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ABSTRACT: pH-Responsive chimaeric polypeptide-based
polymersomes (refer to as pepsomes) were designed and
developed from asymmetric poly(ethylene glycol)-b-poly(L-
leucine)-b-poly(L-glutamic acid) (PEG-PLeu-PGA, PEG is
longer than PGA) triblock copolymers for efficient encapsu-
lation and triggered intracellular delivery of doxorubicin
hydrochloride (DOX·HCl). PEG-PLeu-PGA was conveniently
prepared by sequential ring-opening polymerization of L-
leucine N-carboxyanhydride and γ-benzyl-L-glutamate N-
carboxyanhydride using PEG-NH2 as an initiator followed by
deprotection. Pepsomes formed from PEG-PLeu-PGA had
unimodal distribution and small sizes of 64−71 nm depending on PLeu block lengths. Interestingly, these chimaeric pepsomes
while stable at pH 7.4 were quickly disrupted at pH 5.0, likely due to alternation of ionization state of the carboxylic groups in
PGA that shifts PGA blocks from hydrophilic and random coil structure into hydrophobic and α-helical structure. DOX·HCl
could be actively loaded into the watery core of pepsomes with a high loading efficiency. Remarkably, the in vitro release studies
revealed that release of DOX·HCl was highly dependent on pH, in which about 24.0% and 75.7% of drug was released at pH 7.4
and 5.0, respectively, at 37 °C in 24 h. MTT assays demonstrated that DOX·HCl-loaded pepsomes exhibited high antitumor
activity, similar to free DOX·HCl in RAW 264.7 cells. Moreover, they were also potent toward drug-resistant MCF-7 cancer cells
(MCF-7/ADR). Confocal microscopy studies showed that DOX·HCl-loaded pepsomes delivered and released drug into the cell
nuclei of MCF-7/ADR cells in 4 h, while little DOX·HCl fluorescence was observed in MCF-7/ADR cells treated with free drug
under otherwise the same conditions. These chimaeric pepsomes with facile synthesis, efficient drug loading, and pH-triggered
drug release behavior are an attractive alternative to liposomes for targeted cancer chemotherapy.

■ INTRODUCTION

Liposomal doxorubicin with lower cardiotoxicity than free
doxorubicin hydrochloride (DOX·HCl) is currently applied for
effective treatment of various cancers in the clinics.1−3

However, the possible hand−foot syndrome of PEGylated
liposomal formulations limits their dose and substitution for
DOX·HCl formulations. As for liposomes, polymersomes
contain also a watery interior that can be used for loading
and delivery of hydrophilic drugs like DOX·HCl. Notably,
polymersomes with typically a thicker membrane exhibit in
general better stability and lower premature drug release than
liposomes.4,5 Moreover, polymersomes have an intrinsic stealth
effect as conferred by their hydrophilic blocks like PEG.6−8 In
contrast to liposomes, polymersomes can be prepared from
block copolymers with very different structures and molecular
weights, allowing design and development of stimuli-sensitive
biodegradable polymersomes9−11 as well as tumor-homing
polymersomes.12,13 Notably, polymersomes has been used to
deliver a variety of therapeutic drugs and proteins.14−16

Nevertheless, though polymersomes have a big watery
compartment, in practice they show usually poor drug loading
capacity as well as low drug loading efficiency for water-soluble
agents such as DOX·HCl and proteins.17 In the past years,
different drug loading technologies including the trans-
membrane gradient17−20 and nanoprecipitation methods21

