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Abstract: - Polymersomes are self-assembled vesicles from amphiphilic block copolymers, bi-layered with a 
spherical morphology, that have very interesting characteristics. They have good physical and chemical 
stability; several changes can be made to the surface, and they can also encapsulate a wide range of molecules 
with different affinities to water. For these reasons, polymersomes and the different non-spherical shapes that 
can be obtained from them, have been the target of intense research with the ambition of creating new tools and 
structures within the scope of biomimicry and nanomedicine. One of the main challenges is to establish 
protocols for changing the shape of the polymersomes in a controlled way, to expand the number of possible 
applications. In this work, an overview of the most important methodologies for shape transformation is 
presented, along with some examples of stomatocyte applications. 
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1  Introduction 
Cells have delineated structures containing a set of 
enzymes that perform specific functions. Forming 
structures that resemble the cell, or its organelles 
has been for a long time a matter of deep 
investigation. Achieving a biomembrane-like 
bilayer structure for the first time in 1977, [1] 
encouraged ongoing investigations into the subject. 
Since then, various vesicles and cellular-like 
structures have been developed with well-
established protocols, [2], [3], [4]. 

It was previously known that liposomes can 
transform their shape as a response to 
environmental changes, namely by fluctuations in 
the osmotic conditions, composition of the lipids or 
even temperature, [5], [6]. 

The highly flexible membrane of liposomes 
does not allow for easy capture of transient 
morphologies since the transitions between 
different shapes occur in very short timescales. In 
comparison to liposomes, polymeric vesicles allow 
one to stop at a certain morphology and not only 
obtain interesting, but transient morphologies, [7]. 

Polymersomes are composed of building 
blocks with molecular weights much higher than 

those of the typical phospholipids present in natural 
membranes and liposomes. This characteristic 
kinetically hampers polymer chain rearrangements 
and chain exchanges between polymersomes and 
even with free polymers in solution. This means 
that polymersomes are kinetically trapped 
structures and tend to be spherical to minimize 
interfacial tension and stay in the most 
energetically favorable shape. 

To obtain more biologically relevant shapes 
from polymersomes, one must play with the glass 
transition temperature (Tg) of the building blocks, 
the chain size or molecular weight, the anisotropy 
between both leaflets of the membrane, stimuli-
responsive block copolymers, and preparation 
conditions. 

Polymersomes and subsequent non-spherical 
shapes are promising structures for newer and 
better ways to encapsulate and compartmentalize 
cargo and have potential applications in many 
areas: drug delivery systems, imaging, nanoreactors 
and nanomotors, and mimes of the living systems 
and organelles, [8]. 
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2 Principles of Polymersome 

 Formation 
The building blocks, amphiphile block copolymers 
(possessing both hydrophilic and hydrophobic 
domains), especially diblock ones, are made 
through living polymerization techniques [9], such 
as  Atom Transfer free Radical Polymerization 
(ATRP) [10],  Reversible Addition-Fragmentation 
chain-Transfer Polymerization (RAFT) [11], Ring-
opening Metathesis Polymerization and Ring-
opening Polymerization (ROP) [12]. 

The classic mathematical descriptions would 
roughly estimate that for hydrophilic fractions 
(hydrophilic portion to total mass) between 0.25 
and 0.45 the self-assembly process would yield 
Polymersomes and when fhydrophilic>50, worm-like 
micelles would be obtained, [8]. These predictions 
come from the relationship between hydrophilic 
fraction and the curvature of the hydrophobic-
hydrophilic interface, and the packing parameter 
𝑝 =  

𝑣

𝑎∗𝑙
  (v = volume of the hydrophobic part, a = 

interfacial area per molecule and l = chain length of 
the hydrophobic part, normalized to the interface), 
[13]. However, these mathematical predictions for 
the self-assembly process of small molecules 
surfactants do not explain all self-assembly 
behaviors of block copolymers. 

Mechanism I, as outlined in the literature, is 
widely accepted as the primary model for the 
formation of polymersomes. Adapted from [14], 
[15], this self-assembly process consists of two 
main steps: first, the self-assembly of bilayer 
sheets; and second, the bending and fusion of these 
sheets into spherical vesicles (Figure 1a). The 
bending and closure occur due to an increase in 
edge energy resulting from the solvation of 
hydrophobic components along the bilayer's edges. 
When the edge energy surpasses the bending 
energy—the energy required to bend the bilayers—
the bilayer naturally folds in on itself, reducing free 
energy and forming spherical particles. 

Another mechanism is presented where, instead 
of the formation of bilayer sheets, there is a 
formation of micelles that gradually increase their 
volume with the entry of solvent into the core and 
progressively grow to form vesicles (Figure 1b). 
For now, due to all the different block copolymer 
preparations that can be made, it is difficult to 
predict and explain all self-assembly pathways for 
the formation of polymersomes. 
 
 

3 Methodologies for Polymersome 

Formation 
The techniques to prepare polymersomes are 
mainly categorized into two different groups: 
solvent-switching techniques and polymer 
rehydration or solvent-free techniques. 
 

 
Fig. 1: A scheme that demonstrates different 
mechanisms for the self-assembly of 
polymersomes. a) two-step mechanism I. b) 
mechanism based on the growth of micelles. 
Adapted from [16] 
 

3.1  Solvent-switching/Co-solvent 
The amphiphilic block copolymers are firstly 
dissolved in an organic solvent, that is chosen 
according to the blocks, followed by hydration of 
the solution (either by the slow addition of water to 
the organic polymer solution or by the injection of 
the organic solution into water). The hydrophobic 
portion, being insoluble upon hydration, forces the 
self-assembly of the copolymers into 
polymersomes, due to an increase of interfacial 
tension between the hydrophobic blocks and water. 
Organic solvents, such as tetrahydrofuran (THF) 
[17], chloroform, dioxane and N,N-
dimethylformamide (DMF) are the most commonly 
used, [18]. 
 
3.2  Solvent-free 
The most common technique within this group is 
film rehydration, where one starts by dissolving the 
block copolymers in a suitable organic solvent, 
which is then (vacuum) dried/evaporated, leaving a 
thin film of amphiphile, [19], [20]. Subsequent film 
hydration yields vesicles (and other self-assembled 
aggregates).  
pH switch is another technique where the block 
copolymers, which are pH sensitive self-assemble 
or dissociate after changes in pH, [21]. 
Electroformation is also useful for the formation of 
giant polymersomes, [22], [23]. 

