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ABSTRACT: PHSCN peptide (licensed as ATN-161) is an effective α5β1 integrin inhibitor that has advanced to phase II clinical
trials to treat solid tumors. Here we developed ATN-161 functionalized self-cross-linkable and intracellularly de-cross-linkable
polymersomes (ATN/SCID-Ps) for highly efficient and targeted delivery of doxorubicin hydrochloride (DOX·HCl) into B16F10
melanoma-bearing C57BL/6 mice. ATN/SCID-Ps exhibited a high loading capacity of DOX·HCl. The size of DOX-loaded
ATN/SCID-Ps (DOX-ATN/SCID-Ps) decreased from 150 to 88 nm with increasing ATN surface densities from 0 to 100%
(mol/mol). DOX-ATN/SCID-Ps were robust with low drug leakage under physiological conditions while quickly releasing DOX
with the addition of 10 mM glutathione. MTT assay results displayed that DOX-ATN/SCID-Ps induced ATN density-
dependent antitumor activity to α5β1 integrin overexpressing B16F10 melanoma cells, in which 56% ATN-161 was optimal. Flow
cytometry and CLSM studies revealed significantly more efficient internalization and cytoplasmic DOX release in B16F10 cells
for DOX-ATN/SCID-Ps than for DOX-SCID-Ps (nontargeting control) as well as clinically used pegylated liposomal
doxorubicin (DOX-LPs). DOX-ATN/SCID-Ps displayed a long blood circulation time (elimination half-life = 4.13 h) and 4
times higher DOX accumulation in B16F10 bearing C57BL/6 mice than DOX-LPs. Interestingly, DOX-ATN/SCID-Ps exhibited
a superior maximum-tolerated dose of over 100 mg DOX·HCl/kg, 10 times higher than DOX-LPs. Remarkably, DOX-ATN/
SCID-Ps could significantly inhibit the growth of aggressive B16F10 melanoma with little adverse effects via either multiple or
single injection of total dosage of 100 mg DOX·HCl/kg, resulting in greatly improved survival rates as compared to DOX-LPs.
ATN/SCID-Ps are appealing nanovehicles for targeted chemotherapy of α5β1 integrin positive solid tumors.
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■ INTRODUCTION

Nanomedicines are highly promising for clinical cancer
therapy.1,2 Notably, nanosized polymersomes have recently
appeared as an attractive nanocarrier for replacing liposomes
for the controlled delivery of hydrophobic as well as hydrophilic
anticancer drugs.3−5 Unlike liposomes that are made small by
repeated extrusion, nanopolymersomes are directly self-
assembled from amphiphilic block copolymers, which renders
polymersomes not only an easy fabrication process but also a
better stability (thermodynamically favored). Moreover, poly-
mersomes are particularly versatile in terms of physiochemical
properties and functionalization. For example, various stimulus-
sensitive polymersomes have been designed to achieve
triggered drug release inside target tumor cells or in tumor

tissues.6−13 We are especially interested in redox-sensitive
polymersomes because there presents abundant glutathione
(GSH) in the cytosol of all types of cancer cells.14,15 The work
on different redox-sensitive nanosystems all shows a quick and
accelerated intracellular drug release, resulting in markedly
enhanced inhibition of caner cells including drug-resistant
cancer cells in vitro as compared to the redox-insensitive
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counterparts.16−20 In addition to triggering drug release,
reduction-sensitive disulfide bonds have also been applied to
cross-link and thereby stabilize nanoparticles including
polymersomes.21−24 Low systemic stability is a practical issue
for most nanomedicines.25,26

To maximize their therapeutic activity while minimizing their
side effects, various active targeting ligands such as antibodies
and peptides that show high specificity or affinity to certain
types of cancer cells have been introduced into the surface of
polymersomes.1,27−30 Several studies have demonstrated that
ligand-functionalized polymersomes offer better selectivity and
antitumor effect than the nontargeting polymersomes in vitro
and in vivo.31−35 For instance, Lecommandoux et al. reported
that hyaluronan based, CD44-targeting polymersomes loaded
with DOX could selectively accumulate in tumor, delay
doubling time, and prolong the survival time in mice bearing
Ehrlich ascites tumors.36 None of them have been translated
into clinical trials.25 For successful clinical translation, it is
better for polymersomes to be composed of biodegradable and
biocompatible polymers,12,24,37,38 which are regarded as the
most probable materials. Meanwhile, it is better for targeting
ligands to be straightforward and verified in the patients.
In this article, we report on antiangiogenic peptide PHSCN

