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Pegylated liposomal doxorubicin (Lipo-Dox) is one of the few clinically used cancer nanomedicines. Here we
show that tumor-homing, redox-responsive and reversibly crosslinked multifunctional biodegradable
polymersomes are a better alternative to liposomes for Dox delivery. Cyclic peptide cNGQGEQc-decorated
polymersomes (cNGQ-PS) are easily prepared with a small size and high Dox loading. Dox-loaded cNGQ-PS
(cNGQ-PS-Dox) shows superb stability with minimal drug leakage under physiological conditions while sponta-
neous disassembly and quick drug release in response to 10 mM glutathione. MTT assays, flow cytometry and
confocalmicroscopy clearly display efficient receptor-mediated internalization of cNGQ-PS-Dox, fast intracellular
drug release, and high antitumor activity in α3β1 integrin-overexpressing A549 lung cancer cells. Intriguingly,
cNGQ-PS-Dox presents a remarkably high maximum-tolerated dose of over 100 mg/kg, over 6-fold higher
than Lipo-Dox. The in vivo pharmacokinetics and biodistribution studies reveal that cNGQ-PS-Dox has a long cir-
culation time and significantly enhanced tumor accumulation (8.60%ID/g) as compared to Lipo-Dox and non-
targeting PS-Dox controls. Notably, cNGQ-PS-Dox shows superior treatment of both subcutaneous and
orthotopic A549 human lung cancer bearing nudemice to Lipo-Dox, resulting in effective tumor suppression, sig-
nificantly improved survival time, and markedly reduced adverse effects. cNGQ-PS appears to be a clinically via-
ble system for targeted lung cancer chemotherapy.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer nanomedicines have promised to offer a better treatment for
different human malignancies [1–4]. Pegylated liposomal doxorubicin
(Lipo-Dox) is the first clinically approved nanomedicine used to treat
a variety of cancers including Kaposi's sarcoma, ovarian cancer, multiple
myeloma, and metastatic breast cancer [5–6]. The clinical success of
Lipo-Dox benefits from its high Dox loading by the pH gradient method
and effective stealth by PEGylation,which leads to long circulation time,
improved biodistribution and therapeutic index, and reduced
cardiotoxicity as compared to free Dox. Lipo-Dox shows, nevertheless,
low tumor selectivity and distinct adverse effects like hand-foot syn-
drome and stomatitis [7]. It is interesting to note that despite their im-
mense promise and remarkable advance, very few cancer
nanomedicines have translated to the clinics [8–9]. Moreover, current
clinical cancer nanomedicines including Lipo-Dox display only modest
survival benefits [10–12].

Polymersomes are tough vesicles self-assembled from amphiphilic
diblock copolymers [13–15]. Like liposomes, polymersomes are able to
hong@suda.edu.cn (Z. Zhong).
encapsulate both hydrophobic and hydrophilic pharmaceuticals [16–
18]. Interestingly, polymersomes are intrinsically stealthy, significantly
more robust and versatile as compared to liposomes, and amenable to
facile engineering of the vesicular membrane and surface [19–22]. For
example, stimuli-sensitive polymersomes that respond to different sig-
nals like pH [23–24], redox potential [25–26], temperature [27–28], en-
zyme [29] or magnetic field [30] have been developed to achieve
enhanced temporal and spatial control over drug release. Targeting
polymersomes whose surfaces are functionalized with various biomol-
ecules such as peptide [31–32], antibody [33], folate [34], hyaluronic
acid [35], and acupa [36] have been explored to accomplish targeted
drug delivery. To further enhance their stability in circulation, themem-
brane of polymersomes has been chemically crosslinked [25,37–38]. It
should be noted, however, that reportedmultifunctional polymersomes
typically involve sophisticated design and fabrication [3,39–40]. The les-
sons from the few clinically successful nanomedicines show that be-
sides efficacy and safety, simplicity and cost play a decisive role in
their translation into therapeutic products [41–43].

In this study, we have designed and developedα3β1 integrin specif-
ic, redox-responsive and reversibly crosslinked biodegradable
polymersomes, which are multifunctional and yet simple and easy to
prepare, for efficient loading and targeted delivery of Dox to subcutane-
ous as well as orthotopic A549 human lung cancer xenografts in nude
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mice (Scheme 1). These multifunctional polymersomes are co-self-as-
sembled from poly(ethylene glycol)-b-poly (trimethylene carbonate-
co-dithiolane trimethylene carbonate) (PEG-P(TMC-DTC)) and
cNGQGEQc-functionalized PEG-P(TMC-DTC) (cNGQ-PEG-P(TMC-
DTC)). The proprietary functional monomer, dithiolane trimethylene
carbonate (DTC), can be easily synthesized [44]. Notably, the mem-
brane-forming hydrophobic block consists of poly(trimethylene car-
bonate) backbone, which is known biodegradable and biocompatible
[45], and pendant dithiolane ring, which is analogous to lipoic acid, a
natural antioxidant produced in human being and a drug used for treat-
ment of diabetes and Alzheimer's disease [46]. We have shown previ-
ously that reversibly crosslinked nanoparticles based on dextran-lipoic
acid have superior stabilitywith inhibited drug release under physiolog-
ical conditions while are rapidly de-crosslinked and de-stabilized in the
cytoplasm of cancer cells [47]. cNGQ peptide has shown a high and spe-
cific affinity to α3β1 integrins that are overexpressed in A549 human
lung cancer cells [48]. Our results show that Dox-loaded cNGQ-decorat-
ed polymersomes afford superior treatment of orthotropic human lung
cancers to Lipo-Dox.
2. Materials and methods

