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A B S T R A C T

Cisplatin is a metal platinum complex commonly used in the field of anti-tumor and one of the most commonly
used drugs in combination chemotherapy. However, chemotherapy with Cisplatin induced overexpression of
cyclooxygenase-2 (COX-2) protein in tumor cells, which could impair the therapeutic effect of chemotherapy on
tumor progression. Here, we presented a novel method for the treatment of ovarian cancer with a self-assembly
based nano-system. Cisplatin and tolfenamic acid were each linked to linoleic acid to give them the ability to self-
assemble into nanoparticles in water. TPNPs had flexible drug ratio adjustability, homogeneous stability, and high
drug loading capacity. Compared with Cisplatin, TPNPs could promote cellular uptake and tumor aggregation, co-
induce enhanced apoptosis and tumor growth inhibition by inhibiting COX-2 in the mice xenograft model of
human ovarian cancer, and reduce systemic toxicity. Therefore, TPNPs is a promising antitumor drug as a kind of
self-assembly nano-prodrug with high drug load.
1. Introduction

Ovarian cancer has the second highest mortality rate in gynecological
cancers [1]. Surgery and platinum-based chemotherapy remain the pri-
mary means of treatment [2,3]. Up to now, Cisplatin has a very clear
benefit to ovarian cancer patients and plays an important part in the
modern treatment [4,5]. Despite its effectiveness, it could cause serious
side effects in normal and healthy tissues, especially renal toxicity [6–8].
In this era of precision medicine, nanomedicine is being widely studied to
reduce the limitations of free drug [9]. The application of nanomedicine
could be very flexible, diverse and effective, such as reducing toxic and
side effects through the response of microenvironment in specific parts of
the body [10], enhancing penetration through bio-membrane
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encapsulation [11,12], and achieving painless treatment in combination
with minimally invasive therapies [13]. Recent studies have shown that
some platinum-based nano-carriers have been able to markedly reverse
these adverse effects [14–16]. Self-assembly of nano-platinum drugs is a
promising strategy for reducing drug toxicity while maintaining phar-
macological efficacy [17–19]. This platform combines several advan-
tages, such as simple preparation method, high drug loading, stability
and safety, which represents a prospective anti-cancer approach.
Therefore, the strategy of modifying Cisplatin into self-assembling pro-
drug is very feasible and significant (see Scheme 1).

Unfortunately, Cisplatin induced apoptosis was accompanied by
increased cyclooxygenase-2 (COX-2) expression [20], which seemed to
be involved in various steps of tumor progression and malignant
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Scheme 1. Schematic drawing of TPNPs preparation and their possible mechanism in vivo.
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transformation [21]. Recently, COX-2 has been found to participates in
the development of ovarian cancer through multiple mechanisms. The
overexpression of COX-2 has been linked to decreased apoptosis,
increased proliferation, and angiogenesis, which might be an indepen-
dent risk factor for the poor overall survival of ovarian cancer [22,23].
According to previous report, COX-2 inhibition could potentiate the
anti-tumor activity of Cisplatin without increasing toxicity in vivo [24].
Tolfenamic acid (Tolf) is a COX-2 inhibitor with high biosafety and
selectivity. In recent years, some studies have confirmed that Tolf can
induce apoptosis of cancer cells and suppress the occurrence and growth
of various types of cancer, especially in ovarian cancer [25–27].
Furthermore, the combination of Tolf and other agents, such as Cisplatin,
Curcumin, and metal complexes, has shown synergistic antitumor effects
[28–30]. Thus, we selected the combination of Tolf and Cisplatin to
improve the therapeutic efficacy of ovarian cancer.

On the basis of former research, the self-aggregation system of plat-
inum (II)-Tolf could increase the drug concentration in tumors and obtain
better anti-tumor effects [31,32]. But the 1:1 ratio was immutable and
the resulting synergies were not widely applicable to more types of
2

cancers. Here, we attempted to link two hydrophobic toxic anticancer
drugs to unsaturated fatty acids and give them the ability to self-assemble
into nanoparticles (NPs) for synergistic treatment of ovarian cancer. The
combination index of Cisplatin and Tolf on A2780 cells was measured to
determine the optimal ratio of NPs (named TPNPs). When administered
intravenously, TPNPs could prolong blood circulation and passively
accumulate into tumor through the enhanced permeability and retention
(EPR) effect. After phagocytosis, TPNPs hydrolyzes under the condition
of esterase and high glutathione (GSH) content in tumor cells and re-
leases free Cisplatin hydrate and Tolf, playing synergistic anti-tumor ef-
fects at the same time.