(licensed as ATN-161) functionalized self-cross-linkable and
intracellularly de-cross-linkable biodegradable polymersomes
(ATN/SCID-Ps) for highly efficient and targeted delivery of
doxorubicin hydrochloride (DOX·HCl) into B16F10 melano-
ma-bearing C57BL/6 mice (Scheme 1). The polymersomes are
prepared from amphiphilic diblock copolymer of poly(ethylene
glycol) (PEG) and dithiolane-functionalized poly(trimethylene
carbonate) (PTMC). PTMC is biocompatible and biodegrad-
able and widely used in absorbable sutures, drug delivery, and
tissue engineering.39−41 We found that DOX-loaded SCID-Ps
have excellent stability, low systemic toxicity, and triggered
DOX release inside tumor cells.23 ATN-161, a pentapeptide
derived from the synergy region of fibronectin, is an effective
α5β1 integrin inhibitor, and has finished phase I clinical trials to
treat solid tumors.42 The direct injection of ATN-161 has been
shown to effectively inhibit growth of different solid tumors and
metastasis in vivo.43,44 We hypothesized that ATN/SCID-Ps
could effectively target α5β1 integrin overexpressing tumors
(e.g., B16F10 melanoma), resulting in effective tumor
inhibition.

■ EXPERIMENTAL SECTION
Synthesis of ATN-PEG-P(TMC-DTC). ATN-PEG-P(TMC-

DTC) was synthesized through three steps. First, α-squaric acid
ethyl ester−ω-hydroxyl-poly(ethylene glycol) (SAE-PEG-OH)
was prepared by treating NH2-PEG-OH (Mn = 7.5 kg/mol)
with diethyl squarate (SADE), as reported previously.45,46

Yield: 93.2%. 1H NMR (600 MHz, DMSO-d6): δ 4.65 (m,
CH3CH2O-), 3.74 (s, -OCH2CH2OH), 3.57 (s, -OCH2CH2-O-
), and 1.34 (t, CH3CH2O-). SAE functionality was determined
to be ca. 100% by comparing the signals of ethyl protons of
SAE (δ 4.65) to PEG methylene protons (δ 3.57).
Second, SAE-PEG-P(TMC-DTC) was obtained from ring-

opening polymerization (ROP) of TMC and dithiolane-
functionalized trimethylene carbonate (DTC) with SAE-PEG-
OH as an initiator, similar to our previous reports.23,47 Yield:
86.8%. 1H NMR (600 MHz, DMSO-d6): δ 4.65 (m,
CH3CH2O-), 4.25 (s, -OCH2C(C2H4S2)CH2O-), 4.13 (s,
-OCH2CH2CH2O-), 3.50 (s, -CH2CH2O-), 2.99 (s,
-SCH2CCH2S-), 1.94 (s, -OCH2CH2CH2O-), and 1.34 (t,

CH3CH2O-). Mn (
1H NMR) = 35.9 kg/mol, Mn (GPC) = 76.9

kg/mol, Mw/Mn = 1.5.
Finally, SAE-PEG-P(TMC-DTC) (0.12 g, 3.32 μmol)

dissolved in 1.5 mL of DMSO was added dropwise into
ATN (4.55 mg, 6.65 μmol amine) borate buffer solution (4.5
mL, pH 9.2, 10 mM) at room temperature (rt) and stirred for
24 h. The amount of unreacted ATN was determined using the
TNBS method (Supporting Information). ATN-PEG-P(TMC-
DTC) was purified by extensive dialysis. Yield: 84.5%. 1H NMR
(600 MHz, DMSO-d6): δ 6.5−8.3 (ATN moiety), 4.25 (s,
-OCH2C(C2H4S2)CH2O-), 4.13 (s, -OCH2CH2CH2O-), 3.50
(s, -CH2CH2O-), 2.99 (s, -SCH2CCH2S-), and 1.94 (s,
-OCH2CH2CH2O-). TNBS assay showed that ATN-PEG-
P(TMC-DTC) had an ATN functionality of ca. 98.4%
(Supporting Information).

Preparation of ATN/SCID-Ps and DOX-ATN/SCID-Ps.
Briefly, 100 μL of DMF solution of ATN-PEG-P(TMC-DTC)
and PEG-P(TMC-DTC) (10 mg/mL) at a predetermined
molar ratio was added into 900 μL of phosphate buffer (PB, 10
mM, pH 7.4) without stirring. After ca. 30 min the dispersion
was dialyzed (MWCO 3500 Da) against PB for 24 h at rt. The
obtained polymersomes were self-cross-linked during the
dialysis procedure and were named as ATNX/SCID-Ps,
where X stands for molar percentage of ATN-PEG-P(TMC-