2.1. Materials

Methoxy poly(ethylene glycol) (MeO-PEG-OH, Mn = 5.0 kg/mol,
PDI = 1.03, Fluka) and N-hydroxysuccinimide activated poly(ethylene
glycol) (NHS-PEG-OH,Mn = 6.5 kg/mol, PDI = 1.04, Suzhou Nord De-
rivatives Pharm-tech Co. Ltd) were dried by azeotropic distillation
Scheme 1. cNGQ-PS-Dox as a better alternative to clinically used Lipo-Dox. cNGQ-PS-Dox whi
drug loading and long circulation time presents several unique features such as easy synthe
intracellular drug release, low systemic toxicity and high therapeutic index.
from anhydrous toluene. Toluene and dichloromethane (DCM) were
dried by refluxing over CaH2 anddistilled prior to use. Trimethylene car-
bonate (TMC) was recrystallized over dry toluene. Zinc bis
[bis(trimethylsilyl) amide] (97%, Aldrich), cyclic peptide C(NGQGEQ)
(cNGQ, 98%, China Peptides Co., Ltd.), glutathione (GSH, 99%, Roche),
Cy7-NHS (Beijing Fanbo biochemicals) and doxorubicin hydrochloride
(DOX·HCl, N99%, Beijing Zhongshuo Pharmaceutical Technology Devel-
opment) were used as received. Dithiolane trimethylene carbonate
(DTC) was synthesized as our previous report [44].
2.2. Characterization

The chemical structures of the polymers were characterized using
1H NMR on a Unity Inova 400 spectrometer operating at 400 MHz or
Agilent DD2 operating at 600 MHz. The chemical shifts were calibrated
against residual solvent signal. Themolecularweight and polydispersity
of copolymers were determined by aWaters 1515 gel permeation chro-
matograph (GPC) instrument equipped with two linear PLgel columns
(500Ǻ andMixed-C) following a guard column and a differential refrac-
tive-index detector. The measurements were performed using DMF as
an eluent at a flow rate of 1.0 mL/min at 30 °C and a series of narrow
polystyrene standards for the calibration of the columns. The size and
size distribution of polymersomes were determined at 25 °C using dy-
namic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments)
equipped with a 633 nm He-Ne laser using back-scattering detection.
Zeta potential measurements were carried out using Zetasizer Nano-
ZS instrument (Malvern) equipped with a standard capillary electro-
phoresis cell. The measurements were performed in triplicate.
le sharing basic characteristics of Lipo-Dox including a vascular structure, small size, high
sis, inhibited premature drug release, high tumor selectivity and accumulation, efficient
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Transmission electronmicroscopy (TEM)was performed using a Tecnai
G220 TEM operated at an accelerating voltage of 120 kV. The samples
were prepared by dropping 10 μL of 0.2 mg/mL polymersome suspen-
sion on the copper grid followed by staining with phosphotungstic
acid (1wt.%). The CLSM images were taken on a confocal laser scanning
microscope (TCS SP5). The crosslinking polymersome dectection was
performed using UV (UH5300 Hitachi) spectrum and calibrated with
PEG-PTMC polymersomal nanoparticle dispersions.

2.3. Synthesis of PEG-P(TMC-DTC) and cNGQ-PEG-P(TMC-DTC) diblock
copolymers

PEG-P(TMC-DTC) was synthesized by ring-opening copolymeriza-
tion of TMC and DTC using MeO-PEG-OH as a macro-initiator and zinc
bis[bis(trimethylsilyl)amide] as a catalyst. Briefly, in a glove-box
under a nitrogen atmosphere, zinc bis[bis(trimethylsilyl)amide]
(29 mg, 75 μmol) was quickly added to a stirred solution of MeO-PEG-
OH (Mn = 5.0 kg/mol, 0.50 g, 100 μmol), TMC (2.0 g, 19.2 mmol) and
DTC (0.50 g, 2.60 mmol) in DCM (10.0 mL). The reaction vessel was
sealed and placed into an oil-bath thermostated at 40 °C. The polymer-
ization was allowed to proceed with magnetic stirring for 48 h. PEG-
P(TMC-DTC) copolymer was isolated by twice precipitation from cold
diethyl ether, filtration and drying in vacuo at room temperature (r.t.).
Yield: 86.3%. 1H NMR (400 MHz, CDCl3): PEG: δ 3.38, 3.65; TMC: δ
4.24, 2.05; DTC: δ 4.32, 3.02. Mn (1H NMR) = 29.8 kg/mol, Mn