2. Materials and methods

2.1. Materials

Cisplatin was provided by Macklin Biotech Co., Ltd (Shanghai,
China). Tolf was acquired from Yuanye Biotech Co., Ltd (Shanghai,
China). Linoleic acid (LA) was purchased from Zesheng Biotech Co., Ltd
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(Shanghai, China). 4-Dimethylaminopyridine (DMAP) and 1-(3-Dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) were pro-
vided by Bide Medical Technology Co., Ltd (Shanghai, China). 2-
Hydroxyethyl disulfide was acquired from Meryer Biotech Co., Ltd
(Shanghai, China). DSPEG-PEG2000 was provided by AVT Pharmaceu-
tical Technology Co., Ltd (Shanghai, China).

A2780 tumor cells and Ovarian cancer patient-derived xenograft
(PDX) tumor blocks were acquired from the Institute of Applied Chem-
istry, CAS (Changchun, China). Roswell Park Memorial Institute (RPMI-
1640), Fetal bovine serum, trypsin and penicillin-streptomycin were
provided by Gibco (Beijing, China). MTT, Annexin V-FITC/Propidium
Iodide (FITC/PI) Apoptosis Detection Kit, Reactive Oxygen Species
Detection Kit, Hoechst 33,342 and Cy5.5 were obtained from Beyotime
Biotech Co., Ltd (Shanghai, China). The reagents were of analytical
grade.

2.2. Animals

BALB/c female nude mice (18–20 g) aged 6–8 weeks were provided
by Guangdong Medical Laboratory Animal Center. All animal experi-
ments were conducted in accordance with those protocols ratified by the
Animal Laboratory Center of Southern Medical University.

2.3. Synthesis of prodrugs

2.3.1. Synthesis of LP
Cisplatin (0.50 g, 1.68 mmol), deionized water (10 mL) and H2O2

(10 mL) was mixed and stirred for 24 h. Then the oxidized Cisplatin was
collected through freeze-dried technology. LA (1.41 g, 5.04 mmol),
DMAP (0.062 g, 0.51 mmol) and EDC (1.45 g, 7.56 mmol) was added into
anhydrous dichloromethane (DCM) (20 mL), stirred for 15 min in an ice
water bath. Afterwards, oxidized Cisplatin was added into it and stirred
for 12 h at a room temperature. Then ethanol was removed by rotary
evaporation under reduced pressure in a water bath at 60 �C. Eventually,
the residue was purified with nonpolar solvent (Petroleum ether: Ethyl
acetate ¼ 20:1) in silica gel column chromatography to give the final
product (LP) as a yellow oily liquid. Then LP was characterized by
Hydrogen nuclear magnetic resonance spectroscopy (1H NMR, Bruker
400, 400 MHz) and Electrospray ionization mass spectrometry (ESI-MS,
Q Exactive, Thermofisher).

2.3.2. Synthesis of LT
Tolf (0.50 g, 1.91 mmol), DMAP (0.025 g, 0.21 mmol) and EDC (0.55

g, 2.87 mmol) were added into anhydrous DCM (10 mL), stirred for 15
min in an ice water bath. Afterwards, 2-hydroxyethyl disulfide (0.44 g,
2.87 mmol) was mixed into it and stirred for 12 h at a room temperature.
Next, the subsequent operations were as shown in 2.3.1. The interme-
diate product was firstly prepared. Similarly, LA (0.52 g, 1.86 mmol),
DMAP (0.022 g, 0.18 mmol) and EDC (0.53 g, 2.79 mmol) was added into
anhydrous DCM (10 mL), stirred for 15 min in an ice water bath. After-
wards, the intermediate product was added and stirred for 12 h at a room
temperature. Finally, the same process was used to obtain the final
product (LT). Then LT was characterized by 1H NMR and ESI-MS.