Scheme 1. ATN/SCID-Ps Efficiently Load, Deliver, and
Release DOX·HCl to α5β1 Integrin Overexpressing B16F10
Melanoma in C57BL/6 Mice
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DTC) in the polymer mixture. The intensity-averaged
hydrodynamic diameter, size distribution, zeta potential,
morphology, and cytotoxicity of the polymersomes were
measured using DLS, electrophoresis, TEM, and MTT assays,
respectively. The stability of the polymersomes in cell culture
medium containing 10% FBS, PB, and PB containing 10 mM
GSH was evaluated.
DOX·HCl was loaded into ATN/SCID-Ps using a pH-

gradient method. The drug loading contents and DOX release
behaviors in vitro were determined as reported previously.23

MTT Assays. The effect of ATN contents on the
targetability and antitumor activity of DOX-ATN/SCID-Ps
was evaluated using α5β1 integrin overexpressing B16F10 cells
in DMEM media (96-well plate, 5 × 103 per well). DOX-SCID-
Ps and pegylated liposomal doxorubicin (DOX-LPs, LIBOD,
Shanghai Fudan-Zhangjiang Bio-Pharmaceutical Co., Ltd.)
were employed as controls. B16F10 cells were cultured with
DOX-ATN/SCID-Ps (10 or 20 μg of DOX/mL, ATN surface
densities varying from 17%, 36%, 56%, 77%, to 100%) for 4 h,
the media were replaced by fresh media, and the cells were
incubated for another 44 h. Then MTT solution was added and
the assays were conducted as described before (n = 4).23 To
determine the IC50 of DOX-ATN56/SCID-Ps, DOX dosage
varied from 0.01 to 20 μg/mL.
Similarly, the cytotoxicity of empty SCID-Ps and ATN/

SCID-Ps was assessed following 48 h incubation with B16F10
cells at polymer concentration of 0.1, 0.2, 0.3, 0.4, or 0.5 mg/
mL.
Confocal Laser Scanning Microscopic (CLSM) and

Flow Cytometric Analysis. In CLSM studies, B16F10 cells
grown on coverslips in 24-well plates (5 × 104 cells/well) were
incubated for 4 h with DOX-ATN/SCID-Ps, DOX-SCID-Ps, or
DOX-LPs (10 μg DOX·HCl/mL) at 37 °C, then the medium
was replaced, and the cells were cultured for another 4 h in
fresh medium. The cells on coverslips were subjected to PBS
washing (×3), fixation with 4% paraformaldehyde solution (20
min), and PBS washing (×3). The cell nucleus was stained with
DAPI before observation using CLSM (TCS SP5).
For flow cytometric measurements, B16F10 cells were

seeded in 6-well plates (1 × 106 cells/well). After 24 h, 200
μL of DOX-ATN/SCID-Ps, DOX-SCID-Ps, and DOX-LPs (10
μg of DOX·HCl/mL) were added. After 4 h incubation at 37
°C, B16F10 cells were digested by 0.25% (w/v) trypsin and
0.03% (w/v) EDTA. The cell suspensions were handled and
measured using a flow cytometer as reported previously.23 The
inhibitive experiments were carried out by incubation of
B16F10 cells for 2 h with 100 μL of free ATN in PBS (0.6 mg/
mL) prior to incubation with DOX-ATN/SCID-Ps.
Animal Models. All animal procedures were handled under

protocols approved by Soochow University Laboratory Animal
Center and the Animal Care and Use Committee of Soochow
University. Female C57BL/6 mice (5 weeks, Model Animal
Research Center of Nanjing University) were inoculated
subcutaneously on the right flank with 2 × 106 B16F10 murine
melanoma cells per mouse. Mice with tumor size of ca. 150−
200 mm3 were used for in vivo biodistribution studies, and mice
with tumor size of ca. 30−50 mm3 for therapeutic studies.
In Vivo Blood Circulation. Kunming mice were intra-

venously injected with 150 μL of DOX-ATN/SCID-Ps, DOX-
SCID-Ps, or DOX-LPs (10 mg DOX·HCl/kg) in PB via tail
vein (n = 3). At predetermined time intervals, ∼50 μL of blood
was taken out from the retro-orbital sinus of mice. Blood
samples were immediately dissolved in 100 μL of Triton X-100

(1%) with brief sonification. To extract DOX, 0.9 mL of
extraction solution (DMF containing 20 mM DTT) was added
to the samples and incubated overnight at 25 °C. After
centrifugation at 10 krpm for 20 min, DOX·HCl in the
supernatant was determined by fluorometry (ex. 480 nm, em.
560). The distribution and elimination half-lives (t1/2,α and
t1/2,β) were determined by fitting the experimental data using
the Origin 8 exponential decay 2 model: y = A1 × exp(−x/t1) +
A2 × exp(−x/t2) + y0, and taking t1/2,α = 0.693t1 and t1/2,β =
0.693t2.