(GPC) = 35.5 kg/mol, PDI = 1.42.
cNGQ-PEG-P(TMC-DTC) diblock copolymer was synthesized in two

steps. Firstly, NHS-PEG-P(TMC-DTC) was obtained as described above
except that NHS-PEG-OH (Mn = 6.5 kg/mol) was used as a macro-initi-
ator. Yield: 85.7%. 1H NMR (400 MHz, CDCl3): PEG: δ 3.64; TMC moie-
ties: δ 4.24, 2.06; DTC moieties: δ 4.32, 3.02, NHS moieties: δ 2.52. Mn

(1HNMR)=30.0 kg/mol,Mn (GPC)=38.9 kg/mol, PDI=1.38. Second-
ly, NHS-PEG-P(TMC-DTC) reacted with cNGQ peptide. Briefly, NHS-
PEG-P(TMC-DTC) (0.3 g, 0.010 mmol) and cNGQ (13 mg, 0.015 mmol)
dissolved 4 mL of DMF and the reaction proceeded for 24 h at rt. The
final product, cNGQ-PEG-P(TMC-DTC), was isolated through dialysis
(MWCO 7000) against deionized water for 48 h followed by lyophiliza-
tion. Yield: 88.6%. 1H NMR (600 MHz, DMSO-d6): PEG: δ 3.51; TMC: δ
4.23, 1.94; DTC: δ 4.13, 2.99; cNGQ: δ 5.08–7.72. The degree of cNGQ
conjugation was determined to be 85% by Micro BCA protein assay kit
(Thermo scientific).

2.4. Preparation of cNGQ-PS

cNGQ-PS were prepared from PEG-P(TMC-DTC) and cNGQ-PEG-
P(TMC-DTC) via solvent exchange method. Typically, under stirring
900 μL of PB (10mM, pH 7.4) was added dropwise to 100 μL of DMF so-
lution of PEG-P(TMC-DTC) and cNGQ-PEG-P(TMC-DTC) (10.0 mg/mL)
followed by extensive dialysis against (Spectra/Pore, MWCO 7000) PB
for 12 h. cNGQx-PS-Dox, wherein x represents the weight percentage
of cNGQ-PEG-P(TMC-DTC), was finally obtained by further incubating
in a shaking-bed for 24 h at 37 °C. The colloidal stability of cNGQ-PS-
Dox at low concentration or in the presence of 10 mMGSHwas investi-
gated by tracking the size change using DLS.

2.5. Loading and reduction-triggered release of DOX·HCl

DOX·HCl was loaded into cNGQ-PS by a pH-gradient method. Brief-
ly, 4 mL of citric acid buffer (10 mM, pH 4.0) was dropwise added to
1 mL of DMF solution of PEG-P(TMC-DTC)/cNGQ-PEG-P(TMC-DTC)
(10.0 mg/mL) within 10 min. After stirring 30 min, the pH value was
quickly adjusted to 8.0 using disodium hydrogen phosphate solution
(4 M). The solution was divided into three aliquots and 20, 30 or 40 μL
of DOX·HCl solution in water (5 mg/mL) was added, corresponding to
a theoretical drug loading content (DLC) of 9.1, 13.0 and 16.7 wt.%, re-
spectively. After stirring at 37 °C for 5 h, the polymersomes were
extensively dialyzed against PB (10 mM, pH 7.4) with at least 5 times
change of dialysis medium. cNGQ-PS-Dox was finally obtained by fur-
ther incubating in a shaking-bed overnight at 37 °C. The whole proce-
dure was performed in the dark. For determination of drug loading
content (DLC) and drug loading efficiency (DLE), the samples were ly-
ophilized, dissolved in DMF and analyzed with fluorometry (ex.
480 nm, em. 560 nm). DLC andDLEwere calculated according to the fol-
lowing formula based on a calibration curve obtained with DOX·HCl/
DMF of known DOX·HCl concentrations:

DLC wt:%ð Þ ¼ ðweight of loaded drug=total weight of loaded drug
and polymerÞ � 100

DLE %ð Þ ¼ weight of loaded drug=weight of drug in feedð Þ � 100

The in vitro drug release from cNGQ-PS-Dox, PS-Dox and Lipo-Dox
polymersomes was studied at a low polymersome concentration of
30 mg/L using dialysis tube (Spectra/Pore, MWCO 12000) at 37 °C in
two different media, i.e. PB (10 mM, pH 7.4) and PB (10 mM, pH 7.4)
containing 10mMGSH. In order to acquire sink conditions, drug release
studies were performed using 600 μL of cNGQ-PS-Dox and PS-Dox to di-
alyze against 25 mL of the corresponding medium. At desired time inter-
vals, 5.0 mL of release medium was taken out and replenished with an
equal volume of fresh medium. The DOX·HCl released was quantified
using fluorometry. The release experiment was conducted in triplicate,
and the results presentedwere the averagedatawith standarddeviations.

