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Abstract  Polymer vesicles, commonly called polymersomes, are spherical shell 
structures in which an aqueous compartment is enclosed by a bilayer membrane made 
from amphiphilic block copolymers. Compared to liposomes, their low molecular 
weight analogues, polymersomes have many superior properties (higher toughness, 
better stability, tailorable membrane properties), which make them attractive candidates for 
applications including drug delivery, diagnosis, nanoreactors and templates for micro- or 
nano-structured materials. Many potential applications require the ability to control the 
release of substances encapsulated in the interior compartment and /or in the hydrophobic 
core of membrane. To address this goal, polymersomes have been developed in which 
a specific stimulus destabilises the vesicular structure. The responsiveness is mainly 
achieved via proper hydrophobic block design. In this chapter we review the most promis-
ing approaches to make stimuli-responsive polymersomes that permit the controlled 
release of encapsulated contents. Chemical stimuli including hydrolysis, oxidation, 
reduction and pH change, and physical stimuli including temperature, light, magnetic 
field, electric field, osmotic shock and ultrasonic wave are discussed, on emphasizing 
their effects on the chemical and physical structure of the amphiphilic copolymers.

Keywords  Polymersomes • Responsive • Amphiphilic block copolymers  
• Chemical stimuli • Physical stimuli

1 � Introduction

Polymersomes, or polymer vesicles (Discher and Eisenberg 2002a; Hammer and 
Discher 2001), are macromolecular homologues of liposomes, or lipid vesicles. 
They have spherical shell structures in which an aqueous compartment is enclosed 
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by a bilayer membrane made of amphiphilic block copolymers. Because of the high 
molecular weight of the block copolymers, the polymer bilayer has a higher thick-
ness (10–30  nm) than that of the lipid blilayer (3–5  nm). Moreover, the critical 
micelle concentrations C

CMC
 as well as the amphiphile exchange rates between 

aggregates (generally proportional to C
CMC

) are lower for polymersomes than those 
for liposomes. These confer polymersomes greater toughness and superior stability 
than liposomes. Polymersomes are therefore excellent candidates for drug carriers. 
Their interior cavity can be used for the encapsulation of hydrophilic substances 
such as hydrophilic therapeutics, while the hydrophobic bilayer membrane can trap 
hydrophobic moieties such as hydrophobic therapeutics or dye molecules for bio-
medical imaging (Discher and Ahmed 2006). More interestingly, polymer chemis-
try enables almost unlimited molecular design of polymersomes (Taton and Gnanou 
2006). Their membrane properties can be extensively tailored by variation of 
chemical structures of each polymer component (Napoli et al. 2006; Mabrouk et al. 
2009b; Battaglia and Ryan 2005). Targeted transport can be achieved by taking 
advantage of the many possibilities to end-functionalize the copolymers (Lin et al. 
2004; Meng et al. 2005; Broz et al. 2005; Ben-Haim et al. 2008; Christian et al. 
2007; Hammer et al. 2008; Zupancich et al. 2009; Robbins et al. 2010; Nehring 
et  al. 2009; Geng et  al. 2006; Demirgoz et  al. 2009; van Dongen et  al. 2008; 
Opsteen et  al. 2007; Sun et  al. 2009). The controlled release of therapeutic sub-
stances can be integrated through the use of copolymers with blocks that respond 
to external or internal stimuli in the treated disease sites (Meng et al. 2009; Li and 
Keller 2009; Du and O’Reilly 2009; Onaca et al. 2009).

In order to achieve effective intracellular drug delivery, the polymersomes 
should be engineered to (1) survive in biological fluids and extracellular space, 
(2) bind to cell surface, (3) escape or survive in the endocytic pathway, (4) 
release drug when the cytosol or another desired intracellular compartment is 
reached. Development of “smart” polymersomes, i.e., stimuli-responsive poly-
mersomes bearing a protective coat, site-specific targeting ligands and a cell-
penetrating function, is the current research trend in this field. In this review, 
we will focus on the stimuli-responsive properties of polymersomes made from 
amphiphilic block copolymers. The responsiveness is mainly achieved via 
proper hydrophobic block design so that the hydrophobic core of the membrane 
can be altered or destroyed under the action of chemical and physical stimuli. 
Before the detail discussion of this issue, we first briefly discuss the choice of 
hydrophilic block, the structural requirement of block copolymer for polymer-
some formation, and the techniques employed for polymersome preparation, 
and strategies to get controlled release.

1.1 � Hydrophilic Block Choice

Biocompatible and flexible hydrophilic polymers are usually utilized as the hydro-
philic block of the amphiphilic block copolymers in order to design non-fouling 
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and non-antigenic (stealth) polymersomes for a long circulation time in the 
bloodstream (Knop et al. 2010). The most used hydrophilic polymer is polyeth-
ylene glycol (PEG, also known as polyethylene oxide, PEO), which is a neutral 
polymer and confer the steric stabilization to polymersomes (Lasic and 
Papahadjopoulos 1998; Semple et  al. 1998). Other neutral polymers have also 
been developed, such as poly(2-methyloxazoline) (PMOXA) (Nardin et al. 2000), 
which also shows low non-specific protein binding ability (Woodle et al. 1994) 
and poly[2-(methacryloyloxy)ethyl phosphorylcholine] (PMPC), a promising 
hydrophilic block reported recently (Du et al. 2005; Du and Armes 2009). Several 
hydrophilic polymers attempted first for stealth liposomes, including poly[N-
(2-hydroxypropyl)methacrylamide] (Whiteman et  al. 2001), poly-N-vinylpyrroli-
dones (Torchilin et  al. 2001), polyvinyl alcohol (Takeuchi et  al. 2001) and 
amino-acid-based biodegradable polymer (Romberg et al. 2007), can also be used 
to design the hydrophilic block of polymersomes. Hydrophilic peptide-based 
polymers have attracted considerable interests for their high biocompatibility 
(Kukula et al. 2002; Bertin et al. 2010).

The polyacrylic acid (PAA) is a typical non-neutral hydrophilic block for 
polymersome preparation (Zhang and Eisenberg 1995b), which is anionic in physi-
ological pH (=7.4). Kataoka’s group has shown that anionic polymer spherical 
micelles had significant promise over neutral spherical micelles in evading the 
mononuclear phagocytic system of liver and spleen that is primarily responsible for 
the clearance of foreign particles (Yamamoto et  al. 2001). A recent research in 
Discher’s group (Christian et al. 2010) has taken advantage of this anionic profile 
to make very long-circulating polymersomes with a red cell-like surface charge.  
As a matter of fact, the life span of healthy human red blood cells is of 100 days, 
while the polymersomes with neutral PEG hydrophilic shell circulate for 1–2 days. 
The red blood cells’ external “glycocalyx” contains sialic acid which imparts a 
negative surface charge of approximately −15 mV. Discher’s group has achieved 
this surface charge of polymersomes by blending an anionic diblock copolymer, 
poly(acrylic acid)-b-polybutadiene (PAA-b-PBD), with a neutral diblock copolymer 
(PEG-b-PBD) under physiological conditions.

1.2 � Structural Consideration of Block Copolymers  
for Polymersome Formation

The unfavourable contact between water and the hydrophobic part of amphiphilic 
molecules leads to their self-assembly into small aggregates in water with a hydro-
phobic core and a hydrophilic shell. The aggregates display rich polymorphism, the 
simplest structure being spherical micelles. If only isotropic fluidlike arrangements 
are considered in the hydrophobic core and in the hydrophilic shell, the self-orga-
nizing structures can be partially predicted on the basis of concepts developed for 
small amphiphilic molecules, such as the ‘spontaneous curvature’ or the ‘critical 
packing parameter’, defined as p = v/al, where v is the hydrophobic volume, a is the 
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optimal interfacial area and l is the length of the hydrophobic block normal to the 
interface.(Israelachvili 2005) For p £ 1/3, surfactants are predicted to assemble into 
spherical micelles; for 1/3 £ p £ 1/2, cylindrical micelles are expected; and for 
1/2 £ p £ 1, lamellar aggregates or vesicles should form spontaneously. The packing 
parameter is not strictly a geometrical parameter, since it is dependent on a number 
of other factors such as thermodynamics and interactions. In the case of coil-coil 
polymer amphiphiles, for example, the consideration of the packing parameter is 
more complicated and should be connected with the macromolecular character of 
each block, including the entropy contribution and the interaction between water 
and the hydrophilic polymer block. It is often noted that the morphology of self-
assembled block copolymer aggregates is governed primarily by three components 
of the free energy of aggregation: (i) core–chain stretching, (ii) interfacial energy, 
and (iii) intercoronal chain interactions (Gennes 1978; Zhang and Eisenberg 1998; 
Halperin et al. 1992). These components depend on the chemical structure of the 
copolymer, the hydrophilic/hydrophobic ratio, the copolymer concentration in solu-
tion, the solvent properties such as the type of organic solvent and the ratio of 
organic solvent/water, salt concentration, solution pH, temperature or shear rate. 
Extensive studies have been made on prototypical amphiphilic block copolymers, 
such as poly(acrylic acid)-b-polystyrene (PAA-b-PS) (Zhang and Eisenberg 
1995a, 1996), PEG-b-PS (Yu and Eisenberg 1998; Bhargava et  al. 2006), PEO-b-
PBD (Won et  al. 1999; Jain and Bates 2003; Discher and Eisenberg 2002b), 
polyethyleneglycol-b-polycaprolactone (PEG-b-PCL) (Meng et  al. 2003; 
Ghoroghchian et  al. 2006; Ahmed and Discher 2004), poly(methacrylic acid)-b-
polybutadiene (PMAA-b-PBD) (Fernyhough et  al. 2009). Spherical micelles, 
cylindrical micelles and bilayer vesicles have all been observed in these coil-coil 
polymer systems. An appropriate phospholipids-like hydrophilic/hydrophobic ratio 
is often used as a practical guide to prepare block copolymers which form vesicles. 
But this is not universal to all systems and should be taken with care. For example, 
vesicles were formed directly in water by PEO-b-PBD as its hydrophilic to total 
mass ratio f was around 35% (a phospholipids-like ratio), while vesicles were also 
obtained by PAA-b-PS with a very short hydrophilic block (e.g. f < 20%, even at 
4%) in the mixture of water and dioxane (Eisenberg 1999).