In Vivo Biodistribution. The B16F10 tumor bearing
C57BL/6 mice were randomly grouped, and 150 μL of
DOX-ATN/SCID-Ps, DOX-SCID-Ps, or DOX-LPs (10 mg
DOX·HCl/kg) was intravenously injected via tail vein (n = 3).
At 6 h postinjection the mice were sacrificed, and the major
organs as well as tumors were excised, washed, dried with towel,
and weighed before homogenization in 1 mL of methanol (IKA
T25) at 32770g for 10 min to extract DOX. After 48 h
incubation, the obtained samples were centrifuged for 20 min
(22760g), and supernatants were taken for determination of
DOX level by HPLC using an eluent consisting of methanol/
acetate buffer (pH 3.4, 10 mM) (60/40, v/v). To correct the
background influence of tissue, DOX solutions of known
concentrations in the presence of blank tissues from mice
receiving no drugs were applied to generate standard curves.

Maximum-Tolerated Dose (MTD) of DOX-ATN/SCID-
Ps. The B16F10 tumor bearing mice were weighed and
randomly grouped followed by iv injection with 150 μL of
DOX-SCID-Ps or DOX-ATN/SCID-Ps via tail vein at 50, 80,
and 100 mg DOX·HCl/kg, or 150 μL of DOX-LPs at 10 and
20 mg DOX·HCl/kg. The mice were observed and recorded
for any changes of body weight, behavior, reaction to treatment,
and illness for 10 days. The body weights were measured every
2 days. On day 10, the mice were sacrificed, and major organs
were dissected, sliced, and stained for macroscopic inspection.

In Vivo Antitumor Efficacy. C57BL/6 mice with B16F10
xenografts were weighed and set to 6 groups at random (n = 6,
one for histological analysis and the remaining five for
therapeutic studies). For multiple injections, mice were injected
via tail vein on days 0, 2, 4, 6, and 8 with 150 μL of DOX-
ATN/SCID-Ps or DOX-SCID-Ps at a dosage of 20 mg DOX·
HCl/kg, or DOX-LPs at 10 mg DOX·HCl/kg. For single
injections, mice were administered with DOX-ATN/SCID-Ps
or DOX-SCID-Ps on day 0 at 100 mg DOX·HCl/kg. PBS was
used as control. Every 2 days tumor size was measured using
digital calipers. Tumor volumes were computed according to
the formula V = 0.5LWH, wherein L, W, and H are the length,
width, and height of tumors, respectively. The relative tumor
volume was defined as V/V0, and V0 is the tumor volume on
day 0. Every 2 days the mouse body weights were measured
and normalized to their initial weights.
On day 14, one mouse from each group was taken and

sacrificed by cervical vertebra dislocation. The liver, heart,
kidney, and tumors were taken for histological analyses. The
remaining five mice were used to monitor body weights and
survival rates over a period of 42 days (n = 5). For histological
analysis, the excised tumors and organs were fixed with 10%
formalin, embedded in paraffin, sliced (thickness: 4 mm), and
stained with hematoxylin and eosin (H&E) prior to micro-
scopic observation (Olympus BX 41).

Statistical Analyses. Data were expressed as mean ±
standard deviation (SD). Difference between groups was
assessed using one-way ANOVA with Tukey multiple
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comparison tests, wherein *p < 0.05 was considered significant,
and **p < 0.01 and ***p < 0.001 were highly significant.

■ RESULTS AND DISCUSSION

Synthesis of ATN-PEG-P(TMC-DTC) Block Copolymers.
ATN-161 is an effective α5β1 integrin inhibitor that has been
developed to phase II clinical trials to treat various tumors.42

Here, ATN-161 was employed as a potential tumor-targeting
modality for self-cross-linkable and intracellularly de-cross-
linkable polymersomes (SCID-Ps) based on PEG-P(TMC-
DTC) diblock copolymers (Scheme 1), given the fact that α5β1
integrin is overexpressed not only in the tumor neovasculature
but also in several malignant tumors.43,48,49 ATN-functionalized
PEG-P(TMC-DTC) diblock copolymer was prepared by
statistical copolymerization of TMC and DTC using squaric
acid ethyl ester end-functionalized PEG (SAE-PEG-OH, Mn =
7.5 kg/mol) as an initiator, which was followed by coupling
with PHSCNK peptide (Scheme S1). SAE-PEG-P(TMC-
DTC) was obtained with a controlled Mn of 7.5-(22.4-6.0)
kg/mol (wherein X, Y, and Z in X-(Y-Z) represent the Mn
values of PEG, PTMC, and PDTC in the copolymer in kg/mol,
respectively) with Mw/Mn of 1.5 (Table 1). The Mn determined
by GPC was higher than that by 1H NMR analysis. This
discrepancy is likely due to the fact that poly(methyl

