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ABSTRACT: Post-assembly modification is a useful tool for
producing discrete metallasupramolecular structures. However, the
simple structural transformation by facile covalent reactions greatly
impedes the development of functional organometallic materials.
Herein, we describe the successful outcome by means of
coordination-driven self-assembly and post-assembly reversible
addition−fragmentation chain-transfer polymerization in preparing
an amphiphilic supramolecular block copolymer Pt-PBEMA-b-
POEGMA possessing H2O2-responsive diblock copolymers arms
and a well-defined metallacycle core. The polymer self-assembles
into nanoparticles (Pt NPs), which are able to encapsulate
palmitoyl ascorbate (PA) and doxorubicin (DOX). After being
internalized by cancer cells, PA serves as a prooxidant to elevate the
H2O2 concentration through cascade reactions to reverse the
amphiphilicity of Pt-PBEMA-b-POEGMA through a H2O2-responsive removal of the hydrophobic domains, thus promoting the
release of DOX. Meanwhile, the released quinone methide depletes the intracellular glutathione to decrease the antioxidation ability
of cancer cells, realizing synergistic anticancer efficacy. Due to the sophisticated design and the enhanced permeability and retention
effect, the nanomedicine codelivering PA and DOX highly accumulates in the tumor site. In vitro and in vivo results show the
excellent antitumor performance of Pt NPs@PA/DOX, which greatly suppresses tumor growth after intravenous administration with
negligible systemic toxicity.

■ INTRODUCTION

Over the past few decades, coordination-driven self-assembly
has grown into a potent synthetic method to produce discrete
supramolecular coordination complexes (SCCs) with specific
shapes, sizes, and geometries.1−7 Many exquisite two-dimen-
sional metallacycles and three-dimensional metallacages have
been exploited by the advisible choice of ligands and
metals.8−15 These metallasupramolecular structures are
especially attractive because of their esthetical characteristics
and extensive applications in the fields of sensors, supra-
molecular polymers, host−guest chemistry, amphiphilic self-
assembly, and drug delivery.16−28 In order to exploit new
multifunctional organometallic materials, recent works have
focused on the derivatization of metallasupramolecular
architectures.29−31

Post-assembly modification has been extensively used in
adjusting the functionalities and formation of biomedical
superstructures.32,33 Enlightened by many successful examples
of post-assembly modification in biomedical systems, such
modification of supramolecular species has been widely
exploited in domains such as covalently modified poly-

mers,34,35 mechanically interlocked structures,36−40 and
metal−organic frameworks.41,42 This approach enables one
to adjust the architecture of supramolecular ensembles,
resulting in the higher degree of complexity and diverse
functionality.43 Controlled radical polymerization has been
widely used in constructing functional polymers,44 which
provides an easy method to produce polymeric materials with
desired functions and well-defined architectures. The stability
of intact SCCs under physiological conditions is required to be
enhanced for biomedical applications.45 The low tumor
accumulation and poor solubility of SCCs are two other
main barriers.46 Encapsulation by polymers and chemical
functionalization of SCCs are feasible methods to resolve such
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issues.47 In particular, post-assembly modification of SCCs by
amphiphilic copolymers is an effective way to fabricate drug
delivery systems (DDSs), since the strategy enhances the
stability and the solubility of SCCs and also enables anticancer
drugs to be loaded into the polymer scaffold, realizing
synergistic anticancer activity.48,49 Besides, stimuli responsive-
ness is able to be introduced to increase treatment efficacy and
to reduce adverse side effects.50−53

Herein, we successfully combine the coordination-driven
self-assembly and post-assembly reversible addition−fragmen-
tation chain-transfer (RAFT) polymerization to prepare an
amphiphilic copolymer Pt-PBEMA-b-POEGMA with H2O2-

responsive diblock copolymers arms and a well-defined
metallacycle core (Scheme 1). The polymer self-assembles
into nanoparticles (Pt NPs) via a reprecipitation technique,
and the obtained Pt NPs are able to encapsulate hydrophobic
doxorubicin (DOX) and palmitoyl ascorbate (PA). Because of
the enhanced permeability and retention (EPR) effect and the
nanoformulation, high tumor accumulation and a long
circulation time of the nanomedicine is realized, which are
favorable for cancer treatment.54,55 The loaded PA serves as a
prooxidant to elevate the intracellular H2O2 concentration to
cleave the hydrophobic protection groups through a H2O2-
triggered cascade elimination reaction. The amphiphilic