2.6. MTT assays

The cytotoxicity of cNGQ-PS and cNGQ-PS-Dox was evaluated
using MTT assays in α3β1 integrin receptor overexpressing A549
human lung cancer cells. The cells were plated in a 96-well plate
(5 × 103 cells/well) using 1640-RPMI medium for 24 h. cNGQ-PS-
Dox, PS-Dox or Lipo-Dox in 10 μL of PBS was added, the cells were in-
cubated for 4 h, and the mediumwas aspirated and replaced by fresh
medium. The cells were incubated for 44 h, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazoliumbromide (MTT) solution in PBS (10 μL,
5 mg/mL) was added, and the cells were cultured for another 4 h. The
supernatant was carefully aspirated, the MTT-formazan generated by
live cells was dissolved in 150 μL of DMSO, and the absorbance at
492 nm of each well was measured using a microplate reader. The ab-
sorbance of the controlwells containingDMSO onlywas used as a back-
ground signal. The relative cell viability was determined by comparing
the absorbance at 492 nm with cells cultured in 1640-RPMI medium
(without exposure to polymersome). The competitive inhibition exper-
iments were performed by pretreating A549 cells with free cNGQ
(200 μg/mL) for 2 h before adding cNGQ-PS-Dox. The cytotoxicity of
blank cNGQ-PS was assessed in a similar way except that cells were in-
cubatedwith cNGQ-PS for 48 h. The data are presented as average± SD
(n = 4).

2.7. Confocal microscope

A549 cells cultured on microscope slides in 24-well plates
(1 × 105 cells/well) were incubated with cNGQ-PS-Dox, PS-Dox or
DOX-LPs in 50 μL of PBS (DOX·HCl dosage: 10 μg/mL) at 37 °C. After
4 h incubation, the medium was aspirated and replaced by fresh medi-
um, and the cells were further incubated for another 4 h. The culture
medium was removed, the cells were fixed with 4% paraformaldehyde
solution for 15 min, the cytoskeleton was stained with fluorescein iso-
thiocyanate labeled phalloidin (phalloidin-FITC), and the cell nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min.
The fluorescence images were obtained using a confocal microscope
(TCS SP5).
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2.8. Flow cytometry assays

A549 cells seeded in a 6-well plate (1× 106 cells/well) were incubat-
ed with cNGQx-PS-Dox (x: 10%, 20% and 30%) or Lipo-Dox in 500 μL of
PBS (DOX·HCl concentration: 10 μg/mL) at 37 °C for 4 h. The cells
were digested by 0.25% (w/v) trypsin and 0.03% (w/v) EDTA. The sus-
pensions were centrifuged at 1000 ×g for 3 min, washed twice with
PBS, and then re-suspended in 500 μL of PBS. Fluorescence histograms
were immediately recorded with a BD FACS Calibur flow cytometer
(Becton Dickinson, USA) and analyzed using Cell Quest software based
on 10,000 gated events. The gate was arbitrarily set for the detection
of FITC fluorescence.
2.9. 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 nude mice (18–
22 g) were inoculated subcutaneously on the right flank with A549
human lung cancer cells (5 × 106 per mouse). Mice with tumor sizes
of ca. 150–200 mm3 were used for imaging and biodistribution studies
and with tumor sizes of ca. 30–50 mm3 for therapeutic studies.
Orthotopic A549 lung tumor model was acquired by injecting 100 μL
of bioluminescent A549-Luc cell suspension (5 × 106 cells). The growth
of tumor was monitored by imaging system in live animals.
2.10. In vivo pharmacokinetics and biodistribution

For pharmacokinetic studies, cNGQ-PS-Dox, PS-Dox or Lipo-Dox
(7.5 mg DOX·HCl equiv./kg) in 150 μL of PB was intravenously injected
into nude mice via the tail vein (n = 3). At prescribed time points post
injection, ca. ~10 μL of blood was withdrawn from the tail vein of nude
mice. The blood samples upon withdrawing were immediately dis-
solved in 0.1mL of lysis buffer (1% Triton X-100)with brief signification.
DOX·HCl was extracted by incubating blood samples in 0.5 mL of ex-
traction solution (DMF containing 50 mM HCl and 20 mM DTT) at
−20 °C overnight followed by centrifugation (14.8 krpm, 30 min). The
DOX·HCl level in the supernatant was determined by fluorometry.

For in vivo biodistribution studies, tumor-bearing mice were ran-
domly grouped and intravenously injected with Cy7-labeled cNGQ-PS
or Cy7-labeled PS in 150 μL PB via tail vein. At predetermined time points
(0, 1, 4, 12, 24 and 48 h) post i.v. injection, the mice were anesthetized
with isoflurane and the fluorescent images were obtained using a
near-infrared fluorescence imaging system (IVIS Lumina II) at Ex
747 nm and Em 774 nm. For ex vivo imaging, a single dose of cNGQ-
PS-Dox, PS-Dox or Lipo-Dox in 150 μL PBS was administrated intrave-
nously via the tail vein (7.5 mg DOX·HCl equiv./kg) into mice bearing
A549 subcutaneous tumor xenograft. At 8 h post injection, the tumor-
bearing mice were sacrificed. Fluorescence images were acquired with
the fluorescence imaging system. To further quantify DOX·HCl levels,
major organs and tumor block were homogenized in 0.6 mL of 1% Triton
X-100with a homogenizer (IKAT25) at 18,000 rpm for 10min. DOX·HCl
Scheme 2. Synthesis of PEG-P(TMC-DTC) by ring-open
was extracted by DMF solution containing 50 mM HCl and 20 mM DTT.
The amount of DOX·HCl was determined by fluorescencemeasurement.