2.4. Preparation of TPNPs

LT, LP and DSPEG-PEG2000 were dissolved in DMF of 0.1 mL, with a
mass ratio of 15:5:1. Then it was quickly added to 0.9 mL of phosphate
buffered solution (PBS) under the vortex oscillation. Finally, the solution
was put into the dialysis bag (MWCO 3500 Da) and the organic solvent
was removed by dialysis overnight. PNPs and TNPs were prepared by the
same method. The contents of Pt were determined by ICP-MS (NexION
2000, Perkin Elmer). The contents of Tolf and LT were measured by
reversed phase high performance liquid chromatography (RP-HPLC).
The chromatogram was performed on a reverse ODS Cosmosil-C18 col-
umn (250 mm � 4.6 mm, 5 μm) with mobile phases consisting of H2O
3

and Acetonitrile (10:90, V/V) at the velocity of 1.0 mL/min (290 nm).

2.5. Characterization of TPNPs

2.5.1. Determination of dimension, zeta potential and morphology
Zetasizer (Nano-ZS90, Malvern, UK) was employed to determine the

dimension of TNPs, PNPs and TPNPs. The assay was duplicated three
times for each sample. The negative staining method was used to display
the morphology of three NPs. Specifically, NPs were firstly dripped on a
copper grid and the filter paper was applied to blot the excess sur-
rounding fluid. Then it was dried at 37 �C and stained with 2% phosphor-
tungstic acid. Finally, the morphology was characterized by the trans-
mission electron microscopy (TEM, Hitachi, Japan).

2.5.2. Drug release in vitro
The drug release in vitro was investigated by dialysis and used to

evaluate drug release behavior in vivo. Primarily, the release mediumwas
prepared by PBS (pH 7.4) and PBS (pH 7.4) with 10 mM glutathione
(GSH). 1% Tween 80 was mixed in the release medium and employed to
increase the drug solubility. The dialysis bag (MWCO 3500 Da) was
activated in boiled water for 10 min. TPNPs (2 mL) were added into the
prepared dialysis bag. Then the dialysis bag was placed in different
release medium (20 mL) and placed in the shaker, stirred at 100 rpm.
Three duplicates were repeated for each group. When the predetermined
time (0.5, 1, 2, 4, 8, 12, 24 h) was arrived, the medium (0.8 mL) was
removed from the dialyzer, followed by addition of an equal amount of
fresh release medium was supplemented. The quantity of Tolf was
determined by the HPLC. The contents of Pt were determined by ICP-MS.
The drug release curves of TNPs and PNPs were determined by the same
method.

2.6. Cell culture

The A2780 cells were incubated in an RMPI 1640 medium with 10%
FBS and 1% penicillin-streptomycin at 37 �C in a sterile incubator con-
taining 5% CO2.

2.7. Analysis of cell viability

2.7.1. Measurement of combination index (CI)
The synergistic effect of Cisplatin and Tolf on A2780 cells was

assessed with MTT method. Simply, cells were seeded at a density of 5 �
103 cells per well into 96-well plates. Overnight, the medium was
removed and the cells were cultured with different doses of Cisplatin,
Tolf and Tolf combined with Cisplatin for 24 h, respectively. Three du-
plicates were repeated for each group. Afterwards, each well was added
with 20 μL of MTT solution (5 mg/mL) and incubated for 4 h in the sterile
incubator. The medium was removed and 150 μL of dimethyl sulfoxide
(DMSO)was added into each well. The plates were shaken for 10 min and
put into the multifunction plate reader (Bio-RAD, USA) to measure the
absorbance at 570 nm. IC50 was calculated by GraphPad Prism 9.0 soft-
ware. CI value was calculated by the following formula: CI¼ICT þ P � (1/
ICP þ n/ICT), where ICT þ P, ICP and ICT were the IC50 of Tolf combined
with Cisplatin, Cisplatin, Tolf, respectively and n was the ratio of the
concentration of Tolf to Cisplatin in the treatment groups of Tolf com-
bined with Cisplatin.

2.7.2. Cytotoxicity assay
The same operations were as shown in “2.7.1” except that the A2780

cells were cultured with Cisplatin, Tolf, Tolf combined with Cisplatin,
TNPs, PNPs, and TPNPs, respectively.