Scheme 1. (a) Graphic Presentation of the Preparation of Organoplatinum(II) Metallacycle and Supramolecular Block
Copolymer; (b) Schematic Illustration of Integrated Polymeric Nanoparticles Self-Assembled from Pt-PBEMA-b-POEGMA as
H2O2-Responsive Drug Delivery Vehicles
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property of copolymer Pt-PBEMA-b-POEGMA is reversed,
leading to the disruption of nanoarchitectures and subsequent
release of loaded drugs. More interestingly, the released
quinone methide (QM) effectively depletes the intracellular
glutathione (GSH) to reduce the antioxidative capacity of
cancer cells, promoting the anticancer efficacy of this potential
nanomedicine. In vivo evaluations demonstrate that the
excellent antitumor outcomes combine the chemotherapy
and amplification of oxidative stress in a synergistic manner.

■ EXPERIMENTAL SECTION
Materials and Methods. Poly(ethylene glycol) methacrylate

(OEGMA,Mn = 500) and other reagents were purchased from Sigma-
Aldrich. Solvents were dried according to the literature. NMR spectra
were recorded on a Bruker Avance III-400 spectrometer with internal
standard TMS. 31P{1H} NMR chemical shifts were referenced to an
external unlocked sample of 85% H3PO4 (δ = 0.0). High-resolution
mass spectrometry experiments were carried out by a Bruker 7-T FT-
ICR mass spectrometer equipped with an electrospray source
(Billerica, MA, USA). The fluorescence experiments were conducted
on a Horiba Fluoromax-4 spectrometer. Transmission electron
microscopy (TEM) studies were performed on a Jeol JEM 2010
apparatus. The fluorescence tests were conducted on a RF-5301
spectrofluorophotometer (Shimadzu Corp., Japan). Dynamic light
scattering (DLS) experiments were conducted on a 200 mW polarized
laser source Nd:YAG (λ = 532 nm).
Preparation of PA-Loaded Pt NPs (Pt NPs@PA) and DOX-

Loaded Pt NPs (Pt NPs@DOX). For drug loading, neutral DOX was
used by deprotonating the cationic drug. Briefly, cationic DOX (20.0
mg) was solublized in a mixture of distilled water (5 mL) and
tetrahydrofuran (5 mL), 1 drop of triethylamine was added, and the
solution was stirred for 15 min. Then the organic phase was removed
by rotary vacuum. The formed precipitate was collected through
centrifugation and dried in vacuum for further use. Pt NPs@PA (or
Pt NPs@DOX) were obtained through a reprecipitation method.
Briefly, Pt-PBEMA-b-POEGMA or Pt-PBrEMA-b-POEGMA (100
mg) and PA (or DOX, 40.0 mg) were dissolved in 30 mL of
tetrahydrofuran, and the solution was gradually injected into 250 mL
of Milli-Q water under sonication. After stirring overnight at room
temperature to evaporate the tetrahydrofuran, the mixture was sealed
in a dialysis bag with a molecular weight cutoff of 3 kDa and dialyzed
against DI water for 2 h to remove unloaded drugs. The same method
was utilized for the preparation of Pt NPs@PA/DOX (n Pt NPs@
PA/DOX). The mass of Pt-PBEMA-b-POEGMA (or Pt-PBrEMA-b-
POEGMA) was 100 mg, and the mass of the PA/DOX mixture with
different ratios was 40.0 mg. Drug encapsulation was calculated using
the following equation

‐

= [ + ] ×‐ ‐m m m

drug loading content (%)

/( ) 100drug loaded polymer drug loaded

where mdrug‑loaded and mpolymer are the masses of the encapsulated drug
in the nanostructures and the polymer, respectively.
Transmission Electron Microscopy (TEM) and Dynamic

Light Scattering (DLS) Studies. The morphology of the nano-
formulations was revealed using TEM. TEM samples were made by
drop coating the corresponding solution onto the carbon-coated
copper grid. The size and stability of Pt NPs@PA/DOX was
confirmed by measuring their mean diameters after different periods
of incubation by DLS tests.
Cell Culture. HeLa cells were purchased from American Type