2.11. In vivo antitumor efficacy

The mice were weighed and randomly divided into four groups
(n = 6, one mouse for histological analysis and the other five for mon-
itoring the body weights and survival rates). cNGQ-PS-Dox, PS-Dox,
Lipo-Dox or PBS were intravenously injected via tail vein every 4 days
(dosage: 7.5 mg DOX·HCl equiv./kg). The relative tumor volume was
calculated as V/V0 (V0 is the tumor volume at day 0). The relative
body weights of mice were weighed and normalized to their initial
weights. When the treatment was terminated, one mouse of each
group was sacrificed by cervical vertebra dislocation. The major organs
and tumor were isolated, fixed with 4% paraformaldehyde solution and
embedded in paraffin. The sliced organ tissues mounted on the glass
slideswere stained by hematoxylin and eosin (H&E) and TUNEL and ob-
served by a digital microscope (Olympus BX41).

2.12. Blood biochemistry analyses

The healthy Balb/cmice were weighed and randomly divided into
three groups (n = 5). cNGQ-PS-Dox, PS-Dox or PBS were intrave-
nously injected via tail vein (dosage: 10 mg DOX·HCl equiv./kg).
About 1 mL of blood was withdrawn from the tail vein of mice at
24 h post injection, and immediately centrifuged at 5000 rpm for 3
mins to collect blood serum for blood biochemistry analysis. The
blood levels of alkaline phosphatase (ALP), aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT) and serum albumin (ALB)
were determined.

2.13. Statistical analysis

Data were expressed as mean ± s.d. Differences between groups
were assessed using the paired, two-sided Student's t-test. *p b 0.05
was considered significant, and **p b 0.01, ***p b 0.001 were considered
highly significant.

3. Results and discussion

3.1. Synthesis of PEG-P(TMC-DTC) and cNGQ-PEG-P(TMC-DTC) diblock
copolymers

PEG-P(TMC-DTC) block copolymer was readily prepared by ring-
opening copolymerization of trimethylene carbonate (TMC) with
dithiolane trimethylene carbonate (DTC) using MeO-PEG-OH (Mn =
5.0 kg/mol) as a macro-initiator and zinc bis[bis(trimethylsilyl)amide]
as a catalyst in CH2Cl2 at 40 °C (Scheme2). 1HNMR spectrum showed be-
sides signals attributable to PEG (δ 3.65, 3.38) also peaks due to TMCmoi-
eties (δ 4.24, 2.05) and DTCmoieties (δ 4.32, 3.02) (Fig. 1). Themolecular
weight of P(TMC-DTC) block was determined to be 24.2 kg/mol, com-
posed of 19.4 kg/mol TMC and4.8 kg/molDTCunits, by comparing the in-
tegrals of signals at δ 2.05 (methylene protons of TMCmoieties) and 3.02
ing polymerization. Conditions: CH2Cl2, 40 °C, 48 h.
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(dithiolane methylene protons of DTCmoieties) to 3.65 (methylene pro-
tons of PEGmain chain), respectively. GPC revealed that resulting copol-
ymer had a polydispersity of 1.42 and anMn of 35.5 kg/mol, close to that
determinedby 1HNMR(29.2 kg/mol) aswell as the design (29.8 kg/mol),
confirming controlled synthesis of PEG-P(TMC-DTC) diblock copolymer.

cNGQ-PEG-P(TMC-DTC) diblock copolymer was synthesized using
NHS-PEG-OH(Mn=6.5 kg/mol) as amacro-initiator followed by conju-
gating with cNGQ peptide (Scheme 3). 1H NMR analysis showed that
Scheme 3. Synthesis of cNGQ-PEG-P(TMC-DTC). Conditio
cNGQ-PEG-P(TMC-DTC) had an Mn of 6.5-(19.6–4.9) kg/mol (Fig. S1),
similar to PEG-P(TMC-DTC). The signals assignable to the amide protons
of cNGQ peptide were clearly detected at δ 5.08–7.72. The degree of
cNGQ conjugation was determined to be 85% by Micro BCA protein
assay kit (Thermo scientific). The PEG in cNGQ-PEG-P(TMC-DTC) was
designed longer than that in PEG-P(TMC-DTC) to achieve optimal expo-
sure of cNGQ targeting ligand.

