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ABSTRACT

Ovarian cancer (OC) is one of the most common and recurring malignancies in gynecology.
Patients with relapsed OC always develop "cascade drug resistance" (CDR) under repeated
chemotherapy, leading to subsequent failure of chemotherapy. To overcome this challenge,
amphiphiles (P1) carrying a nitric oxide (NO) donor (Isosorbide 5-mononitrate, ISMN) and
high-density disulfide are synthesized for encapsulating mitochondria-targeted tetravalent
platinum prodrug (TPt) to construct a nanocomposite (INP@TPt). Mechanism studies
indicated that INP@TPt significantly inhibited drug-resistant cells by increasing cellular
uptake and mitochondrial accumulation of platinum, depleting glutathione, and preventing
apoptosis escape through generating highly toxic peroxynitrite anion (ONOO™). To better
replicate the microenvironmental and histological characteristics of the drug resistant
primary tumor, an OC patient-derived tumor xenograft (PDX°C) model in BALB/c nude
mice was established. INP@TPt showed the best therapeutic effects in the PDX°¢ model.
The corresponding tumor tissues contained high ONOO~ levels, which were attributed
to the simultaneous release of O, and NO in tumor tissues. Taken together, INP@TPt-
based systematic strategy showed considerable potential and satisfactory biocompatibility
in overcoming platinum CDR, providing practical applications for ovarian therapy.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Ovarian cancer (OC) is one of the most common malignancies
in gynecology, with the highest mortality rate [1]. In
three European studies consisting of 1620 patients with
OC, median progression free survival and overall survival
was 10.2 [95% confidence interval (CI): 9.6-10.7] and 17.6
(95% CI: 16.4-18.6) months, respectively [2]. At present,
the primary treatment option for OC is standard surgery
combining with platinum-based chemotherapy [3]. Cisplatin
(cis-diaminedichlorop, CDDP), a representative platinum-
based drug, is widely used in the chemotherapy treatment
of OC. However, many patients with repeated chemotherapy
due to multiple relapses, show platinum resistance [4-6]. The
cisplatin resistance may result from multiple mechanisms,
including reduced accumulation of intracellular cisplatin,
increased detoxification by glutathione (GSH), the tumor
cell DNA damage repair, and processes that lead to tumor
cell apoptosis escape [7]. Taken together, these resistance
mechanisms are defined as “cascade drug resistance” (CDR)
[8]. Considering the high relationship between cisplatin
resistance and poor prognosis, it is important to develop more
effective therapeutic strategies, which target all processes
involved in the CDR of cisplatin.

The cisplatin-resistant cell is characterized as the
abnormal level of Copper Transporter 1 (CTR1) and GSH. CTR1
plays an important role in actively transporting cisplatin
inside of cells, however, accelerated degradation, reduced
expression and unique glycosylation have been found in
cisplatin-resistant ovarian cancer cells [9,10]. Nanoparticle-
based drug delivery systems (NDDSs) have been successfully
used to bypass the need of active transport by CTR1 through
cellular uptake [11-13]. GSH is the principal intracellular
sulfhydryl-containing substance that detoxifies cisplatin
in cisplatin-resistant cells [14,15]. Current studies have
also shown that NDDS containing disulfide or diselenium
bonds can deplete intracellular GSH and prevent cisplatin
from being detoxified [16,17]. Furthermore, cisplatin needs
to induce DNA cross-linking to achieve anticancer effects,
however, the DNA repairing effect of the nucleus is responsible
for prohibiting the effect of cisplatin in resistant cells [18-20].
Mitochondria, which are enriched in mitochondrial DNA
but lack powerful DNA repairing ability, are considered a
potential target for cisplatin [21-26]. When disrupted by
cisplatin, superoxide (O,"") and ATP are released from the
mitochondrial respiratory chain, thus promoting apoptosis of
tumor cells [23,27-34]. Therefore, mitochondria could be ideal
target organelles for overcoming cascade drug resistance.