methacrylate) standards were used to calibrate the GPC
columns. The 1H NMR spectrum displayed characteristic peaks
of SAE moieties at δ 4.65 and 1.34 (Figure S1A), indicating that
SAE groups were intact during reaction and workup. Further
reaction with ATN resulted in complete disappearance of
signals of SAE groups (Figure S1B). Instead, resonances
assignable to ATN moieties were detected at δ 6.5−8.5. The
TNBS assays revealed that ATN-PEG-P(TMC-DTC) had a
high ATN functionality of 98% (Figure S2). In a similar way,
PEG-P(TMC-DTC) was synthesized with an Mn of 5.0-(20.3-
5.6) kg/mol and an Mw/Mn of 1.30 using MeO-PEG-OH (Mn
= 5.0 kg/mol) as an initiator (Table 1).

Preparation and Characterization of DOX-ATN/SCID-
Ps. ATN/SCID-Ps with varying ATN surface densities were
readily prepared by co-self-assembly of ATN-PEG-P(TMC-
DTC) and PEG-P(TMC-DTC) with prescribed molar ratios.
DLS measurements showed that the size of polymersomes
decreased from 140 to 87 nm while maintaining a narrow size
distribution (PDI 0.10−0.17) with increasing ATN surface
densities from 17%, 36%, 56%, 77%, to 100% (Figure 1A). The
smaller size observed for ATN-PEG-P(TMC-DTC) is likely
due to its higher hydrophilic/hydrophobic ratio as compared to
PEG-P(TMC-DTC), as also reported for polymersomes
formed from different block copolymers.50,51 ATN/SCID-Ps
exhibited a high loading of DOX·HCl by pH-gradient method,

Table 1. Characterization of ATN-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)

Mn (kg/mol) DPc

copolymer designa 1H NMRa GPCb TMC DTC Mw/Mn
a yield (%)

PEG-P(TMC-DTC) 5.0-(20-5) 5.0-(20.3-5.6) 59.1 199 29 1.30 92.7
ATN-PEG-P(TMC-DTC) 7.5-(20-5) 7.5-(22.4-6.0) 76.9 219 31 1.58 84.5

aX, Y, and Z in X-(Y-Z) represent the Mn values of PEG, PTMC, and PDTC in the copolymer in kg/mol, respectively. bDetermined by GPC. cDP:
degree of polymerization determined by 1H NMR.

Figure 1. (A) Size distribution profiles of bare ATN/SCID-Ps and SCID-Ps determined by DLS. (B) Reduction-triggered DOX·HCl release from
DOX-ATN/SCID-Ps and DOX-SCID-Ps in PB (pH 7.4, 10 mM) with or without GSH at 37 °C (n = 3).

Table 2. Characteristics of DOX-ATN/SCID-Ps at 20 wt % Theoretical DOX·HCl Loading Content

entry ATN surf density (mol %) sizea (nm) PDIa DLCb (wt %) DLEb (%) ζ (mV)

1 0 150 ± 2 0.10 ± 0.03 15.5 ± 0.3 77.6 ± 1.9 0.97 ± 0.09
2 17 141 ± 4 0.12 ± 0.01 16.0 ± 0.6 80.2 ± 3.6 −0.16 ± 0.21
3 36 109 ± 5 0.13 ± 0.02 15.9 ± 0.4 79.5 ± 2.2 −0.47 ± 0.18
4 56 97 ± 4 0.14 ± 0.04 16.3 ± 0.5 81.3 ± 3.0 −1.05 ± 0.20
5 77 90 ± 1 0.18 ± 0.01 16.2 ± 0.5 80.9 ± 2.8 −1.22 ± 0.11
6 100 88 ± 2 0.19 ± 0.03 16.3 ± 0.5 81.6 ± 2.9 −1.64 ± 0.15

