yellow liquid (yield: 80.7%).

Subsequently, oxoplatin (100 mg) and excess PFOC were
thoroughly mixed under nitrogen protection and reacted at 75 �C
for 12 h. The product precipitate was washed with saturated so-
dium bicarbonate solution, followed by thorough washing with
pure water. After drying the precipitate, a white powdery solid
Pt(IV)-PFOA was obtained (yield: 31.4 %).

The products were dissolved in chloroform-d (CDCl3) or
dimethyl sulfoxide-d6 (DMSO-d6) and analyzed by 1H-NMR and
9F-NMR using a nuclear magnetic resonance (NMR) spectrometer
(Bruker, Bruker Avance 400, Rheinstetten, Germany). Analysis of
Fourier-transform infrared spectroscopy (FTIR, Bruker, INVENIO
R, Ettlingen, Germany) was conducted. The molecule weight was
measured by ultra-high-performance liquid chromatography
coupled to high-resolution Orbitrap mass spectrometry
(UHPLCeOrbitrapeMS, ThermoFisher Scientific, Q Exactive
Plus, Bremen, Germany).

2.4. Preparation of micelle PtF and PFD@PtF

PtF nanoparticles were prepared by self-assembling Pt(IV)-PFOA
using nanoprecipitation. A dimethyl sulfoxide (DMSO) solution
of Pt(IV)-PFOA (100 mL, 15 mg/mL) was slowly added drop by
drop into distilled water (2 mL) under 35 W ultrasound (Ningbo
Scientz Biotechnology Co., Ltd., Ningbo, China) to facilitate the
formation of PtF nanoparticles. After adding the organic phase,
further ultrasonic treatment at 35 W (Ningbo Scientz Biotech-
nology Co., Ltd.) was applied to achieve a uniform particle size.
The ultrasound (Ningbo Scientz Biotechnology Co., Ltd.) was
programmed with a duty cycle of 5 s on and 2 s off, lasting for a
total of 10 min. Finally, the resulting PtF nanoparticles were
dialyzed with a 3500 D dialysis membrane to remove DMSO from
the system.

To prepare the PFD@PtF, PFD (50 mL) was added to a Pt(IV)-
PFOA acetone solution (1 mL, 2 mg/mL). The mixture underwent
ultrasonication until emulsified. Afterward, the system received
an additional 2 mL of distilled water, and sonication was main-
tained until a consistent emulsion was achieved. The dispersed
PFD@PtF in water was obtained after removing the acetone in
the system using rotary evaporation. To obtain O3_PFD@PtF, we
introduced ozone into the PFD@PtF by blowing for approxi-
mately 3 min until saturation was reached. The ozone gas was
generated by ionizing oxygen, and the ozone concentration was
50 mg/L.

2.5. Characterization

The hydrodynamic diameter was determined using ZetaView
TWIN PMX-220 (Particle Metrix, Meerbusch, Germany). Trans-
mission electron microscope (TEM) images were captured using a
JEOL microscope (JEOL, 1200 EX II, Tokyo, Japan).

The amount of Pt(IV)-PFOA loaded in the PFD@PtF was
quantified by high-performance liquid chromatography (HPLC,
Agilent Technologies, 1260 Infinity, Santa Clara, CA, USA)
analysis as follows: After centrifuging the PFD@PtF, the resulting
precipitates were dissolved in acetone until a concentration of
approximately 1 mg/mL of Pt(IV)-PFOAwas reached. Next, 5 mL
of the organic solution was injected in a Sunfire Analysis C18
column (5 mm, 150 mm � 4.6 mm, Waters Corporation, Wexford,
Ireland) and eluted with methanol and water in a ratio of 80:20.
The signals were detected by an ultraviolet detector (Agilent
Technologies) at 210 nm.

The drug loading (DL) of PFD was determined by quantifying
PFD using gas chromatography (Agilent Technologies, 7890B,
Wilmington, DE, USA). Specifically, the PFD@PtF nanoparticles
were subjected to centrifugation (ThermoFisher Scientific, Sorvall
Legend Micro 17R, Osterode am Harz, Germany) at 13,000 rpm
for 10 min in order to break the emulsion and separate the loaded
compound. Subsequently, the separated PFD was dissolved in
2 mL chloroform. The sample solution was injected into a gas
chromatographic column (Agilent Technologies, DB-624, Santa
Clara, CA, USA) using the headspace sampling method. The
temperature of the column was initially set at 40 �C for 1 min.
After that, it rose at a rate of 20 �C/min to a maximum temper-
ature of 200 �C, which it maintained steadily for 5 min. The
signals were detected using a flame ionization detector (Agilent
Technologies). The calculation of the DL was performed as shown
in Eq. (1):

DL ð%ÞZW1=ðW2þW1Þ � 100 ð1Þ
In this equation, W1 represents the weight of entrapped PFD, and
W2 indicates the weight of entrapped Pt(IV)-PFOA.

2.6. Measurement of Pt release

Dynamic dialysis was performed to explore the release behavior
of Pt from PtF nanoparticles in the presence or absence of NaVc.
Specifically, PtF nanoparticles were separated in 1 mL of Tris-
buffered saline (TBS) or 5 mmol/L NaVc solution (containing
0.75 mg/mL of Pt(IV)-PFOA). These particles were placed into a
3500 D dialysis bag and immersed in 20 mL corresponding so-
lution, then shaken at 37 �C and 100 rpm (Shanghai Zhichu In-
strument Co., Ltd., ZQTY-50S, Shanghai, China). At specific
intervals, 2 mL of dialysate was sampled and substituted with an
identical amount of the corresponding buffer solution. The
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collected samples were digested overnight at 150 �C with
concentrated nitric acid. Excess nitric acid was evaporated, and
the remaining volume was diluted with dilute aqua regia. Platinum
content was quantified using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent Technologies, Agilent 7900, Santa
Clara, CA, USA).

2.7. Measurement of dissolved ozone

To assess the saturation of ozone, PFD@PtF nanoparticles, Tween-
80 emulsified PFD (PFD-equivalent), and distilled water were
saturated with ozone. Next, 1 mL of each sample was added to 2 mL
of ozone-free distilled water. A pen-type detector (Clean Instruments
Co., Ltd., CLEAN DOZ30, Xinbei, China) was used to monitor the
change in ozone concentration in the ozone-free distilled water.

2.8. Hydroxyl radical generation of O3_PFD@PtF

The generation of hydroxyl radicals was monitored using TA as a
fluorescence probe. To accomplish this, distilled water, PtF, and
PFD@PtF were either exposed to 20Gy X-ray irradiation (Rad
Source Technologies, RS-2000, Buford, GA, USA) or not. Then,
50 mmol/L H2O2 and TA (1 mg/mL TA, 0.8 mg/mL NaOH) so-
lutions were sequentially added to create a system that contained
12.5 mmol/L H2O2, 0.5 mg/mL TA, and 0.4 mg/mL NaOH.
Fluorescent 2-hydroxyterephthalic acid resulting from the reaction
between hydroxyl radical and TA can be identified using a fluo-
rescence spectrophotometer (Bio-Tek Instruments, SYNERGY
H1, Winooski, VT, USA) at approximately 435 nm when
excited with light at 315 nm.