Reactive nitrogen species (RNS) including peroxynitrite
anion (ONOO™), nitrate anion (NO™), nitrite ion (NO,~) and
etc. are essential free radical reactive substances with strong
oxidizing and nitrifying abilities [35-38]. RNS can lead to cell
apoptosis via peroxidation and nitrification of biomolecules
[37,39-41]. Among the various kinds of RNS, ONOO~ is the
most lethal one because of its stronger peroxide capacity
[42,43]. Notably, the reaction of nitric oxide (NO) and reactive
oxygen species (ROS), such as O,"~, can generate ONOO~
[44-46]. The logical integrated advantages of cisplatin and RNS

therefore prompted us to construct a mitochondria specific
treatment strategy against CDR.

Here, a systematic strategy was proposed by constructing
nanocomposite INP@TPt, which was self-assembled from
amphiphiles (P1) and mitochondria-targeted tetravalent
platinum prodrug (TPt) (Scheme 1A). The P1 was consisting
of a NO donor (isosorbide 5-mononitrate, ISMN) and
disulfide bond. To replicate the microenvironmental and
histological characteristics of the primary tumor, an ovarian
cancer patient-derived tumor xenograft (PDX°C) model was
established in BALB/c nude mice (Scheme 1B). INP@TPt was
able to overcome cisplatin CDR by targeting at least four
resistance mechanisms (Scheme 1C): (1) INP@TPt increased
cellular uptake of platinum by enhanced permeability
and retention (EPR) effects to deliver tetravalent platinum
prodrugs; (2) INP@TPt reduced platinum detoxification by
depleting intracellular GSH; (3) INP@TPt elevated the levels
of platinum in the mitochondria by releasing TPt, and (4)
INP@TPt decreased apoptosis escape of cisplatin-resistance
cells by generating RNS. In vitro and in vivo results indicated
that INP@TPt overcome cisplatin CDR in OC cells and inhibited
tumor growth in the PDX°C model.

2. Materials and methods
2.1. Materials

Cisplatin was purchased from InvivoChem (Libertyville,
USA). Succinic anhydride, dodecyl isocyanate, (2-aminoethyl)
triphenylphosphonium bromide, 2,2-Disulfanediylbis(ethan-
1-ol) (DSB), (1,2,4,5-Cyclohexanetertracarboxylicdianhydrid
(CHTA), Isosorbide 5-mononitrate (ISMN), rhodamine B
(tetraethyl rhodamine), and 3-(4,5- dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) were purchased
from TCI, Aladdin (China), and mPEG5000 was purchased
from AVT Pharmaceutical Tech Co., Ltd. (Shanghai, China).
Cell culture dishes, cell cultured 6-well plates, 96-well plates
were purchased from NEST Biotechnology (Wuxi, China).
NO fluorescence probe, Reactive Oxygen Species Assay Kit,
Mitochondrial Membrane Potential Assay Kit were purchased
from Beyotime (Shanghai, China), RNS fluorescence probe
was purchased from BestBio (Nanjing, China). Annexin V-
FITC apoptosis detection kit was purchased from YEASEN
Biotechnology (Shanghai China). Glutathione (GSH) Kkit,
ATP detection kit Mitochondrial extraction kit and Nucleus
extraction kit was purchased from Solarbio Science &
Technology Co., Ltd. (Beijing, China). Rabbit Anti-rat IgM/Bio
antibody was purchased from Jiangsu Jingmei Biotechnology
Co, Ltd (Yancheng, China). The other antibodies were bought
from Abcam. RPMI 1640 medium and fetal bovine serum (FBS)
were purchased from Inner Mongolia Opcel Biotechnology
Co., Ltd (Huhhot, China).

2.2.  Preparation of INP@Pt(IV), NP@TPt and INP@TPt

P1 (8 mg) and Pt(IV) (2 mg) were fully dissolved in 1 ml DMSO.
Then the solution was added to 1 ml water dropwise under the
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Scheme 1 - Schematic illustration of the nanoparticle (INP@TPt) for overcoming cisplatin "cascade drug resistance" in
ovarian cancer. (A) Synthesis of INP@TPt. (B) The establishment of the PDX°C model. (C) Antitumor mechanisms of INP@TPt:
(1) increased cellular uptake of platinum, (2) reduced the detoxification of platinum by depleting GSH and release of TPt as
well as NO after fracture of GSH-responsive polymer, (3) increased accumulation of platinum in the mitochondrial, thereby
inducing mitochondrial dysfunction and releasing O,"~ from the mitochondria and reducing ATP production, and (4)

preventing apoptosis escape by producing highly toxic ONOO-.

ultrasonic wave. The nanoparticles were purified by dialysis
(MWCO: 3500 Da). The product was named INP@Pt(IV). NP@TPt
and INP@TPt were obtained with the same method.