Novel methodologies aim to reduce some 
disadvantages of the traditional methods such as the 
use of organic solvents which are usually not 
biocompatible and the fact that not always one can 
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get desired sizes, good size distributions and ideal 
concentrations. Dual asymmetry centrifugation 
(DAC) presents a new method that requires no 
after-processing of the polymersomes to control 
size and yield concentrated samples, [24]. 
 
 
4 Polymersome Controlled Shape 

 Transformation 
Polymersome morphology can be controlled by the 
amphiphilic block copolymers and subsequently re-
shaped through chemical or physical stimuli, [25].  
In the following subsections, different established 
methodologies are presented according to 
categories suggested in [26]. 
 
4.1  Osmotically Induced 
The osmotically induced methodologies can be 
subdivided into the following: 
 
4.1.1  Direct Dialysis 

The use of osmotic pressure to drive the shape 
change of the polymersomes into stomatocytes in a 
controlled manner was initially performed in [27]. 
The pillar for this methodology lies in the fact that 
the osmotic equilibrium of the polymersomes in 
solution only exists at the precise moment they 
self-assemble. Pushing the polymersomes out of 
osmotic equilibrium can be done by introducing a 
variable that changes the composition of the 
solvent, forcing them to reach another state of 
equilibrium which would ideally reflect in any 
desired new morphology, [17]. 

The authors take advantage of the phase 
behavior of the glassy hydrophobic polymeric 
segment utilized (Tg = 100ºC), giving them the 
ability to capture different shapes of polymersomes 
by kinetically controlling them.  

Polymersomes from poly(ethylene glycol)-
block-poly(styrene) (PEG45-b-PS176/292) are first 
generated by the addition of water to a solution of 
polymer in organic solvents – THF/dioxane (1:1 
v/v) – solvent-switching method 

The addition of water is done dropwise, 
recurring to a syringe pump, forcing the polymer to 
self-assemble due to the hydrophobicity of PS in 
PEG-PS. Polymersomes (100-500nm) form and a 
cloudy suspension is observed. 

To induce shape transformation, the mixture is 
transferred to a dialysis bag and dialyzed against 
water (Figure 2). This will cause a quick expulsion 
of solvent molecules held within the core of the 
polymersomes to maintain osmotic equilibrium 
(Figure 3). The rate of outward transport of THF 

and dioxane molecules across the swollen 
polymersome membrane is higher than the entrance 
of water molecules (this can be explained by the 
comparison of the Hildebrand solubility parameters 
of the solvents (δ =18.6 [MPa]1/2) for THF and (δ 
= 20.5 [MPa]1/2 for dioxane and water (δ = 48 
[MPa]1/2) with the parameter of homo-PS (δ = 
16.6-20.2 [MPa]1/2), [28].  
 

Fig. 2: Schematics of the dialysis process 
 

The membrane will gradually transform into its 
rigid and glassy state and lose its permeability as 
the solvent molecules diffuse out of the core. The 
entrance of water molecules in the inner 
compartment and replacement of the fast-outward 
diffusing organic molecules is, therefore, 
progressively hindered, decreasing the volume of 
the inner compartment. Due to the negative osmotic 
pressure generated, the membrane is forced to fold 
inwards, leading to the formation of stomatocytes. 
The authors propose that the change in shape 
comes from the decrease in the volume of the inner 
compartment, instead of the generation of structural 
asymmetry in the membrane structure which 
translates into changes in the surface area.  

 

 
Fig. 3: Shape transformation pathway of the above-
described method (1,2,3). The red dots correspond 
to organic solvent molecules and the blue dots 
correspond to water molecules. (5) shows the result 
of rapidly quenched polymersomes with water. The 
shape change of polymersomes can also go through 
the prolate pathway (4), depending on methodology 
and block copolymer modification. Adapted from 
[27]. 
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Instantly adding a significant amount of water 
to the polymersome suspension or provoking a fast 
decrease in temperature, will rapidly freeze the 
morphology as a result of a rapid quenching of the 
hydrophobic domain, that vitrifies, due to its high 
Tg. This sudden cooling provides enough physical 
strength such that the thermodynamically favored 
spherical morphology is kept. Indeed, the phase 
behavior of the hydrophobic domain (from a 
solvent-swollen fluidic state to a glassy rigid state) 
allows the retention of the morphology after shape 
transformation. Contrarily, with recurrence to a 
plasticizing solvent, the Tg can be lowered to or 
below ambient conditions so that, even at room 
temperature, there is improved chain mobility and 
dynamicity, and shape transformations can occur. 
By raising the Tg back up with the removal of the 
plasticizing solvent or the addition of non-solvent, 
new non-spherical morphologies can be kinetically 
trapped. 

 

 
Fig. 4: The behavior that polymersomes have right 
after self-assembly, in response to the amount of 
water present. The water added after the 
spontaneous self-assembly into polymersomes 
changes the solvent composition of the 
surroundings, starting a new seek for osmotic 
equilibrium. (Sample 1) 1mL of water is added via 
a syringe pump to a 3mL polymer solution in 
THF:dioxane (3:2, v:v). (Sample 2) 2mL of water 
is added via syringe pump to a 2mL polymer 
solution in THF:dioxane (3:2, v:v). (Sample 3) 
3mL of water is added via syringe pump to a 1mL 
polymer solution in THF:dioxane (3:2, v:v). 
Adapted from [17] 
 

It should be noted that dialysis against the 
water of the polymersome suspension can generate 

other morphologies rather than just stomatocytes or 
not lead to a change in shape at all. Authors better 
explain that the extent of the osmotic pressure 
generated after the self-assembly into 
polymersomes is related to the amount of the 
organic solvents that are used and the volume of 
water that is added, [17] (Figure 4). 

Analyzing and comparing more recent reports 
[29], [30] where the organic solvent is removed 
from polymersome suspension by dialysis against 
water for at least 24 hours, yielding polymersomes 
with glassy membranes, instead of stomatocytes, it 
is established that the initial water volume in the 
ratio water/organic solvents present in the 
polymersome suspension influences the generation 
of stomatocytes and even more the final shape. 

Modified literature procedures resorting to 
direct dialysis to either prepare stomatocytes [27] 
or polymersomes [31] are schematically 
represented in Figure 5. 

