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The platinum-based drugs prevail in the therapy of malignant tumors treatment. However, their clinical out-
comes have been heavily restricted by severe systemic toxicities. To ensure biosafety and efficiency, herein, we
constructed a disulfide bond inserted Pt(IV) self-assembled nanoplatform that is selectively activated by rich
glutathione (GSH) in tumor site. Disulfide bond was introduced into the conjugates of oxaliplatin (IV) and oleic
acid (OA) which conferred cascade reduction-responsiveness to nanoassemblies. Disulfide bond cleavage and

reduction of Pt(IV) center occur sequentially as a cascade process. In comparison to oxaliplatin solution, Pt(IV)
nanoparticles (NPs) achieved prolonged blood circulation and higher maximum tolerated doses. Furthermore,
0Oxa(IV)-SS-OA prodrug NPs exhibited potent anti-tumor efficiency against 4T1 cells and low toxicities in other
normal tissues, which offers a promising nano-platform for potential clinical application.

1. Introduction

It has been more than four decades since the first prototype of
platinum drug, cisplatin, was approved by the FDA. Today platinum-
associated cancer therapies occupy an essential and irreplaceable pro-
portion in clinic [1]. The activity of platinum compounds arises from the
formation of cross-links via coordination with purine bases of DNA,
which inhibit the biofunction of DNA and RNA polymerases and sub-
sequently initiate a series of reactions that lead to cell apoptosis. Re-
actions with off-target Pt(II) species in normal tissues result in severe
toxicities including nephrotoxicity, myelosuppression, peripheral neu-
ropathy and ototoxicity [2], which provide an impetus to discover safer
candidates or combined therapeutics [3]. Oxaliplatin, as the only
third-generation platinum drug approved in clinic so far for treatment of
advanced colorectal cancer with leucovorin and fluorouracil (FOLFOX),
is characterized with the least nephrotoxic and much less other toxicities
than cisplatin and carboplatin [4]. Nonetheless, high rate of peripheral
neuropathy [5,6] occurred in patients after oxaliplatin administration,
which is often responsible for limited tolerated dose and unfavorable
therapy interruption [7]. Though preventive tactics, such as Ca/Mg in-
fusions, were recommended to be a typical effective method to alleviate
oxaliplatin-induced neurotoxicity, clinical studies demonstrated that

acute neurotoxicity of oxaliplatin could not be precluded by Ca/Mg
infusions [8]. Adverse reactions of oxaliplatin have still hindered its
clinical application.

In order to alleviate the clinical side effects and improve the thera-
peutic index, hundreds of chemical entities and platinum-based drug
delivery strategies have been explored for potential application. Over
the past few decades, a surge of Pt(IV) complexes have emerged in
various fields. With kinetically more inert biochemical property as
compared to Pt(II) compound, Pt(IV) prodrug become less reactive to-
wards endogenous molecules, which consequently improved stability in
blood circulation [9,10] and thus minimizing undesired toxicity of
chemotherapy [2,11]. Reduction from Pt(IV) to active Pt(II) complexes
were activated by reductants like ascorbate, glutathione and metal-
lothionein that are overexpressed in almost all types of tumor cells. In
addition, both axial orientations of Pt(IV) can be modified with a variety
of functional ligands to give versatile delivery vehicle. Desired and
tunable physicochemical properties such as lipophilicity, molecule
weight and spatial microstructure are available in Pt(IV) platform to
achieve high uptake or accumulation in tumor site [12]. Furthermore,
different ligand types and multifunction of axial molecules endow Pt(IV)
prodrug with targeting ability [13-15] or convenience of combined
chemotherapy [16]. However, poor tumor selectivity and insufficient
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activity preclude Pt(IV) prodrug from exerting maximized efficiency in
cancer treatment.

Compared to normal cells, glutathione (GSH) is overexpressed in
almost all cancer cell lines [17], which is 1000-fold higher in tumor than
that in the blood circulation and at least 4-fold higher than normal tis-
sues [18]. Based on this, reduction-sensitive drug delivery systems
(DDS) has been actively investigated. Among them, disulfide bond is
increasingly acting as responsive linkers of DDS and proved to be
cleaved and reduced into the hydrophilic thiol by GSH [19]. The
reduction procedure promoted by elevated GSH level is much easier to
proceed in tumor cells, facilitating the release of active pharmaceutical
ingredient. In contrast, delayed drug release confirmed by lower GSH
level in normal cells give rise to differential cytotoxicity and tumor
selectivity. We have developed several DDS characterized by enhanced
antitumor efficiency and alleviated systemic toxicity in the past few
years [20-24]. It has been demonstrated that disulfide bond make DDS a
more powerful tool to achieve accelerated drug release and enhanced
tumor selectivity.

Unsaturated fatty acids (UFAs) are essential component of human
body and play an important role in physiological functions such as
regulation of membrane fluidity, reducing blood viscosity and brain
nutrition to enhance memory [25]. In addition, tumor cells incline to
ingest much more unsaturated fatty acids than normal cells due to un-
limited proliferation. Therefore, with innate "nutritional targeting" ef-
fect and good biocompatibility, UFAs have been extensively used for the
rational design of unsaturated fatty acids based drug delivery strategies
in cancer therapy to improve prodrug properties and drug delivery ef-
ficiency [26].

