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ABSTRACT: Low cell selectivity and uptake coupled with endosomal
entrapment pose critical hurdles for intracellular delivery and clinical
translation of therapeutic proteins. Herein, we report that smart polymersomes
dually functionalized with cRGD and fusogenic GALA peptides (cRGD/
GALA-Ps) enable ανβ3-specific and high-efficiency cytosolic delivery of
cytochrome C (CC), a model apoptotic protein, to A549 human lung cancer
cells. cRGD/GALA-Ps was prepared with 20 mol % cRGD and varying GALA
contents from 2 to 4 to 6 mol % via coassembly of PEG-b-poly(trimethylene
carbonate-co-dithiolane trimethylene carbonate)-spermine (PEG-b-P(TMC-
co-DTC)-spermine), cRGD-PEG-b-P(TMC-co-DTC), and maleimide-PEG-b-
P(TMC-co-DTC) and postmodification using GALA-SH (sequence: CWEA-
ALAEALAEALAEHLAEALAEALEALAA). cRGD/GALA-Ps loaded with ∼13
wt % CC displayed a small size of about 65 nm and fast glutathione-triggered
protein release. Interestingly, cRGD/GALA-Ps maintained a similar targeting
ability to cRGD-Ps in ανβ3-positive A549 lung cancer cells, while markedly enhanced cytosolic release of FITC-labeled CC, as
revealed by confocal microscopy. MTT assays exhibited that CC-loaded cRGD/GALA-Ps was significantly more potent than
CC-loaded cRGD-Ps, in which cell viabilities of 76.2, 51.0, 29.6, and 35.5% were discerned for cRGD/GALA-Ps with 0, 2, 4,
and 6 mol % GALA, respectively, at 15.4 μM CC. Apoptosis assays corroborated that cRGD/GALA-Ps-CC with 4 mol % GALA
induced better apoptosis of A549 cells than cRGD-Ps-CC (cell apoptosis: 36.4 vs 14.4%). These results highlight that dual-
functionalization of polymersomes with targeting and fusogenic peptides provides an appealing strategy for cytosolic protein
delivery.

■ INTRODUCTION
Proteins have emerged as a new and potent class of anticancer
agents.1−5 Many proteins like cytochrome C (CC) and
granzyme B bear intracellular targets.6,7 How to efficiently
deliver proteins into the cytosols of target cancer cells is of
critical importance for their clinical translation. In the past
years, various nanosystems, such as nanogels,8,9 capsules,10−12

nanoparticles,13,14 and polymersomes,15−17 have been reported
for intracellular protein delivery. For instance, Mo et al.
constructed self-degradable nanogels entrapping acid-activat-
able hyaluronidase based on cholesterol and methacrylate
comodified hyaluronic acid achieved targeted cascade delivery
of deoxyribonuclease I to subcutaneous A549 lung cancer
xenograft.18 Thayumanavan et al. engineered a polymer
stealthed, protein-encapsulated and reduction-sensitive nano-
assembly that released CC or ribonuclease A into the
cytoplasm of HeLa cells, inducing apoptosis and cell death.19

Xu et al. reported that cationic lipid-based nanoparticles
enabled intracellular delivery of cytotoxic saporin and
ribonuclease A, resulting in inhibited cell growth.20

Nanosized polymersomes, in particular, chimaeric polymer-
somes, with a watery lumen are a unique type of protein

nanocarriers.21−25 Very recently, we reported that Angiopep-2-
functionalized smart polymersomes based on PEG-b-poly-
(trimethylene carbonate-co-dithiolane trimethylene carbo-
nate)-b-polyethylenimine (PEG-b-P(TMC-co-DTC)-b-PEI)
block copolymer could stably load and chaperone saporin, a
protein toxin, to glioblastoma.26 It should be noted that most
targeted systems including polymersomes cannot readily
escape from endosomes. Endosomal entrapment poses a
critical hurdle for cytosolic protein delivery.27,28

Cell penetrating peptides (CPPs) and fusogenic peptides
have been utilized to promote cytosolic delivery of
proteins.29−32 Unlike CPPs that directly penetrate cells,
fusogenic peptides disrupt endosomal membranes by pH-
dependent conformation change and membrane fusion.33−36