2.8. Cell apoptosis assay

FITC/PI Apoptosis Detection Kit was applied to detect the apoptosis of
A2780 cells. Briefly, cells were seeded at a density of 4 � 105 cells per
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well into 6-well plates. After incubated overnight, the cells were exposed
to different treatment groups. The administration dosages were 5 μM
Cisplatin and 20 μM Tolf. After 24 h, the cells were bound to fluorescent
dyes in a standard procedure. Ultimately, flow cytometer (Becton-Dick-
inson FACS Calibur) was employed to analyze the prepared samples.

2.9. In vitro concentration of reactive oxygen species (ROS)

ROS level in A2780 cells was determined by flow cytometer and
confocal laser scanning microscope (CLSM, Zeiss LSM 900). Firstly,
A2780 cells were seeded at a density of 4 � 105 cells per well into 6-well
plates and incubated for 24 h. Afterwards, the cells were treated for 4 h
with the same doses of different formulations as shown in “2.8”. Then,
the cells were stained with fresh medium containing 2 μL DCFH-DA (10
mM) and incubated for 0.5 h. Finally, CLSM was used to take cell fluo-
rescence images, and flow cytometry was applied to detect the fluores-
cence intensity.

2.10. Cell uptake

Cy5.5 was used to evaluate the intracellular status of free drug and
nanomedicine. Primarily, Cy5.5-NPs were prepared by the following
method. Cy5.5, LP, LT and DSPEG-PEG2000 were dissolved in DMF, the
other preparation methods were the same as those in 2.4. Free Cy5.5
solution was prepared by diluting Cy5.5 dissolved in DMF into PBS. The
final concentration of Cy5.5 was 0.2 mg/mL. Then A2780 cells were
seeded in 6-well plates as shown in “2.8” and cultured overnight. Sub-
sequently, 15 μL Cy5.5-NPs and free Cy5.5 solution were added into
medium and incubated for 1.5 h, respectively. After that, PBS was used to
clean the cells and fixed them for 15 min with 4% paraformaldehyde.
Then the nucleus was stained with Hoechst reagent for 10 min. Ulti-
mately, the fluorescent intensity of cells was imaged by CLSM.

2.11. Analysis of western blot (WB)

The expression of γ-H2AX, Caspase 3, p53 and Bcl-2 were semi-
quantified by WB assay. Simply, A2780 cells were seeded at a density
Fig. 1. Characterization of TPNPs. (A) Chromatograms of Cisplatin and Tolf (290 nm
10% H2O with 90% Acetonitrile). (C) Diameter distribution of TPNPs measured by D
room temperature. (E) TEM image of TPNPs (Scale bar: 100 nm). (F) Release of Tol
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of 1� 106 cells per well into 6-well plates and incubated overnight. Then
the cells were exposed to different formulations. The dose of Cisplatin
was 10 μM and the dose of Tolf was 40 μM. After 24 h, the cells were
collected and proteins were extracted and quantified in accordance with
the standard procedure. Following the standard procedure of WB, protein
bands were revealed by enhanced chemiluminescence (ECL) detecting
reagents, and photographed by the Image Analysis System (Protein
Simple, USA). The gray value of the strip was analyzed by Image J
software.
2.12. Hemolysis assay

The hemolysis test was used to evaluate the safety of drugs in vivo.
First, 0.5 mL blood was taken from the eye corner venous plexus of mice
and centrifuged at 4 �C at 1500 g for 10 min. The sediment was cleaned
three times with 0.9% NaCl solution and formulated into a 2% erythro-
cyte suspension. 0.5 mL formulations and 0.5 mL erythrocyte suspension
were co-incubated in 1.5 mL centrifuge tubes at 37 �C for 3 h. The dose of
Cisplatin was 0.6 mM and the dose of Tolf was 2.4 mM. Then the
centrifuge tubes were centrifuged at 1500 g for 10 min at 4 �C and
photographed. 100 μL supernatant was absorbed into 96-well plate and
the plate was put into the multifunction plate reader to measure the
absorbance at 570 nm. Three duplicates were repeated for each group.
2.13. Fluorescence imaging in vivo