2.3.  GSH consumption of P1 and P2

P1 (1.5 mg) and P2 (1.5 mg) were added separately to 15 pl
dimethyl formamide. Equal volumes of phosphate-buffered
saline (PBS), P1 and P2 were then added separately to
10 mM GSH, and the concentration of GSH was measured
after 1 h using a commercially available GSH kit (Solarbio,
China).

2.4. Cell lines and animals

A2780 (human ovarian cancer cell line) and A2780DDP (human
cisplatin-resistant ovarian cell line), sourced from the cell
repository at the School of Pharmaceutical Sciences, Southern
Medical University, were cultured in complete RPMI-1640
containing 10% FBS and 1% penicillin-streptomycin. Female
BALB/c nude mice aged 4-6 weeks were purchased from
Guangdong Medical Laboratory Animal Center (Guangdong,
China). All animal experiments were conducted in accordance
with the guidelines evaluated and approved by the Zhujiang
Hospital Ethics Committee of Southern Medical University
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(LAEC-2020-093). The patient-derived tumor xenograft model
derived from human ovarian cancer tissues received formal
ethical approval from the Medical Ethics Committee of
Tongji Medical College, Huazhong University of Science and
Technology (Approval: 2020S357).

2.5.  Cell viability assays

A2780/A2780DDP cells (5 x 10 per well) were cultured in 96-
well plates overnight and treated with different formulations
[CDDP, Pt(IV), TPt, INP@P(IV), NP@TPt and INP@TPt)] at the
same concentrations ranging (from 0.3125 to 40 pM). The cells
were then maintained for another 48 h and monitored using
a MTT assay (Aladdin, China).

2.6. Cell apoptosis assays

After being seeded into a 6-well plate (5 x 10° cells/well)
overnight for incubation, A2780DDP cells were treated with
PBS, CDDP, Pt(IV), TPt, INP@Pt(IV), NP@TPt or INP@TPt (3 pM
Pt) for 48 h. A cell apoptosis assay used the Annexin V-
FITC/PI apoptosis detection kit (YEASEN, China) according to
the manufacturer’s procedure through flow cytometry (FCM)
(BD FACSCanto II, U.S.A).

2.7. Intracellular GSH level

A2780DDP cells were seeded in 6-well plates (1 x 10°) and
treated with PBS, CDDP, NP@TPt or INP@TPt (4 pM Pt) and
cultured for 6 h. The cells were then collected and the
GSH level was measured using a GSH kit following the
manufacturer’s procedure (Solarbio, China).

2.8.  Nuclear and mitochondrial distribution of Pt

A2780DDP cells were seeded in a petri dish (2 x 10°) and
cultured overnight, followed by incubation with CDDP, Pt(IV),
TPt, INP@Pt(IV) or INP@TPt (10 uM Pt) for 4 h. Mitochondria in
the cells (1 x 106) were then extracted using a mitochondrial
extraction kit (Solarbio, China). The nuclei from equal
numbers of cells (1 x 10°) were extracted using a cell nuclei
extraction kit (Solarbio, China). The Pt contents of nuclear
and mitochondrial extracts were measured using inductively-
coupled plasma mass spectrometry (ICP-MS).

2.9.  ATP content analysis

A2780DDP cells were seeded in 6-well plates (5 x 10°) and
cultured overnight, followed by incubation with PBS, CDDP,
Pt(IV), TPt, INP@Pt(IV), NP@TPt, or INP@TPt (3 pM Pt) for 48 h.
A2780DDP cells were then collected, and the ATP content
was determined using an ATP detection kit according to the
manufacturer’s procedure (Solarbio, China).