 

 
Fig. 5: Direct dialysis procedures for the 
preparation of stomatocytes (left) or polymersomes 
(right) through dialysis against the same amount of 
water 
 
Nature of shape transformation 

Before presenting the methodologies in the next 
subsections, a description of the nature of shape 
transformation must be given, for better 
understanding.  

In shape transformations, bending energy needs 
to be considered, since studies show it strongly 
influences the pathway of shape change, [32]. The 
bending energy (Eb) of the membrane is defined as, 
 𝐸𝑏 =

𝑘

2
∮(2𝐶 − 𝐶0)2𝑑𝐴 (1) 

where k is the bending rigidity of the membrane, C 
is the mean surface curvature, C0 is the spontaneous 
curvature and A is the surface area. 
 

PEG45-b-PS182 (10 mg) is 

dissolved in THF:dioxane 

(1mL, 60:40, v:v).  

3mL of pure water is 

added via syringe pump 

(1mL/h).  

The final suspension is 

transferred to a dialysis 

membrane and the 

vesicles dialyzed against 

ultrapure water for 24h. 

This yielded polymersomes 

PEG45-b-PS292 (20 mg) is 

dissolved in THF:dioxane 

(2mL, 60:40, v:v).  

2mL of pure water is 

added via syringe pump 

(1mL/h).  

The final suspension is 

transferred to a dialysis 

membrane and the 

vesicles dialyzed against 

ultrapure water for 24h. 

This yielded stomatocytes 
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As the equation shows, Eb is a function of k, C 

and C0. Bending rigidity (k) is determined by the 
membrane’s chemical properties (length and 
composition of the building blocks) and by other 
environmental factors such as solvent and 
temperature. Mean surface curvature (C) represents 
the degree of curvature at different points along the 
membrane. Finally, spontaneous curvature (C0) 
reflects any asymmetry in copolymer conformation 
between the two (inner and outer) leaflets in the 
bilayer membrane and therefore this parameter is 
sensitive to the membrane’s microenvironment on 
both sides. 

From the presented above, it is clear that the 
osmotic pressure strategy for shape transformation 
deals with a complex relationship between bending 
energy and osmotic energy. During dialysis of 
polymersomes against water, depending on the 
amount of water used, osmotic energy can be up to 
two orders of magnitude greater than bending 
energy, [26]. In an attempt to reach a new 
equilibrium state, organic molecules are rapidly 
expelled from the inner compartment to the 
surrounding medium, leading to a volume decrease. 
To minimize Eb, shape transformation must take 
place. This can occur either via the prolate 

pathway (towards tubes) or the oblate pathway [33] 
(towards discs and stomatocytes) (Figure 6). 

 

 
Fig. 6: The two different deflation routes – prolate 
and oblate – a polymersome can take when 
changing its shape. Adapted from [26] 
 

This pathway commitment then depends on the 
parameter C0: for C0 ≥ 0 shape transformation 
occurs through the prolate pathway; and 
conversely, the oblate one occurs when C0 < 0, 
[17], [33], [34], [35]. 

The most systematic studies done on liposomes 
and lipidic vesicles have shed some light on the 
physicochemical origins of C0 and computer 
simulations predicted that “By slightly changing 
the headgroup-headgroup and headgroup-water 
interaction of lipids in both monolayers separately, 
spontaneous curvature can be introduced in a 

membrane“, [36]. C0 was controllable and 
inducible through physicochemical anisotropy 
between the two leaflets of the bilayer membrane, 
[34]. 

It must be pointed out that C0 is assumed to be 
laterally homogenous across the membrane and 
independent of the final shape, [37]. 

The following example illustrates the role of C0 
in shape transformation. 

In a recent work, PEG−PDLLA polymersomes 
were induced into a shape transformation through 
the oblate pathway into stomatocytes, by generation 
of negative C0 from transmembrane solvent 
anisotropy that forms during dialysis, [38]. They 
aimed to show that more relevant and 
biodegradable copolymers could be engineered into 
novel copolymeric architectures with desired 
shapes for nanomedical applications. 

Internal and external solvent compositions are 
disproportional during dialysis and lead to different 
conformations of PEG chains. This is because 
chain expansion, quantified by the hydrodynamic 
chain volume (Vh), depends on solvent composition 
and the different solvation powers. This leads to an 
anisotropy between inner and outer membrane 
envelopes (C0 < 0) that forces shape transformation 
(Figure 7). 

 

 
Fig. 7: During dialysis, the different solvent 
composition that arises on both sides of the 
membrane (internal and external), due to the semi-
permeable membrane, makes external PEG chains 
partially collapse (in comparison to those on the 
interior) such that Vh (int) is greater than Vh (ext), 
inducing negative C0 that directs shape 
transformation via the oblate pathway, toward 
stomatocytes. Adapted from [38] 
 
4.1.2  Solvent Addition and Reverse Dialysis 

Other mild methodologies for shape change are 
reported recently, [30]. They aim to control the 
shape transformation of the polymersomes into 
stomatocytes in a way that it becomes possible to 
encapsulate enzymes inside the stomach while not 
being harmed by the methodology. 

For that, they start by forming polymersomes by 
the usual procedure: the addition of water to a 
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solution of polymer (PEG-b-PS) in THF/dioxane 
(4:1, v:v). The solvent is then removed by dialysis 
against water for at least 24 hours yielding 
polymersomes with glassy membranes.  

Then, stomatocytes are either formed by the 
solvent addition method or by reverse dialysis of 
polymersomes. 

 
(i) Solvent addition 
Organic solvents are added via a syringe pump to 
the polymersome suspension. The polymersomes 
rapidly change into stomatocytes, which in turn 
gradually decrease their opening size with the 
increase of organic solvent, until a state of 
equilibrium of the osmotic pressure over the 
membrane is reached and the original polymersome 
spherical shape is obtained (Figure 8). 
 

Fig. 8: The scheme on the left illustrates the 
reshaping process that occurs through the solvent 
addition methodology. (a) Transformation into 
stomatocytes with a large opening quickly occurs 
after the addition of 150 μL to a 500 μL 
polymersome solution (10 mg mL−1 ). (b) and (c) 
The size of the opening continuously decreases 
until the stomatocytes are nearly closed. (d) 
Recovery of the spherical polymersome. Scale bars 
of 200nm. Adapted from [30] 
 

In this process, a mixture of THF: dioxane (4:1 
v/v) was added via a syringe pump (300 μL/h rate) 
until 700 μL were delivered to the polymersome 
solution (500 μL, 10 mg mL-1).  