have been developed to augment their drug encapsulation
levels. Notably, a novel strategy based on chimaeric polymer-
somes has recently been developed to greatly improve loading
capacity of hydrophilic drugs.22,23 The chimaeric polymersomes
usually have polyion blocks in watery core, providing
electrostatic and hydrogen bonding interactions with hydro-
philic drugs and proteins. However, the preparation of
asymmetric triblock copolymer often involves complex multi-
step synthesis with low yields.
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Synthetic polypeptides with various components and
architectures can be easily obtained through controlled
polymerization of α-amino acid N-carboxyanhydrides
(NCAs).24,25 Moreover, these polypeptides might possess the
appealing features of natural proteins including good
biocompatibility, in vivo degradability, and unique secondary
and tertiary conformations and thus have been extensively
employed to design nanocarriers, including micelles, polymer-
somes, and nanogels.26−29 For example, poly(N-2-(2-(2-
methoxyethoxy)ethoxyl)acetyl-L-lysine)-poly(L-leucine) (P-
(EG2-LL)-PLeu), PLL-poly(L-phenylalanine) (PLL-PPhe),
and poly(L-methionine)-P(Leu/PPhe) were reported to form
large peptide vesicles (referred to as pepsomes) with diameters
of 1−50 μm.30−32 Lecommandoux et al. reported that PLL-
poly(L-glutamic acid) (PLL15-PGA15) diblock copolypeptides
were self-assembled into vesicles with an average diameter of
around 150 nm at pH < 4 or pH > 10.33 Gu et al. reported that
pepsomes with an average size of 300 to 800 nm formed
through cooperative hierarchical self-assembly of globular PLL
dendrimers and carboxyl-functionalized linear PLeu exhibited a
comparable gene-transfection activity to 25 kDa PEI in the
absence of serum.34 It is known that there exist natural pH
gradients in the tumor microenvironment (pH 6.5−7.2) and in
the endosomal/lysosomal compartments of tumor cells (pH
4.0−6.5).35−37 Therefore, pH-responsive pepsomes have been
developed to achieve enhanced drug release in tumor tissue and
cells.38−40 For example, pH-responsive, size-tunable, and stable
vesicles were developed from amphiphilic poly(trimethylene
carbonate)-b-PGA (PTMC-PGA) copolymers.39 These vesicles
coloaded with DOX and superparamagnetic iron oxide
nanoparticles (USPIO) revealed improved cytostatic effects
toward HeLa cells when a high frequency AC magnetic field
was applied.41 Hadjichristidis et al. reported that vesicles with a
diameter of about 130 nm were developed from amphiphilic
PLL-PBLG-PLL copolypeptides containing 19−75% PBLG at
neutral pH for DNA encapsulation.38 Hammond et al.
developed pH-responsive nanometer-scale vesicles based on
diisopropylamine/diethylamine functionalized PEG-poly(γ-
propargyl-L-glutamate).42 Recently, Kataoka and Chen devel-
oped pepsomes through the complexation of PEG-PGA with
(1,2-diaminocyclohexane)platinum(II) (DACHPt) and DOX·
HCl, respectively.43,44 These pepsomes achieved relatively high
loading efficiency and loading content (over 10 wt %).
Here, novel pH-responsive degradable chimaeric pepsomes

based on structurally well-defined poly(ethylene glycol)-b-
poly(L-leucine)-b-poly(L-glutamic acid) (PEG-PLeu-PGA) co-

polymers were designed and developed for efficient encapsu-
lation of DOX·HCl as well as activated drug release inside the
tumor cells (Scheme 1). The molecular weight of PEG segment
was devised higher than that of PGA segment so that PEG
would be primarily oriented at the outer periphery of pepsomes
warranting superb biocompatibility and shielding effect, while
PGA segment would be mostly located in the aqueous interior
of pepsomes affording high loading of DOX·HCl. Under the
endosomal and lysosomal pH conditions, PGA would change
from hydrophilic random coil structure into hydrophobic α-
helical structure, resulting in destabilization and collapse of
pepsomes and enhanced release of loaded drug. The synthesis
of pH-responsive degradable chimaeric pepsomes, loading and
in vitro release of DOX·HCl as well as antitumor activity of
drug-loaded pepsomes were investigated.

■ EXPERIMENTAL SECTION
Materials. α-Methoxy-ω-amine-poly(ethylene glycol) (PEG-NH2,

Mn = 2.0 kg/mol, Jenkem Technology), L-leucine (GL Biochem
(Shanghai) Ltd.), and Nε-benzyloxycarbonyl-L-glutamic acid (BLG,
GL Biochem (Shanghai) Ltd.) were used as received. Tetrahydrofuran
(THF) was dried by refluxing over sodium wire and distilled prior to
use. N,N-Dimethylformamide (DMF) was dried with MgSO4 and
distilled under reduced pressure before use. Ethyl acetate and
petroleum ether (bp 60−90 °C) were refluxed with CaH2 and
distilled prior to use. Doxorubicin hydrochloride (DOX·HCl, 90%,
Beijing Zhongshuo Pharmaceutical Technology Development Co.,
Ltd.) was used as received. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), 4′6-diamidino-2-phenylindole dihydro-
chloride (DAPI), and FITC-phalloidin were purchased from Sigma
and used as received. All the other reagents and solvents were
purchased from Sinopharm Chemical Reagent Co. Ltd. and used as
received. L-Leucine N-carboxyanhydride (Leu-NCA) and γ-benzyl-L-
glutamate N-carboxyanhydride (BLG-NCA) were synthesized accord-
ing to the Fuchs-Farthing method using triphosgene.45,46