GALA, a synthetic anionic peptide with 30 amino acids
(WEAALAEALAEALAEHLAEALAEALEALAA), bears a
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mostly random coil conformation at pH 7.4 while transits to α-
helix structure under acidic pH (<6), exerting specific and
potent endosomolytic activity.37,38 GALA has shown to
effectively enhance cytosolic delivery of diverse nucleic acids
including siRNA and pDNA with the aid of lipid nano-
particles.39−41 It should be noted, however, that GALA-
modified lipid nanoparticles in general have poor stability,
nonspecific cellular uptake and uncontrollable cargo release.
To achieve targeted and high-efficiency cytosolic protein
delivery, nanosystems have to be integrated with multi-
functions including efficient protein loading, high stability,
active cell targeting, endosomal escape, and stimuli-sensitivity.
Herein, we were set to engineer smart polymersomes for

targeted and high-efficiency cytosolic protein delivery based on
PEG-b-P(TMC-co-DTC)-spermine block copolymer, which
utilize endogenous spermine to replace short PEI used in our
previous studies to further improve carrier safety. cRGD was
employed as a model targeting ligand for ανβ3 integrin-
overexpressing cancer cells.42,43 We found that polymersomes
based on PEG-b-P(TMC-co-DTC) copolymer containing 20
mol % cRGD had good targetability to melanoma and breast
tumor.44,45 Here, we designed cRGD and GALA dual peptide-
functionalized disulfide-cross-linked chimaeric polymersomes
(cRGD/GALA-Ps) and studied the effect of GALA on
cytosolic delivery of cytochrome C (CC), a model apoptotic
protein, to A549 human lung cancer cells (Scheme 1). Our
results show that cRGD/GALA-Ps with 4 mol % GALA
maintains a similar targeting ability to cRGD-Ps in ανβ3-
positive A549 lung cancer cells, while boosts cytosolic release
of CC, leading to markedly enhanced apoptosis and anticancer
activity.

■ EXPERIMENTAL SECTION
Synthesis of Block Copolymers. PEG-b-P(TMC-co-DTC) (Mn

= 5.0 − (15.0−2.0) kg/mol, degree of polymerization (DP): 113 −
(147−10), Mw/Mn = 1.1), NHS-PEG-b-P(TMC-co-DTC) (Mn = 7.5

− (15.0−2.0) kg/mol, DP: 170 − (147−10),Mw/Mn = 1.1), and Mal-
PEG-b-P(TMC-co-DTC) (Mn = 5.0 − (15.0−2.0) kg/mol, DP: 113
− (147−10), Mw/Mn = 1.1) were synthesized similarly as our
previous reports.46,47 GPC traces of these three polymers were shown
in Figure S1. PEG-b-P(TMC-co-DTC)-spermine was obtained
through activation of PEG-b-P(TMC-co-DTC) with N,N′-carbon-
yldiimidazole (CDI) and subsequent reaction with spermine. In brief,
CDI (8.8 mg, 54 μmol) in DCM (0.8 mL) was dropwise added into a
stirred DCM solution (5.0 mL) of PEG-b-P(TMC-co-DTC) (1.0 g,
45 μmol) under a nitrogen atmosphere. After 4 h activation at 30 °C,
the reaction solution was dropwise added into a stirred spermine
(92.0 mg, 0.45 mmol) solution in dimethylformamide (DMF, 4.9
mL) within 2 h at 0 °C and allowed to further react at room
temperature (rt) for 2 h. PEG-b-P(TMC-co-DTC)-spermine was
collected via twice precipitation in cold ethanol, filtration and vacuum
drying. Yield: 92%. 1H NMR (600 MHz, CDCl3): δ 2.58−2.66 and
3.24 (spermine); δ 1.91 and 4.10 (TMC); δ 3.03 and 4.11 (DTC); δ
3.38 and 3.65 (PEG).

cRGD-PEG-b-P(DTC-co-TMC) was obtained via amidation
reaction of NHS-PEG-b-P(TMC-co-DTC) with cRGDfK. Briefly,
NHS-PEG-b-P(TMC-co-DTC) (200 mg, 8.2 μmol) and cRGDfK (10
mg, 16.6 μmol) were dissolved in DMF (3 mL) and allowed for 2 d
reaction at rt. Afterward, the solution was dialyzed against DMF for 8
h (MWCO: 7000 Da) followed by precipitation in cold diethyl ether.
The final product was obtained via filtration and vacuum drying and
stored in the freezer. Yield: 76.2%. The cRGD functionality was
determined by 9,10−phenanthrenequinone assay and calculated based
on the cRGDfK standard curve.

