
Published: June 07, 2011

r 2011 American Chemical Society 1533 dx.doi.org/10.1021/jz200007h | J. Phys. Chem. Lett. 2011, 2, 1533–1539

PERSPECTIVE

pubs.acs.org/JPCL

Polymersomes Spanning from Nano- to Microscales: Advanced
Vehicles for Controlled Drug Delivery and Robust Vesicles for Virus
and Cell Mimicking
Fenghua Meng and Zhiyuan Zhong*

Biomedical Polymers Laboratory, and Jiangsu Key Laboratory of Advanced Functional Polymer Design and Application, Department of
Polymer Science and Engineering, College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou,
215123, People's Republic of China

Polymersomes (also referred to as polymer vesicles) have
attracted enormous interest since the early work of Eisen-

berg, Discher, Hammer, and co-workers.1,2 As liposomes, poly-
mersomes have watery interiors that are separated from the outside
aqueous environments by a thin hydrophobic membrane. While
liposomes are made from small phospholipid molecules, poly-
mersomes are microscopic assemblies of macromolecular amphi-
philes. As a result of their significantly higher molecular weights,
polymersomes usually have thicker membranes (in the range of
5�30 nm versus 3�5 nm for liposomes), superb colloidal stability,
enhanced mechanical strength, and reduced chemical perme-
ability as compared to liposomes. To achieve a prolonged circula-
tion time in vivo, liposomes have to bemodified with poly(ethylene
glycol) (PEG), which are known as “stealth liposomes”.
In contrast, most polymersomes are intrinsically stealthed in
that they are typically made from amphiphilic copolymers
consisting of nonfouling polymers such as PEG, dextran, and
poly(acrylic acid) (PAA). The sizes of polymersomes, depending on
their macromolecular parameters (structures, compositions, mo-
lecular weights, etc.) as well as fabrication methods (direct
dissolution, phase inversion, film rehydration, etc.) span from
nano- to micrometers, which renders them highly interesting for
virus and cell mimicry.

The presence of large watery interiors and robust hydrophobic
walls makes polymersomes suitable for encapsulation and con-
trolled delivery of both hydrophilic (e.g., proteins, siRNA, DNA,
chelated Gd) and hydrophobic species (e.g., paclitaxel, doxor-
ubicin, quantum dots). The drug release profiles can be elegantly
controlled by manipulating polymersome degradability, membrane
permeability, and stimuli-responsive properties.3,4 It should

further be noted that targeting polymersomes that selectively
deliver payloads to the sites of action can be prepared by
decorating polymersomes with a specific ligand such as an
antibody, peptide, and folate. In this Perspective, we will first
illustrate the formation of polymersomes and control of vesicle
physicochemical properties. Then, we highlight the recent design
and preparation of several sophisticated polymersomes including
stimuli-sensitive polymersomes, chimaeric polymersomes, bio-
mimetic polymersomes, spotted polymersomes, and tumor-
targeting polymersomes. Finally, future perspectives will be
discussed.

Polymersomes have been prepared
from macromolecular amphiphiles
of vastly different architectures
(diblock, triblock, graft, hyper-
branched, etc.) and molecular