Culture Collection (ATCC, Rockville MD) and incubated in
Dulbecco’s MEM (DMEM) supplemented with fetal bovine serum
(10%) and penicillin/streptomycin (1%). The cells grew in a single
layer and were isolated by trypsin after fusion (0.5% phosphate-
buffered saline). After being extracted from culture medium and
incubated in the trypsin solution for 5 min, the cells were centrifuged
and the supernatant was removed. Then 3.00 mL of serum-containing

DMEM was added to neutralize the remaining trypsin. Cells were
then resuspended in serum-containing DMEM at a concentration of
1.00 × 104 cells/mL and incubated in 37 °C and 5% CO2.

Evaluation of Cytotoxicity. The cytotoxicity against HeLa cells
was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. All solutions were uniformly sterilized by
a 0.22 μm filter before testing. HeLa cells were seeded in 96-well
plates with a density of 1.00 × 104 cells/well and cultured for 24 h.
The cells were then cultured with PA, DOX, Pt NPs@PA, Pt NPs@
DOX, Pt NPs@PA/DOX, and n Pt NPs@PA/DOX at various
concentrations for 48 h. After washing the cells with phosphate-
buffered saline, 20 μL of MTT solution (5.00 mg/mL) was added to
every well. After being cultured for 4 h at 37 °C, the medium was
removed and the cells were washed with phosphate-buffered saline
three times. The insoluble formazan crystals were dissolved by
dimethyl sulfoxide (100 μL), and the absorbance was detected by the
spectrophotometer (570 nm). Untreated cells were used as a control.
Each experiment was conducted with five replicates.

In Vitro Cell Accumulation Determined by Confocal Laser
Scanning Microscopy (CLSM). HeLa cells were treated with the Pt
NPs@PA/DOX or n Pt NPs@PA/DOX (the concentration of DOX
was kept at 1.00 μM) in culture medium for 4 and 8 h at 37 °C. After
being washed with phosphate-buffered saline, the cells were stained
with 4′,6-diamidino-2-phenylindole (DAPI) and lysotracker green
(200 nM). The images were taken using a LSM-510 confocal laser
scanning microscope (CLSM, ZEISS LSM780).

Tumor Model. Nude mice (∼20 g body weight, 4 weeks old) were
purchased from Zhejiang Academy of Medical Sciences and kept
under controlled temperature (24 °C) in the pathogen-free
environment. Research involving animals was approved by the
Animal Protection and Utilization Committee of Zhejiang University.
Nude mice were subcutaneously injected with cell suspension (200
μL, 5 × 106 HeLa cells) at the right flank region. The formula of
(tumor length) × (tumor width)2/2 was used to calculate the tumor
volume.

Pharmacokinetics and Tissue Distributions. Mice received
DOX (5.00 mg/kg) or Pt NPs@PA/DOX (5.00 mg DOX/kg)
through tail mainline. The blood was collected and stored in a
heparinized tube. The lung, liver, kidney, spleen, and tumor were
removed after intravenous injection for 24 h and stored in dry ice
before analysis. The viscera were digested, and DOX was
quantitatively analyzed through HPLC.

In Vivo Antitumor Activity. Tumor volume and body weights
were measured for individual animals in all experiments. The mice
were randomly divided into five treatment groups (n = 5), and the
average tumor volume was about 100 mm3. The mice were injected
intravenously with PBS, DOX (5.00 mg/kg), Pt NPs@PA, Pt NPs@
DOX (5.00 mg DOX/kg), n Pt NPs@PA/DOX (5.00 mg DOX/kg),
or Pt NPs@PA/DOX (5.00 mg DOX/kg) every 3 days three times.
Body weight and tumor volume were measured every 3 days.

Synthesis of Hexagonal Metallacycle 3. Compounds 1 (12.7
mg, 20.0 mmol) and 2 (22.2 mg, 20.0 mmol) were placed in a 20 mL
glass ampule. About 5 mL of dichloromethane was added; the glass
ampule was sealed and stirred for 12 h at room temperature. The
solvent was removed, and diethyl ether was slowly added to
precipitate product 3 as a light yellow powder (31.4 mg, 90%).