This methodology presents obvious advantages 
since reduced amounts of solvent are used and 
exposure times are reduced (the hole shape 
transformation cycle took about 2:30h), preventing 
enzyme denaturation during encapsulation. 

Any given structure can be captured by rapid 
quenching with water. Furthermore, once rigid, the 
present morphology can once again re-enter the 
transformation cycle by repeating the process 
described in Figure 8 (left). 

 
(ii) Reverse dialysis 
The flexibility of the polymersome membrane can 
be obtained by adding organic solvent and water 
via dialysis such that a change in shape into 
stomatocytes can happen.  

A solution of PEG44-b-PS167 polymersomes 
(700 μL) was dialyzed against 150 mL water (50% 
in volume) and a mixture of 120.0 mL THF and 
30.0 mL dioxane (4:1, v/v) 

Figure 9 shows the evolution of the shape 
transformation of polymersomes at the start of the 
dialysis process (0 min), into stomatocytes (90min) 
that gradually close their opening with longer 
dialysis times (180min).  

 

 
 

Fig. 9: Schematics of reverse dialysis of 
polymersomes (Top). Cryo-TEM images of 
polymersomes (0min) and stomatocytes (90 and 
180min) were obtained after reverse dialysis in a 
mixture of water:THF:dioxane (1:0.8:0.2, v:v:v) 
(Bottom). Adapted from [30] 
 
4.1.3  Salt Induced 

Another osmotically induced way of shaping the 
vesicles is by generating osmotic pressure using 
salt solutions instead of solvents (Figure 10). This 
is ideal when dealing with biological compounds 
such as enzymes and trying to make the 
nanosystem more biocompatible, [29]. 

The polymersomes prepared by the traditional 
solvent exchange method [27] are dialysed against 
a salt solution (5, 10, 25, and 50mM NaCl) instead 
of pure water. They observe the formation of 
stomatocytes and the average opening size 
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decreasing with the increase in salt concentration 
(Figure 11). 
 

 
Fig. 10: Schematics of the shape transformation by 
dialysis against a salt solution  

 

 
Fig. 11: TEM images of the resulting stomatocytes 
after dialysis against different salt concentrations. 
Adapted from [29] 
 

Authors explain that salts can also induce 
controlled shape changes of polymersomes by 
influencing C0, through polymer-ion or ion-
hydrated polymer interactions [32] – based on the 
Hofmeister series, [39]. The study shows shape 
changes due to a variety of different salts and in 
different concentrations (Table 1). 

 
Table 1. Shapes were obtained from variations of 

the cations at different concentrations. SV – 
spherical vesicle; ELL – ellipsoid; STO – 

stomatocyte; LCV – large compound vesicles. 
Adapted from [32] 

 
 

Instead of dialysis, to the polymersome 
suspension (200μL), a total of 10μL of salt solution 
is directly added under a shaking speed of 1200 
rpm. This is less time-consuming and yields a 
higher number of different controlled shapes. 
 
4.2  Chemically Addition Strategy 
Chemical addition can also be used to generate 
membrane anisotropy inducing shape 
transformation. Studies on liposomes already 

showed that by adjusting membrane composition, 
changes in shape could occur, [5], [6]. 

A concrete example of this approach used a 
cross-linker leading to a “cross-linker-induced 
shape transformation”, [40]. This strategy achieves 
the change of polymersomes into tubes through a 
chemical stimulus. The block copolymers used – 
poly(ethylene glycol)-block-poly(styrene-co-4-

vinylbenzyl azide) – contained side chains – azide 

handles – that allowed a reaction with a 
heterobifunctional crosslinker - 
bicyclo[6.1.0]nonyne (BCN). Upon mixing, 
crosslinking takes place via a strain-promoted 
alkyne-azide cycloaddition (SPAAC) reaction. 
What is verified upon reaction is a sphere-to-tube 
transformation of previously prepared 
polymersomes occurring almost instantaneously.  

They further demonstrate that the concentration 
of cross-linker (molar ratio of BCN/azide) plays a 
role in directing and extending the shape 
transformation, translating in longer tubes.  

The shape transformation can be explained by 
the asymmetry generated by the difference in the 
number of azide handles in the outer polymersome 
membrane leaflet that react with the cross-linker, 
compared to the ones inside. This creates a positive 
C0, leading to a shape change via the prolate 
pathway. 

The authors also show the reversibility of the 
shape change process by cleaving a disulfide bridge 
of the utilized cross-linker, yielding the original 
polymersome vesicles. Another interesting, 
previously mentioned, resorts to azide groups to 
form hexagonally packed hollow hoops (HHHs), 
[29]. This process is schematically shown in Figure 
12. 

The morphology of polymersomes is not 
influenced by the azide groups in the absence of 
salt, but the transformation of polymersomes into 
HHHs is highly influenced by them when salt is 
present. 

The group proposes that with the azide 
decoration of PEG, the anisotropy of the membrane 
is more enhanced by azide coordination with water 
molecules in the interior, which leads to an 
intensification of the effect that the organic solvent 
has on PEG in the inner compartment by solvation, 
thus increasing the hydrodynamic volume of the 
PEG chains at the internal side. A difference 
between the hydrodynamic volumes of the internal 
and external sides of the vesicles creates 
anisotropy, increasing the contribution of C0 to the 
shape transformation process. 
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Fig. 12: Schematics of shape transformation of 
polymersomes either into stomatocytes or HHHs. 
Adapted from [29] 
 
 
5 Shape Transformation Reversibility 
For structures obtained from amphiphilic building 
blocks with a hydrophobic domain possessing a 
high glass transition temperature, reverting the 
shape should be possible by reverting the 
rigidifying process. In these cases, one must create 
a methodology to control the polymeric assemblies’ 
glassy domain rigidity making it once again 
responsive and flexible to the environment.  

Inspired by all the different shapes generated 
from liposomes, a controlled way to revert shape 
and search for different morphologies of polymeric 
vesicles is presented, [41]. Structures such as 
kippahs [42], oblates and polymersomes were 
obtained from stomatocytes (Figure 13). 