2.9. Cellular uptake of PtF

In an effort to evaluate the uptake of PtF in TNBC cells, both
confocal laser-scanning microscopy (CLSM, Andor, Dragonfly
200, Belfast, UK) and flow cytometry (BD Biosciences, FACSAria
III, San Jose, CA, USA) were utilized. TNBC cells were plated on
glass slides in 12-well plates (5 � 104 per well) for CLSM
(Andor) observation. Following an overnight period of incubation,
cells were exposed to FITC-loaded PtF (30 mmol/L Pt(IV)-PFOA)
for a duration of 0.5 h. For cell membrane visualization, the cells
were stained with Alexa Fluor 647-conjugated WGA. Following
30 min fixation with 4% paraformaldehyde, the slides were pre-
pared with an antifading 40,6-diamidino-2-phenylindole (DAPI)
mounting medium (YEASEN, Shanghai, China) and examined
using CLSM (Andor). For flow cytometry (BD Biosciences)
analysis, 5 � 105 cells were incubated in 6-well plates overnight.
Medium containing NileRed-labeled PtF (30 mmol/L Pt(IV)-
PFOA) was introduced and left to incubate for 0.5 h. After that,
the cells were then washed, resuspended, and examined with flow
cytometry (BD Biosciences) for uptake study.

To elucidate the internalization mechanism of PtF, classical
internalization relevant biomarkers, including clathrin, caveolin-1,
and lysosomal-associated membrane protein 1 (LAMP1), were
visualized by immunofluorescence (IF). In brief, cell slides were
treated with NileRed-labeled PtF (30 mmol/L Pt(IV)-PFOA) for
0.5 h. Following fixation with 4% paraformaldehyde for 20 min,
the slides were treated with a 3% Triton X-100-10% BSA-PBS
solution for 1 h at room temperature (RT). Subsequently, the cell
slides were treated with primary antibodies targeting clathrin (Cell
Signaling Technology, #4796S, Danvers, MA, USA), caveolin-1

(Cell Signaling Technology, #3267S), and LAMP1 (lysosome
tracker, Abcam, ab208943, Cambridge, UK, mouse use; Cell
Signaling Technology, #9091T, human use) at 4 �C overnight.
Subsequently, the cell slides were treated with a secondary anti-
body labeled with Alexa Fluor 488 for 1 h at RT. The slides were
prepared using an antifading DAPI mounting medium. High-
magnification images were captured using CLSM (Andor).

2.10. Cytotoxicity measurement

The MTT assay was performed to evaluate cell viability. TNBC
cells, normal mammalian epithelial cells, and immortalized
lymphocytes were placed in 96-well plates (2000 per well).
After 24 h, the cells were exposed to varying concentrations of
PtF nanoparticles and cisplatin, respectively, with or without
20 Gy irradiation (Rad Source Technologies). TNBC cells were
also exposed to varying concentrations of O3_PFD@PtF parti-
cles with or without different doses of X-ray irradiation. After
96 h incubation, MTT solution was introduced (final concen-
tration: 400 mg/mL). After incubating for an additional 4 h, the
MTT-containing medium was substituted with 150 mL of
DMSO, and the optical density (OD) at 570 nm was deter-
mined. The cell viability (%) was then calculated as shown in
Eq. (2):

Cell viability ð%ÞZ ðODtest‒ODblankÞ= ðODcontrol‒ODblankÞ � 100

ð2Þ

GraphPad Prism software (GraphPad Software, 8.3.0, Boston,
MA, USA) was used to determine the IC50 value at half-maximal
inhibition.

2.11. Intracellular ROS and GSH/GSSG evaluation

The intracellular ROS generation was evaluated utilizing a DCFH-
DA-dependent ROS assay kit. Firstly, TNBC cells were seeded
onto cell slides in a 12-well cell culture plate (5 � 104 per well).
After 24 h, TNBC cells were treated with serum-free DMEM
celleculture medium containing a diluted solution of DCFH-DA
(1:1000 dilution) for 30 min. After PBS washing, cells were
treated with PtF nanoparticles, O3_PFD@PtF nanoparticles, and
cisplatin individually for 2 h with or without 20 Gy irradiation
(Rad Source Technologies). After being rinsed, the slides were
mounted with DAPI medium. Images were captured using CLSM
(Andor).

In order to examine the levels of GSH and GSSG in cells,
2 � 105 TNBC cells were incubated in 6-well plates for 24 h. The
cells were exposed to PtF nanoparticles, O3_PFD@PtF nano-
particles, and cisplatin at a concentration equivalent to 5 mmol/L
of cisplatin, along with ozone-loaded perfluorodecalin emulsion,
either with or without irradiation. After 24 h incubation, the GSH
and GSSG levels in cells were determined using GSH and GSSG
assay kits.

2.12. Intracellular Pt/DNA measurement

In order to detect cisplatin release in vitro, the Pt content in the
nucleus DNA was measured. TNBC cells were placed into 6-well
plates (2 � 105 per well). After 24 h, the cells were then exposed
to PtF nanoparticles, O3_PFD@PtF nanoparticles, and cisplatin at
a concentration equivalent to 5 mmol/L of cisplatin, with or

Boosting radiotherapy with cisplatin prodrug-based ozone delivery nanosystem 2707



without 20 Gy irradiation (Rad Source Technologies). Following
24 h incubation, the cells were collected. To measure Pt/DNA, the
nucleus DNA was extracted utilizing the phenol/chloroform
extraction method and quantitatively determined using a spectro-
photometer (ThermoFisher Scientific, NanoDrop One, Waltham,
MA, USA). Subsequently, concentrated nitric acid was used to
digest the cell DNA, and then ICP-MS (Agilent Technologies) was
applied to perform Pt content analysis.

2.13. Western blot

In order to conduct the western blot analysis, SUM149 cells were
plated in 6-well plates (5 � 105 per well) and allowed to incubate
for 24 h. Subsequently, the cells were exposed to PtF nano-
particles, O3_PFD@PtF nanoparticles, and cisplatin at a concen-
tration of 10 mmol/L, with or without 20 Gy irradiation (Rad
Source Technologies). After 24 h, cells were disrupted with RIPA
solution containing phosphatase and protease inhibitors. Protein
samples were electrophoresed and then moved onto poly-
vinylidene fluoride membranes (Merck Millipore, Carrigtwohill,
Ireland). Following that, western blots analysis was conducted
with antibodies for calreticulin (CRT, Abcam, ab92516), high
mobility group box 1 (HMGB1, Abcam, ab79823), and b-ACTIN
(ASGB-Bio, TA-09, Beijing, China).

2.14. Study of biodistribution and therapeutics in tumor-bearing
mice

For the biodistribution study and therapeutic evaluation, female
BALB/c mice (7 weeks, 18e20 g) were used to establish the
TNBC tumor model. To establish the subcutaneous tumor model,
5 � 105 4T1 or luciferase-expressing 4T1 (4T1-Luc) cells were
injected subcutaneously on the right or both dorsal flanks of each
mouse. For the lung metastatic tumor model, each mouse was
injected 2 � 105 4T1-Luc cells through the tail vein.

For biodistribution analysis of PtF, NileRed-labeled PtF
nanoparticles were injected into the mice intravenously once the
tumor size reached around 200 mm3. At the specified time points
(1, 6, 12, and 24 h) post-injection, the mice were humanely
euthanized. Tumors and major organs (including the heart, liver,
spleen, lung, and kidney) were collected and analyzed with fluo-
rescence imaging (excitation: 500 nm, emission: 600 nm) utilizing
the small animal fluorescence imaging system (PerkinElmer, IVIS
Spectrum, Waltham, MA, USA).

The therapeutic efficacy of O3_PFD@PtF under X-ray irradi-
ation was evaluated in mice bearing subcutaneous 4T1 tumors.
Upon the subcutaneous tumor volume reaching approximately
100 mm3, the mice were randomly divided into various treatment
groups (n Z 6): (1) PBS (Blank), (2) PtF, (3) cisplatin, (4)
O3_PFD@PtF, (5) PBS plus X-ray irradiation, (6) PtF plus X-ray
irradiation, (7) cisplatin plus X-ray irradiation, and (8)
O3_PFD@PtF plus X-ray irradiation. Each reagent was adminis-
tered intravenously every 3 days at a cisplatin-equivalent dose of
0.8 mg/kg of body weight. The injection was administered 3 times
with or without localized X-ray irradiation (6 Gy/fraction, Rad
Source Technologies) on the right dorsal flank 6 h after injection.
Tumor diameters were assessed with a vernier caliper every 3 days
before treatment and every other day after treatment. The tumor
volume was computed as shown in Eq. (3):

Tumor volumeZ ðTumor lengthÞ � ðTumor widthÞ2�2 ð3Þ

Additionally, the mice’s body weight was recorded every 2
days following the treatment. The mice were euthanized on Day
26 after tumor injection, and both the tumors and major organs
were excised.