Herein, we proposed a cascade reduction-sensitive Pt(IV) prodrug
where disulfide bond was introduced into conjugate of oxaliplatin and
oleic acid which is denoted as Oxa-SS-OA (Fig. 1). Disulfide bond guided
Pt(IV) prodrug is capable of self-assembling into stable nanoparticles in
water. After internalized into tumor cells, Oxa-SS-OA NPs can be acti-
vated selectively by GSH and release oxaliplatin in tumor cells. In
response to reductive stimuli in 4T1 cells, Pt(IV) species are released
from nanoassemblies after cleavage of disulfide bond. Then Oxa(IV)
converted to active oxaliplatin by similar GSH-consuming procedure,
which features a cascade reduction process mediated by GSH. It is
noteworthy that Pt(IV) prodrug NPs exhibited higher maximum toler-
ated dose and prolonged blood circulation. Especially, Oxa-SS-OA NPs
showed better antitumor efficiency than ester bond-based prodrug and
free oxaliplatin. With impressive tumor selective activation and enabled
biosafety, disulfide bond guided Pt(IV) nanoassemblies provide a
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powerful delivery tool for platinum drugs.
2. Materials and methods
2.1. Materials

Oxaliplatin, oleic acid and dithiodiglycolic acid were obtained from
Aladdin (Shanghai, China). H2O», acetic anhydride (Acy0) and ethylene
glycol were purchased from Aladdin (Shanghai, China).4-
dimethylaminopyridine (DMAP), 1-hydroxybenzotriazole (HOBT) and
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDCI)
were obtained from Chemlin Pharm Co. Ltd. (Nanjing, China). DSPE-
PEG3gpo were obtained from AVT (Shanghai) Pharmaceutical Co., Ltd.
Coumarin-6 (C-6), glutathione (GSH), BCA protein assay kit and GSH
and GSSG assay kit were procured from Solarbio Science & Technology
co., Ltd (Beijing, China).

2.2. Synthesis of Pt(IV) prodrugs

The original reduction-responsive oxaliplatin-oleic acid conjugate
Oxa-SS-OA was synthesized by tethering OA to oxaliplatin by disulfide
bond. And non-sensitive Pt(IV) prodrug Oxa-OA conjugating via ester
bond was directly synthesized by coupling OA to the axial hydroxyl of
oxaliplatin. The reduction-responsive and non-responsive Pt(IV) nano-
particles were synthesized following our previously reported method
[22,27]. All reactions were kept under nitrogen and against light.
Chemical structures of all compounds were confirmed by MS and 'H
NMR.

Specifically, oxaliplatin (0.5 mmol) was dissolved in 10 mL H,0
under 50 °C, followed by addition of 1 mL 30 % H30, and stirring for
3 h. The reaction solution was put under 4 °C overnight for recrystalli-
zation, the precipitation was collected and washed with ice-cold ethanol
and diethyl ether sequentially. And the product was dried to give a white
powder of Oxa(IV)-20H (yield: 64.3 %).

Then oleic acid (OA, 0.6 mmol) and EDCI (1 mmol) were dissolved in
DMF with stirring for 30 min under ice bath to activate —COOH of OA.
Oxa(IV)-20H (0.5 mmol) dispersed in 20 mL DMF, followed by addition
of activated OA and DMAP (0.2 mmol). The total solution was kept
stirring for 12 h at 30 °C. The resulting solution was filtered, evaporated
to 2 mL, and washed with acetone and diethyl ether. The precipitate was
collected, washed with diethyl ether, and dried under vacuum to obtain
Oxa(IV)-OA (yield: 53.6 %).

Oxa(IV)-SS-OA was prepared as following steps: OA (5 mmol,

self-assembly
— e

Fig. 1. Schematic representation. Disulfide-bond bridged Oxa-SS-OA prodrug nanoassemblies for cancer therapy.
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dissolved in 2 mL methylbenzene) and p-toluenesulfonic acid
(0.5 mmol, dissolved in 15 mL ethylene glycol) were added in one three-
necked flask under agitation at 110 °C for 2 h. The product oleic acid 2-
hydroxyethyl ester was purified by silica gel column chromatography
(ethyl acetate: hexane = 1:32). 2,2'-thiobisacetic acid anhydride was
obtained by the dehydration of dithiodiglycolic acid in acetic anhydride.
EDCl-activated Oleic acid 2-hydroxyethyl ester (0.6 mmol), 2,2'-thio-
bisacetic acid anhydride (1 mmol) and DMAP (0.2 mmol) were dissolved
in dichloromethane with stirring at 25 °C for 12 h. Then preparative
liquid chromatography was applied to purify product OA-SS—COOH.
0.6 mmol EDCI-activated OA-SS—COOH was dissolved in DMF with
addition of 0.5 mmol Oxa(IV)-20H and 0.2 mmol DMAP. The final re-
action was stirred overnight. The resulting solution was filtered, evap-
orated to 2 mL, and added to 50 mL diethyl ether. The precipitate was
collected, washed with acetone and diethyl ether three times, and dried
under vacuum to yield Oxa-SS-OA (yield: 47.3 %).