To reshape the stomatocytes, the membrane 
had to recover its flexibility, mobility, and 
permeability. The originally used organic solvents 
(dioxane and THF) were re-used as good 
plasticizers of the PS hydrophobic domain in 
PEG44-b-PS292.  

They found that quickly adding the solvents 
(50% of final solution) (THF:dioxane 75:25, v:v) to 
an aqueous stomatocytes solution, leads to 
structural disruption (Figure 14(i)). However, when 
the addition of the organic solvents to the aqueous 
solution of stomatocytes was gradually done by 
dialysis, different morphologies, corresponding to 
different ratios of THF:dioxane where obtained 
(Figure 14a, b, c and d). 

Further experiments led the authors to conclude 
that the morphology present at the beginning of the 
shape transformation experiment highly influences 
the transformation process and the resultant 
morphologies. 

In the study corresponding to Figure 8, the 
reversibility of the shape transformation is shown 
and even proposed to work cyclically. 

 
Fig. 13: The transformation of stomatocytes into 
(from top to bottom): kippahs, oblates, and 
polymersomes. Adapted from [41] 
 

 
Fig. 14: (i) Quick addition of organic solvents leads 
to gross structural disruption and formation of 
polymer aggregates. (a) TEM image of the initial 
stomatocytes. (b) Kippahs resulting from dialysis of 
stomatocytes against THF:dioxane (75:25, v:v). (c) 
Oblates resulting from dialysis of stomatocytes 
against THF:dioxane (50:50, v:v). (d) 
Polymersomes resulting from dialysis of 
stomatocytes against THF:dioxane (25:75, v:v). 
Scale bar: 500nm. Adapted from supplementary 
information of [41] 
 
 

6  Particle Characterization 
As previously shown, non-spherical polymersome 
morphologies are kinetically trapped and analyzed 
by different characterization techniques. 

Microscopy, generally in the form of Scanning 
Electron Microscopy (SEM) [43], Transmission 
Electron Microscopy (TEM), Cryo-TEM [44], is 
used to rapidly have an initial insight into the 
particle’s shape, internal architecture, surface 
topography, morphology and also composition 
(Figure 15). Cryo-TEM is the most valuable tool as 
the samples are in a frozen-hydrated state instead of 
a dry-state.  
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Fig. 15: SEM and TEM images of the resulting 
morphology of polymersomes dialyzed against 
100mM NaCl and 50mM NaCl, respectively 
 

Additional techniques are extensively used 
such as Dynamic Light Scattering (DLS), Magnetic 
Birefringence (MB) [45] (Figure 16), Zeta-
potential, and Confocal microscopy, where the 
particles need to be fluorescently labeled, but can 
be visualized in the native solution state. Newer 
techniques such as liquid cell transmission electron 
microscopy (LC-TEM)[46] and super-resolution 
fluorescence microscopy techniques [47] are also 
available. 

 

 
Fig. 16: Magnetic birefringence during dialysis of 
polymersomes at 2T. When the polymersomes start 
to deflate and become anisotropically shaped, there 
is an increase in the birefringence. Birefringence 
decreases when there is a partial inflation of 
stomatocytes. Adapted from [45] 
 
 
7  Stomatocytes 
As already mentioned above, stomatocytes are an 
interesting morphology obtained through the oblate 
pathway of transformation of polymersomes and 
present themselves as great structures for 
nanoreactors. 

Stomatocytes are vesicles in the shape of a 
bowl with a “mouth” that opens for a cavity, the 
stomach (Figure 17). 

 

 
Fig. 17: Cryo-TEM images of PEG45-b-PS230 
stomatocytes. Adapted from [27] 

Reports show stomatocytes stay stable and 
preserve their morphology for months, making 
them future products “off-the-shelf”, even when 
submitted to harsh physical conditions, such as 
high temperatures (70º, 1h) and ultra-sonication (45 
kHz, 200 W, 5 min at 50 °C), [27]. 
 
Controlling the size of the stomatocytes and the size 

of the opening of the stomatocytes: 

Different organic solvents utilized to dissolve the 
polymers and to prepare stomatocytes render 
different sizes of the resulting particles. The 
organic solvents should be chosen according to the 
block copolymers used. 

Particles with a desired size can be obtained by 
successive passing of the particle suspension, under 
high pressure, through filters with desired pore 
sizes. Reports show the attempt to use an electrical 
field (AC) to prepare Ps with a narrow size 
distribution, [21], [48]. 

The opening of stomatocytes gradually 
decreases its size as the shape change process 
progresses, until equilibrium is reached [27] 
(Figure 3). They further found that the ratio of the 
organic solvents used also influences the final 
opening size. THF and dioxane are initially used in 
a 1:1 volume ratio, but later THF content in the 
mixture is increased to 65%, but at a fixed 50% vol. 
of water (organic solvents: water, 50:50, v:v). They 
also observed an almost linear relationship between 
the amount of THF present and the size of the 
stomatocyte’s opening (Figure 18). As THF(%) 
increases, a/b decreases. 

The same relationship is observed if the 
percentage of water in the final mixture is different 
from the original 50% while fixing the organic 
mixture on a 1:1 ratio. A reduced water content 
induces a longer shape change process since the 
rate of kinetic vitrification is slowed down, 
generating stomatocytes with narrower openings 
(smaller diameters). 

The solvent mixture that is utilized to dissolve 
the polymer can, by itself, change the outward 
diffusion rate of organic solvent, upon dialysis, 
leading to different results. Previous observations 
show that a higher degree of swelling of the 
membrane occurs with THF in comparison to 
dioxane[49]. This means that the membrane’s 
flexibility is preserved over longer periods if higher 
percentages of THF are used, resulting in a possible 
decrease in the size of the opening of stomatocytes. 
Using shorter hydrophobic polymeric domains will 
also keep the membrane more fluidic and flexible, 
contributing to the same effect, [27]. 
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Fig. 18: The size of the stomatocyte’s opening 
according to THF percentage in the solvent mixture 
with a fixed 50% vol. of water. Adapted from [27] 
 

Another report shows the control over the 
opening of stomatocytes, made from diamagnetic 
amphiphilic block-copolymers with a highly 
anisotropic magnetic susceptibility, using magnetic 
fields with different strengths, [50]. The non-
invasive nature of these applications using 
magnetic fields as external stimuli is of great 
interest in the medical field, [51], [52], [53], [54], 
[55]. 