2.10. Mitochondrial membrane potential (MMP)
depolarizes

A2780DDP cells were seeded in 6-well plates (5 x 10°) and
cultured overnight, followed by incubation with PBS, CDDP,
Pt(IV), TPt, INP@Pt(IV), NP@TPt, or INP@TPt (3 uM Pt) for

48 h. A2780DDP cells were then collected, and MMPs were
detected using an MMP assay kit following the manufacturer’s
procedure for analysis by FCM (Beyotime, China).

2.11. Intracellular NO generation

A2780DDP cells were seeded in 6-well plates (5 x 10°)
and cultured overnight, followed by incubation with PBS,
Pt(IV), TPt, INP@Pt(IV), or INP@TPt (3 pM Pt) for 6 h.
All cells were stained with 4-Amino-5-Methylamino-2,7’-
Difluorofluorescein Diacetate (DAM-FM DA) and incubated
for 30 min, then washed with PBS, followed by Confocal
laser scanning microscope (CLSM) observations or FCM
measurements.

2.12. Intracellular ROS generation

A2780DDP cells were seeded in 6-well plates (5 x 10°) and
cultured overnight, followed by incubation with PBS, CDDP,
Pt(IV), TPt, INP@Pt(IV), NP@TPt or INP@TPt (1 1M Pt) for 48 h.
All cells were stained with 2’,7’-dichlorofluorescin diac-etate
(DCFH-FM DA) and incubated for 30 min, then washed with
PBS, followed by FCM measurements.

2.13. Intracellular RNS generation

A2780DDP cells were seeded in 6-well plates (5 x 10°) and
cultured overnight, followed by incubation with PBS, Pt(IV),
TPt, INP@Pt(IV), or INP@TPt (3 pM Pt) for 48 h. All cells were
stained with 052 and incubated for 30 min, then washed with
PBS, followed by CLSM observations or FCM measurements
(BestBio, China).

2.14. Western blotting

A2780DDP cells were seeded in 6-well plates (1 x 10°) and
cultured overnight, followed by incubation with PBS, CDDP,
Pt(IV), TPt, INP@Pt(IV), NP@TPt, or INP@TPt (3 pM Pt) for 48 h.
All cells were collected to extract protein, which was equally
resolved using SDS-PAGE gels and analyzed by 12% denaturing
polyacrylamide gels. Vital proteins, including y-H2A X, Bcl-2,
Caspase-3, C-Caspase-3, PARP, C-PARP, and B-actin, were then
detected.

2.15. Invivo imaging

Cy5.5-loaded P1 nanoparticles (INP@Cy5.5) were prepared.
PDX®C model BALB/c nude mice were then injected with
INP@Cy5.5. The fluorescence images of mice at 0, 4, 8, 12, 24
and 48 h after injection were performed with an IVIS Lumina
Il imaging system. After the mice were sacrificed, tumors, as
well as major organs, were collected for ex vivo imaging at 24 h
postinjection.

2.16. In vivo distribution of Pt

PDX®C model BALB/c nude mice were injected intravenously
with CDDP and INP@TPt (1.5 mg/kg Pt). After 24 h, tumors and
major organs were isolated and nitrated to analyze Pt content
using ICP-MS.
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2.17. GSH content in the PDX°C tumor

The tumors of PDXCC-bearing mice treated with PBS or
INP@TPt for 24 h were isolated and pulverized for the
measurement of GSH according to the manufacturer’s
procedure

2.18. ONOO- generation in the PDX°C tumor

PDX®C model BALB/c nude mice were injected intravenously
with PBS and INP@TPt. After 48 h, the mice received
another injection. After 72 h, the mice were sacrificed, and
tumors were isolated and stained with O58 according to the
manufacturer’s procedure (BestBio, China).

2.19. Statistical analysis
Data are represented as the mean + standard deviation. One-

way analysis of variance was used for statistical significance
as *P < 0.05; **P < 0.01; and **P < 0.001.