aDetermined by DLS in PB. bMeasured by fluorometry.
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in which a drug loading content (DLC) of ca. 15.5 wt %,
corresponding to a drug loading efficiency (DLE) of ca. 77.3%,
was achieved at a theoretical DLC of 20 wt % (Table S1).
DOX·HCl loaded ATN/SCID-Ps (DOX-ATN/SCID-Ps) kept
small size and narrow PDI (0.10−0.19, Table 2). DOX-ATN/
SCID-Ps had a zeta potential of −0.16 to −1.64 mV. ATN/
SCID-Ps and SCID-Ps showed superior stability in PB or in cell
culture medium containing 10% FBS for 24 h at 37 °C (Figure
S3B), due to self-cross-linking of the polymersomal membrane
as reported previously.23 In contrast, dramatic increase of
polymersome size was detected with addition of 10 mM GSH,
due to triggered de-cross-linking, increase of membrane
hydrophilicity, and aggregation. In vitro release studies at a
low concentration (50 mg/L) displayed a minimal (ca. 14%)
drug release from ATN/SCID-Ps under physiological con-
ditions within 24 h (Figure 1B). However, 82% of DOX·HCl
was released under otherwise the same conditions except 10
mM GSH was added. Comparable results were also observed
for SCID-Ps. The accelerated drug release from ATN/SCID-Ps
and SCID-Ps under a reductive condition is probably due to de-
cross-linking and swelling of polymersome membrane that
largely facilitates drug diffusion (Scheme 1). Park and Denkova
groups also found that the cross-linking of polymersomes could
increase the drug retention inside polymersomes and reduce
the drug leakage.24,52 It is evident that ATN/SCID-Ps and
SCID-Ps are robust with little drug leakage in physiological
environment while able to rapidly release payloads under
intracellular-mimicking conditions.

In Vitro Selectivity and Antitumor Activity of DOX-
ATN/SCID-Ps. The selectivity and antitumor efficacy of DOX-
ATN/SCID-Ps was assessed using MTT assays on α5β1
integrin overexpressing B16F10 melanoma cells.43,48,49 Nota-
bly, blank ATN/SCID-Ps and SCID-Ps were basically nontoxic
to B16F10 cells at 0.1−0.5 mg/mL (Figure 2A). Notably, 0.5
mg/mL ATN/SCID-Ps corresponded to 5.7 μg ATN equiv/
mL and was above 10-fold lower than the cytotoxic threshold of
ATN peptide.53 Interestingly, DOX-ATN/SCID-Ps at 10 or 20
μg DOX equiv/mL caused ATN dependent cell growth
inhibition in which ATN56/SCID-Ps appeared to be the
most potent to B16F10 cells (Figure 2B). 20 μg DOX equiv/
mL DOX-ATN/SCID-Ps had an ATN/SCID-Ps concentration
of ca. 0.123 mg/mL. The observed anticancer activity of DOX-
ATN/SCID-Ps is, therefore, not due to ATN but due to active
targeting of DOX by DOX-ATN/SCID-Ps. The U-shaped
dose−response curve (called hormesis) was also observed in
phase I clinical trials42 and preclinical studies,54 which was
mainly ascribed to the fact that ATN-161 dimerizes or forms a
complex with free thiol-containing plasma proteins like
albumin. Notably, DOX-ATN56/SCID-Ps revealed a low IC50

of 5.2 μg/mL to B16F10 cells, which was 3 times lower than
that of nontargeting SCID-Ps (15.6 μg/mL) and commercial
pegylated liposomal doxorubicin (DOX-LPs, LIBOD) (Figure
2C). In comparison, ATN-161 modified liposomes only
showed 1.3- and 1.7-fold lower IC50 for B16F10 and MDA-
MB-231 cells, respectively.48,49 In the following, ATN56/SCID-

Figure 2. In vitro cell experiments of ATN/SCID-Ps and DOX-ATN/SCID-Ps using B16F10 cells. Free DOX·HCl and DOX-LPs were used as
controls. (A) MTT assays of blank polymersomes at 48 h incubation (n = 4). Antitumor activity of DOX-ATNX/SCID-Ps with different ATN
contents (B) and DOX-ATN56/SCID-Ps at different drug concentrations (C). The cells were incubated for 4 h with drug formulations, then
refreshed with fresh medium, and cultured for 44 h (n = 4). One-way ANOVA with Tukey multiple comparison tests, **p < 0.01, ***p < 0.001. (D)
Flow cytometric analysis of B16F10 cells at 4 h incubation with formulations (10 μg DOX·HCl/mL). The inhibition experiment was carried out by
using free ATN (0.6 mg/mL) to pretreat cells for 2 h before adding DOX-ATN56/SCID-Ps.
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Ps were selected for further in vitro and in vivo studies, if not
otherwise stated.
Flow cytometric analyses showed that DOX-ATN/SCID-Ps

were significantly more efficiently taken up by B16F10 cells
than DOX-SCID-Ps and DOX-LPs (Figure 2D). The
competitive inhibition experiments revealed that pretreatment
of B16F10 cells using free ATN prior to incubation with DOX-
ATN/SCID-Ps greatly reduced their cellular uptake, to the
same level as for nontargeting DOX-SCID-Ps, confirming that
receptor-mediated endocytosis mechanism accounted for the
internalization of DOX-ATN/SCID-Ps by B16F10 cells. CLSM
images of DOX-ATN/SCID-Ps treated B16F10 cells further
showed intense DOX fluorescence throughout cells including
the nuclei at 8 h incubation. In comparison, B16F10 cells
treated with DOX-SCID-Ps and DOX-LPs exhibited signifi-
cantly weaker DOX fluorescence, and DOX distributed mostly
in the cytoplasm of DOX-SCID-Ps treated cells (Figure 3).