The existence of a compartment with an 
opening that can be adjusted makes stomatocytes 
an interesting nanocontainer, accessible for 
surrounding molecules or catalytic species. The 
controllable different morphologies and structural 
robustness of the particles can contribute to novel 
applications in different fields. 

 
7.1  Stomatocytes as Nanoreactors and Drug 

Delivery Systems  
Polymeric assemblies are very versatile in shape. 
The shape of a particle greatly influences cellular 
uptake and immune regulation, [8]. 

By acting as a drug carrier, the polymeric 
vesicle must be able to reach the site of interest 
and, once there, release the cargo in a controlled 
manner. 

Polymersome stomatocytes are a safe 
environment to carry the cargo because they protect 
it from the exterior. Hydrophilic or hydrophobic 
drugs can both be loaded. 

In the case of nanoreactors, as seen in nature, 
shielding the enzymes within a bounded structure 
protects them from degradation and other harmful 
environmental factors, letting them carry out their 
normal catalytic activities for longer periods. The 
architecture of stomatocytes allows the enzymes to 
still be able to interact with external matter such as 
the substrate, something similar to what happens in 
biological systems. 

Since stomatocytes allow for a high local 
concentration of catalyst and easy access of the 
substrate to the cavity, they are a very appealing 
tool in catalytic aqueous processes, [56]. 
Furthermore, multi-compartmentalization will 
enable multiple processes to occur close to each 
other, without interfering or inter-degrading. This 
architecture will evolve artificial organelles and 
nanoreactors as they will resemble more the 
biological scenario. 
 
7.1.1 Stomatocytes for Drug Delivery / 

Nanocarriers 

In drug delivery or controlled cargo release, the 
creation of responsive and "intelligent" vesicles is 
of interest. These structures respond to physical 
stimuli such as pressure, temperature, magnetic 
fields, ultrasound, and light, and to chemical 
stimuli such as changes in pH, glucose, enzymes, or 
response to ROS, [57], [58]. 

Designing the nanocontainer implies knowing 
which environment it will face within the organism. 
For example, we know the pH of the 
gastrointestinal tract of a human changes along its 
length (pH 2 in the stomach, pH 5-8 in the 
intestine), [59]. The cancerous environment is 
mainly acidic (pH 6.5-7.2), endosomes (pH 
5.0,6.5), and lysosomes (pH 4.5-5). Smart 
polymersomes specifically stomatocytes can 
respond to external stimuli and be categorized as 
pH-responsive, light-responsive, thermosensitive, 
redox conditions responsive, magnetic field 
sensitive, and responsive to ionic strength and 
concentration of glucose. 

pH-responsive polymers have titratable 
functionalities in the pendant groups or in the 
polymer backbone that can be ionized or deionized 
as a result of the change in pH, depending on their 
pKa. This, in turn, affects the 
hydrophilic/hydrophobic behavior of the 
polymersome membrane leading to different 
outcomes. Different morphologies have been 
obtained to date by going from low to high pH or 
reversely, [60], [61], [62]. 

In the case of thermosensitive polymers, the 
changes in temperature lead either to the formation 
of stomatocytes, disintegration, or opening through 
spontaneous membrane inversion or rearrangement, 
[63], [64].  

In response to the stimuli, the particles can 
briefly have three responses that lead to a release of 
the cargo: a) disassembly / total disruption; b) 
change in membrane permeability, leading to a 
controlled and slower release; c) change in 
morphology (for example opening of the neck). 
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Especially in b), the size of the nanocontainers 
can affect the rate of cargo release, since the 
diffusion across the membrane, due to a gradient 
difference of the molecules between the interior 
and exterior depends on the membrane thicknes, 
s[65]. Ideally, through the design of the block 
copolymers and control over the conditions of 
preparation of the particles, one would be able to 
choose and dictate the rate of release of the cargo, 
[66]. 

Several initial studies successfully stably 
integrated different compounds in polymersomes, 
[67], [68]. 

The premise that polymeric vesicles and its 
membrane can change as a response to different 
stimuli, starts the path to building controlled 
delivery systems, [60], [61], [69], [70]. 

The encapsulation efficiency and the drug 
loading capacity are important for a system to be 
clinically and industrially relevant, since, if needed 
to attain the therapeutic window, one needs to 
inject higher quantities of nanoparticles. The drug 
molecules can be incorporated by dissolving them 
with the block copolymers, in an organic solvent 
suited for both the cargo and the membrane-
forming building blocks, and then starting the self-
assembly process. 

In general, PEGylation can render nanocarriers 
more stealthy inside the organism and prolong their 
circulation while avoiding phagocytosis, [71].  

A possible candidate for an anticancer drug 
delivery system was shown in [72], where 
platinum-loaded hybrid stomatocytes (both PEG-b-
PCL [73], [74] and PEG-b-PS) nanomotors are 
self-assembled. One of the advantages of this 
system is that it is self-propelled, meaning it can 
penetrate tissues and cellular barriers [75], [76] and 
follow gradients of its fuel, in this case hydrogen 
peroxide [77]. 

The building blocks of the particles were PEG-
b-PCL mixed with PEG-b-PS at different ratios of 
weight/weight (0/100, 25/75, 50/50, 75/25, and 
100/0, respectively). By the traditional 
methodology[27] stomatocytes were formed when 
PEG-b-PCL was less than 75% in the mixture. The 
hydrophilic drug Dox was loaded in the water 
lumen when self-assembly took place. The 
incubation of stomatocytes with 50% PCL, loaded 
with this drug, with citric acid/Na2HPO4 buffer 
(pH=1), produced a decrease in the pH, resulting in 
the formation of large pores in the membrane and 
even full stomatocyte degradation, leading to a 
controlled drug release (Figure 19).  

Additionally, both normal stomatocyte 
nanomotors (only PEG-b-PS) and hybrid 

stomatocyte nanomotors (PEG-b-PCL mixed with 
PEG-b-PS) were taken up by HeLa cells. In the 
case of the biodegradable hybrid stomatocyte 
nanomotor, observed by fluorescence analysis, the 
drug was diffused over the cell, which indicates 
drug release upon degradation. This was different 
from the dot-like fluorescence signal of the normal 
stomatocytes, meaning no or little drug release 
(Figure 20). 