Characterization. 1H NMR spectra were recorded on a Unity
Inova 400 spectrometer operating at 400 M Hz using CF3COOD
(TFA-d) as a solvent. The chemical shifts were calibrated against the
solvent signal. The molecular weight and polydispersity index of the
copolymers were determined by a Waters 1515 gel permeation
chromatograph (GPC) instrument equipped with two linear PLgel
columns (500 Å and Mixed-C) following a guard column and a
differential refractive-index detector. The measurements were
performed using DMF as the eluant at a flow rate of 0.8 mL/min at
40 °C and a series of narrow poly(methyl methacrylate)s standards for
the calibration of the columns. The size of pepsomes was determined
using dynamic light scattering (DLS). Measurements were carried out
at 25 °C by a Zetasizer Nano-ZS from Malvern Instruments equipped
with a 633 nm He−Ne laser using backscattering detection. The zeta
potential of pepsomes was determined with a Zetasizer Nano-ZS from

Scheme 1. Illustration of Chimaeric Pepsomes Assembled from PEG-PLeu-PGA Asymmetric Triblock Copolymer for Efficient
Loading and Activated Intracellular Release of DOX·HCl
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Malvern Instruments. Transmission electron microscopy (TEM) was
performed using a Tecnai G220 TEM operated at an accelerating
voltage of 200 kV. The samples were prepared by dropping 10 μL of 1
mg/mL pepsomes suspension on the copper grid followed by staining
with 1 wt % phosphotungstic acid. Circular dichroism (CD) was
performed in a quartz cuvette at 37 °C at a pepsome concentration of
0.01 mg/mL using an AVIV 410 spectrophotometer (AVIV
Biomedical Inc., Lakewood, NJ). CD spectra were recorded over a
wavelength range of 190−260 nm.
Synthesis of PEG-PLeu-PBLG Triblock Copolymers. PEG-

PLeu-PBLG triblock polymers were synthesized by sequential ring-
opening polymerization (ROP) of Leu-NCA and BLG-NCA
monomers in DMF using PEG-NH2 as an initiator. The following is
a typical example on synthesis of PEG-PLeu52-PBLG copolymer.
Under a nitrogen atmosphere, to a solution of Leu-NCA (392.5 mg,
2.5 mmol) in DMF (8 mL) under stirring was quickly added a stock
solution of PEG-NH2 (100 mg, 0.05 mmol, monomer to initiator ratio
of 50) in DMF (2 mL). After stirring at 35 °C for 72 h, a solution of
BLG-NCA (105.2 mg, 0.40 mmol) in DMF (2 mL) was added. The
polymerization was allowed to proceed for another 72 h at 35 °C. The
copolymer was isolated by precipitating in excess diethyl ether,
purification through dissolving in dichloromethane and reprecipitating
in diethyl ether for twice, and drying at room temperature in vacuo for
24 h. Yield: 90.0%. 1H NMR (400 MHz, TFA-d): δ 7.24 (s, 5H,
-C6H5), 5.09 (s, 2H, C6H5CH2-), 4.67 (-COCHNH-), 3.88
(-OCH2CH2O-), 3.55 (-OCH3), 2.46 (-CHCH2CH2CO-), 2.17,
1.97 (-CHCH2CH2CO-), 1.72 (-CHCH2CH(CH3)2-), 1.62
(-CHCH2CH(CH3)2-), 0.90 (-CHCH2CH(CH3)2-).
Synthesis of PEG-PLeu-PGA Triblock Copolymers. In order to

remove the protecting group, PEG-PLeu52-PBLG (940 mg, 0.1 mmol)
was dissolved in CF3COOH (9.4 mL), to which HBr/acetic acid (33
wt %, 0.87 mL) was added. The reaction proceeded with stirring for 3
h at 0 °C. The final product was isolated by precipitating in excess cold
diethyl ether, redissolving in DMF and dialysis against distilled water,
and freeze-drying. Yield: 88.0%. 1H NMR (400 M Hz, TFA-d): δ 4.67
(-COCHNH-), 3.88 (-OCH2CH2O-), 3.55 (-OCH3), 2.63
(-CHCH2CH2-), 2.28, 2.14(-CHCH2CH2-), 1.71 (-NHCHCH2CH-
), 1.62 (-NHCHCH2CH-), 0.90 (-CH3).
Preparation of Chimaeric Pepsomes. Chimaeric pepsomes

were prepared by dropwise addition of PB buffer to a DMF solution of
PEG-PLeu-PGA triblock copolymers under stirring at room temper-
ature, followed by extensive dialysis against PB for 48 h using a
membrane (MWCO 7000 Da). The medium was refreshed every 8 h.
In order to verify their vesicular structure by confocal microscopy,
pepsomes encapsulating Nile red were obtained through adding 20 μL
of Nile red in acetone to the above chimaeric pepsomes (final Nile red
concentration = 1 × 10−6 M) followed by 3 h stirring at 37 °C to
evaporate acetone. The confocal experiments were performed using a
confocal microscope (TCS SP2).
The CAC was determined using pyrene as a fluorescence probe.