weights (ranging from hundreds to
tens of thousands of daltons).
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ABSTRACT: Polymersomes provide a highly promising platform for
mimicking biological membranes as well as for controlled delivery of
various pharmaceuticals and biopharmaceuticals. The recent advance-
ment has made it possible to prepare small to giant polymersomes
spanning from nano- to microscales, stimuli-sensitive polymersomes that
swell or collapse in response to an external or internal stimulus, chimaeric
polymersomes that contain distinct interior environments separated from
the outside by an asymmetric membrane, porous polymersomes with
tailored permeability, biomimetic and targeting polymersomes that
selectively deliver drugs, proteins, and/or imaging probes to the sites of
action. In this Perspective, we will give a brief introduction to polymer-
somes, highlight recent design and preparation of several sophisticated polymersomes, and discuss future challenges.
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The formation of polymersomes is mainly dictated by the
fraction of the hydrophilic block (fphil), themolecular weight, and
the effective interaction parameter of the hydrophobic block with
water (χ). For block copolymers with a high χ, vesicles are
favored when fphil = 20�40%, which is the same as that for
natural lipids. At higher fphil (>45%), cylindrical or spherical
micelles are predominantly formed. Bates and co-workers found
that the morphology diagram for poly(ethylene oxide)-b-poly-
butadiene (PEO-b-PB) block copolymers exhibits four basic
structural motifs, that is, bilayers, Y-junctions, cylinders, and
spheres, depending on block copolymer molecular weights and
compositions, at 1 wt % concentration in water.5,6 However, at
high polymer concentrations (26�50 wt %), a disordered net-
work phase of densely interconnected cylinders was observed
over a wide range of copolymer compositions.5,6 Battaglia and
Ryan reported that evolution of vesicles from PEO-b-poly-
(butylene oxide) (PEO-b-PBO) diblock copolymers upon pro-
gressive dilution with water involves the following four phases:
lamellae f interconnected sponge f hexagonally packed vesi-
cles f isotropic vesicles.7 Interestingly, PEO-b-PBO diblock
copolymers were shown to form unusual morphologies including
neuron-like tubular membranes (myelin)8 and metastable multi-
lamellar aggregates (lamellarsomes)9 at certain molecular
weights and compositions. It should be noted that the block
copolymer vesicles as micelles show extremely slow chain
exchange dynamics (nonergodicity) and are able to retain their
morphologies for a long time.10,11 Due to their higher mole-
cular weight, polymersomes exhibit a much lower critical aggre-
gation concentration (CAC) as compared to liposomes. Eisen-
berg and co-workers found that block copolymer vesicles are
thermodynamically stabilized with short hydrophilic chains
located preferentially at the watery core and long hydrophilic
chains at the outer surface.12 The sizes of polymersomes span
from nano- to microscales, depending on their macromolecular
parameters (thermodynamics) as well as fabrication methods
(kinetics).

The preparation of polymersomes can be divided, depending
on whether organic solvent is used, into two principal methods,
phase inversion and solvent-free techniques. The phase inversion
approach involves dissolving macroamphiphiles in a suitable
organic solvent, exchanging with water, and removing organic
solvent by dialysis or evaporation. This method usually yields
nanosized polymersomes with narrow size distributions. It can be
a challenge, nevertheless, to thoroughly remove the trace amount
of organic solvent residing in the membrane. Jiang and co-
workers studied the polymersome formation kinetics of amphi-
philic ABA triblock copolymers by Monte Carlo simulation and
found that the pathway of spontaneous polymersome formation
depended greatly on the selective solvent addition rate.13 The
solvent-free techniques include direct dissolution, film rehydra-
tion, electroformation, and templated formation. Electroforma-
tion usually leads to micrometer-sized polymersomes, while
film rehydration with vigorous stirring, sonication, or extrusion
produces nanometer-sized polymersomes. van Hest and co-
workers recently reported that kinetic manipulation of the phase
behavior of PEG-b-polystyrene (PEG-b-PS) copolymer led to
controllable shape transformation of polymersomes (e.g., to poly-
mersome stomatocytes) (Figure 1).14

Giant polymersomes are of particular interest for mimicking
live cells. Zhou and Yan studied real-time membrane fission and
fusion, that is, the cytomimetic process, of giant polymersomes
(average diameters of 4.0�112.8 μm) based on hyperbranched

poly(3-ethyl-3-oxetanemethanol) star-PEO copolymer triggered
by addition of glucose using an optical microscope.15 Battaglia
and co-workers reported that fusion of PEO-b-PBO giant poly-
mersomes takes place upon addition of PEO, wherein the extent
and kinetics of membrane fusion are controlled by PEO molec-
ular weights.16 Very recently, Lecommandoux and co-workers
reported temperature-induced vesicle fission and fusion of giant
polymersomes (average diameters of ∼10 μm) based on poly-
(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-
PGA) copolymer, in which vesicle budding and fission took
place upon increasing the temperature to above the PTMC
melting point while fusion events occurred upon decreasing the
temperature.17 Howse and co-workers recently reported tem-
plated formation of giant polymersomes (diameters = 2.9�10.3
μm) with a controlled size and wall thickness by elegantly
combining photolithography and dewetting (top-down control
of vesicle diameters) with molecular self-assembly (bottom-up
control of membrane thickness).18 Oana, Kishimura, and co-
workers reported the spontaneous formation of giant unilamellar
polymersomes from microdroplets of a pair of oppositely
charged block copolymers (polyion complexes) by irradiation
with a focused infrared laser using an optical tweezer.19 The sizes
of resulting polymersomes were determined by the initial
droplet size.