Notably, both flow cytometry and confocal studies showed a
higher cellular DOX fluorescence in DOX-SCID-Ps treated
cells than DOX-LPs treated ones, likely due to the faster

intracellular drug release from DOX-SCID-Ps triggered by
GSH. The results corroborate highly efficient uptake of DOX-
ATN/SCID-Ps by α5β1 integrin overexpressing B16F10 cells as
well as rapid drug release inside cancer cells.

In Vivo Pharmacokinetics and Maximum-Tolerated
Dose. Blood circulation profile of DOX-ATN/SCID-Ps in
Kunming mice (10 mg DOX·HCl/kg) followed a typical two
compartment model with a rapidly declined distribution phase
and a prolonged elimination phase (Figure 4A). Notably, DOX-
ATN/SCID-Ps and DOX-SCID-Ps had t1/2,β of 4.13 and 3.97 h,
respectively, which were much longer than that of free DOX
(ca. 0.2 h, data not shown). The long circulation time is likely
due to their small size, superior stability, and low drug leakage.
It should be noted that DOX-LPs control in our studies
displayed a t1/2,β of 8.0 h, which was shorter than that (t1/2,β =
20−30 h) reported for Doxil in mice.55−57 The reason for this
underestimation of t1/2,β is possibly due to the different DOX
quantification method. Moreover, the in vivo biodistribution of
DOX-ATN/SCID-Ps in B16F10 melanoma-bearing C57BL/6
mice demonstrated that the DOX level in the tumor reached
8.0% ID/g, equivalent to 16.1 μg of DOX per gram of tissue
(μg/g), at 6 h postinjection, which was 2.5 or 4.0 times higher
than those of DOX-SCID-Ps or DOX-LPs, respectively (Figure
4B). The higher tumor accumulation of DOX-ATN/SCID-Ps
as compared to DOX-LPs is most probably related to their
better retention in the tumor as well as faster uptake by tumor
cells. The improved accumulation of DOX-ATN/SCID-Ps over
DOX-SCID-Ps is likely owing to a combination of smaller size
and better tumor retention. PolyDOX based on HYA
polymersomes showed a tumor accumulation of 1−2% ID/
g.36 The 4−6-fold higher tumor-to-normal tissue (T/N)
distribution ratios of ATN/SCID-Ps relative to DOX-LPs
(Table S2) further confirmed that DOX-ATN/SCID-Ps had a
much better tumor selectivity than DOX-LPs, which would
significantly increase therapeutic efficacy and markedly reduce
side effects.
Remarkably, the MTD of DOX-ATN/SCID-Ps and DOX-

SCID-Ps evaluated in healthy mice showed that at even 100 mg
DOX·HCl/kg (equivalent to 13.3 mg/mL) no obvious weight
loss or abnormal behaviors occurred in 10 days (Figure 5). In
contrast, the mice treated with DOX-LPs at 20 mg DOX·HCl/
kg lost >15% body weight. The clinical trials showed that Doxil
had an MTD of 50 mg/m2, which was equivalent to 11.2 mg
DOX·HCl/kg for mice.1 Therefore, ATN/SCID-Ps and SCID-

Figure 3. CLSM images of B16F10 cells incubated with DOX-ATN/
SCID-Ps (A), DOX-SCID-Ps (B), and DOX-LPs (C) (10 μg DOX·
HCl/mL). The cells were incubated for 4 h with drug formulations,
then refreshed with fresh medium, and further cultured for 4 h. The
scale bars correspond to 20 μm.

Figure 4. (A) Pharmacokinetics of DOX-ATN/SCID-Ps, SCID-Ps, and DOX-LPs in C57BL/6 mice (n = 3); (B) in vivo biodistribution of DOX-
ATN/SCID-Ps, SCID-Ps, and DOX-LPs in C57BL/6 mice bearing B16F10 xenografts at 6 h postinjection at 10 mg DOX·HCl/kg (n = 3). One-way
ANOVA with Tukey multiple comparison tests, **p < 0.01, *** p < 0.001.
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Ps have at least 5-fold higher MTD than DOX-LPs, underlining
the importance of stable cross-linking in preventing side effects.
In Vivo Therapeutic Efficacy. B16F10 melanoma is an