If the organization in the hydrophobic core and/or in the hydrophilic shell is not 
isotropic fluidlike, but crystalline or strongly bound by hydrogen bonding or p − p 
stacking etc, considerable changes will take place in the micellar aggregates 
(Antonietti and Forster 2003). Rigid rods and tubules instead of fluid cylindrical 
micelles and planar bilayers are, for example, obtained in these kinds of small 
amphiphilic molecules. In the case of coil-rod block copolymers, the shape anisot-
ropy and additional order (introduced by liquid crystalline, crystalline structures 
and secondary peptide structures such as a helices or b sheets) in the rod-like block 
also influences considerably the self-assembly (Pinol et al. 2007; Jia et al. 2009; 
Jenekhe and Chen 1998; Massey et  al. 2000; Kukula et  al. 2002; Bellomo et  al. 
2004; Burkoth et  al. 2000; Jiang et  al. 2007a). In conclusion, the polymersome 
formation depends on the chemical and physical structure of the block 
copolymers.
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1.3 � Polymersome Preparation

Polymersome preparation requires the mutual diffusion of water into the bulk block 
copolymer and vice versa (Battaglia and Ryan 2006). In general, all reported meth-
ods for liposome preparation can also be used for polymersome preparation (Szoka 
and Papahadjopoulos 1978; Gregoriadis 1992; Angelova and Dimitrov 1986; 
Pautot et al. 2003a). In preparation protocols, the contact between water and poly-
mer can be achieved directly or with the aid of organic solvent if the hydrophobic 
block is glassy at the preparation temperature. For block copolymers with hydro-
phobic blocks with a low Tg, such as PEO-b-PBD (T

g,PBD
 ~ −90°C to −8°C accord-

ing to their relative 1,4- and 1,2-content), vesicles can be formed by direct hydration 
techniques assisted by sonication or electrical field (Dimova et al. 2002). In con-
trast, block copolymers with a glassy hydrophobic block, such as PAA-b-PS 
(T

g,PS
 ~ 100°C), often require an organic co-solvent to fluidize the polymer layers. 

Typically, a polymer solution is first prepared in an organic solvent and the solvent 
is then gradually exchanged with water (Zhang and Eisenberg 1995b). It belongs to 
a more general nanoprecipitation method based on the interfacial deposition due to 
the displacement of a solvent with the non-solvent. Recently, microfluidic and 
micro-patterning technology have opened some fascinating ways to prepare poly-
mersomes with controlled size and efficient encapsulation (Hauschild et al. 2005; 
Shum et al. 2008; Stachowiak et al. 2009; Howse et al. 2009).

Polymersome preparation methods discussed above naturally lead to a symmet-
ric copolymer distribution between both leaflets of bilayer membrane. One special 
method, called inverted emulsion which is first developed by Weitz’ group for lipo-
somes (Pautot et al. 2003c), permits to obtain asymmetric vesicles by independent 
assembly of the inner and outer leaflets of the vesicle (Pautot et al. 2003b). Briefly, 
the inner monolayer is first formed via the emulsification of water droplets in oil 
containing the first amphiphile of interest. The outer monolayer is then formed by 
the centrifugation of the water droplets stabilized by the first amphiphile through 
the monolayer of the second amphiphile at the interface between a second oil solution 
(containing the second amphiphile of interest) and a water solution.

1.4  Strategies for Controlled release

The major advantage of polymersomes is that they can be used as carriers of 
hydrophilic substances (in the interior compartment) as well as hydrophobic sub-
stances (in the membrane) offering a cocktail-treatment or a diagnostic-therapy 
combination in biomedical applications. A crucial question here is how to release 
the active substances when and where they are needed. In general, the continuous 
loss of encapsulated substance via diffusion is very slow as a result of the consider-
able thickness of the polymer membrane. In some cases, more selective permeabil-
ity has been achieved through the use of special chemical structures for the block 
copolymer (Battaglia et  al. 2006), (Vriezema et  al. 2007), or by incorporating 
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channel proteins into the polymersome membranes (Choi and Montemagno 2005). 
In most applications it is highly desirable to be able to control the release of encap-
sulated substance by triggering a change in membrane properties of polymersomes 
via the action of a stimulus. The present chapter focuses on this issue of controlled 
release and reviews the most promising approaches to create stimuli-responsive 
polymersomes. So far, two strategies have been followed to achieve the controlled 
disassembly of polymersomes. The first one exploits the vast possibilities of chemi-
cal synthesis to develop polymer membranes sensitive to the chemical stimuli, 
including hydrolysis, oxidation reaction, reduction reaction and pH change. The 
second strategy, which also takes advantage of the chemical diversity of polymers, 
uses physical stimuli, such as temperature variation, light, magnetic fields, electric 
field, osmotic shock or ultrasonic wave, to remotely destroy the polymersomes. 
Stimuli-responsive polymersomes are then reviewed in detail according to these 
two strategies by dividing the stimuli into chemical and physical stimuli.

2 � Polymersomes Responsive to Chemical Stimuli

2.1 � Response to Hydrolytic Degradation

Biodegradable polyester-based polymersomes have been made from polyethyle-
neglycol-b-polylactic acid (PEG-b-PLA) (Ahmed and Discher 2004), (Meng et al. 
2003), polyethyleneglycol-b-polycaprolactone (PEG-b-PCL) (Ghoroghchian et al. 
2006), and polyethyleneglycol-b-poly(g-methyl-e-caprolactone) (PEG-b-PMCL) 
(Zupancich et al. 2006). Under physiological conditions (pH = 7.4), these polyesters 
degrade by hydrolysis. However, polyester hydrolysis is accelerated by low pH, 
which may be useful given the acidic environment in tumors and endolysosomes. 
To provide controllable degradation and adjustable release times ranging from 
hours to weeks, polymersomes were formed by blending PEG-b-PLA and PEG-b-
PCL with inert PEO-b-PBD (Ahmed and Discher 2004). These polymersomes were 
loaded with two anticancer drugs. Doxorubicin (water soluble) was loaded in the 
aqueous interior of the polymersomes while paclitaxel (water insoluble) was 
included in the hydrophobic layer of the membrane. The loaded polymersomes 
were degraded in vivo and drug release occurred with a time scale of a day. This 
degradation and release was shown to be coupled with the phase transition behav-
iour of the block copolymer amphiphiles (see Fig. 1). Polyester hydrolysis occurs 
preferentially at the chain end, thereby increasing the hydrophilic/hydrophobic 
ratio of PEG-polyester chains and preferred curvature of the self-assembly. If we 
discuss with the packing parameter p, the hydrophobic chain shortening induces a 
decrease of p value from 1 to 1/2 to 1/3. The comparatively short hydrophobic 
blocks of the degraded chains are unstable in a bilayer. Instead, they tend to segre-
gate, congregate, and ultimately induce hydrophilic (i.e., PEG-lined) pores and 
eventually the vesicular carriers disintegrate into mixed micellar assemblies. These 
polymersomes are a promising method for multi-drug delivery.
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2.2 � Response to Oxidation Reaction

Instead of hydrolyzing the hydrophobic polymer block, Hubbell and co-workers 
changed the value of hydrophilic/hydrophobic ratio via oxidation of the hydropho-
bic block. This strategy could potentially exploit the oxidative environment present 
in sites of inflammation as well as within endolysosomes. They developed oxidation-
responsive polymersomes from PEO-b-PPS-b-PEO (PPS: polypropylene sulphide) 
triblock copolymers (Napoli et al. 2004a, b, 2005), and showed that exposure to 
either aqueous H

2
O

2
 or H

2
O

2
 from glucose-oxidase/glucose/oxygen system 

oxidized the hydrophobic polypropylene sulphide layer, thereby transforming it 
into hydrophilic poly(propylene sulphoxide) and poly(propylene sulphone). 
Oxidation thus increased the hydrophilic percentage in the amphiphilic system, 
thereby causing a transition from polymersomes to wormlike micelles, spherical 
micelles, and eventually soluble oxidized copolymers. This transition took about 
10 h in 10-vol%H

2
O

2
 aqueous solution and around 300 h in 0.03-vol% H

2
O

2
. These 

oxidation-responsive polymersomes may find applications as nanocontainers in 
drug delivery, biosensing and biodetection.