Fabrication of cRGD and GALA Dual-Functionalized
Polymersomes (cRGD/GALA-Ps). To prepare cRGD/GALA-Ps,
100 μL of DMSO solution of PEG-P(TMC-co-DTC)-spermine,
cRGD-PEG-b-P(TMC-co-DTC) and Mal-PEG-b-P(TMC-co-DTC)
(20 mg/mL) at a preset molar ratio was injected into HEPES buffer
(900 μL, pH 6.8, 10 mM) under stirring followed by conjugating with
GALA-SH at 2-fold molar excess with respect to Mal. After 20 h
reaction, the polymersome dispersion was dialyzed against phosphate
buffer (PB, 10 mM, pH 7.4) with at least 5 times change of dialysis
medium to remove unconjugated GALA and DMSO. cRGD content
was set at 20 mol % while Mal contents varied from 0, 2, 4 to 6 mol %.
Nontargeting Ps was prepared similarly using PEG-P(TMC-co-DTC)-

Scheme 1. Illustration of cRGD and GALA Dual Peptide-Functionalized Chimaeric Polymersomes (cRGD/GALA-Ps) for
Targeted and High-Efficiency Cytosolic Delivery of CC
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spermine only. The conjugation efficiency of GALA was determined
by Micro BCA assays. The stability of cRGD/GALA-Ps against
dilution or 10% fetal bovine serum (FBS) was monitored by DLS.
Loading and In Vitro Release of CC. Cytochrome C-loaded

cRGD/GALA-Ps (cRGD/GALA-Ps-CC) was prepared similarly with
the blank polymersomes, except that polymer solution was injected to
900 μL of HEPES buffer containing CC with a theoretical CC loading
content of 20 wt % and dialyzed (Spectra/Pore, MWCO 350 kDa)
against HEPES for 2 h. The amount of CC was quantified by UV−vis
spectroscopy at absorbance of 410 nm. The activity of CC
encapsulated inside polymersomes was determined by circular
dichroism spectrum (CD). The protein loading content (PLC) and
efficiency (PLE) were calculated based on following equations:

PLC(wt%)
wt of loaded CC

wt of polymer and loaded CC
100= ×

PLE(%)
wt of loaded CC
wt of CC in feed

100= ×

Cy5-labeled CC (Cy5-CC), obtained via reaction of CC with Cy5-
NHS, was encapsulated into polymersomes and employed for in vitro
release experiments. Cy5-CC release from cRGD/GALA-Ps-Cy5-CC
and PS-Cy5-CC was investigated at 37 °C with a polymersome
concentration of ∼50 μg/mL via dialysis (MWCO: 350 kDa) against
25 mL of PB (10 mM, pH 7.4) either with or without 10 mM GSH.
At predetermined time points, 5 mL of release medium was collected
and replaced with same volume of fresh one. The released Cy5-CC
was measured by fluorometer and presented as the average data (n =
2).
Cellular Uptake of Polymersomes. The effect of GALA and

cRGD modification on the cellular uptake of Ps-Cy5-CC in A549 cells
was studied using flow cytometry. Briefly, A549 cells were planted
onto a 6-well cell culture plate with a density of 2 × 105 per well
overnight. cRGD/GALA-Ps-Cy5-CC with a molar ratio of 20% cRGD
and various molar ratios of GALA (0, 2%, 4%, or 6%) as well as Ps-
Cy5-CC were added and incubated for 4 h at a final CC concentration
of 1.85 μΜ. Cells were washed 3 times with cold PBS, detached by
trypsin, centrifuged (1000 rpm, 5 min), and resuspended in 0.5 mL of
PBS for flow cytometry analysis (FACS Calibur, BD Biosciences,
USA). At least 1 × 104 cells were acquired for each sample.
MTT Assay. The anticancer activity of cRGD/GALA-Ps-CC was