Indeed, the motion of the nanoscale motors 
directly facilitates the uptake by target cells since 
the movement increases the probability that contact 
between the target cells and the delivery system 
takes place. 

 

 
Fig. 19: SEM images of stomatocytes with 50% 
PEG-b-PCL before acidic degradation (a), and after 
acidic degradation (b). Scale bars of 400nm. 
Adapted from [72] 

 
 

 

Fig. 20: (a) Bright-field images of cells after being 
incubated with normal stomatocytes in hydrogen 
peroxide. (b) Confocal images of cells after 
exposure to normal Dox-loaded stomatocytes. (c) 
Bright-field images of cells after being incubated 
with hybrid stomatocytes in hydrogen peroxide. (d) 
Confocal images of cells after exposure to hybrid 
Dox-loaded stomatocytes. Adapted from [72] 
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Fig. 21: Scheme illustrating the process of 
synthesis of tat functionalized stomatocyte 
nanomotors. Adapted from [76] 
 

Another study shows the first functionalization 
of drug-loaded stomatocyte nanomotors with a cell-
penetrating peptide (Figure 21), [76]. Trans-
activator of transcription (tat) peptide, derived from 
the tat protein of HIV is used to functionalize the 
stomatocytes since it normally plays an important 
role in the entrance of the virus and cargo 
translocation to the cell interior, [78], [79].  

Amine functionalized PEG66-b-PS190 is utilized 
in 1% or 5% mixed with PEG44-b-PS190 since the 
amine groups allow easy functionalization and 
modification with peptides (Figure 22).  

 

 
Fig. 22: TEM images of 5% FITC-tat 
functionalized stomatocyte nanomotors. Scale bar 
of 100nm. Adapted from [76] 
 

Fluorescein isothiocyanate, FITC, is used as a 
model drug, facilitating the visualization in cell 
uptake experiments by confocal fluorescent 
microscopy. 

HeLa cells are used to investigate the ability of 
the nanomotors to penetrate the cell. Both FITC 
PEGPS Pt stomatocytes and FITC-tat PEGPS Pt 
stomatocytes were incubated with the cells in a 
hydrogen peroxide solution. FITC-tat PEGPS Pt 
stomatocyte nanomotors were indeed taken up by 
the cells which remained intact. Some particles 
were also found still attached to the membrane, 
representing the beginning of internalization 
(Figure 23). 

 
Fig. 23: Resulting in merged images of tat 
functionalized stomatocyte nanomotors in the 
presence of 0.015% hydrogen peroxide for 6 hours. 
Cell membrane stained in red (cell mask deep red). 
Nuclei stained in blue (live cell nucleus dye 
Hoechst 33342). Scale bars 10 µm. Adapted from 
[76] 
 

Functionalized stomatocytes, FITC-tat PEGPS 
Pt, showed a higher ability of cell penetration 
compared to FITC PEGPS Pt stomatocytes. 
Furthermore, increased penetrating abilities were 
observed when, in the presence of hydrogen 
peroxide, the stomatocytes revealed an autonomous 
movement. 

Although they use a non-biodegradable PEG-
PS copolymer, this is an initial report representing 
the many possibilities in the design of nanodevices 
for drug delivery. 

Conjugation of targeting molecules or moieties 
onto the stomatocyte’s membrane can be done by 
conjugating the molecule to active groups present 
in the membrane after the vesicle is already formed 
or by conjugating the targeting ligand to the 
amphiphilic blocks before the stomatocyte 
formation. Click chemistry is being intensively 
used to achieve high degrees of surface 
functionalization through click reactions, [80], [81]. 

 
7.1.2  Stomatocytes as Nanoreactors 

Such as enzymes, and biocatalysts are molecules 
capable of converting substrates selectively and 
efficiently. They are very sensitive to all the factors 
around them and can easily be deactivated in the 
presence of nullifying molecules, such as proteases, 
and harsh ambient conditions. Biocatalysts are 
better than traditional methods to speed up 
chemical reactions because the process involves 
mild reaction conditions (temperature, pressure, 
and pH), generally comprises fewer steps, is less 
expensive, avoids the use of environmentally 
undesired organic solvents and generates less 
waste. 

The pool of available enzymes is constantly 
expanding thanks to DNA recombinant techniques 
and with the advance of science and technology, we 
can now create and arrange enzymes with improved 
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properties for desired applications. Creating 
micro/nanoreactors able to intracellularly 
compensate and rectify for the lost or decreased 
cellular function is an area of high importance in 
health investigation since these nanoreactors could 
be a good new solution in the context of enzyme 
replacement therapy.  

Shape transformation of polymersomes into 
stomatocytes involves the use of significant 
amounts of organic solvents[27]. However, it was 
observed that they are often not compatible with 
the entrapment of proteins and enzymes because 
they cause denaturation. 

Novel methodologies need to be implemented 
so that biomolecules can be encapsulated in 
different polymersome morphologies. 

Encapsulation in stomatocytes 

Enzyme immobilization is useful, since the 
handling of the enzymes, the separation of the 
product, and the recovery and re-usage are easier. It 
also renders enzymes more stable, less susceptible 
to changes in pH and temperature, and more 
resistant to denaturation. 

There are three main traditional methods for 
immobilization: binding to a carrier (in a physical, 
ionic, or covalent way), encapsulation/entrapment 
(inclusion of the enzyme in a network), and cross-
linking. 

As previously described, the mild methodology 
reported recently, for stomatocyte preparation, was 
developed to entrap enzymes inside the stomach, 
while not being harmed by the methodology[30]. 

The normal procedure of preparing 
polymersomes is done by adding water to a 
solution of copolymers (PEG-b-PS) in 
THF/dioxane (4:1, v:v). The solvent is then 
removed by dialysis against water for at least 24 
hours yielding polymersomes with glassy 
membranes.  

Through the solvent addition method, 
stomatocytes are prepared using low amounts of 
solvent (Figure 8). Enzyme encapsulation is done 
by adding the optimal quantity of enzymes to an 
aqueous suspension of stomatocytes previously 
prepared through a mild solvent addition method 
and left stirring for at least 30 minutes. By then 
adding solvent, and returning to the cycle of shape 
transformation, the opening of the stomatocytes is 
gradually closed so that the enzymes are retained in 
the inner cavity (the hydrodynamic diameter of the 
enzymes one wants to load needs to be considered 
so that the opening size is controlled accordingly) 
(Figure 24). Afterwards, the removal of the non-
encapsulated enzymes and the organic solvent is 
done by spin filtration and dialysis against a salt 

solution of 5mM NaNo3. Control over the closure 
of the neck of the stomatocytes (the process needed 
to entrap the enzymes) is done by simply adding 
150 μL of organic solvent to a 500 μL 
polymersome suspension within only 30 min.  