Cy5.5 was applied to visualize the difference of free drug and for-
mulations on the tissue distribution in vivo. The PDX tumor blocks were
implanted into the back of BALB/c mice subcutaneously. When the tumor
grew to about 200 mm3, 200 μL of free Cy5.5 and Cy5.5-NPs were
injected into the mice via the tail vein. When the predetermined time (4,
8, 12, 24 h) was arrived, the mice were anesthetized by inhaling iso-
flurane and placed in an in vivo imaging system (IVIS Spectrum, Caliper,
USA) to acquire the fluorescence imaging results. Finally, mice were
sacrificed. The tumors and capital organs were dissected, rinsed with
saline, blotted with filter paper and photographed.
, 10% H2O with 90% Acetonitrile). (B) Chromatograms of LP and LT (290 nm,
LS and appearance under laser beam. (D) Stability of TPNPs dispersed in PBS at
f from TPNPs at pH 7.4 with or without 10 mM GSH (mean � SD, n ¼ 3).
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2.14. Antitumor efficacy in vivo

The antitumor activity was estimated in the BALB/c nude mice
bearing ovarian cancer PDX tumors. These mice bearing with ovarian
cancer PDX models were stochastically divided into 7 groups with 5 mice
each when the tumor grew to 100–200mm3. Then they were treated with
different formulations, at the dosage of 2 mg/kg Cisplatin and 6.5 mg/kg
Tolf. The administration cycle was once every 3 days, and the way of
administration was intravenous. Meanwhile, body weights were recor-
ded and the longest (a) and shortest (b) diameter of tumor were
measured. The volume of the tumor was calculated as shown below
formula: V¼ 0.5� ab2. After five treatments, blood serum was collected,
and the mice were sacrificed. Ultimately, tumors were dissected, rinsed
with saline, blotted with filter paper, weighed and photographed.
Fig. 2. In vitro cell assays. (A) The CI values of the combination of Tolf and Cispl
centration, *p < 0.05, **p < 0.01. (C) The apoptosis levels of A2780 cells treated with
0.2 mg/mL) and free drug (Scale bar: 100 μm). (E) Determination of intracellular RO
μm). (F) Fluorescence intensity of ROS treated with 5 μM Cisplatin and 20 μM Tolf
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2.15. Immunohistochemistry and immunofluorescence staining analysis

The main organs (heart, liver, spleen, lung, kidney) and tumors were
removed after treatment, and soaked in 4% paraformaldehyde for further
hematoxylin eosin (HE) staining. The immunofluorescence analysis of
COX-2, E-cadherin, CD34 and Ki67 in tumor tissues was performed ac-
cording to the standard procedures.
2.16. Serum biochemical analysis

The serum biochemical indexes were measured to evaluate the
toxicity of drugs in vivo. The liver enzyme level was reflected by
aminotransferase (AST) and alanine aminotransferase (ALT), and the
renal function was evaluated by creatinine (CRE) and blood urea
atin in various proportions. (B) Cytotoxicity of different agents in variety con-
5 μM Cisplatin and 20 μM Tolf for 24 h. (D) Cellular uptake of Cy5.5-NPs (15 μL,
S contents in A2780 cells with different drugs treatment for 4 h (Scale bar: 100
for 4 h was determined by flow cytometry.
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nitrogen (BUN). All of the indexes were assessed with the AU5800
Automatic Biochemical Analyzer (Beckman Coulter, USA).