studied by MTT assays using ανβ3 overexpressed A549 human lung
cancer cells. Cells in 80 μL of medium were planted onto 96-well
plates with a density of 1600 cells per well overnight. cRGD/GALA2-
Ps-CC, cRGD/GALA4-Ps-CC, cRGD/GALA6-Ps-CC, cRGD-Ps-CC,
or Ps-CC suspension in 20 μL of PBS were added and incubated for 4
h with final CC concentrations ranging from 0.008 to 15.4 μΜ. The
medium was refreshed and cells were further cultured for 68 h. A total
of 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution in PBS (5 mg/mL) was added. The cells
were cultured for 4 h. The supernatant was discarded. A total of 150
μL of DMSO was added to dissolve the generated formazan. The
absorbance at 570 nm was measured using a microplate reader (Bio-
Tek, ELX 808 IU) and the relative cell viability (%) was determined
by comparing the absorbance of PBS treated cells. Experiments were
performed in quintuplicate and data are given as mean ± SD. The
cytotoxicity of blank polymersomes (cRGD/GALA4-Ps, cRGD-Ps
and Ps) to A549 cells was investigated in a similar way at
polymersome concentrations of 1 and 2 mg/mL.

Endosomal Escape and Apoptotic Activity of CC-Loaded
Polymersomes. Fluorescein isothiocyanate-labeled CC (FITC-CC)
was used as a model protein to monitor the endosome escape
behavior of cRGD/GALA-Ps-FITC-CC and cRGD-Ps-FITC-CC in
A549 cells by Confocal Laser Scanning Microscope (CLSM). In brief,
A549 cells seeded in a 24-well plate (3 × 104 cells/well) were
incubated with cRGD/GALA-Ps-FITC-CC and cRGD-Ps-FITC-CC,
respectively, for 1 h followed with another 1 h incubation in fresh
medium. Cell endosomes were stained with Lysotracker Red DND-99
at 37 °C for 50 min with 3 times washing using PBS before and after
staining. Afterward, cells were fixed with 4% paraformaldehyde for 15
min and cell nuclei were counterstained with DAPI for 3 min followed
with 3× PBS washing in each step.

To further evaluate the effect of GALA introduction on the
apoptotic activity of CC-loaded polymersomes in A549 cells, Annexin
V-Alexa Fluor 647/propidium iodide (PI) staining was employed and
analyzed using flow cytometry. A549 cells seeded in 6-well plates (1.6
× 105 cells per well) were incubated with cRGD/GALA4-Ps-CC or
cRGD-Ps-CC at a final CC concentration of 15.4 μM for 4 h and then
in medium only for another 44 h. Cells were collected via sequential
digestion by EDTA-free trypsin, centrifugation and washing with PBS.
Cells were resuspended in binding buffer (1 × 106 cells/mL) and
stained by Annexin V-FITC and Propidium Iodide (PI) for 15 min at
ambient temperature under the dark. Afterward, 400 μL of binding
buffer was added and cell samples were measured immediately by flow
cytometry.

■ RESULTS AND DISCUSSION

Synthesis of PEG-b-P(TMC-co-DTC)-spermine, cRGD-
PEG-b-P(TMC-co-DTC), and Mal-PEG-b-P(TMC-co-DTC)
Block Copolymers. cRGD/GALA-Ps was constructed via
coassembly of PEG-b-P(TMC-co-DTC)-spermine, cRGD-
PEG-b-P(TMC-co-DTC), and Mal-PEG-b-P(TMC-co-DTC)
and postmodification using GALA-SH. All three copolymers
were designed with a similar P(TMC-co-DTC) block length
while a longer PEG (Mn = 7.5 kg/mol) for cRGD-PEG-b-
P(TMC-co-DTC) than for other two copolymers (Mn = 5.0
kg/mol). Here, we employed spermine, an endogenous
compound, to replace short polyethylenimine used in our
previous studies,26,47,48 to further improve carrier safety. PEG-
b-P(TMC-co-DTC)-spermine was obtained by conjugating
spermine to the hydroxyl end of PEG-b-P(TMC-co-DTC) (Mn
= 5.0 − (15.0−2.0) kg/mol, Mw/Mn = 1.1) using CDI as a
coupling agent (Scheme 2). 1H NMR spectrum revealed
signals of spermine moieties at δ 2.58, 2.66, and 3.24, besides
peaks of PEG-b-P(TMC-co-DTC) (δ 1.91, 3.03, 3.38, 3.65,
and 4.10) (Figures 1 and S2). The signal at δ 3.24 could be
attributed to the methylene protons of spermine adjacent to
the urethane linkage, confirming successful conjugation of
spermine to PEG-b-P(TMC-co-DTC). The spermine sub-
stitution degree was calculated to be ∼100% via comparing the
integrals at δ 3.24 with δ 3.38 attributable to methoxyl protons
of PEG-b-P(TMC-co-DTC). The quantitative conjugation of
spermine was further confirmed by ninhydrin assays.
cRGD-PEG-b-P(TMC-co-DTC) was obtained via conjugat-