In the 4T1 lung metastatic mice model, the antitumor efficacy
of O3_PFD@PtF combined with X-ray irradiation was also
examined. On Day 6 post-inoculation, the mice were assigned to
various treatment groups (n Z 6), as mentioned above. Each re-
agent was administered intravenously at a cisplatin-equivalent
dosage of 0.8 mg/kg body weight every 2 days. This injection
was repeated 3 times in the presence or in the absence of whole-
body X-ray irradiation (2 Gy/fraction, Rad Source Technologies)
at 6 h after injection. The growth of lung metastatic tumors was
measured using bioluminescence imaging (Spectral Instruments
Imaging, KINO, Tucson, AZ, USA) starting from Day 5 after
inoculation and then every 2 days. On Day 13 post-inoculation,
the mice were euthanized in a human manner, and their lungs
were dissected for additional analysis.

2.15. Immunohistochemistry and immunofluorescence staining

The samples of tumors and major organs were fixed using a so-
lution of 10% formalin, followed by embedding in paraffin and
cutting into 4 mm-thick slides. These slides were then placed onto
glass slides and subjected to staining with hematoxylineeosin
(H&E). For immunohistochemical (IHC) and IF staining, the
obtained tumor sections were first deparaffinized and then exposed
to 3% H2O2. Antigen retrieval was carried out by subjecting the
samples to microwave irradiation at 95 �C for 16 min using either
EDTA (pH Z 9.0) or citrate (pH Z 6.0) buffer.

For IHC, the tumor slides were sequentially treated with an
endogenous peroxidase-blocking buffer in the dark for 15 min and
5 % BSA for 1 h at RT. Following a rinse with PBS, the slides
were incubated overnight at 4 �C with primary antibodies
including BAX (Cell Signaling Technology, #14796), Cleaved
caspase-3 (Cell Signaling Technology, #9664), Ki67 (Cell
Signaling Technology, #12202), CRT (Abcam, ab92516), HMGB1
(Abcam, ab79823), and heat shock protein70 (HSP70, Abcam,
ab194360). Afterward, the tumor samples were washed with PBS
and exposed to secondary antibodies conjugated with species-
specific HRP at RT for 40 min. After another round of PBS
washing, the slides were visualized using DAB. The slides were
subsequently processed by water washing, hematoxylin counter-
staining, ethanol dehydrating, and media mounting.

For IF staining, the tumor slides were incubated with 5 % BSA
at RT for 1 h, followed by a PBS rinse. Following this, the slides
underwent treatment with either CD4 antibody (Abcam,
ab183685) or CD8a antibody (Abcam, ab217344) for an overnight
incubation at 4 �C. After two PBS rinses, the slides were exposed
to Alexa Fluor 488 or Alexa Fluor 594-conjugated secondary
antibodies in 5% BSA at 37 �C for 40 min. Finally, the slides were
mounted using an antifading DAPI mounting medium for fluo-
rescence imaging.

2.16. Flow cytometry analysis

In order to assess the tumor-infiltrating lymphocyte of each
treatment group, single-cell suspensions were prepared following
the method below: tumor samples were dissected into small pieces
using scissors in MACS Tissue Storage Solution (Miltenyi Biotec,
Bergisch Gladbach, Germany). Tissue pieces were broken down
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using a combination of collagenase type I and type IV (1 mg/mL)
along with DNase I (50 mg/mL) at 37 �C for a duration of 10 min.
Then, digested tissues were passed through a cell strainer to obtain
single-cell suspensions. After rinsing the suspensions twice with
the HBSS buffer, they were subsequently resuspended in the same
HBSS buffer.

Different fluorophore-conjugated anti-mouse antibodies were
used to co-stain the cells: CD45-APC-Cyanine7 (BioLegend,
103116, San Diego, CA, USA), CD3-PE (BioLegend, 100205),
CD4-FITC (BioLegend, 100510) and CD8-Brilliant Violet 510
(BioLegend, 100752). Multiparameter staining was used to
differentiate the specific cell groups: tumor-infiltrating CD3þ

T-cells (CD45þCD3þ), tumor-infiltrating CD8þ T-cells

(CD45þCD3þCD8þ), and tumor-infiltrating CD4þ T-cells
(CD45þCD3þCD4þ). Following the staining process, flow
cytometry (BD Biosciences) was used to analyze the cells,
and FlowJo_v10.6.2 software (BD Biosciences, San Jose, CA,
USA) was utilized to process the data. Nonviable cells and
doublets were eliminated using forward and side scatter
characteristics.

2.17. Statistical analysis

GraphPad Prism 8 (8.3.0) was utilized for the statistical analysis.
The results were presented in the form of mean � standard de-
viation (SD). Two-way ANOVA analysis was performed for

Figure 2 The synthesis of cisplatin prodrug Pt(IV)-PFOA. (A) Chemical structure and synthetic route of Pt(IV)-PFOA. H2O2, hydrogen

peroxide. SOCl2, thionyl chloride. DMF, N, N-dimethylformamide. (B) The appearance of perfluorooctanoic acid (PFOA), pentadeca-

fluorooctanoyl chloride (PFOC), Cisplatin, Oxoplatin, and Pt(IV)-PFOA. (C) Fourier-transform infrared spectrophotometer (FTIR) spectra of

PFOA, PFOC, Oxoplatin, and Pt(IV)-PFOA. (D) 1H-NMR spectrum and 19F-NMR spectrum of the final product Pt(IV)-PFOA.
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Figure 3 Construction procedure and characterization of PtF and PFD@PtF micelles. (A) The preparation process of PtF, PFD@PtF, and

O3_PFD@PtF (Created with BioRender.com). PFOA, perfluorooctanoic acid. PFOC, pentadecafluorooctanoyl chloride. PFD, perfluorodecalin.

O3, ozone. (B) Hydrated diameter distribution of PtF and PFD@PtF. (C) PtF visualized by Transmission electron microscope (TEM). Scale

bar Z 100 nm. (D) The particle size of PtF and PFD@PtF at 4 �C, RT, and 37 �C in indicated pH values. Data are shown as mean � SD (n Z 3).

RT, room temperature. (E) Release curves of platinum (Pt) from PtF in 5 mmol/L Vitamin C sodium salt (NaVc) and Tris-buffered saline (TBS).
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multiple comparisons in Figs. 4D‒M, 5A, D, F, 6G, H, 7E‒G, 8E,
9D‒F, I, J, L, M and Supporting Information Figs. S8B and S8C.
The statistical parameters, encompassing the F and P values for
factors and interaction, were included in the Supporting
Information Table S1‒S13.

3. Results

3.1. Synthesis of cisplatin prodrug Pt(IV)-PFOA

To constitute the self-assemble small-molecule prodrug nano-
particles, a platinum(IV) prodrug (Pt(IV)-PFOA) tethering with
two PFOA molecules is synthesized according to the route illus-
trated in Fig. 2A. Firstly, oxoplatin is obtained by oxidization of
cisplatin with H2O2. Secondly, PFOC is synthesized by an acyl-
ating chlorination reaction with PFOA and SOCl2. Finally, the
Pt(IV)-PFOA is obtained by esterification between PFOC and
oxoplatin, as indicated in Fig. 2A. The appearance of the final
product Pt(IV)-PFOA, raw compound, and intermediate products
are shown in Fig. 2B.