3.2. Preparation of α3β1 integrin specific multifunctional biodegradable
polymersome

Interestingly, PEG-P(TMC-DTC) and cNGQ-PEG-P(TMC-DTC) (w/w,
8/2) formed monodisperse polymersomes (cNGQ-PS) with a small
size of ca. 105 nm and low PDI of 0.10, as shown by dynamic light scat-
tering (DLS) (Fig. 2a). TEM micrograph confirmed that cNGQ-PS had a
spherical vesicular structure. Remarkably, UV revealed complete disap-
pearance of characteristic absorbance of dithiolane ring at 330 nm
(Fig. S2a), indicating that cNGQ-PS are self-crosslinked during
work-up. In accordance, cNGQ-PS showed excellent colloidal sta-
bility over extensive dilution, against 10% FBS, and in DMEM cell
culture medium (Fig. S2b). Under an intracellular mimicking re-
ductive condition containing 10 mM GSH, however, they quickly
swelled to over 670 nm in 12 h (Fig. S2c), signifying that they pos-
sess a fast bioresponsivity [40].

DOX·HClwas conveniently loaded into cNGQ-PS by the pH-gradient
method, which is used for Lip-Dox [49]. Notably, cNGQ-PS-Dox exhibit-
ed a high drug loading content (DLC) of 11.4 wt.% and maintained a
small size of 118 nm (Table 1). Zeta potential measurements showed
that cNGQ-PS-Dox and PS-Dox had a neutral surface charge of +0.9
and +0.3 mV, respectively. The in vitro drug release studies showed
that under physiological condition b16.0% drug was released in 24 h
from cNGQ-PS-Dox, which was far lower than 66.4% observed for
Lipo-Dox (Fig. 2b), indicating that cNGQ-PS-Dox is significantly more
stable and has less drug leakage than Lipo-Dox. Strikingly, cNGQ-PS-
ns: (i), CH2Cl2, 40 °C, 48 h; (ii) cNGQGEQc, r.t., 48 h.
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Dox exhibited markedly accelerated drug release (73.2% in 24 h) in the
presence of 10 mM GSH under otherwise the same conditions,
supporting its superior control of drug release to Lipo-Dox.
Table 1
Characterization of PS-Dox and cNGQ-PS-Dox in PB buffer.

Polymersomes

DLC (wt.%)
DLEa

(%)
Sizeb

(nm) PDIbTheory Determineda

PS-Dox 9.1 7.4 80.3 95 ± 4 0.11
13.0 10.0 74.5 103 ± 3 0.12
16.7 12.2 68.4 115 ± 5 0.15

cNGQ-PS-Dox 9.1 7.3 79.1 98 ± 3 0.10
13.0 10.3 76.8 105 ± 3 0.13
16.7 11.4 64.3 118 ± 4 0.15

a Determined by fluorometry (ex. 488 nm and em. 590 nm).
b Determined by DLS (10 mW He-Ne laser, 633 nm wavelength) at 25 °C in PB buffer

(pH 7.4, 10 mM) at a concentration of 1.0 mg/mL.
3.3. Selective internalization by A549 lung cancer cells

To investigate the cytotoxicity of blank cNGQ-PS and cNGQ-PS-Dox,
MTT assays were carried out in α3β1 integrin overexpressing A549
cells. The results revealed that blank cNGQ-PS was non-cytotoxic even
at a high concentration of 1.0 mg/mL (Fig. S3a), corroborating its excel-
lent biocompatibility. Notably, cNGQ-PS-Dox showed strong and cNGQ-
dependent toxicity to A549 cells (Fig. S3b), in accordance with its active
targeting effect. Fig. 2c shows clearly that both cNGQ-PS-Dox and PS-
Dox were much more potent than Lipo-Dox. The competitive inhibition
experiments further confirmed that cNGQ-PS-Dox is taken up by A549
cells via a receptor-mediated mechanism. The half-maximal inhibitory
concentration (IC50) of cNGQ-PS-Dox, PS-Dox and Lipo-Dox was deter-
mined to be 2.56, 8.78, and 15.21 μg Dox ⋅HCl equiv./mL, respectively
(Fig. 2d). The superior antitumor activity of cNGQ-PS-Dox to Lipo-Dox
is likely because of its selective and efficacious internalization by A549
cells and fast intracellular drug release. To confirm this, we have
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performed flow cytometry and confocal laser scanning microscopy
(CLSM) analyses. Fig. 2e shows that PS-Dox and in particular cNGQ-PS-
Dox afforded greatly enhanced Dox level in A549 cells as compared to
Lipo-Dox. Flow cytometrywith Cy5-labled polymersomes demonstrated
obviouslymore efficient cellular uptake of Cy5-cNGQ-PS than Cy5-PS by
A549 cells (Fig. S5).Moreover, strongDOX fluorescencewas observed in
the nuclei of A549 cells following 4 h incubationwith cNGQ-PS-Dox and
further 4 h culture in freshmedia, which was significantly stronger than
those treated with PS-Dox and Lipo-Dox (Fig. 2f), verifying efficient cel-
lular uptake and nuclei release of DOX·HCl into A549 cells.
3.4. In vivo pharmacokinetics and biodistribution