ing cRGDfK to NHS-PEG-b-P(TMC-co-DTC) (Mn = 7.5−

Scheme 2. Synthesis of PEG-b-P(TMC-co-DTC)-sperminea

aConditions: (i) CDI, DCM, 30 °C, 4 h; (ii) spermine, DMF/DCM, 0 °C, 2 h and rt, 2 h.
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(15.0−2.0) kg/mol, Mw/Mn = 1.1) through amidation
reaction. cRGD functionality of cRGD-PEG-b-P(TMC-co-
DTC) was close to 100%, as determined by 9,10−
phenanthrenequinone assay. Mal-PEG-b-P(TMC-co-DTC)
(Mn = 5.0−(15.0−2.0) kg/mol, Mw/Mn = 1.1) was obtained
similarly as our previous report.46

Preparation of cRGD and GALA Dual-Functionalized
Polymersomes. cRGD/GALA-Ps was designed with 20 mol
% cRGD and varying GALA contents from 2 to 4 to 6 mol %
(denoted as cRGD/GALA2-Ps, cRGD/GALA4-Ps and cRGD/
GALA6-Ps, respectively). The coassembly of PEG-b-P(TMC-
co-DTC)-spermine, 20 mol % cRGD-PEG-b-P(TMC-co-DTC)
and 2−6 mol % Mal-PEG-b-P(TMC-co-DTC) yielded cRGD
and Mal dual-modified polymersomes (cRGD/Mal-Ps). The
treatment of cRGD/Mal-Ps with GALA-SH at a molar ratio of
1:2 showed a high GALA conjugation efficiency of 97−100%,
as revealed by Micro BCA assays. Table 1 reveals that all

cRGD/GALA-Ps had a similar size (64.3−66.8 nm) and
narrow size distribution (PDI = 0.04−0.09), which were close
to those observed for cRGD-Ps and Ps. Figure 2A gives a
typical size distribution for cRGD/GALA4-Ps. Transmission
electron microscopy (TEM) image confirmed the vesicular
structure and spherical morphology of cRGD/GALA4-Ps
(Figures 2B and S3A). Atomic force microscopy (AFM)
image and height analysis of the air-dried cRGD/GALA4-Ps
showed a spherical morphology with an average height of ∼8.7
nm, which was about 8-fold lower than their diameter (Figures

2C,D and S3B), corroborating a hollow structure for cRGD/
GALA4-Ps.49−51 Notably, all polymersomes displayed close to
neutral zeta potential (−1.7 to −4.5 mV) at pH 7.4 (Table 1),
indicating that functionalization of polymersomes with cRGD
and GALA does not alter their surface properties. cRGD/
GALA4-Ps exhibited a superb stability against 100-fold dilution
or 10% FBS while fast response to 10 mM glutathione (Figure
S4), which is similar to reported disulfide-cross-linked
nanovehicles.25,44,52

cRGD/GALA-Ps revealed a high loading capability for CC,
in which loading efficiencies of 60.5−62.5% and loading
contents of 13.1−13.5 wt % were achieved with a theoretical
PLC of 20 wt % (Table 2). The efficient protein loading is