2.3. Preparation and characterization of Pt(IV) self-assembled
nanoparticles

A facile nano-precipitation method was introduced to prepare self-
assembled Pt(IV) nanoparticles. Briefly, 4 mg of Pt(IV) prodrug Oxa-
OA or Oxa-SS-OA were dissolved in 0.2 mL ethanol solution contain-
ing 0.7 mg DSPE-PEGy to give a final polymer mass ratio of 15 %.
Then the mixed liquor was pipetted dropwise into 2 mL water with
agitation of 600 rpm to gain nanoparticles Oxa-OA NPs or Oxa-SS-OA
NPs. Then all NPs were evaporated under vacuum at 30 °C to remove
ethanol remaining. Non-PEGylated Oxa-OA and Oxa-SS-OA NPs were
also prepared with the same method except that DSPE-PEGogp was not
added. Coumarin-6-labeled Pt(IV) prodrug nanoparticles were also
prepared by transferring the solution of prodrugs, Coumarin-6 and
DSPE-PEG2qqp in ethanol to deionized water dropwise. The NPs char-
acterization including particle size, PDI and zeta potential were
confirmed and NPs morphology was observed by transmission electron
microscope (TEM). And inductively coupled plasma mass spectrometry
(ICP-MS) was applied for evaluating drug loading capacity of Pt(IV) NPs.
Pre-processing methods of sample preparation before measurement by
ICP-MS were provided from Sci-Tech innovation Co. Ltd (Qingdao,
China).

2.4. Colloidal stability

To gain insight on the colloidal stability of the Pt(IV) NPs, nano-
formulation was diluted 20 folder in PBS 7.4 containing 10 % FBS).
The suspensions were incubated at 37 °C with gentle shaking. At pre-
scriptive 0, 2, 4, 6, 8, 12 h intervals, the particle size was measured by
Zetasizer (n = 3). Meanwhile, 1 mL of nano-formulation was also added
to 20 mL 5% glucose and RPMI 1640 medium under room temperature
which were measured by Zetasizer (n = 3) within 7 days.

2.5. In vitro drug release

The release of platinum from NPs was investigated under shaking
(100 rpm) at 37 °C in different media, 10 mM PBS 7.4 containing 10 mM
GSH. Typically, 1 mL of Oxa-OA NPs or Oxa-SS-OA NPs dispersions
(2 mg/mL) in dialysis bag (MWCO 1000 D) was immersed in 20 mL of
release media. The release profiles were measured at different time in-
tervals: 1, 2, 4, 8, 12, and 24 h. At desired time points, 1 mL sample was
analyzed and replaced with the equal fresh media. Platinum content was
determined by ICP-MS.

2.6. Cell culture
L-02, RM-1 and 4T1 cells were originally purchasd from Cell

Resource Center, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences. 1-02, RM-1 and 4T1 cells were cultured in routine
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medium consisted of RPMI 1640, 10 % FBS, penicillin (30 mg/mL) and
streptomycin (100 pg/mL). All cells were maintained in a humidified
atmosphere of 5% CO; at 37 °C. Cells in culture medium were monitored
by using an Eclipse Ti-U inverted microscope (Nikon Corp., Tokyo,
Japan).

2.7. Cytotoxicity assay

L-02, RM-1 and 4T1 cells, after cultivation in 96-well plates at a
density of 3 x 10° cells/well for 12 h, were treated with a series of
dilution of free oxaliplatin, Pt(IV) solution and Pt(IV) NPs at various
concentrations. After 24, 48 and 72 h incubation, 20 pL. MTT (0.5 %) was
added and incubated for 4 h. Then 200 pL DMSO was added to dissolve
the formazan after medium abandoned. The absorbance was measured
at 570 nm using a microplate reader.

2.8. Cell uptake and intracellular drug accumulation

Cells were seeded in 12-well plates with a density of 1 x 10° cells/
well for 24 h. The medium was replaced with fresh medium containing
free C-6, C-6-labled Oxa-OA NPs and Oxa-SS-OA NPs with equivalent C-
6 concentration of 250 ng mL™! for 0.5 or 4 h at 37 °C. And the cells
without any treatment were utilized as control. After that, the fluores-
cence value of was analyzed by fluorescence activated cell sorting
(FACS) analysis (Becton Dickinson, Germany). Meanwhile, 4T1 cells
were cultured on 14-mm cover glasses and incubated with the same
three formulations for 0.5 or 4 h respectively. Cells were fixed with 4%
paraformaldehyde for 10 min and then labeled with Hoechst 33,342 for
10 min. Finally, the cells were observed by confocal laser scanning mi-
croscopy (CLSM, Nikon, Japan). And Pt content in 4T1 cells treated by
oxaliplatin solution, Oxa-OA NPs and Oxa-SS-OA NPs was also detected
by ICP-MS and cell quantitation was confirmed by BCA protein assay kit
(Solarbio Co. Ltd.).

2.9. Determination of GSH and GSSG content inside cells

L-02, RM-1 and 4T1 cells were seeded in 12-well plates at 24 h,
10 uM Pt concentration of various formulations were transferred to each
well for 12 h and then cells were divided into two groups after digestion.
One was subjected to BCA protein content assay and the other for GSH
and GSSG content assay by GSH and GSSG assay kits (Solarbio Co. Ltd.).