The membrane thickness (d) of polymersomes is intimately
dependent on the molecular weights of hydrophobic blocks
(Mphobe). For instance, Discher and co-workers reported
that the membrane thickness of PEO-b-PBD polymersomes
increased from 9.6 to 21 nm when increasingMphobe from 2.6 to
14.4 kDa, in which a scaling behavior of d ≈ Mphobe

1/2 was
established.20 A scaling exponent of 1/2 indicates that PBD
chains are in an unperturbed random coiled state. The coarse-
grained molecular dynamics (CG-MD) simulations confirmed a
scaling exponent of 1/2 for a membrane thickness higher than
7 nm, though an exponent of 0.82 was observed for smaller hydro-
phobic blocks.21 Battaglia and Ryan reported a scaling exponent
of 2/3 for di- and triblock copolymers of PEO andPBO, indicating a
mixed and stretched conformation of the hydrophobic chain
inside of the vesicle membrane (strong segregation).22 It appears
that the membranes of low-molecular-weight polymer vesicles
may exhibit a bilayer structure like that of liposomes, whereas

Figure 1. Shape transformation of polymersomes during dialysis of
organic solvents (dark red spheres) against water (blue spheres) through
a solvent-swollen bilayer membrane (paths 1�3). Shape change also
results in prolate formation, depending on the architecture of the block
copolymers (path 4). Direct quenching yields spherical polymersomes
(path 5).14 Reprinted from ref 14.
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chains in membranes of high-molecular-weight polymer vesicles
are likely interdigitated and entangled. The bending rigidity of
polymersomes increased with increasing membrane thickness as
a result of enhanced interdigitation. The membrane fluidity, on
the other hand, usually decreased with increasing molecular
weights and becamemore pronouncedwhen hydrophobic chains
were long enough to entangle. Helmerson and co-workers
created robust long polymer nanotubes by directly pulling on
themembrane of PEO-b-PBD polymersomes using either optical
tweezers or a micropipet followed by chemical cross-linking.23

The aqueous core together with their remarkable stability makes
these polymer nanotubes interesting candidates for applications
in biotechnology including nanofluidics. The corona thickness of
PEO-b-PBO polymersome was shown to scale with PEO mo-
lecular weights according to a fully stretched regime.24

The polymersome surface chemistry and topology can be
tailored using block copolymers with complementary hydrophi-
lic chains. For example, Battaglia and co-workers reported that
the binary mixtures of poly(2-(methacryloyloxy)ethyl-phos-
phorylcholine)-b-poly(2- (diisopropylamino)ethyl methacrylate)
(PMPC-b-PDPA) and PEG-b-PDPA copolymers produced hy-
brid polymersomes with specific PEG or PMPC domains within
their exterior envelopes, which, along with polymersome size,
played a significant role in cellular uptake.25 Discher and co-
workers reported formation of spotted polymersomes from a
mixture of charged block copolymer PAA-b-PBD and neutral
block copolymer PEO-b-PBD in the presence of divalent cations
such as calcium and copper that induced domain formation by
selective binding with polyanionic amphiphiles.26