The concentration of polymer varied from 6.0 × 10−4 to 0.15 mg/mL
and the concentration of pyrene was fixed at 0.6 μM. The fluorescence
spectra were recorded using a FLS920 fluorescence spectrometer with
the excitation wavelength of 330 nm. The emission fluorescence at 372
and 383 nm was monitored. The CAC was estimated as the cross-
point when extrapolating the intensity ratio I372/I383 at low and high
concentration regions.
Encapsulation of DOX·HCl. DOX·HCl-loaded pepsomes were

simply prepared by solvent exchange method. In a typical example, 0.1
mL of PEG-PLeu-PGA copolymer solution in DMF was added to an
aqueous solution of 0.9 mL of PB buffer and 0.063 mL of DOX·HCl
solution (2 mg/mL) in PB at room temperature. After stirring for half
an hour, free DOX·HCl and DMF were removed by dialysis (MWCO
7000 Da) against PB buffer for 48 h with at least 5 times change of
media. The whole procedure was performed in the dark.
For determination of drug loading content, DOX·HCl-loaded

pepsomes were dissolved in DMF to release drug and analyzed with
fluorescence spectroscopy (FLS 920, excitation at 480 nm). The
calibration curve was obtained with DOX·HCl/DMF solutions with
different DOX concentrations. Drug loading content (DLC) and drug

loading efficiency (DLE) were calculated according to the following
formula:

= ×DLC(wt%)
wt of loaded drug

total wt of polymer and loaded drug
100%

= ×DLE(%)
wt of loaded drug
wt of drug in feed

100%

In Vitro Release of DOX·HCl. The release profiles of DOX·HCl
from chimaeric pepsomes were studied using a dialysis tube (MWCO
12000) under shaking (100 rpm) at 37 °C in two different media, that
is, NaAc/HOAc (10 mM, pH 5.0) and PB (10 mM, pH 7.4). The
release studies were performed at a pepsome concentration of 25 mg/
L. Typically, 0.5 mL DOX·HCl-loaded pepsomes solution was dialyzed
against 25 mL of release media. At certain time intervals, 5 mL of
release media was taken out and replenished with an equal volume of
fresh media. The amount of DOX·HCl released was determined by
using fluorescence (FLS920) measurement (excitation at 480 nm).
The release experiments were conducted in triplicate and the results
presented were the average data with standard deviations.

MTT Assays of Chimaeric Pepsomes. The antitumor activity of
DOX·HCl-loaded pepsomes was evaluated in RAW 264.7 cells and
MCF-7/ADR cells by MTT assays. RAW 264.7 cells were cultured in a
96-well plate (5 × 103 cells/well) using Dulbecco’s modified Eagle
medium. MCF-7/ADR cells were cultured in a 96-well plate (5 × 103

cells/well) using RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine, antibiotics penicillin (100 IU/
mL), and streptomycin (100 μg/mL) for 1 day. The medium was
aspirated and replaced by 80 μL of fresh medium supplemented with
10% FBS. A total of 20 μL of DOX·HCl-loaded pepsomes in PB buffer
(10 mM) was added to yield final pepsomes concentrations varying
from 1 × 10−3 to 20 μg/mL. The cells were cultured in an atmosphere
containing 5% CO2 for 2 day at 37 °C. The medium was aspirated and
replaced by 100 μL of fresh medium. A total of 10 μL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solu-
tion (5 mg/mL) was added. The cells were incubated for another 4 h.
The medium was aspirated, the MTT-formazan generated by live cells
was dissolved in 150 μL of DMSO, and the absorbance at a wavelength
of 490 nm of each well was measured using a microplate reader. The
relative cell viability (%) was determined by comparing the absorbance
at 490 nm with control wells containing only cell culture medium.
Data are presented as average ± SD (n = 3). The cytotoxicity of blank
pepsomes was determined in a similar way.