2.10. Determination of nucleus DNA-Pt adduct

4T1 cells were incubated with 6-well plates, cultured for 24 h, and
then 10 pM Pt equivalence of different drugs (oxaliplatin, Oxa-OA NPs
and Oxa-SS-OA NPs) were added incubated for another 12 h. The me-
dium was removed and cells was gathered by centrifugation. Nucleus
DNA was extracted with mammalian genomic DNA extraction kit (NEST
Biotechnology) and digested with 1 mL of concentrated nitric acid at
80 °C overnight. Then the Pt concentration was determined by ICP-MS.

2.11. Animals

All of the animals were obtained from the Laboratory Animal Center
of Shenyang Pharmaceutical University (Shenyang, Liaoning, China).
All of the animal experiments were conducted according to the Guide-
lines for the Care and Use of Laboratory Animals approved by the
Institutional Animal Ethical Care Committee (IAEC) of Shenyang Phar-
maceutical University.

2.12. In vivo pharmacokinetics
Male Sprague-Dawley rats (200-250 g) were used to evaluate the

pharmacokinetic profiles of Pt(IV) prodrug nanoassemblies. Prior to the
experiments, the rats were fasted for 12 h with free access to water. The
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animals were intravenously administered oxaliplatin solution, Oxa-OA
NPs and Oxa-SS-OA at 3 mg Pt/kg (n = 5). At predetermined time
points (15 min, 1, 4, 8, 12 h), blood samples were collected and
extracted to obtain the plasma. Nitric acid (HNOs, 65 %, supra pure) was
added into the plasma and allowed them to digest overnight. Then the
samples were heated to remove HNOs. Then Pt concentration was
measured with ICP-MS.

2.13. In vivo biodistribution

The in vivo distribution behaviors of Pt(IV) NPs into tumor and other
organs were assessed in 4T1 tumor-bearing Balb/c mice (female, n = 3).
Mice with subcutaneous tumors of approximately 400 mm® were sub-
jected to tail vein injection of oxaliplatin solution, Oxa-OA NPs and Oxa-
SS-OA at 6 mg Pt/kg. At 4 and 12 h after dosing, mice were sacrificed
followed by the organs (heart, liver, spleen, lung and kidney) and tumors
immediately harvested. Then organs and tumors were washed in the
saline, weighted and sheared by a tissue homogenizer. Pt concentration
in tissues and tumors were analyzed by ICP-MS.

2.14. In vivo antitumor efficacy and systematic toxicity investigation

Maximum tolerated dose (MTD) was determined before antitumor
efficacy investigation was conducted. Briefly, a series of doses of
different formulations were i.v. injected into female Balb/c mice (n = 3
each group) every other day. Total four injections were carried out on
the premise of no systemic toxicity observed. Body weights of mice were
monitored and the maximal dosage administrated by mice group was
determined as MTD if there were no more than 15 % weight loss of every
mouse. Then 4T1 cells with a density of 5 x 10° cells per 100 pL were
injected subcutaneously on female Balb/c mice. When tumor volume
reached approximately 150 mm®, 4T1 tumor-bearing Balb/c mice were
randomly divided into 4 groups (n = 6) and intravenously injected with
5% glucose solution as control group, oxaliplatin solution, Oxa-OA NPs
and Oxa-SS-OA NPs at 6 mg Pt/kg. The i.v. administration schedule
included total 4 times injection at 6-day intervals and the first injection
was designated as day 0. Tumor volume and body weight was measured
every other day. After tumor monitoring, all mice (6 mg Pt/kg) were
euthanized and their blood samples were collected for hepatorenal
function test (ALT, AST, BUN and CREA), tissues (heart, liver, spleen,
lung, and kidney) separated for H&E staining. Tumors were harvested
and weighed after euthanasia.

2.15. Behavioral assessment of mechanical hypersensitivity

The behavior investigation was conducted to evaluate oxaliplatin-
induced peripheral neuropathy in SD rats subject to administration of
oxaliplatin solution, Oxa-OA NPs and Oxa-SS-OA NPs. An in vivo model
for oxaliplatin-induced peripheral neurotoxicity (increased sensitivity to
mechanical force) was used [28] and neurotoxicity that developed after
days following serial intravenous (i.v.) injections of oxaliplatin solution
were recorded.

Sensitivity baseline of normal rats to mechanical stimuli was estab-
lished by measuring 3 times before administration. Rats were randomly
assigned to 4 treatment groups (5% glucose, oxaliplatin solution, Oxa-
OA NPs and Oxa-SS-OA NPs, n = 10). Repeated dosing of 5% glucose
and different formulations at the same dose of 2 mg Pt/kg (twice a week
for a total of 4 i.v. injections) was launched to induce neuropathy.
Sensitivity thresholds of each animal measurement was performed
before drug administration.

Specifically, rats were placed in individual transparent boxes and get
accustomed for 30 min. Mechanical paw withdrawal threshold (PWT) of
hindpaw in response to the vertical force of von Frey filaments was
recorded. A series of calibrated von Frey filaments (eleven levels ranging
from 0.6—60 g, U.S. North Coast NC12775—99) were applied perpen-
dicularly to the plantar surface of the hindpaw with a force to bend the
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filaments for 10 s until paw withdraw as a response. In presence of a
response, the filament of the next lower force was applied. And in the
absence of a response, the filament of the next greater force was applied.
To avoid injury during tests, the cutoff strength of the von Frey filament
was 60 g. Each trial was repeated 3 times at approximately 2-min in-
tervals. The mean value was used as the force produced a withdrawal
response and recorded. And the body weights of all groups were also
recorded every week.