most possibly due to physical interactions between spermine
and CC. CC-loaded cRGD/GALA-Ps (cRGD/GALA-Ps-CC)
exhibited zeta potentials of −2.5 to −3.0 mV, similar to blank
cRGD/GALA-Ps, supporting that CC is entrapped in the
cavity of polymersomes. cRGD-Ps and Ps displayed similar CC
loading levels and sizes (Table 2). Figure 3A shows that CC
entrapped in polymersomes (cRGD-Ps was used to avoid the
interference of GALA peptide) had the same secondary
structure as free CC, as shown by circular dichroism spectra. In
vitro release studies using Cy5-CC as a model protein
demonstrated that ∼84% of Cy5-CC was released from
cRGD/GALA4-Ps in 24 h under 10 mM GSH conditions
(Figure 3B). By contrast, protein release was less than 20%

Figure 1. 1H NMR spectrum (600 MHz) of PEG-b-P(TMC-co-
DTC)-spermine in CDCl3.

Table 1. Characterization of Blank Polymersomes in PB
(pH 7.4, 10 mM)

entry polymersomes
sizea

(nm) PDIa
zetaa

(mV)
conjugation

efficiencyb (%)

1 Ps 65.0 0.06 −1.7
2 cRGD-Ps 62.9 0.03 −2.5
3 cRGD/GALA2-Ps 64.6 0.04 −4.5 ∼100
4 cRGD/GALA4-Ps 64.3 0.06 −4.5 ∼100
5 cRGD/GALA6-Ps 66.8 0.09 −4.4 97

aDetermined by DLS at 25 °C at a polymersome concentration of 2.0
mg/mL. bDetermined by Micro BCA assay.

Figure 2. Characteristics of cRGD/GALA4-Ps: (A) Size distribution
determined by DLS; (B) TEM and (C) AFM image of air-dried
cRGD/GALA4-Ps; (D) The corresponding height profile along the
line in C.

Table 2. Characterization of CC-Loaded Polymersomes in
PB (pH 7.4, 10 mM)

entry polymersomes
sizea

(nm) PDIa
PLEb

(%)
PLCb

(wt %)
zetaa

(mV)

1 Ps 65.0 0.06 67.8 14.5 −1.41
2 cRGD-Ps 65.4 0.08 59.9 13.0 −2.95
3 cRGD/GALA2-Ps 64.5 0.01 61.1 13.3 −2.51
4 cRGD/GALA4-Ps 67.1 0.10 62.5 13.5 −3.00
5 cRGD/GALA6-Ps 64.6 0.11 60.5 13.1 −2.54

aDetermined by DLS at 25 °C with a polymersome concentration of
2.0 mg/mL. bDetermined by UV.
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under a nonreductive condition. Cy5-CC-loaded cRGD-Ps
exhibited similar release profiles.
Cellular Uptake and In Vitro Anticancer Activity. Flow

cytometry was employed to study the cellular uptake of
cRGD/GALA-Ps-Cy5-CC and cRGD-Ps-Cy5-CC by ανβ3-
positive A549 cells. The results revealed that the cellular
uptake of cRGD-Ps-Cy5-CC by A549 cells was about 2.4-fold
higher compared to the nontargeting Ps-Cy5-CC (Figure 4),

similar to other cRGD-decorated systems.53−55 Interestingly,
the cellular uptake of cRGD-GALA-Ps-Cy5-CC with either 2,
4, or 6 mol % of GALA showed similar profiles to that of
cRGD-Ps-Cy5-CC, corroborating that the introduction of
GALA had little influence on their targetability and cellular
uptake, likely because GALA bears negative charge under
physiological condition.35,56 MTT assays showed that the
nontargeted Ps-CC induced negligible cytotoxicity to A549
cells owing to inefficient cellular uptake (Figure 5A). cRGD
decoration enhanced the anticancer activity of Ps-CC against
ανβ3-positive A549 cells, with a cell viability of about 76.2% at