 

 
Fig. 24: Schematics of the process of enzyme 
entrapment by use of low amounts of organic 
solvent. 1. Water 2. Enzymes 3. Organic solvent. 
Adapted from [30] 
 

The methodology presents obvious advantages, 
as already mentioned above, using smaller amounts 
of solvent with fewer exposure periods, aiming to 
preserve enzyme activity. Furthermore, the shape 
transformation cycle they propose includes the 
structures for both enzyme entrapment and cargo 
release. 

More recently, milder cross-linking conditions 
of enzyme nano aggregates inside the cavity of 
PEG-PS stomatocytes enable to better preserve the 
enzyme activity in comparison to macroscopic 
CLEA processes, [56] (Figure 25). 

 

 
Fig. 25: Development of compartmentalized-cross-
linked enzyme nano-aggregates (c-CLEnA) inside 
the stomatocytes via cross-linker addition. Adapted 
from [56] 
 

CLEAs, a process of immobilization of 
enzymes through cross-linking of enzyme 
aggregates, offer the scenario where there is a 
highly concentrated stable enzyme activity with 
low production costs when compared to CLECs – 
cross-linked enzyme crystals and free-enzyme 
solution. 

The aggregates are prepared by precipitation of 
the enzymes in an aqueous solution, by the addition 
of either organic solvents, salts, or non-ionic 
polymers. The tertiary structure of the aggregates is 
kept because non-covalent bonds hold them 
together. The aggregates become permanently 
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insoluble, and their superstructure and catalytic 
activity are preserved upon cross-linking. 

Glutaraldehyde is often used as the cross-
linking agent since it is low-priced and easily 
available in significant quantities. It was however 
verified that this agent didn’t work with some 
enzymes as there was a small or no retention of 
activity. 

The initial encapsulation of the enzyme of 
interest (PLE - porcine liver esterase and CalB - 
Candida antarctica Lipase B) was performed using 
the same method, [30]. Using previously prepared 
open-neck stomatocytes, the enzyme is 
encapsulated by narrowing the neck through the 
addition of organic solvent which is later removed. 
Encapsulation efficiency was reported to be 
ranging from 8% to 35%, depending on the initial 
feed of enzymes and their properties. 

 

 
Fig. 26: PEG-PS stomatocytes loaded with CalB 
(Candida antarctica Lipase B) enzyme (A and B). 
CalB c-CLEnAs – cross-linked CalB 
compartmentalized inside the stomach (C and D). 
Scale bars 200nm. Adapted from [56] 
 

Authors used both glutaraldehyde (control) and 
genipin [82] as cross-linking agents. The cross-
linking of the aggregates is done inside the 
stomach, which is the template, yielding nano 
aggregates with more controlled sizes (Figure 26). 

For both genipin and glutaraldehyde, the cross-
linking process inside the stomatocytes was shown 
to be more efficient than the cross-linking of a free 
enzyme solution at the same concentrations. 

To prove the ability to act as a catalytic system, 
activity tests and characterization of the particles 
were made in the c-CLEnAs unloaded from the 
stomatocytes, by adding an excess of organic 
solvent (Figure 27). 
 

 
Fig. 27: (1) Comparison of specific activity (U mg-

1) in CalB-mediated hydrolysis of p-nitrophenyl 
acetate (pNPA) between the free enzyme, CalB 
loaded stomatocytes (with-out cross-linking) and 
CalB c-CLEnA. (2) Comparison of specific activity 
(U mg-1) in PLE (porcine liver esterase)-mediated 
hydrolysis of p-nitrophenyl acetate (pNPA) 
between PLE loaded stomatocytes (without cross-
linking) and PLE c-CLEnAs prepared with 
different concentrations of genipin. Adapted from 
the supporting information of [56] 
 

The study highlights why stomatocytes are an 
interesting tool in catalytic processes through the 
effect of enzyme compartmentalization: increased 
enzyme local concentration, easy access to the 
substrate, and facilitated cross-linking process. 
They further show that the structures (c-CLEnAs) 
can be re-used in flow applications (Figure 28) over 
the course of at least 5 runs (Figure 29) with no loss 
in activity and no significant leaching when 
compared to CalB loaded stomatocytes with no 
cross-linked enzyme. 

 

 
Fig. 28: c-CLEnA application and reusage for in-
flow catalysis. Adapted from [56] 
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Fig. 29: Comparison between the relative activity 
of (red) CalB loaded stomatocytes and (blue) CalB 
c-CLEnAs (both with 33% encapsulation 
efficiency) over the course of five runs. Adapted 
from [56] 
 
 
8  Conclusion 
In this document, an overview of polymersome 
preparation and shape transformation methods was 
presented. 

Stomatocytes are indeed supramolecular 
assemblies with very interesting structural 
characteristics and possess the advantages of 
polymeric vesicles. Methodologies to prepare these 
structures are evolving every day, searching for a 
standardized and simple producing process 
contributing to affordable “off the shelf” 
applications in nanomedicine and other areas.  

Studies related to the interaction between 
these particles and cells and with the whole living 
system are still necessary to better understand the 
cross-talk that happens at a molecular level and 
what influences the particle has on the host. 
Mechanisms of endocytosis of stomatocytes and 
other polymeric vesicles need to be understood for 
better design of the particles to fulfill the desired 
purposes[83]. It is possible to manipulate the 
endocytosis mechanism through the size, shape, 
surface composition, and topology of the 
nanoparticle. For stable introduction of a 
nanoreactor inside the cell, the stomatocyte needs 
to be internalized while surviving the destructive 
reaction that cells might have. Functionalization 
with well-known moieties and target ligands will 
provide a way for targeted delivery. Stimuli 
responsiveness gives a lot of control over the 
particle’s behavior inside the organism and inside 
the cells. 

The full potential of these particles is not yet 
developed. It is expected that further work can 
create affordable drug delivery and stable bio-
catalysis systems contributing to public health 
improvement and an environmental impact 
decrease. 
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