Intracellular Release of DOX·HCl. The cellular uptake and
intracellular release behaviors of DOX·HCl-loaded pepsomes were
followed with confocal laser scanning microscopy (CLSM) using RAW
264.7 and MCF-7/ADR cells. RAW 264.7 cells were cultured in a 96-
well plate (5 × 103 cells/well) using Dulbecco’s modified Eagle
medium. MCF-7/ADR cells were cultured on microscope slides in a
six-well plate (5 × 105 cells/well) using RPMI-1640 medium
supplemented with 10% FBS, 1% L-glutamine, antibiotics penicillin
(100 IU/mL), and streptomycin (100 μg/mL). The cells were
incubated with DOX·HCl-loaded pepsomes in a humidified 5% CO2-
containing atmosphere at 37 °C for 0.5−4 h. The culture medium was
removed and the cells were rinsed three times with PBS. The cell
nuclei were stained in blue with 4′,6-diamidino-2-phenylindole
(DAPI), and the actin cytoskeleton was stained in green with FITC-
phalloidin. The fluorescence images were obtained using confocal
microscope (TCS SP2).

■ RESULTS AND DISCUSSION
Synthesis of PEG-PLeu-PGA Triblock Copolymers.

PEG-PLeu-PGA triblock copolymers were synthesized by
sequential ROP of Leu-NCA and BLG-NCA monomers
using PEG-NH2 as an initiator followed by deprotection of
benzyl groups. 1H NMR of PEG-PLeu-PBLG showed
characteristic signals of PEG (δ 3.55 and 3.88), PLeu (δ 0.90,
1.62, 1.72), and PBLG (δ 1.97, 2.17, 2.46, 5.09, 7.24; Figure
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1A). The degree of polymerization (DP) of PLeu and PBLG
was calculated by comparing the intensities of signals at δ 0.90

(methyl protons of PLeu) and δ 5.09 (benzyl methylene
protons of PBLG) to δ 3.88 (methylene protons of PEG),
respectively. The molecular weights determined by 1H NMR
were close to the design (Table 1). GPC measurements showed
that PEG-PLeu-PBLG copolymers had a low polydispersities of
1.08−1.18. Moreover, the molecular weights determined from
GPC were close to those measured by 1H NMR, and increased
in parallel with the design. The benzyl groups in PEG-PLeu-
PBLG copolymers were removed in CF3COOH with HBr/

HOAC at 0 °C for 3 h, generating PEG-PLeu-PGA copolymers.
The disappearance of signals at δ 5.09 and 7.24 attributable to
the benzyl groups confirmed complete deprotection (Figure
1B). Moreover, 1H NMR spectrum of PEG-PLeu-PGA revealed
that PLeu and PGA blocks had similar degrees of polymer-
ization to their counterparts in the parent PEG-PLeu-PBLG
copolymer, indicating that polypeptide main chain was intact
during deprotection.

Formation and pH-Responsivity of Chimaeric Pep-
somes. Chimaeric pepsomes were prepared from PEG-PLeu-
PGA by solvent exchange method. Dynamic light scattering
(DLS) measurements showed that PEG-PLeu-PGA copolypep-
tides formed monodisperse pepsomes with low PDI of 0.15−
0.17 and average hydrodynamic diameters from 64 to 71 nm for
PEG-PLeu52-PGA (pepsome 1) and PEG-PLeu64-PGA (pep-
some 2), respectively (Table 2). The small sizes of pepsomes
could be attributed to the asymmetric structure of PEG-PLeu-
PGA triblock copolypeptides that favors the formation of a
curvature structure.23,47,48 TEM micrograph demonstrated that
PEG-PLeu-PGA chimaeric pepsomes had a vesicular structure,
spherical morphology, and a size distribution close to that
determined by DLS (Figure 2A). The morphology of
polypeptide-based block copolymer self-assembled structures
was recently reported to be not only dependent on the
molecular composition, but also, to a larger extent, on the
kinetic trapping of the system induced by the rigidity of the α-
helical hydrophobic peptide segment during the solvent
diffusion process.49 In addition, the intensity profiles of red
fluorescence in a captured giant pepsome showed clearly the
location of hydrophobic Nile Red in the membrane (Figure
2B), further confirming their vesicular structure. PEG-PLeu-
PGA pepsomes had negative surface charges (−24.5 ∼ −26.3
mV), likely due to part of PGA chains located in the outer
periphery of pepsomes. Notably, these pepsomes revealed a low
critical aggregation concentration (CAC) of 4.2−4.5 mg/L and
exhibited excellent stability with little size change for over one
month at physiological pH (pH 7.4) and 37 °C, which could be
attribute to the α-helix assembly of PLeu in the membrane of
PEG-PLeu-PGA pepsomes.50