The permeability of polymersomes is governed by the mem-
brane thickness according to Fick’s first law. The diffusion
coefficients of polymersome membranes are one order lower
as compared to those of liposomes (D ≈ 0.1 mm2 s�1 or less
versus 1 mm2 s�1). The permeability of polymersomes can be
fine-tuned by adjusting the hydrophobic block molecular weight
and nature of the polymersome membrane or by incorporating
degradable or stimuli-sensitive hydrophobic blocks into the
vesicle membrane. Tsourkas and co-workers prepared porous
polymersomes from a mixture of PEO-b-PBD and PEO-b-PCL
that exhibit improved permeability to water flux and a large
capacity to store chelated Gd within the aqueous lumen,
giving rise to enhanced longitudinal relaxivity.27 van Hest and
co-workers developed polymersomes with controllable perme-
ability from PEG-b-PS (matrix-forming) and sugar-responsive
PEG-b-poly(styrene boronic acid) (PEG-b-PSBA, pore-forming)
block copolymers.28 In contrast to the nonporous controls,
Candida antarctica Lipase B (CALB, model enzyme)-loaded
porous polymersomes showed activity in the hydrolysis of the

substrates 6,8-difluoro-4-methylumbelliferyl octanoate (338 Da)
and p-nitrophenyl acetate (181 Da).

Discher and co-workers reported that a single intravenous
injection of DOX 3HCl and PTX-loaded PEG-PCL polymer-
somes into nude mice bearing human breast carcinoma brought
about growth arrest and shrinkage of rapidly growing tumors.29

Kokkoli and co-workers reported that PR_b-functionalized
PEO-PBD polymersomes (PR_b is an effective R5β1 targeting
peptide) efficiently delivered tumor necrosis factor-R (TNFR)
to LNCaP human prostate cancer cells, resulting in dramatic
enhancement of the cytotoxic potential of TNFR.30 Lecomman-
doux and co-workers reported that DOX-loaded poly(γ-benzyl-
L-glutamate)-b-hyaluronan polymersomes, a self-targeting drug
delivery cargo to CD44-overexpressing cells, suppressed growth
of breast tumors on female Sprague�Dawley rats.31 Hammer,
Therien, and co-workers showed that near-infrared (NIR)-
emissive polymersomes prepared by stably incorporating large
multimeric porphyrin-based NIR fluorophores into the thick
polymersome membrane were able to penetrate through the
dense tumor tissue of a 9 L glioma-bearing rat.32

Chimaeric polymersomes that have distinct interior environ-
ments separated from the outside by an asymmetric membrane
(analogous to the cellular membrane) have received recent
interest. We have shown that biodegradable chimaeric polymer-
somes readily formed from asymmetric PEG-b-poly(ε-caprol-
actone)-b-poly(2-(diethylamino) ethyl methacrylate) (PEG-
PCL-PDEA, Mn PEG > Mn PDEA) triblock copolymers by film
rehydration efficiently delivered and released exogenous proteins
into cancer cells (Figure 2).33 The longer PEG block is prefer-
entially oriented at the polymersome outlayer, thereby offering
excellent biocompatibility and stability in the circulation, while
the shorter cationic PDEA block is preferentially located inside of
the polymersomes, which onone hand facilitates efficient encapsula-
tion and stabilization of proteins and on the other hand may assist
polymersomes in escaping from endosomes, resulting in efficient
cytoplasmic delivery of proteins. Jin and co-workers reported
fabrication of asymmetric polymersomes from PEG-b-PCL and
dextran-b-PCL (DEX-b-PCL) by “phase-guided assembly”, in
which DEX-b-PCL formed the inner leaflet around the dispersed
dextran phase and PEG-b-PCL formed the outer leaflet with the
PEG block facing the PEG continuous phase.34 Armes, Ryan, and
co-workers reported formation of pH-sensitive asymmetric poly-
mersomes from PEO-b-poly(2-(diisopropylamino) ethyl meth-

The presence of large aqueous
compartments as well as robust
hydrophobic membranes makes
polymersomes the most versatile
carriers capable of delivering a

myriad of species ranging from an-
ticancer drugs (either hydrophilic or
hydrophobic), proteins, siRNA, and

DNA to diagnostic agents.