2.3 � Response to Reduction Reaction

Reduction-sensitive materials containing disulphide bonds have been used to 
produce reduction-responsive polymersomes. Hubbell and co-workers recently 
reported polymersomes based on diblock copolymers PEG-SS-PPS, where a 

Fig.  1  Representative time series showing the breakdown structures formed as PEG-b-PLA 
polymersomes transform from vesicles to worm-like micelles. The scale bars in the cryo-TEM 
images are 100 nm. (Reproduced from ref. Ahmed et al. 2006)
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reduction-sensitive disulphide link (-S-S-) was placed between the two blocks  
(see Fig. 2) (Cerritelli et al. 2007). Intracellular glutathione or cysteine can reduc-
tively cleave these links and thereby destabilise the system. Other reductive com-
pounds such as dithiothreitol and tris(2-carboxyethyl)phosphine can also cleave the 
disulfide bonds (Li et al. 2006b).

Polymersomes formed from the block copolymer PEG-SS-PPS were demon-
strated to break down in the presence of intracellular concentrations of cysteine. In 
cellular experiments, uptake, disruption, and release were observed within 10 min 
of exposure to cells, well within the time frame of early endosome and endolyso-
somal processing. This system presents obvious advantages over the hydolysis and 
the oxidation responsive polymersomes reviewed above. The hydrolysis process is 
not nearly as fast (>hours) and the low pH needed to accelerate the hydrolysis is 
encountered only within the lysosomal compartment of the endosomal-lysosomal 
processing pathway. Oxidative conditions are also not encountered until the vesi-
cles are processed within the lysosome. In both cases, the release can be too late for 
sensitive biological macromolecules, i.e. within the less desirable lysosome, where 
biomolecular drugs are exposed to very harsh conditions, rather than the more 
desirable endosome. In contrast, reduction-responsive polymersomes can rapidly 
burst within the early endosome, releasing their contents prior to exposure to the 
harsh conditions encountered after lysosomal fusion. This system may be useful in 
cytoplasmic delivery of biomolecular drugs such as peptides, proteins, oligonucle-
otides, and DNA.

-S-S-
-S-S-

-S-S-

-S-S-

-S-S-

-S-S-

-S-S-

-S-S-
-S-S-

-S-S-

-S-S-

-S-S-

-S-S-

-S-S-

S
S

S S O
O

OMe

30
16

Self-assembling and
hydrophilic drug loading

-S-S-

Hydrophilic core

Hydrophobic membrane

Reductive site

Fig. 2  Polymersomes formed from the block copolymer, PEG
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30

, where the hydrophilic 
poly(ethylene glycol) (PEG) and the hydrophobic poly(propylene sulfide) (PPS) are connected 
with a reductive disulfide group. (Reproduced from ref. Cerritelli et al. 2007)



299Stimuli-Responsive Polymersomes

2.4 � pH Response

2.4.1 � pH Responsive Polymersomes Formed from Synthetic  
Block Copolymers

Vesicles containing polymer blocks with solubility responding to changes in pH 
present additional opportunities for controlled release. A pH-response can be 
obtained either by using polyacid blocks (e.g. PAA) whose ionization status can be 
changed by a pH variation, or by using polybase blocks (e.g. PVP: polyvinyl pyri-
dine) that can be rendered water soluble by protonation at low pH. One distinct 
advantage of pH-triggered release is the fast response of the system. For example, 
the acid-induced change for the polybase blocks solubility occur almost instanta-
neously, whereas the hydrolysis of PLA or PCL, occurs over time scales ranging 
from minutes to days, even when it is acid-catalyzed.

We will first discuss systems based on polyacid. Since the early work of 
Eisenberg’s group (Zhang and Eisenberg 1995b) on mapping the phase diagram of 
“crew-cut” PAA-b-PS in dilute organic/aqueous solution, Liu & Eisenberg (Liu and 
Eisenberg 2003) have shown rapid pH-triggered inversion of amphiphilic triblock 
copolymer vesicles of PAA-b-PS-b-P4VP in organic/aqueous solution mixtures. For 
vesicles formed from a PAA-b-PBD diblock copolymer in water, Discher’s group 
(Geng et al. 2005) observed that a sudden increase in pH induced the rapid (~min-
utes) transition of vesicles into worms and spheres. Chiu’s group has recently 
reported an interesting work on polymersomes with pH-responsive transmembrane 
channels (Chiu et al. 2008). The copolymers used to form vesicles were not block 
copolymers but rather random copolymers of acrylic acid (AAc) and distearin acry-
late (DSA), that were obtained from partial transesterification of poly(N-acryloxy-
succinimide) (poly(NAS)) with distearin (a lipid graft) followed by thorough 
hydrolysis of the un-reacted NAS to AAc units. Using a double emulsion technique 
in a water/oil/water system and a copolymer with an average molecular weight of 
2.97 × 105 g mol−1 and a composition of 9.1 mol% DSA, they prepared large poly-
mersomes that contained small polymersomes and had a pH of 4.0–5.5 within the 
interior aqueous compartment (see Fig. 3). When the pH was increased to 6.5, the 
vesicles became permeable to hydrophilic solutes. The authors suggested that un-
ionized AAc-rich regions in the hydrophobic bilayer regions of distearate grafts 
(parallel to the aligned lipid chains) could act as pH-responsive channels. When the 
pH was increased to 6.5, AAc ionization would occur and the resulting abrupt 
disruption of hydrogen bonds and hydrophobic association of un-ionized AAc 
would create permeable channels. This system is an elegant example of vesicles 
that were equipped with transmembrane channels without requiring the incorpora-
tion of channel-forming proteins. Similarly, Eisenberg’s group (Yu et al. 2009) 
has also reported polymersomes with pH-induced reversible change of permeabil-
ity to water and to proton. They call them “breathing” polymerosmes, which 
are prepared from triblock copolymer poly(ethylene oxide)

45
-b-polystyrene 
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130
-b-poly(2-diethylaminoethyl methacrylate)

120
 (PEO

45
-b-PS

130
-b-PDEA

120
). 

Self-assembly into vesicles was carried out at a pH of ca.10.4. The vesicle wall 
was shown by cryo-TEM to consist of a sandwich of two external ca. 4 nm thick 
continuous PS layers and one ca. 17 nm thick PDEA layer in the middle (Fig. 4). 
As the pH decreases, both the vesicle size and the thickness of all three layers 
increase. The increase of the thickness of the intermediate PDEA layer arises from 
the protonation and hydration, but the swelling is constrained by the PS layers. 

Fig.  3  Illustration of multi-vesicular assemblies produced via a two-stage double emulsion of 
poly(AAc-co-DSA). The resulting vesicles are equipped with pH-responsive transmembrane 
channels. (Reproduced from ref. Chiu et al. 2008)



301Stimuli-Responsive Polymersomes

The increase of the thickness of the two PS layers is a result of an increasing 
incompatibility and an accompanying sharpening of the interface between the PS 
layers and the PDEA layer. Starting at a pH slightly below 6, progressive swelling 
of the PDEA layer with decreasing pH induces a cracking of the two PS layers and 
also a sharp increase of the vesicle size and the wall thickness.

For applications in chemical and gene therapy, pH-induced release based on poly-
base blocks may permit the delivery of drugs and genes into the cytosol via endolyso-
somal acidification and escape. Battaglia et  al. recently prepared biomimetic pH 

Fig. 4  (a) cryo-TEM images of vesicle wall structures at pH 10.4, 8.53, 7.63, 6.22, 5.65, and 3.40, 
respectively; (b) schematic illustrations of the three-layered wall structures at corresponding pH 
values; (c) the chemical structure of the triblock copolymer used to form the breathing polymer-
somes. (Reproduced from ref Yu et al. 2009)
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sensitive polymersomes for efficient DNA encapsulation (Lomas et  al. 2007) 
using pH-sensitive diblock copolymers, poly(2-(methacryloyloxy)ethyl-
phosphorylcholine)-b-poly(2-diisopropylamino)ethyl methacrylate) (PMPC-b-
PDPA, see Fig. 5), developed in Armes’ group (Du et al. 2005).

PMPC is a phospholipid-like, biocompatible, and stealthy hydrophilic polymer, 
while PDPA is a polybase that has a pH-dependent solubility in water (pK

a
 5.8–6.6). 