Interestingly, chimaeric pepsomes based on PEG-PLeu-PGA
collapsed under an acidic pH of 5.0, as revealed by TEM
(Figure 2A), which is possibly due to a change of PGA blocks
in pepsomes from hydrophilic random coil structure into
hydrophobic α-helical structure upon decreasing pH.51 The
circular dichroism (CD) analyses (Figure S2) revealed that
PEG-PLeu-PGA pepsomes in aqueous solution had obvious α-
helical conformation belonging to PLeu blocks at pH 7.4. The
content of α-helix decreased rapidly when pH was lower than
6.0 due to aggregation and precipitation of pepsomes. The DLS
results showed that these pepsomes swelled to over 1000 nm at
pH 5.0 (Figure S3). Confocal laser scanning microscopy
(CLSM) observations showed that the membrane of pepsomes
containing hydrophobic Nile Red was broken at pH 5.0 (Figure

Figure 1. 1H NMR spectra (400 MHz, CF3COOD) of PEG-PLeu52-
PBLG (A) and PEG-PLeu52-PGA (B).

Table 1. Synthesis of PEG-PLeu-PBLG Triblock Copolymers

Mn (kg/mol)

entry copolymers design 1H NMRa GPCb Mw/Mn
b yield (%)

1 PEG-PLeu52-PBLG 2−5.7−1.7 2−5.9−1.7 9600 1.18 90
2 PEG-PLeu64-PBLG 2−6.8−1.7 2−7.3−1.7 12400 1.08 91

aCalculated from 1H NMR (CF3COOD).
bDetermined by GPC (eluent: DMF, standards: poly(methyl methacrylate)s, flow rate: 0.8 mL/min, 40

°C).
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2B), corroborating the pH-responsibility of PEG-PLeu-PGA
chimaeric pepsomes.
Loading and In Vitro Release of DOX·HCl. The loading

of DOX·HCl into PEG-PLeu-PGA pepsomes was performed by
solvent-exchange method. The results showed that these
chimaeric pepsomes had a high loading efficiency (DLE)
ranging from 73.3 to 88.2% (Table 3), likely due to the
presence of ionic interactions between the carboxylic groups of
the PGA blocks in the vesicular core and the amino groups of
DOX·HCl at neutral pH. Similar results were also observed in
other polymersome systems that contained either carboxylic

acid or amino groups in the core.52,53 The DLE of pepsomes
increased slightly with increasing PLeu block lengths. For
example, at a theoretical drug loading content (DLC) of 15 wt
%, DLE of 80.7 to 84.4% were observed for pepsomes 1 and 2,
respectively. DLS measurements exhibited that DOX·HCl-
loaded pepsomes had small sizes of 57−87 nm and negative
zeta potentials of −22.5 to −25.4 mV. The average sizes of
drug-loaded pepsomes increased with increasing drug loading
contents. For example, the average size of drug-loaded pepsome
1 increased from 57 to 87 nm with increasing drug loading
contents from 8.7 to 15.5 wt %.
The in vitro release studies performed at 37 °C

demonstrated that DOX·HCl was released from chimaeric
pepsomes much faster at endosomal pH than at physiological
pH (Figure 3). About 24.0 and 75.7% of drug was released
from pepsome 1 at 37 °C in 24 h at pH 7.4 and 5.0,
respectively. The prominent acceleration of drug release at pH
5.0 could be attributed to a change of PGA protonation state
that results in disruption of pepsome structure as well as
decreased electrostatic interaction with DOX·HCl. In all cases,
DOX·HCl was released in a controlled manner and initial burst
drug release was not observed. Under the same pH condition,
DOX·HCl-loaded pepsome 1 displayed somewhat faster drug
release than pepsome 2 counterparts, which is most likely due
to pepsome 2 having a thicker membrane than pepsome 1.
These pH-responsive nanosystems are highly promising for
triggered intracellular drug delivery.54,55

Anti-Tumor Activity and Intracellular Drug Release
Behavior of DOX·HCl-Loaded Pepsomes. Due to their
excellent biocompatibility, biodegradability, and unique hier-
archical assembly properties, polypeptide-based nanocarriers
have recently been developed and explored for the controlled
delivery of various anticancer drugs and proteins.56−58 Here,
the antitumor activity of DOX·HCl-loaded pepsomes was
investigated in RAW 264.7 and MCF-7/ADR cells by MTT
assays. The results showed that DOX·HCl-loaded pepsomes
were highly potent against RAW 264.7 cells, in which low half-
maximal inhibitory concentrations (IC50) of 0.14 and 0.19 μg/
mL, close to that of free DOX·HCl (0.11 μg/mL), were
observed for DOX·HCl-loaded pepsome 1 and pepsome 2,
respectively (Figure 4). Importantly, MTT assays indicated that
PEG-PLeu-PGA pepsomes were practically nontoxic in RAW

Scheme 2. Synthesis of PEG-PLeu-PGA CopolymerA

AReagents and conditions: (i) Leu-NCA, DMF, 35 °C, 72 h; (ii) BLG-NCA, DMF, 35 °C, 72 h; (iii) HBr/HOAc, CF3COOH, 0 °C.