Synthesis of Supramolecular Polymer Pt-PBEMA. Supra-
molecular hexagonal metallacycle 3 (8.00 μmol), AIBN (0.800 μmol),
and [2-((((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)-
oxy)carbonyl)oxy)ethyl methacrylate] (BEMA) (0.400 mmol) were
placed in a 10.0 mL glass ampule. About 1.5 mL of acetone was
added. The mixed solution was degassed via three cycles of freeze−
pump−thawing and then transferred to an oil bath at 60 °C to start
polymerization. Twelve hours later, the polymerization reaction was
stopped with liquid nitrogen. The resulting mixture was precipitated
with cold diethyl ether. The residues were dissolved in acetone again
and precipitated with cold diethyl ether. The product was dried
overnight under reduced pressure at room temperature.

Synthesis of Supramolecular Block Copolymer Pt-PBEMA-
b-POEGMA. Supramolecular polymer Pt-PBEMA (5.00 μmol),
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AIBN (0.500 μmol), and OEGMA (250 μmol) were placed in a 10.0
mL glass ampule. About 1.5 mL of acetone was added. The mixed
solution was degassed via three cycles of freeze−pump−thawing and
then transferred to an oil bath at 60 °C to start polymerization. Eight
hours later, the polymerization reaction was stopped with liquid
nitrogen. The resulting mixture was precipitated with cold diethyl
ether. The residues were dissolved in acetone again and precipitated
with cold diethyl ether. The product was dried overnight under
reduced pressure at room temperature, resulting in a light yellow oil.

■ RESULTS AND DISCUSSION

Preparation of Supramolecular Block Copolymers
Possessing Hexagonal Metallacycle via Stepwise Post-
assembly Polymerization. To construct a functionalized
supramolecular block copolymer possessing a well-defined
discrete metallacycle core, BEMA was selected as a H2O2-
responsive monomer in constructing oxidation-responsive
materials.56,57 Treatment of H2O2 triggered the degradation
of boronate ester to release QM, which is proved to react with
GSH.58,59 In view of the fact that GSH acts as the main
reducing agent in cancer cells to keep an oxidation−reduction
equilibrium, effective GSH depletion by the released QM is
supposed to reduce the antioxidative capacity of cancer cells.
In addition, BrEMA was selected as a control monomer due to
its nonresponsiveness (Scheme S2 and Figure S4).
According to the rule of coordination-driven self-assembly, a

discrete hexagonal metallacycle is formed through a combina-
tion of three 120° organoplatinum(II) acceptors with three
120° donor ligands. As shown in Scheme 1a, 120° dipyridyl
ligand 1 containing a trithioester group, a traditional chain
transfer agent that can be used for RAFT polymerization, was
prepared. Next, self-assembly of ligand 1 with 120°
organoplatinum(II) acceptor 2 in CH2Cl2 gave hexagonal
metallacycle 3 in an alternate way. Formation of hexagonal
metallacycle 3 was clearly characterized through 1H and
31P{1H} NMR spectra. With the hexagon 3 in hand, the block
copolymer containing a metallacycle as the scaffolding was
obtained through stepwise post-assembly polymerization
(Scheme 1). The intermediate polymer Pt-PBEMA was
synthesized by polymerizing BEMA with hexagon 3 in acetone.
The reaction solution was deaerated by three cycles of a
freeze−pump−thawing process, and then the polymerization
reaction was conducted at 60 °C for 12 h. Pt-PBEMA was
obtained by cold diethyl ether precipitation and dried
overnight. Subsequently, the targeted supramolecular block
copolymer Pt-PBEMA-b-POEGMA was eventually acquired
from Pt-PBEMA by polymerizing OEGMA using the same
method.
Formation of both the intermediate polymer Pt-PBEMA

and the supramolecular block copolymer Pt-PBEMA-b-
POEGMA was clearly characterized by 1H and 31P{1H}
NMR spectra. For example, the 1H NMR spectrum of Pt-
PBEMA-b-POEGMA showed characteristic signals of
PBEMA, such as the reasonance peaks at 7.36 and 7.80 ppm
attributed to phenylboronic acid pinacol ester protons (Figure
1a−c). Moreover, signals at 4.28 ppm were attributed to the
methylene protons in POEGMA. In general, the character-
ization was in the high consistence of the production of a
three-armed block copolymer. Of particular note was that in
comparison with the original metallacycle 3, the peaks related
to the pyridyl moieties of both Pt-PBEMA and Pt-PBEMA-b-
POEGMA remained almost unchanged. Besides, the 31P {1H}
NMR spectrum of the polymer Pt-PBEMA-b-POEGMA