3. Results and discussion

3.1. Synthesis and characterization of TPNPs

As previously reported, LP and LT were synthesized by esterification
reaction [17]. The specific synthesis routes were shown in Fig. S1. The
yield of LT (475 mg, 38%) was lower than that of LP (877 mg, 61%)
because of the two-step esterification reaction in which the disulfide
bond sensitive to GSH was bonded in the middle. Two resulting com-
pounds were unambiguously characterized by 1H NMR and
high-resolution mass spectrometry (Figs. S2–S5). After successful syn-
thesis, the RP-HPLC assay methods for Tolf and LT were developed. As
shown in Fig. 1A–B, the retention time of Tolf and LT was different, and
Cisplatin and LP did not interfere with their quantification. Then we
dissolved the prodrug mixture in DMF and quickly added it to water to
investigate the self-assembly capability. The average particle size of
TPNPs, TNPs and PNPs was 142 nm, 129 nm and 104 nm, respectively
(Fig. 1C, S6A, S7A). The morphology under the microscope of three NPs
were uniformly spherical, and the sizes were consistent with those
measured by the dynamic light scattering (DLS) (Fig. 1E, S6B, S7B). The
particle size of NPs were so suitable that allowed them to be accumulated
to the tumor site by the EPR effects [33]. The particle size of TPNPs could
remain about 140 nm for a week and the zeta potential was maintained at
Fig. 3. In vivo distribution of Cy5.5-NPs and free Cy5.5 in the nude mice bearing ov
Cy5.5 or Cy5.5-NPs intravenously (200 μL, 0.2 mg/mL). (B) Ex vivo imaging of norm
different time points. (D) Semi-quantitative data of signals in organs and tumor in v
Cy5.5 group).
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- 6 mV (Fig. 1D), which could avoid hemolysis problems and safety
problems caused by positive potential [34,35]. Furthermore, the encap-
sulation efficiency (EE) and drug loading (DL) of Cisplatin in TPNPs was
85.62 � 1.31% and 8.62 � 0.42%, and the EE and DL of Tolf in TPNPs
was 82.41 � 1.60% and 26.89 � 0.60%, respectively. Similarly, the
encapsulation efficiency (EE) and drug loading (DL) of Cisplatin in PNPs
was 88.68 � 1.81% and 27.01 � 0.12%, and the EE and DL of Tolf in
TNPs was 86.62� 0.60% and 35.92� 0.14%, respectively. Although the
drug loadings appeared to vary widely, the concentration of the drug
remained roughly the same. Subsequently, we further explored the
release of LT and LP in vitrowith or without GSH. The amount of Tolf and
Pt of TPNPs with GSH after released 24 h was about 2 times of that
without GSH (Fig. 1F, S8), whichmade it possible for TPNPs to be rapidly
released when there was a high level of GSH in tumor, and to decrease
the damage to normal tissues. Comparedwith TPNPs, the Tolf cumulative
release of 24 h in TNPs increased by 7% and 5%, respectively, in the
release media with or without GSH (Fig. S6C). Additionally, the Pt cu-
mulative release of 24 h in PNPs increased by 5% and 3%, respectively, in
the release media with or without GSH compared with TPNPs (Fig. S7C).
Therefore, we can conclude that the three nanoparticles have similar
physical and chemical properties and the prodrugs respond to tumor
microenvironment are likely to play a synergistic and attenuated role.
3.2. Anti-tumor activity in vitro

Firstly, we determined the CI value of Tolf and Cisplatin in order to
arian cancer PDX tumors. (A) Live imaging of nude mice after injected with free
al tissues and tumors. (C) Semi-quantitative data of tumor signals in live mice at
itro. (*p < 0.05, **p < 0.01, ***p < 0.001, between Cy5.5-NPs group and free
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obtain optimal therapeutic effect. The results revealed that the optimum
anti-proliferation effect generated when the ratio of Cisplatin to Tolf was
1:4 (Fig. 2A). Therefore, TPNPs was prepared to treat ovarian cancer
according to this mixing ratio. Then, we studied the antitumor effects of
TPNPs on A2780 cells in vitro. As shown in Fig. 2B, the cell survival rates
in each group were dose-dependent. After the drugs were made into NPs,
the IC50 values of Tolf, Cisplatin and Tolf combined with Cisplatin
changed from 32.37 μM, 13.55 μM, 5.10 μM–25.91 μM, 8.52 μM, 4.17
μM, respectively. The apoptosis assay was used to further verify the anti-
proliferation effects of various formulations on A2780 cells. The per-
centage of apoptosis in NPs groups remarkably increased compared to
the free drug groups and Tolf and Cisplatin showed obvious synergistic
effect (Fig. 2C, S9). This result was consistent with that of MTT assay and
we speculated that it might be caused by different cellular uptake of NPs
and free drugs by A2780 cells. Therefore, Cy5.5-NPs were prepared and
the cellular uptake was semi-quantified by CLSM. The fluorescence in-
tensity of intracellular Cy5.5-NP was higher than that of free Cy5.5 at all
the time points, especially at 8 h and 12 h (Fig. 2D). The time point of the
strongest fluorescence intensity in the Cy5.5-NPs treated group was later
than that in the free Cy5.5 treated group, which might be caused by the
difference in uptake routes. Simultaneously, most chemotherapy drugs
would cause the increase of ROS level in cells, and then promote cell
apoptosis [36]. The results presented by fluorescence images (Fig. 2E,
S10) and flow cytometry (Fig. 2F) showed that the ROS levels of the
groups treated with NPs were significantly increased, which was
Fig. 4. In vivo antitumor efficacy. (A) Experimental flow chart in the nude mice bear
Cisplatin and 6.5 mg/kg Tolf (n ¼ 5, *p < 0.05, **p < 0.01, ***p < 0.001). (C) Tumor
¼ 5, **p < 0.01, ***p < 0.001). (F) ALT, AST, BUN and CRE levels in serum. (Mea
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consistent with the results of cell apoptosis. These results suggested a
synergistic effect between Tolf and Cisplatin. In addition, after prepared
to NPs, the increase of intracellular drug concentration and oxidative
stress reaction caused increased apoptosis together.