Table 2. Preparation of Chimaeric PEG-PLeu-PGA
Pepsomes

entry pepsomes sizea (nm) PDIa ζ (mV) CACb (mg/L)

1 PEG-PLeu52-PGA 64 0.17 −24.5 4.5
2 PEG-PLeu64-PGA 71 0.15 −26.3 4.2

aSize and PDI of pepsomes were determined by DLS. bDetermined by
fluorescence measurement.

Figure 2. Characterization of chimaeric pepsome 1 at pH 7.4 and 5.0:
(A) TEM images; (B) CLSM micrograph of a giant pepsome
encapsulating Nile Red.
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264.7, MCF-7/ADR and L929 cells up to a tested
concentration of 0.5 mg/mL (Figure 5), supporting that
these chimaeric pepsomes possess good biocompatibility.
Nanoparticles normally enter cells through endocytosis, and

while contained in the endosomal compartment, they undergo
an environmental pH decrease from early to late endo-
somes.59,60 To examine the cellular uptake and intracellular
drug release behaviors, we treated RAW 264.7 cells with DOX·
HCl-loaded pepsomes and investigated the intracellular
trafficking of DOX·HCl using confocal laser scanning
microscopy (CLSM). The cell nuclei were stained with DAPI
(blue). Remarkably, significant DOX·HCl fluorescence was
observed in the nuclei of RAW 264.7 cells following 0.5 h
incubation with DOX·HCl-loaded pepsome 1 (Figure 6A),
indicating fast internalization of pepsomes and efficient release
of DOX·HCl inside cells. Longer incubation time (e.g., 1 h, 2
h) resulted in even stronger DOX·HCl fluorescence in the
nuclei of RAW 264.7 cells (Figure 6B,C), which was
comparable to the cells incubated with free drug under
otherwise the same conditions (Figure 6D). In addition, the

bright-field images indicated that RAW 264.7 cells underwent
apoptosis following 2 h incubation with DOX·HCl-loaded
pepsomes (Figure 6C). These results confirm that pH-
responsive degradable chimaeric pepsomes can efficiently load
and deliver DOX·HCl into tumor cells, achieving high
antitumor efficacy.
Drug resistance, which accounts for a majority of cancer

treatment failure, poses a major hurdle in cancer chemo-
therapy.61 Here, the antitumor activity of DOX·HCl-loaded
pepsomes against drug resistant MCF-7/ADR cells was
investigated. In line with their high drug resistance, MCF-7/
ADR cells following 48 h treatment with free DOX·HCl at a
concentration of 20 μg/mL had a cell viability of over 70%
(Figure 7). In contrast, DOX·HCl-loaded pepsomes were
shown to effectively inhibit growth of MCF-7/ADR cells, in
which IC50 of DOX·HCl-loaded pepsome 1 and pepsome 2 was
determined to be 6.67 and 10.9 μg/mL, respectively (Figure 7).
The cellular uptake and intracellular drug release behaviors of
DOX·HCl-loaded pepsomes in MCF-7/ADR cells were studied
using CLSM. DAPI (blue) and FITC-phalloidin were employed
to stain the cell nuclei and cytoskeletons, respectively. Notably,
obvious drug fluorescence was observed in the cytosol and cell

Table 3. Characterization of DOX·HCl-Loaded PEG-PLeu-PGA Pepsomes (0.5 mg/mL) in Phosphate Buffer

DLC (wt %)

pepsomes theory determineda DLE (%) sizeb (nm) PDIb ζ (mV)

pepsome 1 (PEG-PLeu52-PGA) 10 8.7 85.6 57 0.24 −22.5
15 12.5 80.7 72 0.23 −24.7
20 15.5 73.3 87 0.24 −23.1

pepsome 2 (PEG-PLeu64-PGA) 10 8.9 88.2 65 0.26 −23.1
15 12.9 84.4 79 0.25 −25.3
20 15.8 74.8 87 0.23 −25.4

aDetermined by fluorescence measurement. bSize and PDI of DOX·HCl-loaded pepsomes were determined by DLS.

