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We show that when unilamellar polymer vesicles dispersed in water made from a blockcopolymer, in this 
case poly((ethylene oxide)45-block-(methyl methacrylate)164), poly((ethylene oxide)45-block-(methyl 
methacrylate)170), or poly(n-butyl methacrylate)81-block-(2-(dimethylamino) ethyl methacrylate)20 , are 
exposed to small hydrophobic molecules, here methyl methacrylate as well as n-butyl methacrylate, they 
can undergo morphological transitions. Upon swelling, the polymersomes lose their original simple 10 

bilayer morphology and transform into more complex coil-like and patchy colloidal structures, as 
investigated experimentally with cryogenic electron microscopy (cryo-EM). Dissipative particle 
dynamics (DPD) simulations on a model flat bilayer indeed show that transitions can occur upon bilayer 
swelling, which is accompanied by a change in the mechanical bilayer properties. The transition involves 
the formation of water pockets in the interior regions of the bilayer. Co-existence of the various 15 

morphologies in the experiments suggests an activation barrier towards morphological change and a 
possibility of multiple meta-stable states. The latter indeed is supported by the existence of multiple 
minima in the surface tension as function of bilayer area, as found in the simulations. 

Amphiphilic molecules can self-assemble into a variety of 
complex supramolecular structures, including hollow structures 20 

such as unilamellar bilayer-based vesicles.1-5 These fluid filled 
molecular sacs, from a simplistic view, can be seen as synthetic 
model analogues of primitive cell membranes and can contain a 
plethora of molecular and/or colloidal encapsulates. The majority 
of studies on vesicles is focused on waterborne systems and 25 

draws great interest from scientific communities dealing with 
miniaturization and confinement of fluidic reactions,6 human 
health, with vesicles serving as capsular drug carriers, and to 
those exploring the origin of life, in the form of synthetic cell 
membranes.7 Linking chemical composition with the physical 30 

properties of the vesicular bilayer is important to understand and 
optimize vesicle design, with mechanical robustness of the 
vesicles and permeability of the bilayer for transport or 
containment of active ingredients being two key characteristics. 
A common class of unilamellar vesicles is fabricated from 35 

naturally occurring phospholipids, such as 
dimyristoylphosphatidylcholine (DMPC), 
dipalmitoylphosphatidylcholine (DPPC), or sphingomyelin. 
Because of their biological context such supramolecular hollow 
structures are also referred to as liposomes. These constructed 40 

bilayer-based assemblies of amphiphilic molecules of low molar 
mass, also including the more synthetic analogue vesicles made 
from e.g. didodecyldimethylammonium bromide (DODAB), 
show only limited mechanical stability. This weakness can 
directly be correlated to the size of the molecular building blocks 45 

used and can predominantly be attributed to the limited thickness 

of the bilayer. A logical solution to this shortcoming is to use 
larger amphiphilic molecules in order to tailor membrane 
robustness and control the vesicular bilayer thickness, as well as 
influence its glass transition temperature and/or melting point. 50 

The preparation of vesicular structures from amphiphilic block 
copolymers was pioneered by Eisenberg and Discher, coining 
these as “polymersomes”.8,9 Advances in polymer synthesis of 
amphiphilic macromolecules has led to considerable interest in 
these polymeric vesicles, with fabricated polymersomes showing 55 

sophisticated features, such as triggered bilayer rupture or 
decomposition,10 biodegradability,11 and multi-component 
bilayers often showing phase-separated regions,12 which can be 
referred to as “rafts”.   An upcoming interest is the interaction of 
polymer vesicles with nanoparticles, reporting incorporation of 60 

hydrophobic magnetic nanoparticles into the bilayer,13 induced 
shape transformation through pearling of the bilayer membranes 
upon nanoparticle exposure,14 or formation of polymer vesicles 
armored with a layer of colloidal nanoparticles.15 
One area underexposed, however, is how bilayer based vesicles 65 

behave when they are exposed to small liquid hydrophobic 
molecules, a situation of importance for example when vesicles 
are employed in vivo for medical applications. It is plausible that 
swelling of the hydrophobic domains of the bilayer occurs by 
uptake of hydrophobic molecules.  This phenomenon has for 70 

example been exploited advantageously as a method to reinforce 
the robustness of vesicles by swelling them with a hydrophobic 
monomer that subsequently is polymerized in order to thicken 
and thus strengthen the bilayer. Successful intrabilayer swelling 