The structure of Pt(IV)-PFOA and the synthesis process are
quality controlled by FTIR, 1H-NMR, and 19F-NMR (Fig. 2C and
D; Supporting Information Figs. S1 and S2). The FTIR spectrum
of oxoplatin exhibits the stretching vibration peaks of eOH and
PteOH at 3458 and 532 cm�1, respectively, indicating the correct
synthesis of oxoplatin. Comparing the FTIR spectra of PFOC and
PFOA, it is observed that the eOH stretching vibration peak at
3551 cm�1 and the CeO stretching vibration peak at 1450 cm�1

disappears, proving the production of PFOC. Meanwhile, the
stretching vibration peak of C]O is red-shifted from 1694 to
1778 cm�1, which confirms the proper transformation of acyl
chloride from carboxylic acid. In the FTIR spectrum of Pt(IV)-
PFOA, the C]O stretching vibration peak at 1711 cm�1 and
the CeO stretching vibration peak at 1335 cm�1 indicate the
formation of the ester bond. The peaks of CeF stretching vibra-
tion at 1200 and 1143 cm�1 are attributed to fluoroalkyl groups
derived from PFOA. In addition, no peak between 3300 and
3600 cm�1 is observed, suggesting the absence of the eOH group.
It indicates that both hydroxyl groups in oxoplatin have reacted
with PFOC and PFOA in synthesized Pt(IV)-PFOA are covalently
connected as axial ligands.

In the 1H-NMR spectrum of Pt(IV)-PFOA, the amino H
appearing at 6.5 ppm (a) is attributed to the ammonia ligands of
platinum(IV). In the 19F-NMR spectra, the peaks that appeared at
�80.18 ppm (b, eCF3),e125.72 ppm (c, eCF2eCF3), �121.25 to
�122.45 ppm (d, e, f, g, eCF2e), and �114.99 ppm
(h, eOeCOeCF2e) confirmed the presence of fluoroalkyl groups
in Pt(IV)-PFOA. In summary, the successful synthesis of Pt(IV)-
PFOA is confirmed by analyzing the results obtained from
FTIR, 1H-NMR, and 19F-NMR.

Furthermore, the molecular weight of Pt(IV)-PFOA is deter-
mined by UHPLC-Orbitrap-MS analysis (Supporting Information
Fig. S3). In the mass spectrum of Pt(IV)-PFOA, the exact mo-
lecular ion mass of [M þ H]þ, [M þ NH4]

þ and [M þ Na]þ are
observed at m/z 1125.89, 1142.92, and 1147.87, respectively,
which are in excellent agreement with the corresponding theo-
retical simulation results simulated by Thermo Xcalibur Qual
Browser software (ThermoFisher Scientific, version 4.3, Waltham,

MA, USA). These data pinpoint the molecular weight of Pt(IV)-
PFOA to be 1126.17 g/mol.

3.2. Preparation and characterization of micelle PtF and
PFD@PtF

The synthesized prodrug Pt(IV)-PFOA can form nano-scaled
particles either alone (PtF) or with PFD (PFD@PtF) through
self-assembly based on the hydrophobic interaction between
fluorine residues (Fig. 3A). The self-assembled PtF nanoparticles
are prepared using the nanoprecipitation method by adding a
DMSO solution of Pt(IV)-PFOA dropwise into an aqueous solu-
tion under ultrasound. The PtF particle presents uniform spherical
morphology revealed by TEM (Fig. 3C) with a hydrated diameter
of around 130 nm (Fig. 3B). To efficiently load ozone, PFD, an
excellent ozone solvent, is incorporated into PtF nanoparticles
based on the similarity-intermiscibility theory, resulting in
PFD@PtF nanoparticles with a hydrated diameter of around
170 nm (Fig. 3B). Our results demonstrate a high maximal
incorporation rate of 91.24% (PFD/PFD@PtF), ensuring effective
ozone loading and delivery. To evaluate the stability of PtF and
PFD@PtF nanoparticles, we measure their hydrated diameter at
indicated temperatures and pH values. The results indicate that
both PtF and PFD@PtF particles remain stable for up to 72 h
under acidic, alkaline, and neutral conditions at 4 �C, RT, and even
37 �C, respectively. This excellent stability fulfills the criteria for
in vitro as well as in vivo uses (Fig. 3D).

According to our design strategy, cisplatin can be released
from the Pt(IV)-PFOA prodrug in a reductive environment, such
as the cytosol of tumor cells. In order to verify this, PtF nano-
particles are incubated with a buffer containing NaVc at 37 �C.
ICP-MS results demonstrate that the reductive environment
remarkably promotes the release of cisplatin and the disintegration
of PtF nanoparticles. After 24 h incubation in 5 mmol/L NaVc, as
much as 77.0% of cisplatin is released from PtF particles
(Fig. 3E). The strong electron-withdrawing effect by fluorine
atoms facilitates the reduction of platinum(IV) to platinum(II) and
consequently boosts the release of cisplatin.

To measure the ozone loading capacity of PFD@PtF particles,
ozone release curves are profiled with ozone-saturated water so-
lution (negative control), Tween-80 emulsified PFD (positive
control), and PFD@PtF particles (Fig. 3F). The results reveal that
the ozone loading capacity of PFD@PtF vehicles is approximately
20-fold higher than that of water solution. Furthermore, the
release curves indicate that PFD@PtF nanoparticles exhibit a slow
and sustained ozone-releasing capacity for up to 24 h. Upon X-ray
irradiation, the ozone-loaded particles decompose into ROS and
oxygen, providing a foundation for improving radiotherapy. The
results of the TA assay show that ozone-loaded PFD@PtF parti-
cles (O3_PFD@PtF) efficiently generate ROS under X-ray
ionizing conditions (Fig. 3G). The amount of ROS is positively
correlated with the amount of O3_PFD@PtF.

3.3. Biodistribution and cytotoxicity of PtF and PFD@PtF
in vitro

We investigate the subcellular distribution of FITC-labeled PtF
nanoparticles in three TNBC cell lines, including one murine (4T1)

Data are exhibited as mean � SD (n Z 3). (F) The dynamic release curve of ozone carried by PFD@PtF and PFD@Tween80. (G) Hydroxyl

radical productivity of O3_PFD@PtF in the presence or in the absence of irradiation assessed by terephthalic acid assay.

Boosting radiotherapy with cisplatin prodrug-based ozone delivery nanosystem 2711



Figure 4 Biodistribution and cytotoxicity of PtF and PFD@PtF in vitro. (A) Subcellular biodistribution of fluorescein isothiocyanate (FITC)

labeled PtF nanoparticles in SUM149 and 4T1 cells showed by confocal laser scanning microscopy images. Blue, 40,6-diamidino-2-phenylindole

(DAPI); Red, wheat germ agglutinin (WGA) 647; Green, FITC-labeled PtF. Scale bar Z 50 mm. (B) The cellular internalization of NileRed-

labeled PtF in SUM149 and 4T1 cells is detected by flow cytometry. (C) Co-localization of NileRed-labeled PtF nanoparticles with clathrin,

caveolin-1 (CAV-1), and lysosomal associated membrane protein 1 (LAMP1) in SUM149 and 4T1 cells presented by confocal laser scanning

microscopy images. Blue, DAPI; Red, NileRed-labeled PtF; Green, clathrin, caveolin-1, and LAMP1. Scale bar Z 20 mm. (DeH) MTT survival
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and two human cell lines (SUM149 and BT-549). After a 0.5 h
incubation period, an intensive fluorescence signal of FITC is
detected within the cytosol of all three cell lines, indicating that PtF
nanoparticles can be promptly and efficiently uptake by TNBC
cells (Fig. 4A and Supporting Information Fig. S4A). The excellent
cellular uptake efficiency of PtF nanoparticles is also clearly
confirmed by flow cytometry (Fig. 4B and Fig. S4B). To gain
further insights into the internalization mechanism, we co-visualize
the NileRed-labeled PtF with two canonical endocytosis-associated
proteins (clathrin and caveolin-1) and a lysosome tracker (LAMP1)
in three TNBC cell lines (SUM149, 4T1, and BT-549) (Fig. 4C and
Supporting Information Fig. S5). The results show that caveolin-
and clathrin-mediated endocytosis pathways are engaged in tested
TNBC cell lines. It is in line with previous reports that tumor cells
may internalize particles through multiple endocytosis pathways12-
14. In addition, the obvious separation between NileRed-labeled
PtF and the lysosome tracker indicates the effective escape of
PtF from lysosomal entrapment, which may be potentially due to
the amphiphilic features of perfluorocarbon15-17.