Figure 2. Schematic presentation of biodegradable chimaeric polymer-
somes based on asymmetric PEG-PCL-PDEA triblock copolymer.33

Reprinted from ref 33.
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acrylate)-b-poly(2-(dimethylamino) ethyl methacrylate) (PEO-
b-PDPA-b-PDMA) triblock copolymers in aqueous solution.35

Nassoy, Li, and co-workers prepared asymmetric polymersomes
from a mixture of PEG-b-PBD and UV-sensitive liquid-crystal-
line copolymer PEG-b-PMAzo, which, upon UV illumination,
resulted in instantaneous bursting of polymersomes (Figure 3).36

Bai and Lodge recently reported preparation of robust PEO-b-
PB polymersomes with ionic liquid (1-ethyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl) imide) interiors dispersed in
water.37

Hubbell and co-workers reported oxidation-responsive poly-
mersomes based on PEG-b-poly(propylene sulphide) (PEG-b-PPS)
that underwent rapid destabilization in the presence of
H2O2 (oxidative agent) due to conversion of PPS hydrophobe
into a hydrophile, poly(propylene sulphoxide), and ultimately
poly(propylene Sulphone).38 The same authors have also de-
signed reduction-responsive polymersomes based on PEG-SS-
PPS block copolymer containing an intervening disulfide bond,
wherein cellular uptake and disruption of polymersomes leading
to efficient cytoplasmic release of drugs were observed in cells
following 10 min of incubation.39 There is a high concentration
of glutathione tripeptides (reducing agent) in the cytosol and cell
nucleus, which makes reduction-responsive nanovehicles highly
promising for intracellular drug delivery.40 We devised robust
dual-responsive polymersomes based on temperature-sensitive
PEO-b-poly(acrylic acid)-b-poly(N-isopropylacrylamide) (PEO-
PAA-PNIPAM) triblock copolymer and cross-linking with cysta-
mine via carbodiimide chemistry.41 The cross-linked polymer-
somes, while showing remarkable stability against dilution and a
decrease of temperature, were otherwise rapidly dissociated into
unimers under reductive conditions mimicking an intracellular
environment, providing controlled release of FITC�dextran.
Grubbs and co-workers reported that ABC triblock copolymers

with PEO as the A block, temperature-sensitive PNIPAM or poly-
(ethylene oxide-stat-butylene oxide) as the B block, and poly-
isoprene as the C block underwent reversible transitions from
spherical micelles to polymersomes upon increasing tempera-
tures to above their lower critical solution temperature (LCST)
(Figure 4).42,43 Taking advantage of acidic endo/lysosomal
compartments, pH-sensitive degradable polymersomes demon-
strating pH-dependent release behavior of paclitaxel (PTX,
hydrophobic) and doxorubicin hydrochloride (DOX 3HCl, hy-
drophilic) were prepared from block copolymers composed of
PEG and an acid-labile polycarbonate, poly(2,4,6-trimethoxy-
benzylidenepentaerythritol carbonate) (PTMBPEC).44 Dmo-
chowski and co-workers prepared photoactive composite poly-
mersomes by incorporating horse spleen ferritin (HSF) in the
aqueous interior and bis[(porphinato)zinc] (PZn2) chromophore
in the membrane of PEO-b-PBD block copolymer vesicles.45

The polymersomes were deformed and destructed on the minute
time scale upon exposure to near-UV to near-IR light.

Figure 3. (Left) Cartoon of asymmetric polymersomes based on PEG-b-PBD andUV-sensitive liquid-crystalline copolymer PEG-b-PMAzo. In the absence
of UV light, the hydrophobic LC block of the PEG-b-PMAzo444 copolymer has a rod-like conformation. Under UV illumination, isomerization of the
mesogenic groups induces a conformational change of the polymer backbone to a disordered, isotropic state. (Right) Morphologies of bursting asymmetric
polymersomes under UV illumination. Bright-field images were taken by using a high-speed digital camera (scale bar, 5 μm).36 Reprinted from ref 36.

Figure 4. Schematic illustration of the thermally induced size change of
assemblies of copolymers containing a thermoresponsive block. Below the
LCST, the central block (cyan) is hydrophilic; above the LCST, the
central block (pink) becomes hydrophobic.43 Reprinted from ref 43.