The in vivo pharmacokinetic studies showed that cNGQ-PS-Dox had
a long circulation timewith an elimination half life (t1/2,β) of 4.99 h (Fig.
3a), which is though shorter than Lipo-Dox (t1/2,β=8.96 h) significant-
ly longer than common micellar and polymersomal systems [50]. In
order to monitor their biodistribution in vivo, we labeled PS and
cNGQ-PS with Cy7. Fig. 3b shows that Cy7-labeled cNGQ-PS accumulat-
ed at subcutaneous A549 human lung tumor in mice 1 h post injection.
The tumor accumulation peaked at 8 h and remained strong even at
48 h post injection. In comparison, Cy7-labeled PS (non-targeting con-
trol) revealed significantly less tumor accumulation, though cNGQ-PS
and PS had similar circulation time. These results indicate that cNGQ
peptide plays a critical role in achieving high tumor accumulation and
retention. The ex vivo fluorescence images of the major organs and
tumor blocks excised at 8 h post intravenous injection show that mice
treated with cNGQ-PS-Dox had significantly stronger DOX fluorescence
in the tumor than in themajor organs including heart, liver, spleen, kid-
ney and lung (Fig. 3c). In comparison, much weaker DOX fluorescence
was observed in the tumor of mice treated with PS-Dox and Lipo-Dox.
Moreover, Lipo-Dox exhibited strong drug accumulation in the lung
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Quantification of DOX·HCl accumulated in different organs and tumor using fluorescence spec
and kidney. The quantitative measurements demonstrated that cNGQ-
PS-Dox gave a remarkably high DOX·HCl tumor accumulation of
8.60% ID/g, which was about 2.4- and 3.1-fold higher than that for PS-
Dox and Lipo-Dox, respectively (Fig. 3d). Notably, reportedly b5% ID/g
drug accumulation is detected in the tumor for nanotherapeutics [51].
The exceptional tumor drug level observed for cNGQ-PS-Dox likely re-
sults from its favorable stability, small size, long circulation time and ac-
tive tumor targeting effect. The graph of tumor-to-normal tissue (T/N)
ratios shows that cNGQ-PS-Dox had 2.7–6.8 and 4.9–16.6 folds better
tumor selectivity than PS-Dox and Lipo-Dox, respectively (Fig. S6). It
is evident, therefore, that cNGQ-PS-Dox is superior in tumor selectivity,
accumulation and retention to Lipo-Dox.
3.5. Targeted treatment of subcutaneous A549 human lung tumor

The therapeutic studies in nude mice bearing subcutaneous A549
human lung tumor xenografts revealed that cNGQ-PS-Dox completely
inhibited tumor growth at a dosage of 7.5 mg DOX ⋅HCl equiv./kg
(Fig. 4a). PS-Dox could partially suppress tumor growth. Lipo-Dox
though effectively inhibited tumor growth caused significant body
weight loss compared with PBS groups (Fig. 4b), indicating a high
systemic toxicity. In contrast, no body weight loss was observed for
mice treated with cNGQ-PS-Dox and PS-Dox, confirming that they
have little adverse effects. Remarkably, Kaplan–Meier survival
curves showed that the mice treated with cNGQ-PS-Dox all survived
within an experiment period of 68 days (Fig. 4c). The mice treated
with PS-Dox showed also a longer median survival time than those
with Lipo-Dox (40 versus 24 days). The therapeutic outcome of
Lipo-Dox is largely compromised by its pronounced side effects.
The histological analyses using H&E and TUNEL staining revealed
that cNGQ-PS-Dox caused widespread necrosis in the tumor tissue
while little damage to the liver, kidney and heart (Fig. 4d). In contrast,
Epi-
fluorescence

1.4

1.2

1.0

0.4

0.6

0.8

0.2

× 108

1 4 8 12 48 h24

0

5

10

15

*
*

D
O

X
⋅H

C
l U

pt
ak

e 
(%

 ID
/g

) cNGQ-PS-Dox
 PS-Dox
 Lipo-Dox

TumorKidneyLungSpleenLiverHeart

de

108

HCl levels were determined by fluorescence spectroscopy, and expressed as injected dose
ages of A549 subcutaneous tumor-bearing nudemice at different time points following i.v.
·HCl in major organs and tumor blocks excised at 8 h post intravenous injection; (d)
troscopy. Data are presented as mean ± SD (n = 3, student's test, *p b 0.05).



d

e

0 3 6 9 12
25

50

75

100

125

B
od

y 
W

ei
gh

t (
%

)
Time (d)

cNGQ-PS-Dox, 60 mg/kg
 cNGQ-PS-Dox, 80 mg/kg
 cNGQ-PS-Dox, 100 mg/kg
 Lipo-Dox, 15 mg/kg
 Lipo-Dox, 20 mg/kg

0 4 8 12 16 20
0

25

50

75

100

125

 B
od

y 
W

ei
gh

t (
%

)

Time (d)

* 
*

0 14 28 42 56 70
0

25

50

75

100

125

 S
ur

vi
va

l R
at

e 
(%

)