To assess the cytotoxicity of synthesized PtF particles, we
determine the cell viability under indicated treatment conditions
with two TNBC cell lines (SUM149 and 4T1), a normal
mammalian epithelial cell line (MCF-10A), and two immortalized
lymphocytes (EG7 and Jurkat) using a 96 h MTT assay (Fig. 4D‒
H and Supporting Information Table S1). Overall, both cisplatin
and PtF show tumor inhibition compared to the control group.
Specifically, with or without irradiation, the prodrug PtF particles
consistently show better tumor cell inhibition than cisplatin at the
equimolar equivalent in TNBC cell lines. A potential explanation
for the better efficacy of PtF is that the perfluorocarbon sidechains
of prodrug improve the bioavailability of cisplatin by enhancing
the efficiency of platinum internalization18. Importantly, like other
prodrugs of modified cisplatin, PtF shows less toxicity in normal
mammalian cells and lymphocytes. This may be attributed to the
fact that the level of GSH (which triggers the release of cisplatin
from prodrug) in normal cells is significantly lower compared to
tumor cells (see Fig. 5D‒F below). The IC50 of each condition
above is calculated, and similar results are obtained (Fig. 4I‒M
and Supporting Information Table S2). The specificity and
selectivity of cisplatin and PtF are evaluated by calculating the
tumor-selective index (SI). Both SI on normal mammalian
epithelial vs. tumor and SI on lymphocytes vs. tumor show high
selectivity and tumor cell-specific toxicity (Fig. 4N). All these
data suggest that PtF shows higher tumor inhibitory efficacy and
lower cytotoxicity than cisplatin.

3.4. O3_PFD@PtF and irradiation combination promote Pt
releasing in vitro

We then evaluate the pharmacodynamics of ozone-loaded prodrug
particles (O3_PFD@PtF) and their combination with irradiation.

Cell toxicity is evaluated using a 96 h MTT assay with indicated
treatment (Fig. 5A and Supporting Information Table S3).
Consistently, cisplatin and PtF show tumor inhibition in two
TNBC cell lines. Compared with cisplatin or PtF, ozone-loaded
PtF particle (O3_PFD@PtF) significantly inhibits tumor cell
growth. In the presence of irradiation, the efficacy of
O3_PFD@PtF is further enhanced. We then assess the synergistic
effect between O3_PFD@PtF and X-ray irradiation by figuring the
combination index (CI) with the assistance of Calcusyn software
(REACHSOFT, version 2.1, Beijing, China). The results show that
O3_PFD@PtF and irradiation present considerable synergistic
effects in terms of cell growth inhibition across all four doses
(Supporting Information Fig. S6). According to previous re-
ports19,20, we hypothesize that the growth inhibition induced by
O3_PFD@PtF under irradiation may be attributed to the syner-
gistic impact of hydroxyl radicals and cisplatin. On the flip side, a
large number of hydroxyl radicals generated by ozone under
irradiation directly kill tumor cells. On the other hand, hydroxyl
radicals indirectly promote the release of cisplatin from prodrug
nanoparticles by impacting the balance of GSH-GSSG in the
cytosol. Specifically, hydroxyl free radicals disrupt the intracel-
lular redox balance and promote the generation of reducing me-
diators such as GSH21. The generated GSH subsequently releases
cisplatin from prodrug PtF by reducing Pt(IV) to Pt(II).

To confirm this speculation, we visualize the ROS in three
TNBC cell lines (SUM149, 4T1, and BT-549) treated with indi-
cated conditions using a DCFH-DA fluorescence probe (Fig. 5B
and Supporting Information Fig. S7A). The fluorescence signals
are observed in cells treated with ozone-loaded particles in the
presence or absence of X-ray irradiation. The quantification of the
fluorescence signal indicates that ROS levels in cells treated with
PtF and cisplatin are barely detectable, regardless of X-ray
exposure (Fig. 5C and Fig. S7B). On top of O3_PFD@PtF parti-
cles treatment, X-ray irradiation remarkably improved the ROS
generation by 3.1-fold (in SUM149), 2.1-fold (in 4T1), and 3.3-
fold (in BT-549). The results of intracellular ROS detection are
in line with those of the extracellular hydroxyl radical generation
experiment in Fig. 3G.

Then, we evaluate the impact of ROS on the intracellular
balance of GSH/GSSG in tumor cells. SUM149 cells are treated
with ozone-loaded perfluorodecalin emulsion (O3_PFD emulsion)
with or without irradiation. After intensive washing, the intracel-
lular GSH and GSSG levels are measured using the DTNB
(5,50-dithiobis-(2-nitrobenzoic acid)) reduction reaction. As
shown in Fig. 5D, O3_PFD emulsion, X-ray irradiation, and their
combo remarkably increase the intracellular GSH/GSSG ratio
(Supporting Information Table S4). On top of this assay, we
incorporate the prodrug PtF, which will release cisplatin by
consuming the generated GSH (Fig. 5E). The results show that
PtF, O3_PFD@PtF, and PtF plus irradiation slightly down-regulate
the GSH/GSSG ratio. On the contrary, O3_PFD@PtF combined

assays of SUM149, 4T1, MCF-10A, EG7, and Jurkat cells after treatment with indicated regimens. Irradiation dose, 20 Gy. Data are presented as

mean � SD (nZ 6). (D) Two-way ANOVA; PtF vs. Cisplatin (PZ 1.175 � 10�10); R þ PtF vs. R þ cisplatin (PZ 4.118 � 10�6). (E) Two-way

ANOVA; PtF vs. Cisplatin (P Z 5.1 � 10�14); R þ PtF vs. R þ cisplatin (P Z 5 � 10�14). (F) Two-way ANOVA; PtF vs. Cisplatin

(PZ 3.747 � 10�11); R þ PtF vs. R þ cisplatin (PZ 7.779 � 10�11). (G) Two-way ANOVA; PtF vs. Cisplatin (PZ 1.8 � 10�14). (H) Two-way

ANOVA; PtF vs. Cisplatin (P Z 4.982 � 10�4). (IeM) The IC50 of indicated regimens against SUM149, 4T1, MCF-10A, EG7, and Jurkat cells.

Data are presented as mean � SD (n Z 3). (I) Two-way ANOVA; PtF vs. Cisplatin (P Z 4.585 � 10�7); R þ PtF vs. R þ cisplatin

(P Z 2.086 � 10�6). (J) Two-way ANOVA; PtF vs. Cisplatin (P Z 6.17 � 10�5); R þ PtF vs. R þ cisplatin (P Z 1.546 � 10�5). (K) Two-way

ANOVA; PtF vs. Cisplatin (P Z 7.514 � 10�5); R þ PtF vs. R þ cisplatin (P Z 1.196 � 10�4). (L) Two-way ANOVA; PtF vs. Cisplatin

(PZ 1.646 � 10�5); R þ PtF vs. R þ cisplatin (PZ 4.547 � 10�3). (M) Two-way ANOVA; PtF vs. Cisplatin (PZ 1.03 � 10�3). (N) The tumor-

selective index (SI) of indicated regimens recorded by the ratio of the IC50 against epithelial cells or immune cells to the IC50 against TNBC cells.