3.3. In vivo and ex vivo imaging

In order to investigate the distribution of NPs in mice, the fluores-
cence imaging of Cy5.5-NPs and free Cy5.5 in BALB/c mice bearing
ovarian cancer PDX tumors was compared by the in vivo imaging system.
After 4 h intravenously, the fluorescent intensity of Cy5.5-NPs was not
significantly different from that of free Cy5.5. Then the Cy5.5-NPs group
showed slower metabolism and greater tumor accumulation efficiency
compared to the free Cy5.5 group with the extension of time (Fig. 3A).
This was more clearly complemented by semi-quantitative fluorescence
data from tumors in live mice (Fig. 3C), which indicate that NPs could be
efficiently transferred to the tumor site and might play a better role in
tumor treatment than free drugs. Furthermore, the fluorescence imaging
results of normal tissue and tumor showed that Cy5.5-NPs was more
accumulative in lung and tumor tissue (Fig. 3B). In heart, liver, spleen,
lung, kidney and tumor, the fluorescence intensity of the Cy5.5-NPs
group was 2.11, 3.98, 1.89, 1.69, 2.02, 1.86 times that of the free
Cy5.5 group (Fig. 3D). This might be caused by slow metabolism of
Cy5.5-NPs in vivo and increased phagocytic uptake of the Reticuloendo-
thelial System (RES) [37]. The above results indicated that the liver
ing PDX tumors. (B) Growth curves of tumor volume after treated with 2 mg/kg
image. (D) Changes in Body weight (n ¼ 5, ***p < 0.001). (E) Tumor weights (n
n � SD, *p < 0.05, **p < 0.01).
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metabolic pathway and the in vivo circulation time increased after pre-
pared into NPs, indicating that the in vivo antitumor efficacy test may
have a satisfactory result.