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

of vesicles with hydrophobic monomers and subsequent radical 
polymerization have been reported.16-20 Intriguingly, in several 
cases after polymerization a non-homogeneous distribution of 
polymer throughout the bilayer was observed, commonly in the 
form of a polymer bead attached to the bilayer structure. 21-23 The 5 

principle cause of this beading has been postulated to be phase 
separation between the growing polymer and vesicle bilayer. 22,23  
This is plausible when the polymer formed is incompatible with 
the amphiphilic molecules that form the bilayer, or could be 
possible if the free radius of gyration of the polymer molecules 10 

formed exceeds the thickness of the bilayer membrane. However, 
what is overlooked here is that the onset of phase separation can 
already be induced in the swelling stage. If true, this can have 
significant consequences in the physical properties and behavior 
of vesicles upon their use as containers and delivery vehicles of 15 

drugs.  
Brückner and Rehage observed that giant vesicles made from 
DMPC and DPPC underwent shape fluctuations when exposed to 
toluene, with occasional lens-shaped inclusions of solvent within 
the membrane.24 Jung et al.25 studied the interaction of DODAB 20 

vesicles and styrene indicating enhanced bilayer fluidity upon 
swelling and a drastic depression of the phase transition 
temperature. Moreover dynamic scanning calorimetric and 
fluorescent probe measurements suggested a non-homogeneous 
distribution and partial demixing of solute and bilayer at ambient 25 

temperatures. These studies indicate that rearrangement of the 
amphiphilic molecules is possible and brought on by phase 
separation upon swelling which leads us to believe that more 
drastic morphological transformations of (polymer) vesicles can 
be induced. 30 

Eisenberg showed that polymer vesicles of poly(styrene)410-b-
poly(acrylic acid)13 could undergo a drastic morphological 
transition into mesoscale aggregates with an internal structure of 
hexagonally packed hollow hoops in a polystyrene matrix upon 
addition of salt in a N,N-dimethylformamide:water mixture.26 35 

Van Hest and coworkers reported a reverse transformation,  from 
swollen spherical polymersomes in water:dioxane:THF ternary 
mixtures into stomatocytes upon dialysis against pure water.27 
Our aim was to take a combined experimental and computational 
approach to further shine a light on the behavior of bilayer based 40 

unilamellar vesicles when exposed to small hydrophobic liquid 
molecules in order to provide a better understanding. For our 
experimental study we decided to prepare polymer vesicles 
(polymersomes) from poly((ethylene oxide)-block-(methyl 
methacrylate)) and poly(n-butyl methacrylate)81-block-(2-45 

(dimethylamino) ethyl methacrylate)20 and to investigate their 
morphological behavior when dispersed in water saturated with 
the monomer methyl methacrylate (MMA) or n-butyl 
methacrylate (BMA). Morphological changes upon swelling with 
monomer of the exposed polymersomes were studied using 50 

cryogenic electron microscopy (both cryo-TEM and cryo-SEM). 
MMA and BMA were chosen as small hydrophobic molecules, as 
they are good solvents for the pMMA- and pBMA parts of the 
blockcopolymer, which should in principle allow for randomized 
and thus homogeneous bilayer swelling.  55 

For our theoretical study we employed dissipative particle 
dynamics (DPD) simulations28 of a model polymer bilayer. To 
model the exposure of the vesicle to hydrophobic molecules, at 

intervals throughout the simulations solvent particles are 
exchanged for hydrophobic particles, causing a gradual buildup 60 

of hydrophobic particles in the center of the bilayer.  
 