3. Results and discussion
3.1.  Preparation and characterization of nanoparticles

The tetravalent cisplatin with or without mitochondria
targeting function [TPt and Pt(IV)] was synthesized (Fig. S1-
S4). The amphiphilic polymer with or without NO donors
(P1 and P2) was procured by condensation polymerization
(Fig. S5-S9). The molecular weights (Mn) of P1 and P2,
as determined by gel permeation chromatography (GPC)
(Table S2), were 27,830 Da and 28,029 Da, respectively. The
nanoprecipitation method was used to synthesize the TPt-
encapsulated P1 micellar nanoparticles (INP@TPt) (Fig. 1A),
whose loading content of TPt was calculated as 6.8% (wt)
using ICP-MS. The scanning electron microscopy (SEM) images
revealed that INP@TPt was spherical with a diameter of
106.69 + 15.26 nm (Fig. 1B). The hydrated size and zeta
potential of INP@TPt was measured as 168.72 + 14.93 nm
and —27.83 + 0.69 mV, respectively (Fig. 1C and S10). There
were no drastic size and polydispersity index (PDI) changes of
INP@TPt upon incubating with 10% FBS or PBS for 7 d (Fig. 1D),
indicating its good stability in the circulation. The high angle
annular darkfield scanning transmission electron microscopy
(HAADF-STEM) and corresponding energy-dispersive X-ray
spectroscopy (EDS) mapping images showed that S, Pt, Cl
and N elements were uniformly distributed in the INP@TPt
nanoparticle (Fig. 1E). The amphiphilic polymers (P1 and
P2) were tailored to consume intracellular GSH through a
substantial number of disulfide bonds, while only P1 could
produce NO through its own carried organic nitrogen. In the
X-ray photoelectron spectroscopy (XPS) analysis of P1 (Fig. 1F),
binding energies of 163.28 and 164.58 eV corresponded to
the S2p3/2 and S2p1/2, respectively, which were substantially
reduced upon incubation with 10 mM GSH. The GSH levels
(1 mM) were reduced to 43.43% and 78.41% after reaction with
0.1 mM P1 and P2, respectively, for 1 h (Fig. 1G), because the
disulfide bonds contained in P1 and P2 consumed GSH. In
vitro Pt release profiles of INP@TPt showed that there was

a difference in the cumulative Pt release in 10 mM GSH
solutions, when compared to PBS. The cumulative Pt release
was 80.6% in 10 mM GSH; however, the cumulative release
was less than 12.0% in PBS (Fig. 1H). Nanocomposites of
NP@TPt assembled from TPt and P2 were also used to evaluate
Pt release. Fig. S11 shows that the cumulative Pt release
results for INP@TPt and NP@TPt were essentially similar,
indicating that the micellar nanoparticles consisting of P1
and P2 had appreciable responsiveness to GSH, making it
an ideal drug carrier to achieve precise cytotoxicity while
reducing systemic side effects. The above results confirmed
the successful synthesis of INP@TPt together with its GSH
depletion and Pt release abilities.

3.2.  The endocytosis and cytotoxicity of INP@TPt

Based on the above results, the therapeutic effect of INP@TPt
on Pt-sensitive (A2780) and Pt-resistant (A2780DDP) ovarian
cancer cells were evaluated. To increase drug internalization,
INP@TPt circumvented the conventional cisplatin uptake
pathway (CTR1) via nanocarrier delivery [47]. P1 was labeled
with rhodamine B (INP@Rh B) to visualize and quantify
the uptake of INP@TPt. CLSM and FCM showed that the
fluorescence signal of Rh B in the cells increased with
incubation time, indicating a time-dependent effective
internalization of INP@Rh B in A2780DDP cells (Fig. 2A&2B
and S12&S13). Fig. S14 showed that cellular uptake of INP@TPt
was significantly reduced at 4 °C, indicating its energy-
dependent nature. Moreover, treatment with chlorpromazine
(CPZ) resulted in a substantial decrease in internalization,
suggesting that clathrin-mediated endocytosis served as
the primary uptake pathway for INP@TPt in A2780DDP cells.
ICP-MS results showed that Pt accumulation in INP@TPt
increased approximately 12.3-fold, when compared to CDDP
alone (Fig. 2C). Furthermore, the cytotoxicities of INP@TPt
were assessed in A2780 and A2780DDP cells (Fig. 2D-2E and
Table S1), which showed that the ICsq of CDDP in A2780 cells
was significantly lower than that in A2780DDP cells (ICsq
A2780 = 2.03 £ 0.13 pM vs ICsp A2780DDP = 15.29 + 0.77 pM),
denoting >7.53-fold drug resistance. INP@TPt improved the
anticancer effect on A2780DDP cells (ICso = 1.33 & 0.10 pM Pt),
which was almost more than eleven-fold higher than CDDP.
This result showed that INP@TPt can significantly alleviated
CDDP resistance in A2780DDP cells. Then, FCM was used to
evaluate the apoptosis of A2780DDP cells after treatment
with different groups, INP@Pt(IV) assembled from Pt(IV) and
P1 served as a control group without mitochondria targeting
ability. Fig. 2F showed significantly increased apoptosis in
INP@TPt-treated cells (81.39% + 3.96%), when compared to the
CDDP, INP@Pt(IV) and NP@TPt groups (15.04% + 2.42%, 53.72%
+ 1.67% and 69.28% =+ 3.07%). These results indicated that
INP@TPt enhanced the cytotoxicity towards CDDP-resistant
cancer cells.