2.16. Statistical analysis

All quantitative data are expressed as the mean + SD. Statistical
analysis was performed with Student’s t-test and one-way ANOVA. (*
p < 0.05,**p < 0.01, ***p < 0.001.).

3. Results and discussion
3.1. Synthesis of Pt(IV) prodrugs

Unsaturated fatty acids based drug delivery strategies, characterized
by favorable biocompatibility and native tumor-targeting effect, have
been prevalently applied for the rational design of prodrug chemo-
therapy [26,29]. Several prodrugs have already successfully had access
to clinical trials [26].

In this research, a GSH-responsive oxaliplatin prodrug monomer,
Oxa-SS-OA, was synthesized by introducing a GSH-cleavable disulfide
functional moiety to covalently bond oleic acid and oxaliplatin. Syn-
thesis routes of Pt(IV) prodrug and chemical structures confirmed by MS
and 'H NMR were shown in Fig. 2A and Figure S1 and S2.

3.2. Preparation and characterization of Pt(IV) self-assembled
nanoparticles

Both synthesized Oxa-OA and Oxa-SS-OA are able to self-assemble
into NPs in aqueous solution via nanoprecipitation. In contrast, free
oxaliplatin disperse in water uniformly suggesting the essential part of
oleic acid moiety in the nanoparticle-forming process. The size distri-
bution and morphology of nanoassemblies were characterized by TEM
and DLS in Fig. 2B-E and Figure S3. The average hydrodynamic diam-
eter of Oxa-OA and Oxa-SS-OA NPs was around 90 nm and 100 nm. And
the Zeta potential of both Pt(IV) nanoassemblies was —20 mV.
(Table S1). The representative TEM images showed that both Pt(IV) NPs
displayed uniform spherical morphology with a particle size which is
comparable to that established by DLS measurement. Both Oxa-OA and
Oxa-SS-OA could self-assemble into NPs in absence of surfactant.
Without the aid of DSPE-PEGy(( in the assembly process, increasing size
and PDI were observed as shown in Table S1. Given possible undesired
stability [27] and in vivo drug behavior [30] of non-PEGylated formu-
lations, PEGylated Pt(IV) NPs (described as Oxa-OA NPs and Oxa-SS-OA
NPs) were applied for subsequent experiments.

3.3. Colloidal stability

The linkages impose great impact on the assembly manners of pro-
drug and colloidal stability of nanoparticles. Disulfide bonds between
cysteine residues make an essential contribution to the structural sta-
bility of proteins [31]. The space flexibility and self-assembly capacity
could be greatly improved by the existence of the bond angle or dihedral
angle of disulfide bonds which contribute to the stability of proteins or
nanoassemblies [21,32]. As shown in Figure S4, the PEGylated prodrug
NPs showed impressive colloidal stability with negligible size changes in
10 mM PBS containing 10 % FBS for 12 h. Besides, both Oxa-OA and
Oxa-SS-OA NPs remained stable in 5% glucose and RPMI 1640 medium
after being stored for seven days at room temperature. (Figure S5)
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Fig. 2. Synthesis of Pt(IV) prodrugs and characterization of Pt(IV) NPs. (A) Synthesis routes of Oxa-OA and Oxa-SS-OA: (a) 50 °C, 3 h, H,0; (b) EDCI, DMAP, 30 °C,
12 h, DMF; (c) pTsOH, 110 °C, 2 h, reflux; (d) 25 °C, 2 h; (e) EDCI, DMAP, 25 °C, 12 h, CH,Cly; (f) EDCI, DMAP, 30 °C, 12 h, DMF. TEM images of Oxa-OA NPs (B) and
Oxa-SS-OA NPs (C) via nano-precipitation method. Scale bar: 100 nm. The nanoparticle size distribution of Oxa-OA NPs (D) and Oxa-SS-OA NPs (E) measured by DLS.
(F) Cumulative platinum release profiles of Pt(IV) prodrug nanoparticles in 10 mM PBS 7.4 containing 10 mM GSH determined by ICP-MS.

3.4. Invitro drug release

There is a more reducing environment in tumor compared with other
normal tissues due to accelerated metabolism and high proliferation rate
[33]. The pivotal design of Oxa-SS-OA NPs is their responsiveness to
elevated intracellular reductive milieu-interne. To test sensitiveness to
GSH, we incubated Pt(IV) NPs in phosphate buffer containing 10 mM
GSH for 24 h. As shown in Figs. 2F, little content (less than 2 %) of
platinum was detected from Pt(IV) NPs in GSH-free PBS within 24 h
indicating appreciable stabilization of prepared NPs, which is consistent
with the aforementioned stability study. More than 70 % Pt content that
rapidly released from Oxa-SS-OA NPs within 2 h was validated while
only 30 % platinum of Oxa-OA NPs was confirmed by ICP-MS. It is
indicated that GSH acts as a more efficient cleavage agent to attack di-
sulfide bond but a less powerful reductant to yield active Pt(II). After-
wards, the release of platinum from NPs was moderate as evidence of 40
% and 90 % of drugs released from Oxa-OA NPs and Oxa-SS-OA NPs in
24 h, respectively. Meanwhile, oxaliplatin solution reaches diffusion
balance within 2 h. These results indicate that disulfide-bridged
Oxa-SS-OA NPs possess superior GSH-response capability over Oxa-OA
NPs. It was presumed that reduction of disulfide bond happened prior

to the conversion from Pt(IV) into Pt(II) molecules (oxaliplatin), that is,
Oxa-SS-OA NPs revealed cascade reduction-responsive profile of drug
release.