Such diblock copolymers form stable vesicles at physiological pH but rapidly dis-
sociate at around pH 5–6. DNA was encapsulated within these PMPC-b-PDPA 
polymersomes at neutral pH, and lowering the solution pH then caused the disrup-
tion of the polymersomes and the formation of DNA-copolymer complexes.

Förster’s group has used poly(2-vinylpyridine)-b-polyethylene oxide (P2VP-b-
PEO) copolymers to produce another example of fast, complete release of polymer-
some contents via pH-induced dissolution (Borchert et al. 2006). P2VP is also a 
polybase that is insoluble in water under neutral and alkaline conditions. However, 
when the pH is below 5, P2VP is protonated and becomes water-soluble. Fig.  6 
shows the rapid dissolution of a P2VP-b-PEO giant polymersome within around 
30 sec resulting from the addition of dilute acetic acid.

Du and Armes have reported that variation of pH could be used to tune the 
membrane permeability of cross-linked polymer vesicles in THF/water mixtures 
(Du and Armes 2005). These vesicles are formed by a pH-responsive, hydrolyti-
cally self-crosslinkable copolymer, poly(ethylene oxide)-b-poly(2-(diethylamino)
ethyl methacrylate-stat-3-(trimethoxysilyl)propyl methacrylate) (PEO-b-P(DEA-
stat-TMSPMA)). DEA homopolymer is water soluble at low pH and becomes 

Fig.  5  Formation of PMPC-b-PDPA block copolymer vesicles. (Reproduced from ref. 
Du et al. 2005)

Fig. 6  Sequence of microscopy images showing the dissolution of a giant polymersome of P2VP-
b-PEO upon addition of dilute acetic acid. (Reproduced from ref. Borchert et al. 2006)
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insoluble above pH 7. In the cross-linked hydrophobic membranes of polymer-
somes, a decrease in solution pH protonates the DEA residues which causes in turn 
the membrane swelling and the permeability increasing.

2.4.2 � pH Responsive Polymersomes Formed from Peptide-Based 
Polymersomes

Polypeptides are a special class of building blocks for vesicle-forming amphiphilic 
block copolymers because of their stimuli-responsiveness (to pH or temperature), 
secondary structures, functionalities, and biocompatibility (Schlaad 2006), (Carlsen 
and Lecommandoux 2009). Nevertheless, there are only a limited number of 
examples of polymersomes made from polypeptide-containing block copolymers 
and these examples can be divided into two main families. The first family is com-
posed of hybrid block copolymers, where the polypeptide is the hydrophilic block 
and a classical synthetic polymer, such as polybutadiene (PBD) or polyisoprene 
(PI), is the hydrophobic block. The second family includes co-polypeptides in 
which both the hydrophilic and hydrophobic blocks are polypeptides. Polymersomes 
formed by hybrid block copolymers with a polypeptide as the hydrophobic block 
and a synthetic polymer as the hydrophilic one have not yet been reported.

Polymersomes have been formed in aqueous solutions using polybutadiene-b-
poly(L-glutamic acid) (PBD-b-PGlu, 17–54 mol% glutamate) (Kukula et al. 2002; 
Checot et  al. 2002, 2005), polybutadiene-b-poly(L-lysine) (PBD

165
-b-PLys

88
 and 

PBD
107

-b-PLys
27

) (Sigel et  al. 2007; Gebhardt et  al. 2008) and polyisoprene-b-
poly(L-lysine). In these systems, a change in pH or temperature can induce a change 
in the secondary structure of the hydrophilic polypeptide corona (charged coil, 
a-helix or b-sheet). The secondary structure of poly(L-glutamic acid) (a polypeptide 
with –COOH side groups) changes from a charged coil at high pH (pH > 6) to an 
a-helix at low pH (pH < 5), while that of poly(L-lysine) (a polypeptide with –NH

2
 

side groups) changes from an a-helix at high pH (pH = 11) to a charged coil at low 
pH (pH = 6). It has been reported that the transition from a charged coil to a a-helix 
conformation in the hydrophilic corona did not change the morphology of the poly-
mersomes, but did cause a large decrease in their size (hydrodynamic radius, by 
20–50%). Savin’s group has also reported that in basic conditions (pH = 10.9), a 
temperature increase induced a transition from an a-helix to a b-sheet conformation 
in the poly(L-lysine) corona of polymersomes made from PBD

107
-b-PLys

27
 (Gebhardt 

et al. 2008). Consequently, the hydrodynamic radius of the polymersomes increased 
by a factor of two (from 70 nm to 140 nm) when the temperature was raised from 
40°C to 63°C. This block copolymer is a good example of a dual-responsive system 
sensitive to both pH and temperature changes.

Similar pH and temperature dual-responsive polymersomes were also formed 
from a series of triblock ABA copolypeptides (poly(L-lysine)-b-poly(g-benzyl-L-
glutamate)-b-poly(L-lysine) (PLys-b-PBGlu-b-PLys)) in which the block ratios 
ranged widely (Iatrou et al. 2007). For example, the hydrodynamic radius of poly-
mersomes made by PLys

134
-b-PBGlu

64
-b-PLys

134
 was of 129  nm at pH = 7.4 and 

T = 25°C (PLys in charged coil); this value decreased to 92.5 nm at pH = 11.7 and 
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T = 25°C (PLys in a-helix); it increased further to 148 nm at the same pH = 11.7 but 
at higher temperature T = 37°C (PLys in b-sheet). In all these conditions, the neutral 
hydrophobic central block PBGlu retained an a-helix conformation.

While the secondary structure change in the polypeptide hydrophilic corona 
induces a change in polymersome size, the mechanism has not been resolved and is 
the subject of vigorous discussion (Checot et al. 2002; Sigel et al. 2007). The release 
process seems not to be directly connected with these size changes. Conversely, the 
effects of secondary structure on polymersome assemblies should be pronounced 
when the stimuli-responsive polypeptide constitutes the hydrophobic layer of the 
membrane. These effects are well illustrated by the following two examples.

Deming’s group has introduced non-ionic block copolypeptides of L-leucine and 
ethylene glycol-modified L-lysine residues, PELys-b-PLeu [poly(Ne-2-(2-(2-meth-
oxyethoxy)ethoxy)acetyl –L-lysine)-b-poly(L-leucine)] (Bellomo et al. 2004). These 
copolypeptides have been shown to self-assemble into bilayer vesicles whose size and 
structures are dictated primarily by the ordered conformations (rod-like or a-helical) 
of the peptides segments. pH sensitivity can be achieved by replacing 70% of the 
L-leucine in the hydrophobic domain with L-lysine. At pH = 9, the conformation of 
the hydrophobic block remains a-helical and vesicles form. However, at pH = 3, pro-
tonation of the lysine residues enhances their hydrophilicity and simultaneously 
destabilizes the a-helical structure of the leucine-rich domain because of electrostatic 
repulsion. This helix-to-coil transition destabilises the vesicular assembly, leading to 
porous membranes or complete dissociation of the structures (see Fig. 7).

Rodriguez-Hernandez and Lecommandoux have used a zwitterionic block copo-
lypeptide, poly(L-glutamic acid)-b-poly(L-lysine) (PGlu

15
-b-PLys

15
), to form 

Fig. 7  pH-responsive polymer vesicles formed from PELys-b-P(Leu
0.3

-co-Lys
0.7

)
40

. When the pH 
was lowered by addition of HCl, the release of entrapped Fura-2 dye took place within seconds. 
(Reproduced from ref. Bellomo et al. 2004)
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schizophrenic vesicles (see Fig.  8) (Rodriguez-Hernandez and Lecommandoux 
2005). Using this polyacid-b-polybase, the vesicles can be reversibly produced as a 
function of pH. At low pH, the poly(L-glutamic acid) with helical structure consti-
tutes the hydrophobic part of the membrane. At high pH, this hydrophobic part is 
destabilized and becomes hydrophilic because of its transition to the charged coil 
conformation; instead, the deprotonated poly(L-lysine) takes its place to form the 
hydrophobic part with its rodlike a-helical structure.

These last two copolypeptide systems are very promising candidates for macro-
molecular nanobiotechnologies. For drug delivery in  vivo, the pH of transition 
(around 3) for lysine is not optimal but other aminoacids (for example, histidine, 
pK

a
 = 6.0) could be substituted to the lysine to adjust the pH range.

The pH-dependent permeability and reversible structural transition of polyion 
complex vesicles (PICsomes) in aqueous media was also recently reported by 
Kataoka and coworkers (Kishimura et al. 2009). At first, the aqueous solution prop-
erties of PEG

45
-P(Asp-AP)

75
 and PEG

45
-PAsp

75
, where, P(Asp-AP) stands for poly-

[(5-aminopentyl)-a,b-aspartamide] and PAsp for poly(a,b-aspartic acid), were 
analyzed by potentiometric titration. The pKa values of PEG-P(Asp-AP) and PEG-
PAsp were calculated to be 10.47 and 4.88, respectively. These titration results 
revealed that both block copolymers are equally charged at around physiological 
pH (pH 7.8, ionization degree = 96%). After mixing the two copolymers, PICsomes 
form with a mean diameter of 2 mm, these vesicle structures maintain their structure 
at pH 7.4 for more than 48 h and only dissociate into small particles upon lowering 
the pH to 5.7. Interestingly, guest molecules can be trapped through this process 
which suggests that PICsomes can deliver, release and also trap their cargoes by 
sensing acidic conditions of the intracellular endosomal compartments.