Results and Discussion 
 
We prepared the amphiphilic blockcopolymer poly((ethylene 65 

oxide)45-block-(methyl methacrylate)164) via atom transfer radical 
polymerization (ATRP) using α-methoxy,ω-tert-bromo-
dimethylcarboxy-poly(ethylene oxide)45 as macroinitiator 
synthesized from α-hydroxy,ω-methoxypoly(ethylene oxide) 
(<Mn> = 2163 g mol-1) (See ESI).  The blockcopolymer had a 70 

narrow molar mass distribution (dispersity via size exclusion 
chromatography (SEC) of 1.06) and a number average molar 
mass, <Mn>, of 18,583 g mol-1 as determined using 1H NMR and 
19,880 g mol-1 with SEC. The high value of the hydrophobic-to-
hydrophilic balance (HLB) of the blockcopolymers, with the 75 

hydrophilic poly(ethylene oxide) (pEO) being  10.7 wt% of the 
total mass of the polymer chains, has shown to lead to vesicular 
assembled structures for amphiphilic blockcopolymers.8 The 
other two block copolymers were prepared in a similar fashion 
(See ESI). Polymer vesicles were prepared from the 80 

blockcopolymer solution in tetrahydrofuran (THF) using slow 
addition of water (being a non-solvent for the pMMA or pBMA 
block), to reach a final solvent composition of 80% water: 20% 
THF and a final blockcopolymer concentration of 0.2 g L-1.  The 
obtained polymersome dispersion was thoroughly dialyzed 85 

against water in order to remove the THF. Cryo-TEM 
investigation showed that indeed unilamellar polymer vesicles 
were formed (See Fig. 1), in agreement with the hydrophobic-to-
hydrophilic balance of the blockcopolymers.  

Figure 1. Cryo-TEM micrographs of poly((ethylene oxide)45-90 

block-(methyl methacrylate)164) polymersomes dispersed in water 
(scale bar = 100 nm).  
 
Cryo-TEM images (Fig 1) show the expected structures with 
darker corona, with an approximate measured bilayer “thickness” 95 

of 30-32 nm. Care should be taken ascribing this to the actual 
bilayer thickness. Nevertheless, the observed ballpark length-
scale agrees with the chain length of the blockcopolymer. When 
we calculate the maximum end-to-end distance, or contour length 
(Lmax ), using 0.25 nm for the MMA unit and a more realistic self-100 

avoiding random walk estimation with a tgt conformation for the 
poly(ethylene oxide) having a unit length of 0.278 nm, this leads 
to a pMMA block length of ca. 41 nm and a pEO length of 12.51 
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nm. Hydration of the pEO layer weakens its contrast in cryo-
TEM imaging, hence we can assume that the observed bilayer 
“thickness” can be ascribed to the pMMA part of the 
blockcopolymer. Note that actual length of the pMMA segment 
in the bilayer logically is lower than the calculated contour 5 

length, because of bad solvent interactions, therefore reducing the 
overall end-to-end distance of the polymer chain, and thickness of 
the bilayer.  
 

 10 

Figure 2. Cryo-SEM micrographs of poly((ethylene oxide)45-
block-(methyl methacrylate)170) polymersomes. 
 
Cryo-SEM investigation of waterborne dispersions of 
poly((ethylene oxide)45-block-(methyl methacrylate)170) 15 

polymersomes suggests a “smooth” surface morphology of the 
polymer vesicles (see Fig. 2). Figs 2B/D show that the smooth 
surface remained even after prolonged sublimation of ice upon 
exposure to the electron beam. The same surface morphology can 
be observed in polymersomes made from poly(n-butyl 20 

methacrylate)81-block-(2-(dimethylamino) ethyl methacrylate)20  

 

Figure 3. Cryo-SEM micrographs of from poly(n-butyl 
methacrylate)81-block-(2-(dimethylamino) ethyl methacrylate)20 
polymersomes dispersed in pH=4.5 water. 25 

(see Figs 3). The polymersome dispersions prepared from this 
block copolymer tended to have a larger average size of around 
1000nm. Note that in case of the poly((ethylene oxide)45-block-
(methyl methacrylate)170) vesicles , a small fraction of large, that 
is of micronscale dimensions, multilamellar polymersomes were 30 

formed, which clearly could be visualised by sectioned cryo-SEM 
analysis (see ESI).   