revealed a singlet at 15.24 ppm, which was nearly the same
as that of the parent metallacycle 3 (15.27 ppm) (Figure 1d−
f). The results demonstrated that the stepwise post-assembly
RAFT polymerization generated a new supramolecular block
copolymer with a well-defined metallacycle core.

Preparation of the NPs as Dual-Responsive Drug
Delivery Vehicles. Through a fluorescent approach, the
critical aggregation concentration (CAC) of the amphiphilic
polymer Pt-PBEMA-b-POEGMA was measured to be 4.94
μg/mL (Figure 2a), which was much lower than that of the
disassembled polymer PBEMA-b-POEGMA with a CAC value
of 40.3 μg/mL (Figure S18), suggesting that formation of
metallacycle increased the stability of the amphiphilic polymer.
The metallacycle linked by the coordination interaction served
as the cross-linker to stabilize the nanocarriers to avoid leakage
of drugs, illuminating the important role of this metallacycle in
drug delivery.
The PA-loaded Pt NPs (Pt NPs@PA) and DOX-loaded Pt

NPs (Pt NPs@DOX) were prepared from Pt-PBEMA-b-
POEGMA by the coassembly technique with a high loading
efficiency (Table S1). Besides, the hydrophobic agents PA and
DOX could be coencapsulated by Pt-PBEMA-b-POEGMA
using the same method. When changing the ratio of PA/DOX
from 8:1 to 1:8, the drug-loading efficiency remained almost
unchanged (Figure S19). However, a slight change in diameter
was detected by DLS measurements when changing the ratio
of PA/DOX from 8:1 to 1:8 (Figure 2b). van der Waals force

Figure 1. 1H NMR spectra (400 MHz, CDCl3, 293 K) of (a) BEMA,
(b) Pt-PBEMA-b-POEGMA, and (c) PBEMA-b-POEGMA. 31P{1H}
NMR spectra (121.4 MHz, DMSO-d6, 293 K) of (d) 2, (e) 3, and (f)
Pt-PBEMA-b-POEGMA.
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and π−π stacking interactions are the main driving forces for
PA and DOX to be encapsulated by the amphiphilic Pt-
PBEMA-b-POEGMA. To find the optimized ratio between PA
and DOX for in vivo and in vitro studies, a synergistic effect
was investigated by MTT assay. As shown in Figure S24, the
anticancer efficacy was the most potent at a PA/DOX ratio of
1:4. Therefore, this optimized ratio was employed for the
preparation of Pt NPs@PA/DOX for further investigations.
The morphology of the resultant nanomedicine was revealed
by TEM, in which nanoparticles with diameters of 80−120 nm
were observed (Figure 2c). Importantly, Pt NPs@PA/DOX
was stable in PBS possessing 10% FBS over a period of 2 days
(Figure S20), verifying the high colloidal stability of Pt NPs@
PA/DOX in biological buffer.
Pharmacologic PA can act as a prooxidant to produce H2O2

through cascade reactions inside cells.60,61 The elevated
concentration of H2O2 triggered the disassembly of Pt
NPs@PA/DOX to get the loaded drug released. The release
behavior was assessed by a dialysis approach at different
concentrations of H2O2. In the absence of H2O2, only 14.6%
DOX was released within 48 h (Figure 2e). However, 82.0%
and 98.5% DOX were released at 1.00 and 10.0 mM of H2O2
at the same time scale due to H2O2-triggered decomposition of
Pt NPs@PA/DOX. A similar release behavior of PA from Pt
NPs@PA/DOX was observed, indicating that the dual drugs
could be effectively released after cellular internalization
(Figure S21). The original state of DOX encapsulated in the
assembly of the Pt NPs@PA/DOX is neutral, but in
intracellular acidic environment, it changes to the cationic
state because of protonation, thereby accelerating its release.
The release progress of DOX from Pt NPs@PA/DOX was