Fig.  8  Schematic representation of the self-assembly of vesicles from the diblock copolymer, 
PGlu

15
-b-PLys

15
 (PGlu is noted as PGA in the sketch). (Reproduced from ref. Rodriguez-Hernandez 

and Lecommandoux 2005)
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3 � Polymersomes Responsive to Physical Stimuli

3.1 � Temperature Responsive Polymersomes

In the previous section, we mentioned that polymersomes made from PBD-b-PLys 
(Gebhardt et al. 2008) and from PLys-b-PBGlu-b-PLys (Iatrou et al. 2007) are tem-
perature responsive in basic solutions. With a temperature increase, polymersome 
size increased and the poly(L-lysine) block underwent a conformational transition 
from an a-helix to a b-sheet structure. In the following examples (Li et al. 2006a, 
2007; Qin et al. 2006), a well-known thermo-responsive polymer, poly(N-isopropy-
lacrylamide) (PNIPAM), was used to produce temperature responsive polymer-
somes. In aqueous solution, PNIPAM undergoes a reversible phase transition from 
hydrophilic to hydrophobic at a lower critical solution temperature (LCST, typically 
around 32°C). Hydrophilic-hydrophilic block copolymers can then be designed 
using this kind of thermo-responsive block. When the solution temperature is higher 
than the LCST, the thermo-responsive block becomes hydrophobic and the block 
copolymer amphiphilic, which can self-assemble to form polymersomes. Below the 
LCST, the thermo-responsive block is turned hydrophilic again and the polymer-
somes dissociate to rapidly release of encapsulated substances.

McCormick and co-workers (Li et  al. 2006a, 2007) have recently prepared 
hydrophilic-hydrophilic block copolymers, poly(N-(3-aminopropyl)methacrylamide 
hydrochloride)-b-poly(N-isopropylacrylamide) (PAMPA-b-PNIPAM) and poly(2-
(dimethylamino)ethyl methacrylate-b-poly(N-isopropylacrylamide) (PDMAEMA-
b-PNIPAM) (see Fig.  9), by reversible addition-fragmentation chain-transfer 
(RAFT) polymerization. These researchers reported that these water-soluble block 
copolymers could directly from vesicular aggregates in water and that aggregate 

* m n
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NH3  Cl

O

NH
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O
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O

NH

PDMAEMA-b-PNIPAMPAMPA-b-PNIPAM

Fig. 9  Hydrophilic-hydrophilic block copolymers with a temperature responsive block PNIPAM
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formation could be reversed by changing the solution temperature with respect to the 
LCST of PNIPAM (32°C or higher, depending on the molecular weight of both 
blocks). The aggregates could also be trapped by ionic cross-linking of the hydro-
philic PAMPA block, either through the addition of an oppositely charged polyelec-
trolyte that causes inter-polyelectrolyte complexation or by forming gold nanoparticles 
from the reduction of NaAuCl

4
 complexed to amine groups in the PDMAEMA.

Qin et al. described polymersome formation using a well-defined and monodis-
perse (M

w
/M

n
 < 1.2) block copolymer PEO-b-PNIPAM (Qin et al. 2006). The block 

copolymer was synthesized by RAFT polymerization and polymersomes were 
grown in an aqueous solution above the LCST of PNIPAM. This family of biocom-
patible block copolymers is a promising system for drug delivery because the LCST 
can be adjusted to a value near or slightly above physiological temperatures.

Our group developed a new class of polymersomes in which the hydrophobic 
part is a liquid crystal (lc) polymer (Yang et al. 2005, 2006). It is well known that 
liquid crystal systems excel as responsive systems and can respond to multiple 
stimuli including temperature, light, electric and magnetic fields. If this responsive-
ness could be retained in the liquid crystal membrane, we speculated that liquid 
crystal polymersomes would have potential as multi-responsive, smart polymer-
somes. Recently, we studied the structural changes in liquid crystal polymersomes 
triggered by changes in temperature using small angle neutron scattering (SANS), 
cryo-TEM, SEM and high sensitivity DSC (Hocine et al. 2011). PEG-b-PA444 and 
PEG-b-PMAazo444 (Fig. 10), two block copolymers with side-on nematic hydro-
phobic blocks, were used to form vesicles with a bilayer membrane thickness of 
10–15 nm at room temperature (Fig. 11a) . Upon heating the membrane thickness, 
d, started to increase dramatically from a temperature (~55°C) above T

g
 but below 

T
NI

 of the LC polymer block, and reached up to 120 nm at T > T
NI

 (T
NI

 ~ 80–85°C) 
(Fig. 11b). The vesicles transformed into thick-walled capsules. The thickness of 
the membrane was inconsistent with a bilayer structure and surprisingly the cap-
sules were stable even for temperatures above T

NI
. As the PEG chains should par-

tially dehydrate with temperature, we propose that the membrane reorganized into 
a structure consisting of microphase separated LC and PEG domains. Analysis of 
changes in structural parameters such as the internal aqueous volume and the poly-
mer membrane volume suggest that capsule scission and fusion also occurred dur-
ing this transition. Substance release would be accompanied by capsule scission.

(OCH2CH2) O C C
H

CH3

O

m CH2 CH

C O
O

(CH2)4
O

OC4H9C4H9O

n

C O

C
O

O O C
O

CH3

PEG-b-PA444

C
C O
O

(CH2)4
O

O OC4H9NC4H9O N

(OCH2CH2) O C C
CH3

CH3

O

m CH2

CH3

n
CH3

C

O

PEG-b-PMAazo444

Fig. 10  Molecular structures of liquid crystal copolymers PEG-b-PA444 and PEG-b-PMAazo444
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3.2 � Light Responsive Polymersomes

Stable, light-responsive polymersomes are attractive because the release of 
entrapped species can be rapidly induced at specific time and location via exposure 
to light. While pH, oxidation and reduction-responsive systems can also respond 
quickly, they require that the chemical environment be modified by the addition of 
acids or bases or other reagents. These environment changes may not necessarily 
compatible with the drug targeting sites (in the case of applications in drug deliv-
ery) or with other applications such as controlled chemical reactions in microfluid-
ics. In contrast, light is a remote stimulus that does not require any chemical 
environmental change and can be applied locally.

The first examples of light responsive polymersomes are built by incorporating 
photo-responsive protein channels (such as Bacteriorhodopsin) in the membrane of 
polymersomes (Choi and Montemagno 2005). However, this case will not be fur-
ther discussed in this review because the responsiveness does not result from a 
change of the membrane properties.

3.2.1 � Systems with Photoactive Groups in Their Polymer Structures

The exposure of some photoactive groups to light can generate reversible structural 
changes, thereby directly changing the hydrophilic-hydrophobic balance without 
addition of other reagents. Typical groups that display photochemically-induced 
transitions include azobenzenes (change of dipole moment, size and shape), 
triphenylmethane leucohydroxide or triphenylmethane nitrile (generation of 
charges), spyrobenzopyran (formation of zwitterionic species) and cinnamoyl 
(photodimerization) (see Fig. 12). These transitions can further induce changes in 
the optical, mechanical and chemical properties of the system containing the chro-
mophore. Currently, these groups, especially azo derivatives, are intensively investigated 
to implement light sensitivity in polymers (Pieroni et al. 1998; Ikeda et al. 2007).  

Fig. 11  (a) Cryo-TEM image of PEG-b-PMAazo444 vesicles at room temperature. Scale: 200 nm. 
(b) Cryo-TEM image of PEG-b-PMAazo444 vesicles heated for 1 h at 90°C. Scale: 100 nm
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These light sensitive triggers could, in principle, be incorporated into amphiphilic 
copolymers suitable for polymer vesicle formation.

Azobenzene derivatives are the most studied photoactive groups. The azo group 
can undergo reversible isomerization between the trans and cis configurations by 
light and heat (see Fig. 12a). The trans isomer is thermodynamically more stable in 
common conditions. The cis isomer obtained by light (usually UV) irradiation is 
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Fig. 12  Examples of chromophores that display photochemically- induced transitions. (a) Reversible 
trans (left) and cis (right) photo-isomerization of azobenzene. (b) Dissociation of triphenylmethane 
leucoderivatives into an ion pair under ultraviolet irradiation. (c) Reversible photo-isomerization of 
spirobenzopyran derivatives. (d) Reversible photodimerization of cinnamoyl group
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thermodynamically less stable and therefore it isomerises slowly back to trans form 
(typically over several hours). However, irradiation (usually by visible light) 
reduces the back reaction time to minutes. The photoisomerization of azobenzene 
chromophores has no side reactions and the wavelength to induce the transforma-
tion can be tuned by incorporating substituents in the chromophores.