Next, the aqueous polymersome dispersions were swollen with 
methyl methacrylate (MMA) by exposing them to water saturated 
with MMA (for method see Suppl. Info) for a period of 5 days at 35 

room temperature. To rule out the possibility of free radical 
polymerization of MMA, a small amount of radical scavenger 
was added in the form of the nitroxide TEMPO. Cryo-TEM 
analysis revealed the coexistence of multiple, more complex, 
morphologies. There were polymersomes which appeared to be 40 

“normal”, in which the monomer had swollen the bilayer, with an 
increased membrane thickness of approximately 38 - 42 nm. 
There are, in addition, more “complex” polymersomes, which 
show both coiled and patchy morphologies.  

. 45 

Figure 4. Cryo-TEM images of un-polymerized poly((ethylene 
oxide)45-block-(methyl methacrylate)164) polymersomes swollen 
with MMA dispersed in water. Scale bars 500 nm and 200 nm 
 
 50 

 

Figure 5. Cryo-TEM images of un-polymerized poly(n-butyl 
methacrylate)81-block-(2-(dimethylamino) ethyl methacrylate)20 
polymersomes swollen with MMA dispersed in water. 
 55 

Swelling of the pBMA based polymersomes, with MMA and 
subsequent cryo-TEM analysis revealed mostly a patchy 
morphology in most of the vesicles.(see Fig. 5) . A potential 
reason for the less drastic morphology changes in this case is the 
compatibility of MMA with the hydrophobic part of the 60 

polymersome structure. We therefore exposed the pBMA based 
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vesicles also to BMA, in order to promote swelling and thus 
shape changes.  
Cryo-SEM of poly((ethylene oxide)45-block-(methyl 
methacrylate)170) polymersomes swollen with MMA clearly 
showed that the original smooth surface morphology was no 5 

longer exclusive, but that the polymersomes now had more 
complex morphologies, clearly demonstrating that exposure of 
polymersomes to small hydrophobic molecules, in this case 
MMA, led to morphological transformations (See Fig 6).  

Figure 6. Cryo-SEM images of  poly((ethylene oxide)45-block-10 

(methyl methacrylate)170) polymersomes swollen with MMA. 
Both A and C show morphology caused by coiled structure and D 

shows a clear globular patchy surface. 

Figure 7. Cryo-SEM images of poly(n-butyl methacrylate)81-
block-(2-(dimethylamino) ethyl methacrylate)20 polymersomes 15 

swollen with BMA dispersed in water. 
Cryo-SEM analysis of poly(n-butyl methacrylate)81-block-(2-
(dimethylamino) ethyl methacrylate)20 polymersomes in water, 
now swollen with BMA, again showed clearly more complex 
surface morphologies (See Fig 7). 20 

   
Simulations 
 
In order to gain insight into the initial swelling of polymer 
vesicles, DPD simulations of a model bilayer have been 25 

performed (see supporting information). Shown in Fig. 4 are 
simulation snapshots showing how the bilayer structure evolves 
with increasing number of hydrophobic monomers (Nm). When 
Nm=0 particles the system forms a well defined, flat bilayer. 
When hydrophobic particles are added into the system these 30 

diffuse rapidly into the bilayer. This initially leads to both a 
swelling in the bilayer and a decrease in the rigidity, evidenced 
by large undulatory motions. Once the density of hydrophobic 
monomers ρM > ρM

C∼ 0.3125 (Nm = 3000) these large undulatory 
fluctuations are no longer present; instead a large ’bud’ of 35 

hydrophilic head groups forms within the bilayer, enclosing a 
small number of solvent molecules.  This is consistent with the 
experimental observations above, which show that the 
morphological transition in the bilayer occurs under the initial 
swelling, rather (or at least not solely) in the subsequent 40 

polymerization. 
 