also performed at different pH, simulating the pH gradient
existing between the endosomal and the lysosomal compart-
ments. As indicated in Figure 2f, the DOX release curve was
obviously pH dependent; 71.8% of DOX was released from Pt
NPs@PA/DOX after 48 h at pH 6.0 and 92.4% at pH 5.0.
The H2O2 responsiveness of the nanomedicine was further

validated using 1H NMR spectroscopy. In the 1H NMR
spectrum of Pt-PBEMA-b-POEGMA, signals related to the
protons of BEMA moieties ranging from 7.29 to 7.65 ppm
completely vanished by culturing the solution with H2O2 (1.00
mM) for 5 min (Figure S22), indicating a thorough
elimination was achieved. TEM images showed that Pt
NPs@PA/DOX changed to irregular assemblies after H2O2
treatment, suggesting the disassembly of the nanomedicine
(Figure 2d).
By making use of the intrinsic fluorescence of DOX, CLSM

was utilized to study the internalization of Pt NPs@PA/DOX.
The red fluorescence color of DOX was found mainly in the
cytoplasm and overlapped well with the green signal from
lysosome tracker (Figure 3, a and b). DOX was released via
disassembly of Pt NPs@PA/DOX and then accumulated in
the nucleus. It should be noted that in the CLSM image, the
breakdown of the cell nucleus was clearly monitored for cells
treated with Pt NPs@PA/DOX for 24 h, one of the hallmarks
of apoptosis. In sharp contrast, a small amount of DOX was
released from nonresponsive nanomedicine (n Pt NPs@PA/
DOX) prepared from Pt-PBEMA-b-POEGMA due to the
shortage of responsiveness. The red fluorescence stayed in the
cytoplasm even after 8 h of incubation (Figure S23). These
studies revealed that Pt NPs@PA/DOX could be effectively
internalized by cancer cells and released the loaded therapeutic
agents.
Interestingly, the released PA served as a prooxidant to

elevate the intracellular H2O2 concentration, further boosting
the drug release. The produced QM from Pt NPs@PA also
reduced the antioxidative capacity of cancer cells through GSH
depletion, thus improving the intracellular oxidative stress. In
order to study the intracellular reactive oxygen species (ROS)
elevation in HeLa cells, DCFH-DA was utilized as a
fluorimetric marker to detect the intracellular ROS. The cells
treated with PBS or Pt NPs revealed weak fluorescence, which
was ascribed the intrinsic ROS degree inside cells (Figure 3c).
By comparison, the cells treated with PA and Pt NPs@PA
greatly promoted the intracellular ROS concentration. Figure
3d shows that about 4-fold enhancement in the ROS degree is
achieved for the cells incubated with Pt NPs@PA, which is
much higher than that of free PA. A possible reason is that the
endocytosis of PA is increased by blocking its negative charge
upon formation of the nanomedicine. The ROS signal was
remarkably diminished by pretreating the cells with a ROS
scavenger (sodium ascorbate, NaVC) followed by incubation
of Pt NPs@PA. To assess the GSH-depleting capacity of Pt
NPs@PA, the GSH content in HeLa cells after treatment with
Pt NPs@PA was further studied through a GSH/GSSG
detection kit. After dealing with different contents of Pt NPs@
PA, the amount of GSH was quantitatively determinated. As
indicated in Figure 3e, treatment with Pt NPs@PA reduced
the intracellular GSH degree to be lower than 50% of the
original one. Therefore, the effective GSH depletion capacity
of Pt-PBEMA-b-POEGMA polymer presumably produces this
result.
The anticancer efficacies of DOX, PA, Pt NPs@PA, Pt