3.5. Invitro cytotoxicity assay

To investigate cytotoxicity of reduction-responsive Pt(IV) NPs, MTT
assays were performed with 1-02, RM-1 and 4T1 cells under incubation
with Oxa-OA and Oxa-SS-OA NPs. We determined the half-maximal
inhibitory concentrations (IC50) according to the MTT assays (Table 1
and Figure S6). Both Pt(IV) prodrugs and NPs showed dose-dependent
toxicity in three cell lines. Free oxaliplatin exhibited the most effective
cytotoxicity against all cell lines. Pt(IV) prodrugs were less effective in
suppressing tumor cell proliferation conceivably due to the delayed
release of active oxaliplatin molecule. In cancer cells, RM-1 and 4T1,
Oxa-SS-OA showed lower IC50 than Oxa-OA in the form of either free Pt
(IV) prodrug or nanoparticle due to more rapid GSH-triggered release of
oxaliplatin. While in normal 1-02 cells, there was no significant IC50
difference between Pt(IV) groups indicating comparable toxicity in .-02
cell line, which was probably due to the relatively low GSH level. And
Oxa-0A also exhibited some cytotoxic activity with extended incubation
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Table 1

IC50 value of different Pt formulation in 1-02, RM-1 and 4T1 cells.
IC50 (uM) L-02 RM-1 4T1
Sample 24h 48h 72h 24h 48h 72h 24h 48h 72h
Oxa sol 60.45 2.321 0.7334 4.709 0.2188 0.1887 10.68 1.253 0.8132
Oxa-OA sol 469.5 264.2 16.55 335.6 26.93 21.99 246.1 35.15 24.27
Oxa-SS-0A sol 144.1 45.77 38.39 132.6 5.050 2.996 77.03 34.51 7.976
Oxa-OA NPs 383.9 86.88 18.58 94.44 11.24 12.81 222.3 35.08 9.594
Oxa-SS-OA NPs 97.33 31.50 11.48 41.54 3.609 2.241 120.3 21.96 2.613

time (72 h) suggesting relatively delayed GSH-responsive hydrolysis of
ester bond linked Pt(IV)-fatty acid prodrug as reported [11,34]. Our
hypothesis was confirmed by these results that cytotoxicity of Pt(IV)
compound highly relies on the release rate of Pt(II) molecules.

3.6. Cell uptake and intracellular Pt accumulation

Motivated by the distinguished cytotoxicity towards cancer cells and
normal cells, we further compared cell uptake behavior of Pt(IV) NPs
and intracellular drug content in 4T1 cells. As shown in Fig. 3A and B,

A 0.5h

Hoechst 33342 Coumarin-6 Merge

Prodrug NPs treated groups exhibited higher intracellular fluorescence
intensity observed via CLSM than free C-6 treated at 0.5 and 4 h. The
significantly higher cellular uptake efficiency of NPs over free molecules
was confirmed. Notably, Oxa-SS-OA NPs presented much stronger
intracellular fluorescence intensity than Oxa-OA NPs despite similar
nanostructure. Indeed, the phenomenon might be attributed to
aggregation-caused quenching (ACQ) effect [35] resulting from encap-
sulation of fluorescent C-6 into NPs. Oxa-SS-OA NPs are more sensitive
to high GSH level and, as a result, more rapidly disassembled in 4T1 cells
and more released free C-6 recovered fluorescence than that of Oxa-OA
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Fig. 3. Cell uptake and intracellular drug accumulation of Pt(IV) NPs in 4T1 cells. (A) Representative images of coumarin-6 encapsulated PT(IV) NPs in 4T1 cells
presented by CLSM. Cells were treated withC-6-labeled Oxa-OA NPs, Oxa-SS-OA NPs and free coumarin-6 for 0.5 or 4 h respectively. scale bar: 20 pm. (B) Quan-
titative mean fluorescence intensity of CLSM images from different groups. (C) Cellular uptake of the different formulations in 4T1 cells at 0.5 h and 4 h via flow

cytometry (n = 3). (D) Intracellular Pt content in 4T1 cells treated by oxaliplatin solution and Pt(IV) NPs was determined by ICP-MS. (*p < 0.05, **p < 0.01, ***p <

0.001, n = 3).
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NPs. The hypothesis was also supported by intracellular platinum con-
tent level measured by ICP-MS (Fig. 3D), which showed no significant
difference between Oxa-OA and Oxa-SS-OA NPs treated. And free oxa-
liplatin group revealed most cell uptake probably due to overexpression
of associated transporters and relatively efficient internalization.
[36-38]

3.7. Determination of GSH and GSSG content inside cells

In the presence of abundant GSH (and other reductants, metal-
lothionein, ascorbate and so on) in cellular milieu, Pt(IV) prodrugs
ingested into cells are recovered to Pt(II) compound. [39] The compet-
itively interaction between platinum and GSH plays an important role
not only in cellular detoxification but also in drug resistance of Pt-based
therapeutics. [40,41] High GSH level can also further affect intracellular
processes such as the formation of mRNA, [42] thereby exacerbating
oxaliplatin resistance to certain types of cancer. [43] According to most
recent reports [34,44], GSH consuming strategies have been into the
application to platinum-based drug design for Pt-resistant treatments. As
shown in Figure S8, the level of intracellular glutathione decreased
significantly after Oxa-SS-OA NPs treated compared with the control.
And there was a downward trend of mean GSH level in Oxa-OA group
despite no statistical difference compared with control group.
Oxa-SS-OA NPs exhibited certain GSH-consuming capacity which might
be due to disulfide bond cleavage in terms of our results.