More quantitative detail on the bilayer structure may be found 
from the density profiles of the different components (See Figure 
5). For the bilayer in pure solvent the density profile for the head 45 

groups has two well defined peaks with the single peak of the tail 
group density profile lying between. From the solvent profile it 
may be seen that little solvent penetrates to the inside of the 
bilayer. When only a small number of hydrophobic solutes are 
present the spacing between the peaks in the head group profile 50 

increases indicating that the bilayer swells as hydrophobic 
molecules enter into the bilayer. The number of solvent beads 
within the bilayer also increases. As the loading of hydrophobic 
solutes increases towards the critical budding loading the head 
group density profile becomes very broad, due to the wavy nature 55 

of the bilayer at these loadings, with the number of solute and 
solvent beads within the bilayer increasing. Above the budding 
transition, the head group profile regains two broad peaks. The 
density of head groups between these two peaks remains high, 
however, due to the head groups forming the intrabilayer bud.  60 

 
 
The incorporation of hydrophobic monomers into the bilayer 
affects its mechanical properties. Shown in Fig. 6 is the variation 
in the surface tension as a function of ρM . Initially as ρM increases 65 

γ decreases, consistent with large undulatory motions. γ then 
remains approximately constant before increasing again at the 
budding transition. 
 
 70 
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Figure 4. Simulation snapshots for ρMrc
3=0, 0.0675, 0.25,0.325 

(left to right). Head group beads shown in green, tail groups in 
red, and hydrophobic monomers in blue (for clarity solvent beads 
not shown). 5 

 
 

 

Figure 5. Simulation density profiles for (anti-clockwise from top 
left) head group, tail group, solvent, and hydrophobic monomers 10 

respectively. Data for ρMrc
3=0, 0.0675, 0.125, 0.1875, 0.25, 

0.3125, 0.375, and 0.4375 denoted by solid line (black) shows  ρM 
dotted line (red), dashed line (green), long-dashed line (blue), 
dot-dashed line (magenta), dot-long-dashed (gold) line, double-
dot-dashed line (gold), and dot-double-dashed line (purple) 15 

respectively. 
 
The changes in the bilayer rigidity may be quantified by studying 
the undulation motions of the bilayer. Treating the bilayer as a 
thin sheet with position u(x,y) (defined as in Safran29 and by 20 

Lindahl and Edholm30), the two-dimensional Fourier transform of 
this can be written as: 
 
 

 25 

 
 
 

 (Eq.3) 
 30 

where A is the (projected) area of the bilayer, kc is the bending 
modulus, γ is the surface tension, and γp is the tension due to 
protrusion models. q0 denotes the wavevector at which the large-
scale undulation motions are replaced by small-scale protrusion 
modes.  35 

 
 

 

Figure 6.  Variation of surface tension versus ρM 
 40 

 
The u2

und (q) calculated from simulation (Fig. 7+1(a)) clearly 
show this cross-over from small to large wavevector. The large-q 
behavior is essentially independent on the number of hydrophobic 
monomers, indicating the the presence of hydrophobic monomers 45 

in the bilayer has little effect on the small-scale behavior of the 
polymer chains. At low-q, however, the presence of hydrophobic 
monomers initially acts to increase u2

und (q → 0) due to the 
decrease in γ. Above the critical loading at the budding transition 
u2

und (q → 0) then decreases as the bilayer becomes stiffer.  50 

The fluctuations in the bilayer thickness may be considered 
through the peristaltic fluctuations, uper (x, y) = (w(x, y) − w0)/2, 
where w(x, y) is the bilayer thickness at x and y and w0 is the 
average thickness. The power-spectrum for the peristaltic modes 
is then: 55 