Data are presented as mean � SD (n Z 3).
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Figure 5 O3_PFD@PtF and irradiation combination promotes Pt releasing in vitro. (A) MTT survival assays of SUM149, 4T1 after treatment

with indicated regimens. Irradiation dose, 20 Gy. Data are presented as mean � SD (n Z 6). Two-way ANOVA (SUM149); O3_PFD@PtF vs.

R þ O3_PFD@PtF (P Z 2.733 � 10�6); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 2.702 � 10�6). Two-way ANOVA (4T1); O3_PFD@PtF vs.

R þ O3_PFD@PtF (P Z 1.833 � 10�3); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 4.71 � 10�13). (B) The intracellular reactive oxygen species

(ROS) in SUM149 and 4T1 cells treated with indicated regimens are probed with 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA). Blue,

40,6-diamidino-2-phenylindole (DAPI); Green, dichlorofluorescein (DCF). Scale bar Z 50 mm. (C) Quantification of DCF fluorescence intensity

by integrated optical density/area. (D) The intracellular reduced glutathione/oxidized glutathione (GSH/GSSG) ratio in SUM149 cells treated with

O3_PFD emulsion with or without irradiation. Data are presented as mean � SD (n Z 3). Two-way ANOVA; Blank vs. O3_PFD emulsion

(P Z 8.44 � 10�13); Irradiation vs. R þ O3_PFD emulsion (P Z 1.142 � 10�11). (E) The intracellular GSH/GSSG ratio in SUM149 cells treated

with PtF nanoparticles and O3_PFD@PtF nanoparticles with or without irradiation. Data are presented as mean � SD (n Z 3). (F) Content of

platinum (Pt) element inserted in DNA of SUM149 cells treated with indicated regimens. Data are presented as mean � SD (n Z 3). Two-way
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with irradiation dramatically upregulates the GSH/GSSG ratio.
This suggests that the combination of ozone and X-ray irradiation,
rather than each single treatment, maintains a high level of GSH.
As a result, the released cisplatin will incorporate into chromo-
some DNA and form a PteDNA complex. We then extracted the
nucleus DNA and measured the DNA-bond platinum. Not sur-
prisingly, the amount of DNA-bound platinum is consistent with
the ratio of GSH/GSSG (Fig. 5F and Supporting Information
Table S5).

As reported previously, cisplatin alone is not effective in trig-
gering ICD because it cannot translocate the antigen-carried CRT
to the surface of the cell. However, ROS promotes CRT trans-
location. Thus, in our design rationale, the ozone-derived ROS may
serve as an enhancer for ICD induced by cisplatin. To validate this
principle, we examine the levels of two ICD markers, HMGB1 and
CRT, in SUM149 cells exposed to PtF, cisplatin, and O3_PFD@PtF
with or without irradiation (Fig. 5G). Upon irradiation, cisplatin
leads to an upregulated CRT expression, likely attributed to the
generation of ROS by X-ray. Furthermore, O3_PFD@PtF treatment
in combination with irradiation exhibits even higher CRT exposure
compared to cisplatin plus irradiation. This may be attributed to the
differential efficiency of ROS production with or without ozone in
the presence of irradiation. Similarly, O3_PFD@PtF administration
significantly increases the expression levels of HMGB1, particu-
larly when combined with irradiation.

3.5. O3_PFD@PtF and irradiation combination inhibit tumor
growth

Encouraged by the remarkable efficacy and selectivity observed
in vitro, we proceed with evaluating the in vivo antitumor effi-
ciency of the prodrug nanosystem. We characterize the bio-
distribution of PtF nanoparticles by intravenously injecting
NileRed-labeled PtF nanoparticles into 4T1-bearing mice. The
fluorescence signals of NileRed in dissected major organs and
tumors are recorded at four indicated time points (1, 6, 12, and
24 h) utilizing IVIS Spectrum. The PtF particles are observed in
tumor mass as early as 1 h after injection, and they continue to
accumulate for at least 24 h (Fig. 6A and B), indicating that PtF is
a tumor-targeted carrier with long-lasting accumulation properties.
Additionally, strong fluorescence signals are observed in the liver
and kidneys at 1 h, followed by a significant decrease within 24 h
post-injection. This suggests that PtF nanoparticles primarily un-
dergo hepatic and renal metabolic pathways, followed by a quick
bio-elimination.

We then evaluate the antitumor efficacy of indicated regimens
on a BALB/c mice model with unilateral subcutaneous 4T1 xe-
nografts (Fig. 6C). Briefly, tumor-bearing mice are randomly
divided into 8 groups and administered with indicated regimens
respectively, including PBS (Blank), PtF, cisplatin, O3_PFD@PtF,
PBS plus X-ray irradiation (Irradiation), PtF plus X-ray irradiation
(R þ PtF), cisplatin plus X-ray irradiation (R þ cisplatin), and
O3_PFD@PtF plus X-ray irradiation (R þ O3_PFD@PtF). Tumor
volumes and body weight are monitored throughout the experi-
ment to profile tumor growth curves and alterations of body
weight, respectively (Fig. 6D and E). After 3 dosages of treatment,
tumors from each experimental group are excised, photographed,

and weighed (Fig. 6F and G; Supporting Information Table S6) on
Day 26 upon inoculation. The results of the tumor growth curve
and tumor weight show that each single treatment (PtF, cisplatin,
and O3_PFD@PtF) shows effective tumor inhibition compared
with the blank group. The inhibition can be further improved by
the combination of X-ray irradiation. Remarkably, the combina-
tion of O3_PFD@PtF and X-ray irradiation shows the most
powerful inhibition of tumor growth among all groups.

These results are further confirmed on an independent bilateral
subcutaneous 4T1-Luc xenografted mice model. Tumor-bearing
mice are treated with indicated regimens, and X-ray irradiation is
performed on the primary tumors (right side) as needed. At the
endpoint of the experiment, tumors are visualized in situ using
bioluminescent in vivo imaging (Supporting Information Fig. S8A).
Not surprisingly, similar results of tumor inhibition in the unilateral
model are obtained on the primary tumor from the bilateral model.
In addition, comparable tumor inhibition is observed between the
primary and abscopal tumors treated with indicated regimens
except for tumors treated with irradiation alone (Figs. S8B and C;
Supporting Information Table S7). Primary tumor rather than
abscopal tumor responses to the irradiation. The results suggest that
irradiation alone cannot effectively elicit an abscopal effect.

Despite its high efficacy, the prodrug nano system offers the
advantage of reducing the systemic toxicity associated with
cisplatin and radiotherapy, as proven in vitro (Fig. 4D‒N). Here,
this advantage is further confirmed in vivo. As shown in Fig. 6E,
mice treated with cisplatin experience body weight loss, regard-
less of whether it is combined with X-ray irradiation or not. To
specify the systemic toxicity, we profile the body weight at the
endpoint of the experiment (Fig. 6H and Supporting Information
Table S8). Compared to free cisplatin, the prodrug PtF signifi-
cantly alleviates chemo-induced toxicity, regardless of X-ray
irradiation. At the end of the experiment, important organs like
the heart, liver, spleen, lung, and kidney are collected, along with
peripheral blood samples for hematological and pathological
assessment. No visible histological damage is observed in the
tissue slides derived from each group except for the kidney slides
from the cisplatin-treated group (Supporting Information Fig. S9).
The kidneys from the cisplatin-treated group exhibit obvious
glomerular fusion and atrophy, which are typical signs of kidney
damage. Remarkably, these pathological morphologies are not
observed in the kidneys of mice receiving prodrug nanoparticle
treatment. The cisplatin-related toxicities are further confirmed by
the hematologic and biochemical analysis. Consistent with the
H&E staining results, abnormally high levels of urea (UREAL)
are observed in mice treated with cisplatin and cisplatin plus
irradiation (Supporting Information Fig. S10). These findings
collectively indicate that the prodrug nano system PtF effectively
avoids systemic toxicity induced by cisplatin. Meanwhile, the
combination regimen of O3_PFD@PtF and X-ray irradiation ex-
hibits both efficient tumor inhibition and commendable biosafety
in animal experiments.