3.3. GSH depletion and mitochondrial dysfunction

The remarkable effects of INP@TPt motivated us to further
explore the antitumor mechanism within A2780DDP cells.
The GSH level of A2780DDP cells after reaction with
different groups was detected, which showed a significant
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Fig. 1 - Characterization of INP@TPt. (A) Schematic illustration of INP@TPt preparation and GSH responsive NO and TPt
release. (B) The SEM images and (C) hydrodynamic diameter of INP@TPt. Scale bar: 200 nm. (D) Hydrodynamic diameters
and polydispersity index changes of INP@TPt upon incubating with 10% FBS or PBS for 7 d. (E) HAADF-STEM and EDS
mapping images of INP@TPt. (F) XPS curves of S2p of P1 treated with or without GSH (10 mM) for 24 h. (G) GSH consumption
of P1 and P2. (H) Pt release profiles of INP@TPt in the presence of 10 mM GSH and PBS. *P < 0.05, **P < 0.01.

decrease in intracellular GSH levels to approximately 71.90%
after treatment with INP@TPt (Fig. 3A). This may have
been due to degradation of P1, essentially involving GSH
depletion. The triphenylphosphine group may have enabled
TPt with a mitochondria-targeting ability. Subsequent
experiments revealed that the Pt content of mitochondria
was 4.32 + 0.10 ng Pt/10° cells for the INP@TPt group,
which was higher than CDDP (0.79 + 0.16 ng Pt/10° cells) or
INP@Pt(IV) (1.72 + 0.32 ng Pt/10° cells) treatments (Fig. 3B).
MMP collapse, a typical feature of mitochondrial damage, was
also measured by JC-1 staining. A decreased red fluorescence
(JC-1 aggregates) and increased green fluorescence (JC-
1 monomers) usually indicate disrupted MMP. Fig. 3D
showed that there was no increase in JC-1 monomers in
the INP@Pt(IV) group (11.5%), when compared to the CDDP

group (11.1%). In comparison, JC-1 monomers in mitochondria
were significantly increased (55.8%) by INP@TPt, indicating
MMP dissipation following INP@TPt treatment. Fig. 3C showed
that INP@TPt decreased ATP production to 55.4%, possibly as
a consequence of mitochondrial dysfunction, showing that
INP@TPt overcame CDDP resistance because of robust GSH
depletion and targeted mitochondria dysfunction.

3.4. The gas treatment-based antitumor mechanism of
INP@TPt in A2780DDP cells

The nitrate ester group of ISMN contained in INP@TPt
responds to intracellular GSH and produces NO [48,49].
The NO fluorescence probe (DAF-FM) was therefore used to
assess NO levels in differently-treated A2780DDP cells, which
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A2780DDP cells. Scale bar: 25 pm. (B) Time-dependent measurement of the intracellular level of INP@RhB in A2780DDP cells
by flow cytometry. (C) The Pt count in A2780DDP cells after incubation with CDDP, INP@Pt(IV), NP@TPt, or INP@TPt at 37 °C.
Viability curves of A2780 cells (D) and A2780DDP cells (E) after treatment with different concentrations of CDDP, Pt(IV), TPt,
INP@Pt(IV), NP@TPt, INP@TPt for 48 h. (F) Apoptosis analysis of PBS, CDDP, P(IV), TPt, INP@Pt(IV), NP@TPt, or INP@TPt (3 pM