 
 (Eq. 4) 

uund
2 q( ) = kBT

A
×

kcq
4 + γ q2( )−1 q < q0

γ pq
2( )−1 q > q0,

⎧

⎨
⎪

⎩
⎪

uper
2 q( ) = kBT

A
×

kcq
4 + γ q2 + ke( )−1 q < q0

γ pq
2( )−1 q > q0,

⎧

⎨
⎪

⎩
⎪
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Figure 7 – Power spectra of the undulatory (top) and peristaltic 
(bottom) fluctuations of simulated bilayer. Data for ρMrc

3=0, 
0.0675, 0.125, 0.1875, 0.25, 0.3125, 0.375, and 0.4375 denoted 5 

by circles (black), squares (red), diamonds (green), triangles 
(blue), inverted triangles (cyan), + (cyan), crosses (gold), and 
stars (purple) respectively. 
 
 10 

where kd is the peristaltic bending modulus (which may be 
different to kc ) and ke is the force constant keeping the bilayer 
leaflets at their equilibrium separation. At large-q the data for all 
NM falls, as for the undulatory modes, onto a single curve. At 
low-q, however, u2

per (q) increases with NM as the bilayer width 15 

initially (almost uniformly) increases due to the incorporation of 
hydrophobic particles before the formation of the vesicle bud. 
 
While the simulation results presented above explain the 
formation of budded vesicles, both swollen and budded vesicles 20 

are seen experimentally. The formation of different vesicle types 
may be due to the budding transition being kinetically driven 
(dependent on the rate by which hydrophobic molecules enter the 
vesicle bilayer) or due to the existence of different metastable 
states. In order to minimise their energy vesicles will typically 25 

exist in the zero-surface tension state.   By calculating the bilayer 
surface tension as a function of the area-per-polymer this may be 
investigated (fig 8). For the bilayer in pure solvent this is an 
almost linear function with γ = 0 for Am ≈ 0.64 rc

2 . For loadings 
below the budding transition the zero surface tension state moves 30 

towards higher Am , indicating that the bilayer is under 
compression. Above the budding transition γ shows a more 
complex dependence on Am , in particular there are a number of 

values of Am for which γ = 0, indicating that the vesicle may exist 
in a number of metastable states. 35 

 
 

 
Figure 8. Plot of against bilayer area for ρMrc

3=0 (solid line, 
black) and ρMrc

3=0.375 (dotted line, red). 40 

 
 

Conclusions 
  
We showed that when unilamellar blockcopolymer vesicles 45 

dispersed in water are exposed to small hydrophobic molecules, 
they can undergo morphological transitions. Swelling of the 
bilayer membrane induces an instability that leads to the 
formation of waterpockets, as demonstrated by our simulations. 
One could speculate that these pockets arise due to Plateau-50 

Rayleigh type instability induced by interfacial tensions, or even 
with a Rayleigh-Taylor character induced by variations in 
densities. Coil type structures could be explained potentially 
through fusion of water pockets into a more cylindrical structure, 
which could then ripen again through coalescence into the patchy 55 

morphology. Co-existence of the various morphologies in the 
experiments suggests an activation barrier towards morphological 
change and a possibility of multiple meta-stable states. The latter 
indeed was supported by the existence of multiple minima in the 
surface tension as function of bilayer area, as found in the 60 

simulations. We feel that these results have impact in for example 
the area of drug delivery, as polymersomes used in vivo as 
delivery vehicles may undergo such transitions which would lead 
to different drug release profiles.  
 65 
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methacrylate)20 used, together with protocols for polymersome 
formation, dialysis, swelling, polymerization, and cryo-TEM and 
cryo-SEM preparation. Details of the Dissipative particle 
dynamics (DPD) simulations are also included.  
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