The polarity, shape and size changes that azobenzene undergoes after isomeriza-
tion modify significantly the structures and properties of azobenzene-containing 
polymer blocks.

Zhao’s group (Wang et  al. 2004), (Tong et  al. 2005) prepared amphiphilic 
diblock copolymers composed of hydrophilic poly(acrylic acid) and hydrophobic 
polymethacylate with azobenzene side groups. They showed that these copolymers 
self-assembled in dioxane/water mixtures to form photoresponsive polymer vesi-
cles of 100–200 nm. Upon UV irradiation, the majority of the vesicular aggregates 
disappeared. The disruption of these morphological structures appeared to be fully 
reversible as the aggregates reformed following subsequent illumination with visi-
ble light. Solubilization of the hydrophobic block in dioxane/water mixtures caused 
by the polarity change of azobenzene after trans-to-cis isomerization is claimed to 
be responsible for vesicle disruption.

We have recently reported photo-responsive polymersomes (del Barrio et  al. 
2010) base on amphiphilic PEG-b-azodendron block copolymer with a hydrophobic 
block based on the fourth generation of aliphatic polyester dendrons functionalized 
at the periphery with cyanoazobenzene mesogens (PEG45-AZO16). The polymer-
somes in water were prepared by nanoprecipitation with dioxane/water co-solvents 
followed by extensive dialyse against water. Wrinkles, and even rupture, in the mem-
brane of the polymersome were detected upon UV irradiation of polymersome 
dispersion in water (Fig. 13).

Fig.  13  Cryo-transmission electron micrograph of the polymersomes formed in water by the 
PEG-b-azodendron block copolymer PEG45-AZO16 (a) before and (b) after illumination with 
360 nm unpolarized light (150 mW/cm2) for 35 min
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Our group has further achieved the polymersome bursting induced by UV light 
(Mabrouk et  al. 2009a). Exposure to UV illumination around 360  nm caused 
vesicle rupture which was completed in less than a few hundreds of milliseconds 
(Fig. 14). The basic principle to rapidly burst the polymersome is to induce frus-
tration in the membrane via a remote stimulus. To implement this approach, we 
prepared asymmetric polymersomes in which each leaflet consisted of a different 
type of diblock copolymer: one copolymer was insensitive to any remote stimulus 
(PEG-b-PBD, or PBD for simplicity) while the hydrophobic moiety of the second 
copolymer was a light sensitive liquid crystalline polymer PEG-b-PMAazo444 
(PAzo). The mesogenic unit in this side-on LC polymer block contains an 
azobenzene group, which undergoes a trans-to-cis configurational transition 
upon UV exposure. The azobenzene shape change after isomerization induces a 
nematic (N) to isotropic (I) transition in the LC polymer (Li et al. 2000) causing 
a conformational change of the chain from a rod to a coil (Cotton and Hardouin 
1997; Li et  al. 2003). Figure  15a, b shows the chemical structures of the two 
selected copolymers and a cartoon of the LC copolymer conformation in the 
membrane both in the absence and in the presence of UV light for polymersomes 
ePBD-iPAzo (external leaflet = PBD, inner leaflet = PAzo). Starting from a thin, 
cigar-like shape corresponding to N state (Yang et  al. 2005), UV irradiation 
transforms the LC hydrophobic block to a coil characterized by an increased 
molecular area. The induced area difference between the two polymer monolay-
ers, i.e., the creation of spontaneous curvature, triggers membrane rupture and 

Fig. 14  Snapshots of an ePBD-iPAzo polymersome bursting under UV illumination. Bright-field 
images were taken using a high-speed digital camera. The first image shows the vesicle prior to 
illumination. Time t = 0 corresponds to pore nucleation. The expulsion of sucrose solution is vis-
ible as the pore nucleated. The other images correspond to pore growth and clearly show outward 
spirals (scale bar = 5 mm)
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Fig. 15  Copolymers and bilayer conformation. (a) Chemical structures of the two selected copo-
lymers, PEG-b-PBD and PEG-b-PMAzo444. (b) Cartoon of a polymersome and cartoon depicting 
the conformation of both copolymers within the bilayer for an ePBD-iPAzo vesicle. The PEG-b-
PBD copolymer is always in a coil-coil state. In the absence of UV light, the hydrophobic LC block 
of the PEG-b-PMAzo444 copolymer has a rod-like conformation (corresponding to a nematic 
state). Under UV illumination, isomerization of the mesogenic groups induces a conformational 
change of the polymer backbone to a disordered, isotropic state. The net effect of UV exposure is 
two-fold: at the molecular scale, the projected area of the LC block is increased; at the mesoscopic 
scale, the spontaneous curvature of the bilayer is increased. (c) Schematic representation of pore 
opening driven by outward curling (for ePBD-iPAzo)
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polymersomes bursting. Figure 15c shows the outward curling rim expected to be 
generated by the change of spontaneous curvature in the membrane where the 
inner leaflet is light-responsive. This is actually observed in the giant asymmetric 
polymersomes as shown in Fig. 14. The giant asymmetric polymersomes (>few 
microns in diameter) were prepared by the method of inverted emulsion. The 
polymersome bursting takes place also if the inner leaflet is inert and the external 
leaflet is light-responsive, but with inward curling rim during the vesicle opening. 
These results highlight a new general strategy to create stimuli-responsive poly-
mersomes based on the fabrication of asymmetric membranes, and driven by a 
change in membrane spontaneous curvature. While UV light was the stimulus 
used for this study, temperature, electric or magnetic fields could also act as 
remote stimuli provided that one of the two leaflets of the membrane is composed 
of suitably designed copolymers sensitive to these physical stimuli. This flexibil-
ity, combined with the low permeability of polymer bilayers, ensures a wide 
range of potential applications in the fields of drug delivery, cosmetics and mate-
rial chemistry.

Trans-cis isomerization of azobenzene was also used to modify (normally 
increase) the LCST of thermosensitive polymers because the cis conformers is 
more polar and hydrophilic (Sugiyama and Sono 2001; Desponds and Freitag 2003; 
Ravi et al. 2005; Sin et al. 2005). These polymers could potentially be used to pro-
duce temperature and light dual-responsive polymersomes.

An interesting system containing triphenylmethane nitrile (Fig.  12b) was 
described by the group of X. Zhang (Jiang et  al. 2007b), as illustrated Fig.  16, 
which consists of a PEG chain linked to a group of hydrophobic Malachite green. 
This PEG-b-bis(4-dimethylaminophenyl)phenyl methyl nitrile is able to self assem-
ble into vesicles in water. Under UV irradiation, the photochromic group ionizes in 
its cationic form and the molecules become soluble in water. Consequently vesicles 
are disassembled. The molecules can recover their neutral form by heat treatment 
and free chains are reassembled again into vesicles.

Photoactive polymers bearing triphenylmethane leucohydroxide (Kono et  al. 
1995) and nitrocinnamate (Yuan et al. 2005) have been used to prepare light respon-
sive microcapsules for controlled encapsulation and release of substance. 
Spirobenzopyran derivatives (Fig. 12c) have been used to create water-soluble 
polymers that associate into aggregates under UV irradiation (Konak et al. 1997). 
We foresee that these photoactive groups are also potentially useful for light-
responsive polymersome formation providing that proper chemical design is made 
for block copolymers.

The last example, described as follows, with photoactive groups incorporated in 
their polymer structures is rather different from the systems discussed above. It is 
a polymersome susceptible to UV-induced degradation (Katz et al. 2010). Photolabile 
2-nitrophenylalanine (2NPA) was used to join the hydrophilic PEG block and 
hydrophobic PCL block (Fig. 17a). Exposure of the polymersomes formed by this 
2NPA linked PEG-b-PCL to 365 nm light enable the cleavage between PEG and 
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PCL blocks. As PEG is liberated from the membrane by UV light, there is excess 
hydrophobic material that must be stabilized by the remaining PEG shell. This 
results in membrane thickening, decreasing overall size of the polymersome, and 
flux of aqueous contents out of the polymersome (Fig. 17b, c). Ultimately, there is 
insufficient PEG surface-coverage to stabilize the PCL shell and the insoluble PCL 
crashes out of solution and aggregates.

The above system is an example that light (a physical stimuli) induce irreversible 
chemical structure changes in light-responsive polymers. The chemical structure 
changes can also be produced by light in photo-inert polymers with the aid of pho-
tosensitizers as discussed below.