3.8. Determination of nucleus DNA-Pt adduct

For decades, Pt-based antitumor drugs have been widely probed and
utilized in oncological practice profiting from potent efficacy against
many types of cancer. Though it has been recently reported that Pt
complexes play an important role in interaction with RNA [43] and
immunogenic cell death inducer [45], the definite and distinctive
mechanism of Pt-derived therapeutic drugs is based on the formation of
Pt-DNA adducts, interfering with DNA replication and transcription,
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which ultimately result in DNA damage and cell death. Therefore, Pt
content of DNA-Pt adducts was confirmed by ICP-MS. As shown in
Fig. 4A, the highest platinum amount of free oxaliplatin binding to DNA
was observed likely owing to relatively more cell uptake and stronger
activity over Pt(IV) prodrug NPs. Oxa-SS-OA NPs exhibited superior
DNA binding capability over Oxa-OA group suggesting that more oxa-
liplatin released by GSH-responsive Oxa-SS-OA NPs might contribute to
higher DNA-Pt adduct content, probably leading to more effective
cytotoxicity.

3.9. In vivo pharmacokinetics

To evaluate the pharmacokinetic profiles of Pt(IV) NPs, SD rats were
adopted and i.v. administrated via tail vein injection. The Pt content-
time curves were illustrated in Fig. 4B and the pharmacokinetic pa-
rameters were showed in Table 2. With around threefold higher AUC
values than free oxaliplatin, both Pt(IV) prodrug NPs significantly
extended the circulation time against blood clearance in comparison to
oxaliplatin solution indicating rapid clearance of free drug. Slower
clearance rate of Pt(IV) NPs as compared to oxaliplatin solution indi-
cated favorable stabilization against physicochemical elimination in the
bloodstream. The amount of drug release in the blood of Oxa-OA NPs
and Oxa-SS-OA NPs is basically equal, indicating that both nano-
assemblies are relatively stable in the blood circulation.

3.10. In vivo biodistribution

The biodistribution of Pt(IV) prodrug NPs in 4T1 tumor-bearing mice
was also determined by ICP-MS. As illustrated in Fig. 4C and D, Pt(IV)
NPs mainly accumulated in liver and spleen after intravenous adminis-
tration which was due to elimination by reticuloendothelial system
(RES). And free oxaliplatin was significantly more distributed in the
main organs, especially kidney, than Pt(IV) NPs groups, which might be
a cue of nephrotoxicity, the main dose-limiting toxicity of platinum
drugs in clinic [6,40]. Notably, Pt level in tumors at 1 and 4 h after
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Fig. 4. (A) DNA binding Pt content in 4T1 cells treated with oxaliplatin, Oxa-OA NPs and Oxa-SS-OA NPs for 12 h. (ns: no significant difference; *p < 0.05, **p <
0.01, ***p < 0.001, n = 3). (B) Mean plasma Pt concentration-time profiles of oxaliplatin solution, Oxa-OA NPs and Oxa-SS-OA NPs after i.v. administration in SD
rats. Biodistribution of oxaliplatin solution, Oxa-OA NPs and Oxa-SS-OA NPs in 4T1 tumor-bearing Balb/c mice (n = 3) at 4 h (C) and 12 h (D).
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Table 2

Pharmacokinetic parameters of oxaliplatin solution and Pt(IV) prodrug NPs.
Formulations AUCo 121 " tiys ! cL ve
oxaliplatin solution 5.151 + 0.606 3.686 + 1.857 0.529 + 0.019 2.845 +1.538

16.19 + 1.554*
13.34 + 1.969*

Oxa-OA NPs
Oxa-SS-OA NPs

3.226 + 1.517
9.591 + 5.652

0.177 + 0.015*
0.173 + 0.033*

0.829 + 0.411
2.261 + 1.260

2 Area under the plasma concentration-time curve (mg h 1-1).
) Half-life (h).
9 clearance rate (L h™! kg™).

9 Apparent volume of distribution (L. kg™!). A: p < 0.001, versus oxaliplatin solution as the control. (Two-tailed Student’s t-test). Data are presented as mean =+ SD.

injection showed that both Oxa-OA NPs and Oxa-SS-OA NPs, to a larger
extent, accumulated in tumor than free oxaliplatin, indicating the
enhanced retention of NPs in tumor as reported [46]. These results
showed that Pt(IV) prodrug NPs in the blood are more stable and their
tumor-specific distributions are higher than oxaliplatin solution, which
does not tend to cause obvious toxic reaction or severe side effects.