aggressive skin cancer and liable to metastasis. Here we used
C57BL/6 mice bearing B16F10 xenografts as a model to
investigate the in vivo antitumor efficacy of DOX-ATN/SCID-
Ps and DOX-SCID-Ps. The results demonstrated that both
DOX-ATN/SCID-Ps and DOX-SCID-Ps could retard tumor
growth and DOX-ATN/SCID-Ps exhibited significantly more
efficient tumor inhibition than DOX-SCID-Ps (*p < 0.01,
Figure 6A). Moreover, no significant body weight change
occurred in DOX-ATN/SCID-Ps or DOX-SCID-Ps groups
(Figure 6B), indicating that they have little side effects.
Interestingly, DOX-ATN/SCID-Ps groups showed a consid-
erably longer survival time than the nontargeting DOX-SCID-
Ps and DOX-LPs groups (Figure 6C). The median survival
time of mice treated with DOX-ATN/SCID-Ps, DOX-SCID-
Ps, and saline were 32, 22, and 16 days, respectively. The better
survival rate observed for DOX-ATN/SCID-Ps is a result of
effective tumor inhibition and less systemic toxicity as
compared to DOX-LPs control. It should be noted that bare
ATN/SCID-Ps at the same polymersome concentration as for
DOX-ATN/SCID-Ps had no treatment effects, further
confirming that the antitumor activity of DOX-ATN/SCID-
Ps is due to the active targeting and triggered intracellular DOX
release from DOX-ATN/SCID-Ps but not action of ATN
ligand on tumor vasculature and cells. Notably, though DOX-
LPs displayed the smallest tumor volume at 10 mg DOX·HCl/
kg, it provoked significant body weight loss of mice. In
accordance, no significant improvement in survival rate was
obtained for DOX-LPs treated mice. The seemingly better,
though insignificant, tumor inhibition observed for DOX-LP as
compared to DOX-ATN/SCID-Ps is likely due to a
combination of its longer circulation time (that would
eventually result in good tumor accumulation in the long
term) and toxic side effects.
The high MTD of DOX-ATN/SCID-Ps and DOX-SCID-Ps

further encouraged us to assess their treatment effects after a
single injection of 100 mg DOX·HCl/kg. It was demonstrated
that both DOX-SCID-Ps and DOX-ATN/SCID-Ps delayed
tumor growth with little body weight change (Figure S5A,B).
DOX-ATN/SCID-Ps caused somewhat better tumor suppres-
sion than DOX-SCID-Ps. The survival curves displayed that
mice treated with DOX-ATN/SCID-Ps had a markedly
increased median survival time of 37 days (Figure S5C). In

comparison, DOX-SCID-Ps resulted in only slight improve-
ment of median survival time. Histological analyses revealed

Figure 5. Maximum-tolerated dose study of DOX-ATN/SCID-Ps (A) and DOX-SCID-Ps and DOX-LPs (B) in C57BL/6 mice (n = 3).

Figure 6. In vivo antitumor activity of DOX-ATN/SCID-Ps and DOX-
SCID-Ps in B16F10 tumor-bearing C57BL/6 mice via multiple iv
injection at 20 mg DOX/kg on days 0, 2, 4, 6, and 8. DOX-LPs (10 mg
DOX/kg) and bare ATN/SCID-Ps were used as controls. (A) Tumor
volume change of the mice (n = 6). (B) Relative body weight change
of mice within 12 days (n = 6). (C) Survival rates of mice (n = 5).
One-way ANOVA with Tukey multiple comparison tests, *p < 0.05,
***p < 0.001.
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that both DOX-ATN/SCID-Ps and DOX-SCID-Ps given in
either multiple or single dose did not induce obvious
destruction of major organs (Figure S6). In contrast, DOX-
LPs provoked severe damage in heart and kidney.

■ CONCLUSION
We have demonstrated that ATN-161 functionalized, reduc-
tion-sensitive, and reversibly cross-linked polymersomes
(ATN/SCID-Ps) actively target and deliver DOX into α5β1
integrin overexpressing B16F10 melanoma cells endowing
potent antitumor effects in vitro and in vivo. This smart
polymersomal system has multifunctions: (i) good stability with
low drug leakage in blood circulation or physiological
conditions due to chemical cross-linking of the vesicular
membrane; (ii) specific and efficient cellular uptake by B16F10
cells via α5β1-receptor-mediated endocytosis mechanism, giving
an improved tumor selectivity and retention; (iii) triggered de-
cross-link and destabilization under reductive cytoplasmic
environment, accelerating intracellular drug release and
augmenting antitumor activity; and (iv) biodegradability,
nontoxicity, and facile preparation. DOX-ATN/SCID-Ps
appear interesting for targeted chemotherapy.
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