Fig. 16  Schematic illustration of vesicles made from PEG and malachite green and their disas-
sembly under UV illumination. (Reproduced from ref. Jiang et al. 2007b)
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Fig.  17  (a) Chemical structure of 2NPA linked PEG-b-PCL. (b) Cryo-TEM images of 2NPA 
polymersomes (left to right) before, during and after 6 h of UV exposure. Scale bars = 100 nm. (c) 
Schematic representation of membrane structures to explain the Cryo-TEM images. (Reproduced 
from Katz et al. 2010)
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3.2.2 � Composite Systems with Classical Polymersomes Charged  
with Photosensitizers

The group of Dmochowski has first reported photoinitiated destruction of composite 
porphyrin-protein polymersomes (Robbins et  al. 2009). The polymersomes were 
formed by incorporating a protein in the aqueous interior and a meso-to-meso ethyn-
bridged bis[(porphinato)zinc] (PZn

2
) chromophore in the membrane polymersomes 

made from classical photo-inert PEO-b-PBD. Confocal laser scanning microscopy 
(CLSM) imaging of polymersomes loaded with both ferritin and PZn2 at excitation 
wavelengths (488, 543, or 633 nm, where PZn2 absorbs strongly) caused many of 
the vesicles to undergo irreversible morphological changes ranging from formation 
of new bends or “arms” and budding of smaller vesicles to total polymersome destruc-
tion (Fig.  18). Similar results were seen during imaging by widefield fluorescence 
microscopy using a mercury arc lamp. Even though the mechanism of photode-
struction is not elucidated, it may be possible to harness light-activated vesicle 
destruction for in  vivo targeted drug delivery, given the established exceptional 
NIR absorptivity of PZn2 and closely related chromophores.

Our group has prepared a binary system of polymersome and chlorine e6 (Ce6) 
(Mabrouk et  al. 2010). Ce6 (see Fig.  19) is a classical chlorine photosensitizer, 

Fig.  18  Confocal micrographs of polymersomes that membrane-disperse PZn2 (purple) and 
encapsulate HSAF obtained in continuous scanning mode. (a) BODIPY-FL-labeled HSAF (green, 
3 mg/mL) + PZn2 vesicle, imaged using two lasers simultaneously (488, 543 nm). HSAF is the 
horse spleen iron-free apoferritin, and BODIPY-FL a neutral dye. Images proceed in time, left to 
right, over a period of ~ 5 min. (b) Unlabeled HSAF (1.5 mg/mL) + PZn2 vesicle. Vesicle imaged 
using three lasers simultaneously (488,543, 633 nm). (Reproduced from Robbins et al. 2009)
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which has been used in photodynamic therapy (PDT) because upon light exposure 
Ce6 generates highly reactive oxygen species (ROS) including free radicals and/or 
singlet oxygen 1O

2
. In the core of a lipid bilayer, carbon-carbon double bonds of 

unsaturated lipids have been shown to be privileged sites for 1O
2
 and radical reac-

tions that lead to cellular membrane alteration. The selected photo-inert copolymer 
is again the prototypical PEO-b-PBD, which contains a large number of carbon–
carbon double bonds that are preferred sites of photo-oxidation. Ce6 is an 
amphiphilic molecule and can be loaded in the membrane as well as in the aqueous 
internal compartment. In these polymersomes loaded with Ce6, we have observed a 
complex sequence of light-induced morphological changes. Using micromechanical 
assays based on micropipette manipulation, we have quantitatively monitored the 
different phases of the photo-response, which include membrane area variation, 
osmotic swelling, membrane cross-linking and vesicle deflation. In addition, these 
morphological changes can be adjusted by the concentration of Ce6 (see Fig. 20). 
We have thus gained insight into the complex cascade of chemical reactions involved 
in photosensitization. Our findings suggest that composite chlorine-copolymer vesi-
cles may be used as a new class of light-sensitive drug carriers.

3.3 � Polymersomes Responsive to Magnetic Field

The magnetic field is a very promising stimulus in drug delivery, because it is easy 
to be applied remotely and permits also to combine together the medical diagnosis 
and therapy due to the development of MRI (magnetic resonance imaging) tech-
nique. The common strategy is to incorporate magnetic nanoparticles (e.g., g-Fe

2
O

3
) 

into the vesicle structures. Iron oxide nanoparticles, namely magnemite (g-Fe
2
O

3
) 

or magnetite (Fe
3
O

4
), with particle sizes of 4–10 nm have drawn special interest for 

biomedical applications. They are referred to as superparamagnetic iron oxide 
nanoparticles (SPIONs) due to their superparamagnetic properties and small size. 
The resulting superparamagnetic vesicles have potential applications because of the 
specific properties of magnetic iron oxide in the fields of biomedicine and biotech-
nology: e.g., manipulation by an external magnetic field gradient, radio-frequency 
heating for cancer therapy, and labelling of organs in magnetic resonant imaging. 

N

HNN
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HO O O
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Fig. 19  Chemical structure 
of the photosensitizer 
Chlorine e6
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Fig. 20  (a) Video sequence showing the morphological changes of Ce6-loaded PEO-b-PBD 
polymersomes under UV exposure. The bulk concentration of Ce6 is c

0
 = 0.1 mM. Irradiation 

starts at time t = 0. Scale bar = 5 mm. (b) Representative UV-induced morphological changes 
of Ce6-loaded PEO-b-PBD polymersomes for different bulk concentrations of Ce6. The black 
arrows show the formation of membrane invaginations during UV illumination. Scale 
bar = 5 mm
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Here we will emphasize the vesicle structure changes induced by the magnetic field 
for the purpose of controlled release.

Magnetic nanoparticles were firstly incorporated in liposomes (small molecular 
vesicles) either in its aqueous compartment (Sabaté et al. 2008; Zhang et al. 2005) 
or in its lipid bilayer via magnetized polymers (Kamaly et al. 2007; Leclercq et al. 
2003). Such magnetic liposomes can be used to target therapeutic molecules to a 
specific site when exposed to a magnetic field. Once the drug-loaded magnetic 
liposomes reach the target, the drug can also be released by radio-frequency heat-
ing (hyperthermia) of SPIONs with a thermosensitive lipid bilayer. Temperature-
sensitive lipid bilayer frequently include dipalmitoylphosphatidylcholine (DPPC) 
as the key component, since liposomes usually become leaky at a gel-to-liquid 
crystalline phase transition that takes place at 41°C (Yatvin et al. 1978; Jeong et al. 
2009). Pradhan et  al. (2010) developed folate receptor targeted thermosensitive 
magnetic liposomes (MagFolDox), which are designed to combine features of 
biological and physical (magnetic) drug targeting for use in magnetic hyper-
thermia-triggered drug release (Fig. 21). The optimized liposome formulation had 

Fig. 21  The figure shows the concept of a multifunctional drug carrier responsive to magnetic 
field. It is a folate-receptor-targeted and temperature-sensitive magnetic liposome containing 
doxorubicin, which can be targeted physically by magnetic field and biologically by folic acid to 
tumor cells. Drug release will be triggered by hyperthermia upon local application of an AC mag-
netic field on the tumor tissue. (Reproduced from Pradhan et al. 2010)
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the composition of DPPC: cholesterol: DSPE-PEG2000: DSPE-PEG2000-folate 
at 80: 20: 4.5: 0.5M ratio. Magnetic hyperthermia at 42.5°C and 43.5°C synergisti-
cally increased the cytotoxicity of MagFolDox. The results suggest that an inte-
grated concept of biological and physical drug targeting, triggered drug release 
and hyperthermia based on magnetic field influence can be used advantageously 
for thermo-chemotherapy of cancers.

It is nearly impossible to incorporate inorganic nanoparticles within the mem-
brane of liposomes because of their very thin membrane thickness (3–5  nm). 
However, this becomes possible, even still challenging, with polymersomes due 
to the thick membrane (5―30 nm) and toughness resulting from polymer char-
acters. The soft magnetic shells are especially promising for drug delivery, 
because their internal compartment is available for encapsulation of water-solu-
ble species and the possible toxicity arising from cells directly contacting the 
iron oxide would not be an issue because it is embedded in the copolymer. 
Application of a magnetic field could trigger the transient opening of the bilayer 
and the release of an encapsulated content. The pioneer work on magnetic poly-
mersomes has been made by Lecommandoux & Sandre et al. (Lecommandoux 
et al. 2005). They have prepared polymersomes of PGA

56
-b-PBD

48
 loaded with 

surfactant-coated g-Fe
2
O

3
 nanoparticles in the layer of PBD blocks, and studied 

their structural transformation under magnetic field by small angle neutron scat-
tering (SANS). Anisotropic SANS data detected with a 2-dimensional detector 
provide experimental evidence of the capability to modify the shape of these 
hybrid membranes in response to a magnetic field of an intensity as low as 
290 G. Analyses of the anisotropic SANS patterns (at intermediate wave vector 
q range) have shown that the portions of membranes mostly affected by the 
magnetic field are those with their normal vector parallel to the field. The 
membrane becomes stretched in these portions (decrease of the apparent mem-
brane thickness) or almost equivalently the nanoparticles move away from 
the magnetic poles.