Figure 3. pH-dependent release of DOX·HCl from PEG-PLeu-PGA
pepsomes at 37 °C.

Figure 4. Antitumor activity of DOX·HCl-loaded PEG-PLeu-PGA
pepsomes. RAW 264.7 cells were incubated with DOX·HCl-loaded
pepsomes or free DOX·HCl for 48 h. The cell viability was determined
by MTT assays (n = 3).

Figure 5. Cytotoxicity of bare pepsomes determined by MTT assays in
RAW 264.7, MCF-7/ADR and L929 cells. (A) Pepsome 1; (B)
Pepsome 2. The cells were incubated with pepsomes for 48 h. Data are
presented as the average ± standard deviation (n = 3).
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nuclei of MCF-7/ADR cells following 1 h incubation with
DOX·HCl-loaded PEG-PLeu-PGA pepsomes, indicating fast
internalization of DOX·HCl-loaded pepsomes and efficient
release of DOX·HCl in MCF-7/ADR cells (Figure 8A). DOX·
HCl fluorescence in the nuclei of MCF-7/ADR cells became
stronger at prolonged incubation times of 2 and 4 h (Figure
8B,C). In contrast, little DOX·HCl fluorescence was observed
for MCF-7/ADR cells treated with free drug under otherwise
the same conditions (Figure 8D), likely due to P-glycoprotein
mediated resistance in MCF-7/ADR cells.62,63

■ CONCLUSIONS

We have demonstrated that pH-responsive chimaeric pepsomes
based on PEG-PLeu-PGA triblock copolymer are able to
actively load and efficiently deliver hydrophilic anticancer drugs
like DOX·HCl into RAW 264.7 cells and drug-resistant MCF-
7/ADR cells, achieving potent antitumor effects. These
multifunctional pepsomes have appeared as an attractive
alternative to liposomes for targeted delivery of water-soluble
anticancer drugs. They exhibit following several advantages: (i)
they are readily formed with small sizes and defined
morphology from asymmetric PEG-PLeu-PGA triblock copo-
lypeptides. PEG-PLeu-PGA can be conveniently prepared with
controlled molecular weights and low polydispersities by
sequential NCA polymerization followed by acid deprotection;
(ii) they display remarkably high loading contents and loading
efficiencies toward hydrophilic anticancer drugs. Notably, to
date, there are few nanosystems that can efficiently encapsulate
water-soluble drugs; (iii) they can be rapidly destabilized at
endosomal pH, achieving efficient intracellular release of DOX·
HCl and high antitumor activity in both RAW 264.7 and MCF-
7/ADR cells; and (iv) they are intrinsically stealthed by PEG,
which not only endows excellent biocompatibility but also
facilitates design of active targeting systems. These chimaeric
pepsomes with facile synthesis, efficient loading of water-
soluble anticancer drugs, and triggered intracellular drug release
behavior have appeared as an attractive platform for targeted
cancer chemotherapy.

Figure 6. CLSM images of RAW 264.7 cells incubated with DOX·
HCl-loaded chimaeric pepsomes and free DOX·HCl (dosage 10 μg/
mL). For each panel, images from left to right show cell nuclei stained
by DAPI (blue), DOX·HCl fluorescence in cells (red), bright-field
images of cells, and overlays of three images. The scale bars
correspond to 10 μm in all the images. (A) DOX·HCl-loaded
pepsome 1, 0.5 h incubation; (B) DOX·HCl-loaded pepsome 1, 1 h
incubation; (C) DOX·HCl-loaded pepsome 1, 2 h incubation; and
(D) free DOX·HCl, 2 h incubation.

Figure 7. Antitumor activity of DOX·HCl-loaded PEG-PLeu-PGA
pepsomes. MCF-7/ADR cells were incubated for 48 h with DOX·HCl-
loaded pepsomes or free DOX·HCl. The cell viability was determined
by MTT assays (n = 3).

Figure 8. CLSM images of MCF-7/ADR cells incubated with DOX·
HCl-loaded chimaeric pepsomes and free DOX·HCl (dosage 20 μg/
mL). For each panel, images from left to right show cell nuclei stained
by DAPI (blue), DOX·HCl fluorescence in cells (red), cytoskeleton
stained by FITC-phalloidin (green) and overlays of three images. The
scale bars correspond to 12 μm in all the images. (A) DOX·HCl-
loaded pepsome 1, 1 h incubation; (B) DOX·HCl-loaded pepsome 1,
2 h incubation; (C) DOX·HCl-loaded pepsome 1, 4 h incubation; and
(D) free DOX·HCl, 4 h incubation.
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