NPs@DOX, n Pt NPs@PA/DOX, and Pt NPs@PA/DOX

Figure 2. (a) CAC measurement of Pt-PBEMA-b-POEGMA using
pyrene as a probe. (b) Average diameters of Pt NPs@PA/DOX with
different PA/DOX ratios. TEM images of (c) Pt NPs@PA/DOX
(PA/DOX = 1:4) and (d) Pt NPs@PA/DOX after H2O2 treatment.
(e) Drug release curves of DOX from Pt NPs@PA/DOX with or
without different concentrations of H2O2. (f) Drug release curves of
DOX from Pt NPs@PA/DOX at different pH values.
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were evaluated using a MTT assay (Figure 3f). Compared with
free PA, the cytotoxicity of Pt NPs@PA was greatly enhanced
because of the favorable cellular uptake and effective release by
formation of this nanoformulation. The half-maximal inhib-
itory concentrations (IC50) of Pt NPs@DOX was calculated to
be 2.48 ± 0.27 μM, which was comparable to that of free DOX
(IC50 = 1.63 ± 0.21 μM), proving the anticancer capability of
Pt NPs@DOX was kept. More importantly, the anticancer
efficacy of Pt NPs@PA/DOX was promoted by codelivering
PA and DOX; the IC50 value decreased to 1.32 ± 0.16 μM. It

should be stressed that the cytotoxicity of the nano-
formulations prepared from the nonresponsive copolymer
was much lower than those fabricated from Pt-PBEMA-b-
POEGMA, indicating the H2O2 responsiveness played an
important role in cancer therapy.

In Vivo Drug Delivery and Cancer Therapy. Nanosized
agents with proper diameters preferentially accumulate in
tumors through the permeable tumor vessel and are retained in
the tumor bed because of reduced lymphatic drainage.62−64

Besides, the PEG groups on the exterior of Pt NPs can protect

Figure 3. CLSM images of the HeLa cells incubated with Pt NPs@DOX for (a) 4 and (b) 8 h. (c) CLSM images of the ROS degree inside HeLa
cells after treatment under different conditions using DCFH-DA as a ROS probe. (d) Fluorescence intensity of the ROS signal was quantified from
c. **p < 0.01. Results are expressed as mean ± s.d. (e) GSH degree after treatment with various concentrations of Pt NPs@PA in HeLa cells. (f)
Cytotoxicity of DOX, PA, Pt NPs@PA, Pt NPs@DOX, n Pt NPs@PA/DOX, and Pt NPs@PA/DOX against HeLa cells after 48 h incubation.
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them against being absorbed by proteins and eliminated from
the body. The pharmacokinetic behaviors of Pt NPs@PA/
DOX and free DOX were evaluated (Figure S27). Compared
with DOX that was rapidly cleared out from the body, the
circulation time of Pt NPs@PA/DOX was significantly
prolonged. After intravenous injection of Pt NPs@PA/DOX
for 24 h, about 1.5% ID/g blood can be measured.
Furthermore, the time-dependent biodistribution of Pt
NPs@PA/DOX in the main organs and tumor was
quantitatively analyzed (Figure 4a). In the case of free DOX,
the tumor accumulation was very low because of its fast
clearance and nonspecific distribution (Figure S28). Benefiting
from the EPR effect, the DOX amount in the tumor after
treatment with Pt NPs@PA/DOX gradually increased to 5.7 ±
0.8% ID/g after 12 h postinjection. The intratumoral DOX
amount remained at a high degree (5.5 ± 0.7% ID/g) even at
24 h postinjection, which facilitated its antitumor performance.
In addition, the biodistribution of Pt NPs@PA/DOX in the
main organs was comparable to free DOX, while the relatively
slow release was favorable to change the excretion behaviors
and reduce its systemic toxicity.
To assess the in vivo antitumor effect, six groups of mice

with HeLa tumor were injected intravenously by PBS, DOX, n
Pt NPs@PA/DOX, Pt NPs@PA, Pt NPs@DOX, and Pt
NPs@PA/DOX. The tumors exhibited an exponential growth
pattern with time and showed a mean tumor volume of 1350
mm3 for the mice cultured by PBS after 18 days (Figure 4b). In
the DOX-treated formulation, a moderate inhibition of tumor
growth was accomplished with a mean tumor volume of 795