Stimuli-responsive polymersomes
that swell or collapse in response to
an external (temperature, light, ions,
etc.) or internal stimuli (oxidation,
reduction, pH, etc.) have generated
widespread interest for programmed

drug delivery.

Polymersomes spanning from
nano- to microscales provide an
ideal technology platform for mi-

micking viruses and cells.
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Choi and Montemagno reported ATP-producing cellular
mimetic proteopolymersomes in which ATP has been generated
by coupled reactions between bacteriorhodopsin, a light-
driven transmembrane proton pump, and F0F1-ATP synthase
motor protein, reconstituted in polymersomes.46 These hybrid
proteopolymersomes are interesting as artificial organelles for in
vitro investigation of cellular metabolism as well as for synthesis
of functional smart materials. Deming and co-workers prepared
biomimetic pH-responsive polymersomes based on amphiphilic
ethylene glycol-modified polyleucine-b-polylysine copolypep-
tide, in which vesicle size and structure were dictated, in a
manner similar to viral capsids, essentially by the ordered
conformations of polypeptides.47 In a following work, polyleu-
cine-b-polyarginine copolypeptide was designed to form biomi-
metic polymersomes, in which polyarginine not only directed
vesicle formation but also facilitated intracellular trafficking of
polymersomes due to its mimicking of protein transduction
domains (PTD).48 In an effort to mimic viral capsids, Lecom-
mandoux and co-workers designed polysaccharide-b-polypep-
tide (simple glycolprotein analogue) copolymer vesicles
(Figure 5).49 Interestingly, biomimetic polymersomes using
hyaluronan as a hydrophilic stabilizing block were demonstrated
to target cancer cells overexpressing CD44 glycoprotein
receptors.50 Battaglia and co-workers reported that biomimetic
pH-sensitive polymersomes based on PMPC-b-PDPA copoly-
mers efficiently encapsulated and delivered DNA into cells.51

In conclusion, the past several years have witnessed significant
progress in design, preparation, and applications of polymer-
somes. Despite at their infancy, polymersomes with enhanced
stability and remarkable chemical versatility have emerged as an
advanced alternative to widely applied liposomes in areas from
virus and cell mimicry to controlled drug delivery. It remains a
challenge, however, to produce polymersomes with precisely
controlled physicochemical properties (including vesicle size,
surface, shape, membrane thickness, permeability, etc.), which
are of utmost importance to their practical applications.
Notably, Percec and co-workers recently reported a modular
synthesis strategy for vesicles with uniform sizes (termed as
dendrimersomes) based on amphiphilic Janus dendrimers that
allows systematic tuning of molecular structure and of self-
assembled architecture.52

This may lead to eventual formation of advanced polymer-
somes that have not only monodisperse sizes but also specific
biological functions. In accordance, much work should be
focused on polymersome simulation, which may on one hand
help understand the underlying self-assembly mechanism and on

the other hand assist design and controlled preparation of novel
polymersomes.

We envision that polymersomes will in particular play a pivotal
role in targeted intracellular delivery of hydrophilic pharmaceuticals
and biopharmaceuticals including anticancer drugs, proteins, pep-
tides, and nucleic acids, as well as in combination cancer therapy and
theranosis (combination of therapy and diagnosis), in which targeted
delivery of two or more reagents (e.g., anticancer drugs, proteins,
siRNA, DNA, quantum dots, etc.) using one single vehicle brings
about synergistic treatment effects (e.g., for recurrent or resistant
tumors). It should be noted, however, that the current polymersomes
for drug delivery applications encounter several challenges, including
cumbersome polymersome preparation procedures (e.g., often in-
volving organic solvent), low drug loading content and loading
efficiency, inferior in vivo specificity, and/or a noncontrolled drug
release profile. In the future, efforts shall be directed to the develop-
ment of novel multifunctional biocompatible polymersomes that are
preferably formed directly in water (without assistance of organic
solvent), have high drug loading levels, are stable in circulation, have
programmed biodegradability in vivo, and preferentially accumulate
and release drugs at the targeted sites in a controlled manner.
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