Pt) on A2780DDP cells for 48 h. **P<0.05, ***P<0.001.

overexpressed GSH levels. Only after incubation of A2780DDP
cells with INP@Pt(IV) and INP@TPt, was the strong green
fluorescence of NO probe detected, which indicated efficient
NO release in the intracellular reductive environment (Fig. 4A).
FCM further showed similar results for NO production
(Fig. 4C). When mitochondria were disrupted, abundant O,"~
was released through the transfer of electrons to O, by the

electron transport chain complex. The oxidation reaction
between NO and O, would produce ONOO~, which was a
typical RNS with stronger lethality (Fig. 4B). The mitochondrial
disruption-mediated production of O,'~ was tested using
a commercial fluorescent probe, 2,7-dichlorodihydrofluor-
escein diacetate (DCFH-DA). As shown in Fig. 4D, intracellular
0O, levels were significantly increased in TPt and NP@TPt
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Fig. 3 - Analysis of GSH depletion and mitochondrial dysfunction. (A) Intracellular GSH level of A2780DDP cells treated with
PBS, CDDP, NP@TPt, and INP@TPt (4 pM Pt). (B) Nucleus and mitochondrial distribution of Pt in A2780DDP cells after
treatment with CDDP, Pt(IV), TPt, INP@Pt(IV), or INP@TPt (10 pM Pt) measured via inductively-coupled plasma mass
spectrometry analysis. ATP decrease (C) and MMP depolarization (D) in A2780DDP cells treated with PBS, CDDP, Pt(IV), TPt,
INP@Pt(IV), NP@TPt, or INP@TPt (3 pM Pt) for 48 h. *P<0.05, **P<0.01, ***P<0.001.

groups, except for the INP@TPt group, which was probably
due to the reaction of O,"~ with NO from INP@TPt to
produce ONOO™. In addition, almost no intracellular ROS was
detected in the Pt(IV) and INP@Pt(IV) groups, which indirectly
supported the effective disruption of mitochondria by TPt.
Subsequently, a peroxynitrite assay kit (O52F) was used to
measure the intracellular ONOO~. As depicted in Fig. 4F, a
strong green fluorescent signal of ONOO™ can be observed in
A2780DDP cells only after incubation with INP@TPt, indicating
the simultaneous intracellular generation of NO and O,"". As
expected, A2780DDP cells incubated with INP@Pt(IV) and TPt
all failed to produce ONOO™, due to the lack of either NO (TPt)
or O, (INP@Pt(IV)) production. FCM further confirmed similar
results for the production of ONOO™ (Fig. 4E).

Western blotting was then used to elucidate the apoptotic
pathway proteins of INP@TPt (Fig. 4G). INP@TPt-treated
A2780DDP cells showed the highest expression of y-H2AX,
further confirming the DNA strand breakage by ONOO~
[50,51]. The expression of Bcl-2, an anti-apoptotic protein
that was essential for the mitochondria-dependent apoptotic

pathway, was lower in INP@TPt-treated cells [52]. Activated
Caspase-3 (C-Caspase-3), one of the key “executors” of
apoptosis via the mitochondria-dependent pathway, was
upregulated following INP@TPt treatment [53-55]. C-Caspase-
3 shears poly (ADP-ribase) polymerase (PARP) into two
fragments, leading to apoptosis [56]. The results showed that
expression of PARP was also down-regulated by INP@TPt. In
summary, TPt released by INP@TPt disrupted mitochondria,
thereby releasing O,'~ and initiating the mitochondrial
apoptosis pathway. In addition, NO produced by INP@TPt
reacted with O,"~ to produce ONOO~ leading to DNA strand
breakage. These two resulted in apoptosis together.