3.4. Antitumor efficacy in vivo

The hemolysis experiment was conducted first to confirm the bio-
security of NPs and free drugs. As shown in Fig. S11, there was no
obvious hemolysis occurred in all preparations after co-incubation with
red blood cell suspension. The hemolysis rates of NPs were decreased
compared with free drugs, which indicated that the safety of NPs had
been improved. Subsequently, the in vivo antitumor activity was exam-
ined in the nude mice bearing PDX tumors. Different preparations were
administered every 3 days through a caudal vein for a total of 5 treat-
ments (Fig. 4A). As shown in Fig. 4B, the curves of tumor volume
revealed that the therapeutic effect of NPs were better than that of free
Fig. 5. The mechanism of antitumor effect. (A) Fluorescence intensity of Ki-67 stainin
after treatment (Scale bar: 50 μm). (B) Histological analysis of tumor (Scale bar: 20 μ
cells after treated with 5 μM Cisplatin and 20 μM Tolf for 24 h. (D) The semi-quantit
**p < 0.01, ***p < 0.001.
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drugs and it was obvious that the TPNPs treatment group had the smallest
tumor volume after the treatment, about 204 mm3. The therapeutic ef-
fects of prodrug NPs were increased compared with free drugs. After
treatment, the tumor tissue was dissected, photographed (Fig. 4C) and
weighed (Fig. 4E). After preparation of prodrug NPs, the tumor inhibition
rates of Tolf, Cisplatin, and mixture of Tolf and Cisplatin increased from
23%, 62%, 79% to 36, 80%, 91%, respectively. This showed that Tolf and
Cisplatin have a significant synergistic antitumor effect and a better
therapeutic effect of prodrug NPs, which may be related to the fact that
NPs accumulate more at the tumor site than free drugs. Furthermore, the
curves of body weights suggested that the TPNPs group did not cause
weight change (Fig. 4D), indicating that TPNPs had almost no toxicity to
ovarian cancer treatment, whereas the mice given Cisplatin and the
mixture of dual drugs had a significant reduction in body weight.
Moreover, the biosecurity of TPNPs was also confirmed by H&E staining
on different organs and biochemical indexes, while free Cisplatin and
g and the expression of CD34, E-cadherin and COX-2 in the tumor tissues of mice
m). (C) Western blotting analysis of γ-H2AX, Caspase 3, p53 and Bcl-2 in A2780
ative analysis of γ-H2AX, Caspase 3, p53 and Bcl-2 expression levels, *p < 0.05,
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mixture of Tolf and Cisplatin caused some damage to the mouse kidney
(Fig. 4F, S12). Taken together, free Cisplatin metabolized by the kidney
may cause kidney damage, while Tolf did not increase the side effect of
Cisplatin on kidney, indicating its high safety. Compared with free drugs,
NPs have achieved the function of enhancing efficacy and reducing
toxicity, which has a promising clinical application prospect.

3.5. Antitumor mechanism study

To detect apoptosis in tumors, we first detected the expression of Ki-
67, CD34 and E-cadherin using immunofluorescence (Fig. 5A) and H&E
staining of tumors (Fig. 5B). Compared with other preparations, TPNPs
could significantly induce tumor cell apoptosis. As markers of neo-
vascularization, CD34 and E-cadherin are closely related to tumor cell
invasion and metastasis. The results of decreased CD34 expression and
increased E-cadherin expression indicated that TPNPs can significantly
inhibit tumor growth, which were consistent with the results of anti-
tumor activities in vivo. COX-2 levels within tumors were further detected
to verify whether TPNPs had the same or enhanced inhibitory effect on
COX-2 expression as Tolf. As illustrated in Fig. 5A, the level of COX-2 in
the TPNPs treated group was the lowest compared with other groups,
which indicated that TPNPs enhanced the inhibition of COX-2 expression
in tumor. It has been reported that the inhibition of COX-2 could rise the
expression of p53, which was critical for apoptosis pathways [38,39].
Therefore, we detected the expression of several relevant proteins in
A2780 cells after different preparations treatment. As illustrated in
Fig. 5C and D, the expression of p53 in TPNPs treated group was
significantly increased. Then the higher p53 expression down-regulated
the Bcl-2 expression and promoted apoptosis. γ-H2AX was a marker of
DNA damage [40] and Caspase 3 was a marker of mitochondrial damage
[41,42]. The expression level of γ-H2AX and Caspase 3 indicated that
TPNPs induced apoptosis both through induced DNA breakage and
endogenous mitochondrial pathway. In conclusion, TPNPs could simul-
taneously exert Tolf to inhibit COX-2 expression and cisplatin-induced
DNA damage and mitochondrial damage, playing a synergistic
anti-tumor role.

4. Conclusions

In summary, we report a Cisplatin and Tolf based prodrug self-
assembled nanoparticles for the treatment of ovarian cancer. TPNPs
has a high drug loading capacity, and its uptake by tumor cells was
significantly enhanced both in vivo and in vitro. After reaching the tumor
site through passive targeting, free drugs can be dissociated under high
GSH conditions in the tumor microenvironment. Cisplatin rapidly
attached to DNA in nucleus, resulting in DNA damage and mitochondria
damage. Simultaneously, Tolf could suppress COX-2 expression and
cooperate with Cisplatin in antitumor. TPNPs has shown effective ther-
apeutic efficacy and lower toxicity than free Cisplatin in the mice xeno-
graft model of human ovarian cancer, which have great clinical
application prospects.
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