To elucidate the molecular mechanisms behind tumor growth
inhibition, we evaluate the histopathology of tumors treated with
indicated regimens usingH&E staining (Fig. 7A).Weobserve similar
degrees of tumor tissue damages, as indicated by karyopyknosis and
disruption of intercellular junctions, in tumors treated with cisplatin

ANOVA; PtF vs. Cisplatin (P Z 7.529 � 10�8); O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 1.548 � 10�4); R þ cisplatin vs. R þ O3_PFD@PtF

(P Z 3.06 � 10�13). (G) Western blot of ICD markers (CRT and HMGB1) in SUM149 cells treated with indicated regimens. b-ACTIN protein

served as the loading control. CRT, calreticulin. HMGB1, high mobility group box 1.
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and prodrug PtF. Loading with ozone, O3_PFD@PtF clearly en-
hances the tumor damage. These damages are further improved by
X-ray irradiation. Themost severe histological damage is observed in
the tumors treated with O3_PFD@PtF plus irradiation. Consistently,
the index of cell apoptosis, indicated by markers BAX and Cleaved
caspase-3, also shows similar trends as that in the histological analysis
(Fig. 7B, C, E, F and Supporting Information Table S9). Remarkably,
the combination of O3_PFD@PtF and X-ray irradiation results in
very high levels of apoptotic signals, implying a severe ICD. More-
over, the number of proliferative cells, indicated by Ki67 expression,
shows an opposite pattern (Fig. 7D, G and Table S9). Treatment with
cisplatin, PtF, and O3_PFD@PtF significantly reduces the Ki67-
positive cell number compared to the control group. Tumor cell
proliferation is further attenuated by the combination of X-ray irra-
diation. Almost no Ki67-positive cells are observed in tumors treated
with the combo regimen of O3_PFD@PtF and X-ray irradiation.

Encouraged by the excellent inhibitory effect of this combo
regimen on the subcutaneous xenograft tumor model, we further
validate the antitumor efficacy on a 4T1-Luc lung metastatic mice
model (Fig. 8A). The lung metastatic tumor is monitored by

bioluminescence imaging, and the tumor growth curves are profiled
accordingly (Fig. 8B and C). After 3 dosages of treatment, the mice
are euthanized, and the lungs are harvested on Day 13 upon inoc-
ulation. The number of lung metastatic lesions is evaluated with
H&E staining of tumor sections (Fig. 8D and E and Supporting
Information Table S10). The results indicate that the mono-drug
treatment (Cisplatin, PtF, or O3_PFD@PtF) shows moderate effi-
cacy in inhibiting lungmetastasis compared to the blank group. And
the tumor inhibitory efficacy is further boosted by irradiation. The
combo of O3_PFD@PtF and X-ray irradiation exhibits the highest
efficacy in suppressing lung metastasis among the tested regimens.

3.6. Combo of O3_PFD@PtF and irradiation improved
immune-related cell death

As programmed cell death is usually correlated with ICD, we
then investigate the intensity of ICD in tumors that are treated
with indicated regimens. The ICD levels are evaluated by
examining canonical biomarkers, including CRT, HMGB1, and
HSP70 (Fig. 9A‒F and Supporting Information Table S11). In

Figure 6 O3_PFD@PtF and irradiation combination inhibit tumor growth. (A) Biodistribution of NileRed-labeled PtF in 4T1 tumor mice

model at indicated time points after intravenous administration. (B) Quantitative assessment of fluorescence signal in heart, liver, spleen, lung,

kidney, and tumor at indicated time points. (C) Treatment schema for subcutaneous 4T1 xenografted mice model (Created with BioRender.com).

(D) Tumor growth curves of indicated treatment groups. (E) Body weight change curves of mice in indicated treatment groups. (F) Photographs of

mice and dissected tumors. (G) Weight of tumors in indicated treatment groups. Data are exhibited as mean � SD (n Z 6). Two-way ANOVA;

O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 5.245 � 10�7); Irradiation vs. R þ O3_PFD@PtF (P Z 3.229 � 10�5). (H) Body weight of mice in

indicated treatment groups at the endpoint of the experiment. Data are exhibited as mean � SD (n Z 6). Two-way ANOVA; PtF vs. Cisplatin

(P Z 8.445 � 10�3); R þ PtF vs. R þ cisplatin (P Z 4.911 � 10�3).
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comparison with the control group, the results from IHC staining
and integrated optical density/area quantification demonstrate
that cisplatin, PtF, and O3_PFD@PtF induce a slight increase in
ICD. The ICD is further enhanced by the combination of X-ray
irradiation. The most severe ICD is observed in tumors treated
with irradiation plus O3_PFD@PtF. Theoretically, ICD can
improve neoantigen exposure and T lymphocyte infiltration into
the tumors. As a result, we evaluate the levels of CD4þ and
CD8þ T lymphocytes in tumors by IF staining and flow
cytometry (Fig. 9G‒M, Supporting Information Tables S12 and

S13). The results show similar trends to those observed in ICD
marker measurements. Treatment with cisplatin, PtF, and
O3_PFD@PtF significantly increases the densities of tumor-
infiltrated lymphocytes, which are further improved by the
combination of X-ray irradiation. Taken together, the combina-
tion of irradiation with an ozone-loaded prodrug nanosystem can
significantly suppress tumor proliferation by inducing apoptotic-
related ICD, which not only efficiently inhibits tumor growth but
also provides a promising fundament for combination with
immunotherapy.

Figure 7 Assessment of apoptosis and necrosis in tumors. (A) Hematoxylineeosin (H&E) staining of tumor tissue slides from mice treated

with indicated regimens. Scale bar Z 100 mm. (BeD) Immunohistochemical evaluation of BAX, Cleaved caspase-3, and Ki67 expression levels

in tumors from indicated groups of mice. Scale bar Z 100 mm. (EeG) The staining intensities of BAX, Cleaved caspase-3, and Ki67 are

quantified by integrated optical density/area. Data are presented as mean � SD (n Z 4). (E) Two-way ANOVA; O3_PFD@PtF vs.

R þ O3_PFD@PtF (P Z 3.465 � 10�8); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 3.14 � 10�10). (F) Two-way ANOVA; O3_PFD@PtF vs.