mm3 at the same period. Due to the EPR effect and H2O2-
responsive drug release, Pt NPs@DOX and Pt NPs@PA
showed better antitumor efficacy compared with free DOX.
Specifically, the Pt NPs@PA/DOX group greatly out-
performed other groups in diminishing the volume of the
tumors as a result of the synergistic anticancer efficacy. After
the final injection, the mice were sacrificed and the tumors
were removed and weighed individually. Consequently, the
inhibition rates of tumor growth were measured to be 41.6%,
51.8%, 58.6%, 70.4%, and 85.8% for the mice administrated
with DOX, n Pt NPs@PA/DOX, Pt NPs@PA, Pt NPs@DOX,
and Pt NPs@PA/DOX, respectively (Figure 4c), further
demonstrating the best therapeutic efficacy of Pt NPs@PA/
DOX. The antitumor effect was also evaluated using
hematoxylin/eosin (H&E) staining. In these treatment
formulations, the tumor tissues showed the lowest proliferation
of cells and the highest degree of necrosis after treatment with
Pt NPs@PA/DOX, demonstrating massive remission of the
proliferation activity (Figure 4e).
To evaluate the systemic toxicity of Pt NPs@PA/DOX, the

impact of diverse groups upon body weight, survival rate, and
blood chemistry was studied. For free DOX, the body weight
of mice decreased during the period of drug administration due
to the side effect of DOX. On the contrary, there was no
obvious body weight loss after treatment with Pt NPs@PA/
DOX, proving that the systemic toxicity was negligible using
this nanoformulation (Figure S29). Compared to other groups
(27, 30, 37.5, 36, and 45 days for PBS, DOX, Pt NPs@PA/
DOX, Pt NPs@PA, and Pt NPs@DOX, respectively), the

Figure 4. (a) Tissue distribution of Pt NPs@PA/DOX in the main organs and tumor at different postinjection times. H, heart; Lu, lung; Li, liver;
Ki, kidney; Sp, spleen; T, tumor. (b) Tumor growth curves, (c) inhibition rate, and (d) survival rate of the mice with HeLa tumors after different
treatments. I, PBS; II, DOX; III, n Pt NPs@PA/DOX; IV, Pt NPs@PA; V, Pt NPs@DOX; VI, Pt NPs@PA/DOX. ***p < 0.001. (e) H&E
analysis of tumor tissues after different formulations.
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average lifespan of mice after treatment with Pt NPs@PA/
DOX was greatly prolonged (Figure 4d), owing to its
negligible systemic toxicity and outstanding antitumor
performance. Besides, blood biochemistry was performed at
1, 4, and 7 days postadministration of Pt NPs@PA/DOX to
evaluate the hepatotoxicity and nephrotoxicity (Figures S30−
34). These mice revealed the same regular parameters with
mice that had not been treated, further showing that neither
liver damage nor renal dysfunction was led by Pt NPs@PA/
DOX.

■ CONCLUSION
In summary, we developed a new supramolecular block
copolymer Pt-PBEMA-b-POEGMA consisting of a well-
defined metallacycle core and three H2O2-responsive diblock
copolymers arms by combining coordination-driven self-
assembly and stepwise post-assembly polymerization. Using
the reprecipitation approach, self-assemblies of Pt NPs were
successfully prepared from this amphiphilic polymer. Fur-
thermore, Pt NPs were able to encapsulate PA and DOX. In
tumor tissues, the elevated level of PA served as a prooxidant
and produced more H2O2. In the meantime, PBEMA segments
generated QM responding to the high content of H2O2, which
consumed intracellular GSH to decrease the antioxidant ability
of cancer cells. The amphiphilic property of polymer Pt-
PBEMA-b-POEGMA was changed by a H2O2-responsive
removal of the hydrophobic domains, leading to the disruption
of nanoarchiectures and subsequent release of drugs. In vitro
and in vivo results revealed the excellent antitumor efficiency
of Pt NPs@PA/DOX by combining the chemotherapy and
amplification of oxidative stress in a synergistic manner.
Although several nanomedicines have been approved by the
FDA for clinic use and their side effects of the chemotherapy
can be attenuated by exploiting nanotechnology, the antitumor
performances are marginally improved compared with the free
drugs. Different from the commercial nanomedicines prepared
from liposomes, such as Doxil and Onivyde, Pt-PBEMA-b-
POEGMA used as a drug carrier could deplete the intracellular
GSH to further boost the anticancer efficacy. Another
advantage of this nanomedicine was that controlled drug
release could be achieved by the elevated GSH level in cancer
cells, which was favorable to improve the anticancer efficacy
while avoiding side effects. In view of these results, the study
offers a valuable methodology and information for the
reasonable design of new drug delivery systems based on
supramolecular ensembles.
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