Our group worked on the LC polymersomes PEG-b-PA444 and PEG-b-
PAazo444 that contain diamagnetic mesogens (Hocine et al. 2011). We hoped to 
achieve the structural changes triggered by magnetic field using the intrinsic posi-
tive diamagnetic response of the LC polymers. Interestingly, for temperatures 
between 65 and 80°C, the application of a magnetic field of 1.4 T can increase the 
membrane thickness by up to 50% without significantly changing the inner volume 
of vesicles. This structural change is consistent with the alignment of LC domains 
under magnetic field. While thickness changes could happen in polymersomes 
loaded with magnetic nanoparticles as discussed above, to the best of our knowl-
edge, this is the first time that an increase in membrane thickness has been observed 
in a pure polymer vesicle system.

We envision that magnetic field triggered drug release from SIONs-loaded mag-
netic polymersomes would be achieved in the near future provided that the hydro-
phobic block is composed of suitably designed liquid crystalline polymer or 
crystalline polymer with proper transition temperature by analogy with the gel-to-
liquid crystalline phase transition in lipid DPPC.
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3.4 � Responses to Electric Field, Osmotic Shock  
and Ultrasonic Wave

The effects of electric field on giant polymersomes of PEO-b-PBD (Aranda-
Espinoza et al. 2001; Bermudez et al. 2003) and on giant liposomes (Vlahovska 
et al. 2009; Riske and Dimova 2005, 2006; Dimova et al. 2007) have been studied 
by the group of Discher and by the group of Dimova, respectively. The stimulation 
by an electric field is not specific to a given amphiphile. The response of the 
vesicles to the electric field and the destruction of the membrane are due to an 
increase tension of the vesicle directly induced by the electric field. The hydropho-
bic core of the membrane thickness d and dielectric constant e (low compared to 
that of the aqueous environment) behaves as a capacitance C (typically in the order 
of mF.cm−2). The charging time for the membrane depends on the environmental 
conductivity inside and outside the vesicle, and typically takes the order of a frac-
tion of ms in saline solution. Consequently, if the pulse duration supply is larger 
than the charging time of the capacitance, the transmembrane potential V thus 
generated can be considered constant and only dependent on the applied electric 
field E, the radius R of the vesicle and the angle q between the field direction and 
the normal to the membrane: V = REcos(q). This potential creates an electro-
compressive stress perpendicular to the plane of the membrane s = 1/2CV2. The 
increase in electric field applied resulting in a net increase in tension of the mem-
brane. There is a threshold electric potential for which the vesicle tension reaches 
its lysis value and consequently the vesicle disintegrates. This experiment is illus-
trated in Fig. 22. In practice, the critical transmembrane potential is of order of 
V

c
 = 1–10 V. The critical constraints are then in the order of s

c
 = 10 (liposomes) to 

30 (polymersomes) pN.nm–1. Nevertheless, it should be noticed that the magnitude 
of the electric field necessary to achieve polymersome lysis is kV/cm. Apply these 
fields through the human body for drug delivery would be likely accompanied by 
severe side effects.

The responsive polymersomes to osmotic shock has been reported by the group 
of Weitz (Shum et al. 2008). Polymersomes encapsulating 1-hydroxypyrene-3,6,8-
trisulfonate sodium (HPTS) were produced from PEG-b-PLA block copolymer 
using microfluidic fabrication. Although the membrane is impermeable to the small 
HPTS salts, water molecules can diffuse in and out of the polymersomes. The 
osmotic pressure, p

osm
, is related to the concentration of solutes,

osm
cRTπ =

where c is the molar concentration of the solutes, R is the gas constant and T is the 
temperature. Due to osmotic pressure difference, water diffuses from regions with 
a low salt concentration to regions with a higher concentration. Osmotic pressure 
can therefore be used to tune the sizes of the polymersomes. If the osmotic pressure 
change is sudden and large, the resulting shock can break the polymersomes. The 
kinetics of the polymersomes’ response following a large osmotic shock is too fast 
to visualize; the process is therefore slowed down for visualization by gradually 
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increasing polyvinyl alcohol (PVA) concentration (c
0
 = 10 wt%) in the continuous 

phase through water evaporation. As water evaporates, the PVA concentration in 
becomes higher and higher outside of the polymersomes and so water is squeezed 
out from the inside of the polymersomes. As a result, the polymersome becomes 
smaller, and its wall buckles, as shown in Fig. 23. This provides a simple trigger for 
the release of the encapsulated fluorescent HPTS. By tuning the properties of the 
polymersome wall, it might also be possible to adjust the level of osmotic shock 
required to break the polymersomes. Alternatively, release can also be triggered by 
diluting the continuous phase and thus reducing its osmotic pressure. This simple 
triggered release mechanism makes polymersomes a promising candidate for 
encapsulation and release of actives.

Ultrasound is gaining attention as a therapeutic tool in addition to its use in diag-
nostics. Recently, Hammer’s group (Pangu et  al. 2010) reported ultrasonically 
induced release from nanosized polymersomes made from PEO-b-PBD copolymers 
under ultrasound at 20  kHz. Leakage of a fluorescent dye from vesicle core was 
measured to study the permeation. Ultrasound causes significant leakage from the 
core above threshold intensity, suggesting that leakage is governed by acoustic cavita-
tion. Size measurements and direct visualization of vesicles show that ultrasound 
does not completely rupture them into fragments but causes transient poration 
(Fig.  24). The extent of leakage inversely depends on membrane thickness and 

Fig. 22  Phase contrast imaging of pore growth with time during a PEG-b-PBD polymersome 
bursting under electric field. The first image shows the polymersome prior to application of elec-
tric field (t < 0). Time t = 0 corresponds to the formation of two pores at both vertical poles, indi-
cated by the vertical arrows in the second image (from left to right). The applied electric field is 
in the vertical direction. Time sequence is t = 0.2 sec, t = 0.6 sec, t =1.2 sec and t = 2.9 sec in other 
images, where the horizontal double arrows show the growth of the pores. Scale bar = 10 mm. 
(Reproduced from ref. Bermudez et al. 2003)
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directly depends on sonication time and intensity. The strong dependence of mem-
brane permeation on ultrasonic and chemical parameters suggests the possibility of 
tailoring polymersome features to tune the desired extent of membrane destabiliza-
tion. Even though the exact mechanism of pore formation and release under an ultra-
sonic field need to be elucidated, the results indicate that ultrasound has potential as 
a therapeutic tool for drug delivery from polymer vesicles.

4 � Concluding Remarks

In Nature, supra-molecular nano or micro-objects formed by the self-assembly of 
amphiphilic molecules or macromolecules are omnipresent (e.g. cells, liposomes, 
viral capsids etc.) and come in a wide range of shapes, sizes and functions. 
Synthetic amphiphilic copolymers are an attractive biomimetic approach that has 
been widely used to produce nano or micro assemblies such as polymer vesicles, 
polymer micelles, nanofibers and nanotubes. Applications in drug delivery have 
driven much of this research. Other opportunities also exist for these polymer 
assemblies including use in diagnosis, as nanoreactors and as templates for nano-
material preparation. In this paper, we have focused on polymer vesicle structures, 
i.e. polymersomes. Many applications require the ability to selectively and  

Fig. 23  Bright-field microscope images showing the shrinkage and breakage of a PEG(5,000)-b-
PLA(5,000) polymersome after an osmotic shock. As a result of water expulsion from its inside, 
the polymersome shrinks and buckles. Scale bar is 10 mm. (Reproduced from Shum et al. 2008)
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controllably destabilise the polymer vesicle structures so as to liberate the substances 
encapsulated in the interior compartment and/or in the membrane. To  achieve 
this goal, stimuli-responsive polymersomes have been developed. In addition, the 
utilization of biocompatible polymers and biocompatible stimuli is essential for in 
vivo applications. 

Fig. 24  Cryo-TEM images of polymersomes (a) before and (b) after sonication. Scale bar = 100 nm 
in (a) and 200 nm in (b). Percentage of ANTS (8-Aminonaphthalene-1, 3, 6-trisulfonic acid, diso-
dium salt) release as a function of time where the average sonication power during sonication cycles 
as recorded on sonic dismembrator dial was (I) 2.5 W, (II) 3.5 W, and (III) 5.5 W. (Reproduced 
from Pangu et al. 2010)
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We have discussed in this review all the most promising approaches to make 
stimuli-responsive polymersomes, including non-biocompatible ones, for the proof 
of concept and for the larger applications of polymersomes. Classical chemical 
stimuli such as pH changes, hydrolysis, oxidation or reduction reaction, are used to 
trigger a change in the hydrophilic-hydrophobic balance of the amphiphilic copo-
lymers, which in turn destabilises the vesicular structure either by forming leaking 
pores or causing the vesicle to burst. Physical stimuli such as temperature, light, 
magnetic field or ultrasonic wave are also of great potential interest, because they 
don’t require any chemical environmental change and can be applied remotely and/
or locally. Different mechanisms are involved in the destruction or deformation of 
polymersomes under physical stimuli. We believe the use of the physical stimuli 
will provide the impetus for the development of new stimuli-responsive polymer 
vesicles.
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