R þ O3_PFD@PtF (P Z 6.302 � 10�8); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 2.076 � 10�8). (G) Two-way ANOVA; Blank vs. PtF

(P Z 1.8 � 10�14); O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 8.943 � 10�11); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 1.8 � 10�14).
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4. Discussion

Although the combination of chemotherapy and radiotherapy
shows promising outcomes in clinics, several defects, including
intolerable systematic toxicity, as well as hypoxic and unfavorable
immune microenvironments, severely dampen its application22,23.
Therefore, enhancing therapeutic effects and reducing systematic

toxicity are two critical issues in cancer therapy. To address these
challenges, researchers have focused on improving the efficacy of
combined therapy for cancer treatment by alleviating hypoxia24

and sensitizing chemotherapy25. With the advancement of anti-
tumor strategies, various gases have been identified to possess
outstanding antitumor effects while maintaining superior safety
profiles26. In this manuscript, we present a self-assembling ozone

Figure 8 O3_PFD@PtF and irradiation combination inhibit lung metastasis tumor growth. (A) Treatment schema for luciferase-expressing 4T1

lung metastatic mice model (Created with BioRender.com). (B) Bioluminescence images of mice with lung metastasis tumors in the indicated

treatment groups at the endpoint of the experiment. (C) Lung metastasis tumor growth curves plotted by quantitative analysis of bioluminescence

intensities. Data are presented as mean � SD (n Z 6). (D) H&E staining of pulmonary tissues from mice treated with indicated regimens. Scale

bar Z 100 mm. (E) The number of lung metastasis lesions counted based on the H&E staining of lung tissues. Data are exhibited as mean � SD

(n Z 6). Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 5.385 � 10�5); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 1.31 � 10�2).
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delivery nanosystem consisting of fluorocarbon chain-modified
cisplatin prodrug. The advantages of this system are 1) reducing
toxicity, 2) improving the efficacy of chemo plus radiotherapy, and
3) providing an immune-favored niche.

Cisplatin is commonly used as a cornerstone chemothera-
peutic drug for TNBC in clinical practice27. However, its broad
application is hindered by severe dose-limiting toxicities, such as
nephrotoxicity and ototoxicity28. Multiple nano-based plati-
num(IV) prodrugs have been developed29-31 to alleviate the side
effects of cisplatin. In our nanosystem, the platinum is modified as a
reduction-responsive Pt(IV) prodrug, which can be specifically
released by GSH. GSH is a natural byproduct in mammalian cells
and is essential for antioxidant defense, proliferation, cell differ-
entiation, and apoptosis32. Compared with extracellular matrix or
blood circulation, cytosolic GSH concentration is around 100e1000

times higher33. To neutralize severe oxidative stress, tumor cells
typically generate more GSH (2e10 mmol/L, approximately 4
times higher) than normal cells do, which fortunately serves as
a tumor-specific stimulus for cisplatin release from prodrug PtF34.
The up-regulation of GSH in tumor cells is further augmented by
the ozone loaded into the particle35. Thus, the prodrug shows less
systematic toxicity in both in vitro experiments and in vivo
experiments.

Our prodrug nano system potently improves the efficacy of
chemo plus radiotherapy. Firstly, the fluorocarbon chains of pro-
drug PtF enhance bioavailability by facilitating the drug trans-
membrane36,37. Secondly, the release efficiency of cisplatin from
PtF prodrug can be augmented by combining ozone and X-ray
irradiation. Specifically, the loaded ozone in PFD@PtF can
generate ROS upon exposure to X-ray irradiation19,38. The

Figure 9 Assessment of immunogenic cell death and tumor-infiltrating T-cells. (AeC) Immunohistochemical evaluation of calreticulin (CRT),

high mobility group box 1 (HMGB1), and heat shock protein70 (HSP70) expression levels in tumors from indicated groups of mice. Scale

bar Z 100 mm. (DeF) The staining intensities of CRT, HMGB1, and HSP70 are quantified by integrated optical density/area. Data are presented

as mean � SD (n Z 4). (D) Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 8.237 � 10�8); R þ cisplatin vs. R þ O3_PFD@PtF

(P Z 6.787 � 10�9). (E) Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 1.192 � 10�7); R þ cisplatin vs. R þ O3_PFD@PtF

(P Z 7.789 � 10�9). (F) Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 1.561 � 10�9); R þ cisplatin vs. R þ O3_PFD@PtF

(P Z 8.527 � 10�10). (G, H) Immunofluorescence staining of tumor-infiltrating T lymphocytes. Blue, 40,6-diamidino-2-phenylindole (DAPI);

Red, CD8; Green, CD4. Scale bar Z 100 mm. (I, J) Quantitative evaluation of CD8þ and CD4þ T lymphocytes in each area of view. Data are

presented as mean � SD (n Z 4) (I) Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 2.501 � 10�10); R þ cisplatin vs.

R þ O3_PFD@PtF (P Z 4.41 � 10�13). (J) Two-way ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 1.362 � 10�8); R þ cisplatin vs.

R þ O3_PFD@PtF (P Z 2.327 � 10�8). (K) Flow cytometry analysis of CD8þ and CD4þ T-cells infiltrating the tumor. (L, M) Percentage of

CD8þ and CD4þ T-cells among CD3þ T-cells plotted based on flow cytometry analysis. Data are presented as mean � SD (n Z 6). (L) Two-way

ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 8.487 � 10�9); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 8.186 � 10�8). (M) Two-way

ANOVA; O3_PFD@PtF vs. R þ O3_PFD@PtF (P Z 1.293 � 10�8); R þ cisplatin vs. R þ O3_PFD@PtF (P Z 8.955 � 10�8).
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elevated level of ROS induces oxidative stress in tumor cells,
resulting in the upregulation of the intracellular GSH/GSSG
ratio21. As a result, the generated GSH facilitates the reduction-
responsive release of cisplatin from the prodrug. Thirdly, oxy-
gen produced by ozone under irradiation can alleviate the hypoxic
conditions in the tumor microenvironment, enhancing the effec-
tiveness of radiotherapy39,40.

The promising outcomes of immunotherapy in treating solid
tumors have drawn large attention to its application in TNBC.
Previous research has confirmed that certain nanomaterials can
induce ICD and enhance the immune response against tumor
cells41. In our study, we observe that the Pt(IV) prodrug nano-
system also provides a fundament for combination with immuno-
therapy in the future. The combo regimen is promising for
enhancing antitumor immune response because it potently induces
ICD and promotes the proliferation of lymphocytes. Firstly,
radiotherapy induces ICD by producing ROS and increasing neo-
antigen generation42. On this basis, ozone plus X-ray irradiation
generates even more ROS in tumors, greatly eliciting a burst of
ICD by inducing endoplasmic reticulum stress (ERS) and CRT
exposure in tumor cells43. Secondly, although certain chemo drugs
also have the ability to induce ICD44,45, cisplatin has been reported
to fail in inducing ICD because of inadequate CRT exposure46.
Since both ATP and HMGB1 release can be enhanced by cisplatin,
combining a CRT exposure inducer with cisplatin holds promise in
achieving full-blown ICD46,47. Therefore, the combination of
ozone and cisplatin released by Pt(IV) prodrug shows synergistic
induction of ICD under X-ray irradiation. Finally, as a side product,
the oxygen derived from ozone contributes to the creation of an
immune-favored microenvironment by alleviating hypoxia, which
supports lymphocyte proliferation48,49.

In this manuscript, we attempt to utilize perfluorooctanoate as
the axial ligand of platinum(IV) and employ the cisplatin prodrug to
construct a carrier-free ozone delivery nanosystem. In this system,
the prodrug Pt(IV)-PFOA itself serves as a unit of the vehicle. By
incorporating the fluorocarbon chain, the Pt(IV) prodrug has the
capability to self-assemble into nanoparticles via hydrophobic in-
teractions, significantly reducing the need for excipients and miti-
gating polymer-related toxicity50. The carrier-free nature of the
Pt(IV) prodrug nanoparticle endows the system with an excep-
tionally high drug-loading capacity. As summarized by several re-
views, the simplified self-assembling of micelle nanoparticles with
prodrug potentially addresses the limitation of conventional nano-
formulations in terms of mass production and quality control51-53,
which indicates expected clinic-translational potency in the future.

5. Conclusions

In conclusion, we successfully developed a smart self-assembled
nano micelle consisting of carrier-free cisplatin prodrug to deliver
a gaseous drug into tumor masses. By loading ozone, the nano-
system efficiently suppresses tumor growth in an on-demand
cisplatin release pattern upon X-ray irradiation. This prodrug nano
system offers a promising approach to synchronize radiotherapy
and chemotherapy applications in TNBC without significant sys-
temic toxicity.
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