3.11. In vivo antitumor efficacy andsystematic toxicity investigation

Then we investigated the efficacy of Pt(IV) NPs using 4T1 xenograft
model of Balb/c mice treated by tail intravenous injection of different
formulations. As illustrated in Fig. 5A, maximum tolerated dose was
determined as 6 mg Pt/kg for oxaliplatin solution and 20 mg Pt/kg for Pt
(IV) NPs (Oxa-OA NPs and Oxa-SS-OA NPs). While the mice body weight
of 10 mg/kg oxaliplatin group declined dramatically compared with the
other groups. Oleic acid-based drug delivery systems possess great po-
tential in elevating Pt-formulation dosage safely in traditional chemo-
therapy. As presented in Fig. 5B-C and Figure S9, obviously disulfide
bond-bridged Oxa-SS-OA NPs revealed more potent efficacy than 5%
glucose and oxaliplatin solution with significantly shrinking tumor size.
In comparison, non-sensitive Oxa-OA NPs exhibited a more rapid tumor
proliferation rate in bulk volume, possibly caused by the less drug
release in tumor site. Further, Oxa-SS-OA NPs showed better activity
suppressing tumor growth than Oxa-OA NPs at equal dosage (6 mg/kg),
probably on account of more sensitive GSH-response, distinctive Pt
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release manner and tumor accumulation. As for systematic toxicity
investigation, all Pt(IV) NPs group showed no significant difference in
body weight fluctuation compared with the control group (Fig. 5D).
Histological analysis of various tissues was performed to investigate the
pathological feature in main organs harvested from Balb/c mice. Ac-
cording to the results of H&E staining (Fig. 6A), there was no significant
changes in the structure of heart, liver, spleen, lung and kidney between
all different formulations treated group and 5% glucose group. And to
figure out the effect of Pt(IV) NPs on hepatorenal function, indicators of
ALT, AST, BUN and CREA were measured. In presence of Fig. 6B, values
did not differ significantly in all groups compared to 5% glucose except
for oxaliplatin solution with higher AST than control group. To sum up,
disulfide-based oleic acid covalently tethered Pt(IV) prodrug delivery
system presented unique advantages on antitumor activity and in vivo
safety benefiting from selective intracellular rapid drug release via GSH-
triggered disulfide cleavage, which retains impressive application po-
tential for future.

3.12. Behavioral assessment of mechanical hypersensitivity

Oxaliplatin-based chemotherapy can achieve high rates of survival in
patients with specific types of cancer but usually causes severe neu-
ropathy, which limits the maximum safe dose of oxaliplatin and its
clinical outcome [6,47]. Sensory disorders induced by oxaliplatin,
including pain and paraesthesia, greatly compromise the quality of
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Fig. 5. The antitumor efficacy in vivo. (A) Maximum tolerated dose (MTD) of oxaliplatin solution, Oxa-OA NPs and Oxa-SS-OA NPs determined by continuous i.v.
injection of a series of doses. The arrow indicates the day of dosing different formulation via tail vein injection. Body weights of mice were monitored and the
maximal dosage administrated by mice group was determined as MTD if mice remain more than 85 % mean weights compared with the first day. The tumor volume
(B), tumor weight (C) and body weight (D) of 4T1 tumor-bearing Balb/c mice (n = 6). The arrow indicates the day of dosing different formulation via tail vein

injection. (ns:significant difference; *p < 0.05, **p < 0.01, **

*p < 0.001, n = 3).
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group as the control).

patients’ life for months or even years [48]. To evaluate the effect of Pt
(IV)-oleic acid prodrug NPs on peripheral neurotoxicity, mechanical
paw withdrawal threshold (PWT) was measured on SD rats. PWT was
lower in oxaliplatin administrated rats than that in 5% glucose group at
about two weeks since first injection (Fig. 6C). In addition, Oxa-OA NPs
and Oxa-SS-OA NPs treated rats lost weight moderately after injection
and returned to a similar level of control group within four weeks, with a
significant difference of body weight occurred between Pt(IV) NPs and
oxaliplatin solution at day 28 (Fig. 6D). It’s worth noting that oxaliplatin
solution treated rats lost more weight than that Pt(IV) NPs treated and
control group at last measurement. The results of mechanical hyper-
sensitivity assessment demonstrate that Pt(IV)-OA NPs can alleviate the
peripheral neurotoxicity and systematic toxicity caused by oxaliplatin.

4. Conclusion

In summary, we have developed a platinum-based nanoassembly
drug delivery platform, which is relied on elevated intracellular GSH
level in tumor site and sensitive cleavage of disulfide bond in Pt(IV)
prodrug. In vitro and in vivo assays demonstrated that oleic acid tethered

Pt(IV) prodrug NPs had higher antitumor activity and lower side effects
than oxaliplatin. Furthermore, disulfide-guided Oxa-SS-OA NPs exhibi-
ted higher anticancer potency compared with ester bond linked Oxa-OA
NPs. Disulfide bond endows oxaliplatin-oleic acid prodrug with rapid
cascade release of oxaliplatin and lower IC50 in cancer cells, and self-
assembly delivery system enables high drug efficiency, prolonged
blood circulation and high tumor accumulation of platinum. The
attempt to introduce disulfide bond into Pt(IV)-fatty acids prodrug is of
great significance to reasonable application of platinum-based drugs.
Disulfide bond-guided cascade reduction-responsive self-assembly sys-
tem presents a broad prospect in clinical application.
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