a CC concentration of 15.4 μM. Notably, all three cRGD/
GALA-Ps-CC exhibited superior anticancer activity to cRGD-
Ps-CC, in which cell viabilities of 51.0, 29.6, and 35.5% were
discerned for cRGD/GALA-Ps with 2, 4, and 6 mol % GALA,
respectively, at 15.4 μM (Figure 5A). The half-maximal
inhibitory concentrations (IC50) of cRGD/GALA4-Ps-CC
and cRGD/GALA6-Ps-CC was determined to be about 5.7
and 6.5 μM, respectively. These results support that GALA
facilitates endosomal escape of polymersomes. GALA has also
been reported to promote cytosolic delivery of siRNA, leading
to enhanced gene knockdown.40,41 Importantly, blank Ps,
cRGD-Ps, and cRGD/GALA4-Ps were nontoxic to A549 cells
even at 2 mg/mL (Figure 5B). These results indicate that the
combo of targeting and endosomal escape peptide (e.g.,
GALA) is an effective way for cytoplasmic delivery of protein
therapeutics.

Endosomal Escape and Apoptotic Activity. To
investigate the role of GALA in endosomal escape and
cytosolic protein delivery, confocal microscopy studies were
performed using FITC-CC as a model protein in A549 cells.
Figure 6 shows that A549 cells incubated with cRGD-Ps-

FITC-CC exhibited distinct punctate green fluorescence
(FITC-CC), which were mostly colocalized with the red
fluorescence from LysoTracker Red, indicating that cRGD-Ps-
FITC-CC is predominantly entrapped inside the endo/
lysosomes. In contrast, massive green fluorescence was
observed throughout the whole cells treated with cRGD/
GALA4-Ps-FITC-CC, in which most of the green fluorescence
was separated from the red fluorescence, supporting efficient
endo/lysosomal escape and cytosolic delivery of FITC-CC by
GALA-functionalized polymersomes.
CC, a vital protein in the programmed apoptosis, has been

reported to induce cell apoptosis either by direct intracellular
injection or via the cytosolic delivery using nanosystems.6,57,58

The apoptotic activity of cRGD/GALA4-Ps-CC and cRGD-Ps-
CC was evaluated in A549 cells using Annexin V-FITC/PI
assays. The results revealed that cRGD/GALA4-Ps-CC
induced much better cell apoptosis than cRGD-Ps-CC (Figure
7). A cell apoptosis of 36.4% was observed for cRGD/GALA4-
Ps-CC at a CC concentration of 15.4 μM, while cRGD-Ps-CC
caused only14.4% cell apoptosis. All the above results point out
that GALA can facilitate endosomal escape of polymersomes
and cytosolic release of proteins, leading to enhanced cell
apoptosis.

Figure 3. (A) CD spectra of free CC, CC-loaded cRGD-Ps, and blank
cRGD-Ps. (B) In vitro release of Cy5-CC from cRGD/GALA4-Ps
and cRGD-Ps with or without 10 mM GSH.

Figure 4. Flow cytometry studies of A549 cells following 4 h
incubation with Cy5-CC loaded Ps, cRGD-Ps, cRGD/GALA2-Ps,
cRGD/GALA4-Ps, and cRGD/GALA6-Ps. PBS was used as a control.

Figure 5. MTT assays of (A) CC-loaded polymersomes and (B)
blank polymersomes in A549 cells. Cells were incubated with different
samples for 4 h and then cultured in fresh medium for another 68 h (n
= 5).

Figure 6. CLSM images of A549 cells treated with FITC-CC-loaded
cRGD/GALA4-Ps or cRGD-Ps for 1 h followed by another 1 h
incubation with medium only and stained with LysoTracker red and
DAPI. Scale bars represent 25 μm.
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■ CONCLUSIONS
We have demonstrated that cRGD and GALA dual peptide-
functionalized smart polymersomes (cRGD/GALA-Ps) medi-
ate targeted and high-efficiency cytosolic delivery of
cytochrome C (CC) to ανβ3-positive A549 human lung cancer
cells, leading to obviously enhanced apoptotic activity.
Remarkably, cRGD/GALA-Ps with 4 mol % GALA while
maintaining a similar targetability and cellular uptake to
cRGD-Ps in A549 cells exhibits markedly enhanced cytosolic
release of CC. This represents a first systemic investigation on
approaches to improve endosomal escaping ability of protein
nanosystems without sacrificing cell-recognition ability. This
dual-functionalization of smart polymersomes with targeting
and fusogenic peptides opens a new avenue to cytosolic
protein delivery and targeted protein therapy.
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