Time (d)

a b c

0 6 12 18 24
0

6

12

18

24

**
*

R
el

at
iv

e 
T

um
or

 V
ol

um
e

Time (d)

**
*

PS-Dox Lipo-Dox PBScNGQ-PS-Dox

Fig. 4. In vivo antitumor performance in subcutaneous A549 human lung tumor-bearing nude mice (n = 5, student's test, ***p b 0.001). (a) Relative tumor volume of mice treated with
cNGQ-PS-Dox, PS-Dox, Lipo-Dox and PBS, respectively. Thedrugwas iv administrated on day 0, 4, 8, and 12 (dosage: 7.5mgDOX·HCl equiv./kg, in 0.15mL PBS); (b) Bodyweight change of
mice in different groupswithin 18 d (n= 5, student's test, **p b 0.01); (c) Survival rates of mice in different groupswithin 68 d; (d) The histological analyses of TUNEL stained sections of
tumor andH&E stained sections of tumor, heart, liver and kidney, whichwere excised from tumor-bearingmice following 18 days of treatment. The imageswere obtained under Olympus
BX41 microscope using a 40× objective; (e) MTD studies of cNGQ-PS-Dox and Lipo-Dox in tumor-free nude mice (n = 5).

156 Y. Zou et al. / Journal of Controlled Release 239 (2016) 149–158
Lipo-Dox instigated significant hepatotoxicity and nephrotoxicity. In-
triguingly, cNGQ-PS-Dox exhibited a remarkably high maximum-toler-
ated dose (MTD) of over 100 mg DOX equiv./kg, which was at least 6
times higher than Lipo-Dox (Fig. 4e). The soaring tolerability of cNGQ-
PS-Dox can be attributed to its inhibited drug leakage, favorable
biodistribution, and reduced non-specific cellular uptake [52]. The
high MTD of cNGQ-PS-Dox affords an extremely broad therapeutic
window, which is a remarkable advantage for its clinical applications
[53].
3.6. Targeted treatment of orthotopic A549 human lung tumor

We further investigated the targetability and therapeutic efficacy of
cNGQ-PS-Dox using the orthotopic human lung tumor model. To facili-
tate monitoring of tumor progression, bioluminescent A549-luciferase
(A549-Luc) cells expressing a luciferase reporter were used. Remark-
ably, cNGQ-PS-Dox showed effective suppression of tumor growth
(Fig. 5a). The non-targeting PS-Dox also retarded tumor progression
though less effective than cNGQ-PS-Dox. The quantification of biolumi-
nescence in the lungs displayed significantly lower luminescence level
in the mice treated with cNGQ-PS-Dox than those with PS-Dox and
PBS controls (Fig. 5b). The ex vivo luminescence images of the lungs ex-
cised on day 16 further confirmed diminishing tumor luminescence by
cNGQ-PS-Dox. Lipo-Dox could also effectively suppress tumor growth,
though led to significant body weight loss (Fig. 5c). In comparison, little
body weight loss was observed for mice treated with both cNGQ-PS-
Dox and PS-Dox. Notably, Kaplan–Meier survival curves showed that
mice treated with cNGQ-PS-Dox all survived within an experiment pe-
riod of 45 days while median survival times of 28, 20 and 23 days were
observed for mice treated with PS-Dox, PBS and Lipo-Dox, respectively
(Fig. 5d). The histological analyses using H&E staining revealed that
the lung tissue of mice treated with cNGQ-PS-Dox was similar to that
of tumor-free healthy mice (Fig. 5e). In contrast, mice treated with
Lipo-Dox, PS-Dox and PBS displayed abundant neoplasm in the lung tis-
sue. It should further be noted that in contrast to Lipo-Dox, cNGQ-PS-
Dox caused little damage of heart, liver and kidney. The blood chemistry
analyses showed that mice treated with Lipo-Dox and cNGQ-PS-Dox
had similar blood levels of alkaline phosphatase (ALP), aspartate amino-
transferase (AST), alanine aminotransferase (ALT) and serum albumin
(ALB) to those with PBS (Fig. S7), confirming that these polymersomal
doxorubicin induces insignificant hepatotoxicity.
4. Conclusions

We have demonstrated here that cNGQ-PS-Dox is superior to clini-
cally used Lipo-Dox in both subcutaneous and orthotopic A549 human
lung cancer models in nude mice. PS-Dox presents several unique ben-
efits over Lipo-Dox, which includes superb control over drug release
(i.e. low drug leakage under physiological condition and fast drug re-
lease inside the tumor cells), unprecedented tolerability and low
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systemic toxicity, outstanding tumor selectivity and accumulation, and
straightforward fabrication. It should further be noted that PS-Dox pro-
vides not only a highly robust but also an extremely versatile
nanoplatform that is amenable to facile surface engineering with dis-
tinct targeting ligands for various malignancies. This study provides a
proof-of-concept that robust, bioresponsive and tumor-homing PS-
Dox is a better substitute for Doxil and Caelyx.
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