3.5. In vivo antitumor effects and biocompatibility of
INP@TPt

In order to assess the in vivo antitumor effect and
biocompatibility of INP@TPt, BALB/c nude mice were used
to construct PDX°C model, which can better recapitulate
the microenvironmental and histological features of
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primary tumors [57,58]. (Fig. 5A). The biodistribution of
Cy5.5-labeled INP@Cy5.5 was monitored in the PDXOC
model using an in vivo fluorescence-imaging system
(IVIS). After 24 h postinjection via the tail vein, in vivo
and ex vivo fluorescence significantly accumulated within
tumors, facilitating subsequent treatment at the tumor site

(Fig. 5B and S15). Semi-quantitative analysis of fluorescence
intensities showed that the fluorescence intensity was
significantly stronger in tumor tissue than in major organs
(Fig. 5C). When the tumor reached a volume of 50-100 mm?,
the mice were randomly divided into five groups and injected
intravenously with either PBS, CDDP, INP@Pt(IV), NP@TPt, or
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INP@TPt (1.5 mg/kg Pt) every 2 d Tumor volume in the PBS
group increased rapidly to 1679 mm3, whereas the tumor
volume of INP@TPt group was smaller, when compared to
the CDDP group (302 mm3 vs 1042 mm?3) (Fig. 5D-5E). In
addition, Fig. 5F showed that mice treated with INP@TPt had
the smallest tumor weight (0.27 + 0.12 g), when compared to
those treated with PBS (1.57 & 0.23 g) and CDDP (0.96 + 0.20 g).
The results of hematoxylin-eosin (H&E) staining and terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
analyses further confirmed the superior antitumor effect
of INP@TPt (Fig. 5G). As shown in Fig. 5H, there were no
significant fluctuation in the body weight of mice during
treatment, except for weight loss observed in the CDDP group
due to serious systemic toxicity. In addition, all treated groups
were assessed for various blood biochemical parameters
(ALT, AST, UREA, CREA, and CK-MB) and showed negligible
systemic toxicity compared to the PBS group, except that the
CDDP treated group exhibited significant systemic toxicity
(Fig. 5I). H&E staining of the major organs for histopathological
changes also indicated that INP@TPt induced less systemic
toxicity throughout the treatment, demonstrating excellent
biocompatibility (Fig. S16).

3.6. In vivo antitumor mechanism of INP@TPt

ICP-MS was used to estimate Pt concentration to further
identify the biodistribution of INP@TPt. The results showed
that Pt concentration in the tumor was significantly higher
in INP@TPt (7.58 + 0.84 pg Pt/g tissue) than in the CDDP
group (3.22 + 0.16 pg Pt/g tissue) (Fig. 6A), suggesting a

good tumor-specific accumulation of INP@TPt due to the
EPR effect, facilitating the treatment of tumor-specific sites.
In addition, GSH levels was measured in INP@TPt-treated
tumors after 48 h of intravenous injections, which showed
that the GSH level in the INP@TPt group decreased about
3-fold, when compared to the PBS group, demonstrating its
GSH depletion capability (Fig. S17). The production and action
of ONOO™ in tumor tissues were further investigated by the
peroxynitrite frozen section staining kit. A high intra-tumor
ONOO~ level was observed in INP@TPt-treated mice, as shown
by the stronger red fluorescence, which was attributable to
the simultaneous release of O,*~ and NO in the tumor tissue
(Fig. 6B). The significant increase in the DNA damage
indicator (y-H2A X), and the mitochondrial apoptotic pathway
indicators (C-Caspase-3, C-PARP) confirmed the mechanism of
antitumor effect in vivo in INP@TPt (Fig. 6C).

4, Conclusion

In conclusion, we have developed a nanocomposite INP@TPt
assembled from mitochondrial-targeted cisplatin and NO
donor contained amphiphile. In contrast to conventional
cisplatin, INP@TPt had an enhanced uptake in drug resistance
tumor cells bexause it did not rely on a CTR1-dependent
transporting process. After reaction with excessive GSH
in tumor cells, NO and mitochondrial-targeted cisplatin
were released. The dysfunction of mitochondrial induced
production of O,"~, further reacted with NO to generate
highly toxic ONOO~. Due to the synergistic effects against
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the cascade drug resistance mechanism, the INP@TPt showed
significant inhibition of tumor growth in vivo and significantly
decreased the side-effect of free CDDP, using the PDX®C
mouse model. Overall, our systematic strategy demonstrates
considerable potential in overcoming platinum CDR, providing
practical applications in anticancer therapy.
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