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A coarse-grain model for amphiphilic diblock copolymers is developed by fitting the required parameters to
properties taken from all-atom molecular dynamics simulations and experimental data. Computations with
the present coarse-grain model yield spontaneous self-assembly of a random system into membrane bilayers
when the amphiphilic diblock copolymers have a lipid-like hydrophilic/hydrophobic ratio. The model
semiquantitatively reproduces a number of experimental results that were not explicitly used in the
parametrization. In particular, diblock polymers with the appropriate ratio of hydrophobic-hydrophilic segment
lengths self-assemble into membranes whose hydrophobic thickness (determined from mass density profiles)
and scaling with molecular weight are found to be in good agreement with the experiment.

1. Introduction

Natural lipids spontaneously form vesicles in aqueous media.1

Both static and dynamic properties of these membranes have
been extensively studied over the years and well-characterized.2-8

However, defects and poor stability limit the utility of lipid
vesicles in, for example, drug delivery9 and biosensor applica-
tions. Desirable membrane properties such as controlled deg-
radation are also not so easily designed into vesicles of natural
lipids. Structurally, all-natural lipid membranes have a narrow
range of hydrophobic core thickness (typically 3-4 nm), making
it difficult to probe membrane properties as a function of
thickness. Any dramatic increase in core thickness would alter
the hydrophobic/hydrophilic ratio, and thereby promote a phase
transition to an inverted phase.

Such limitations with lipids have motivated development of
nonnatural vesicles.10 Synthetic membrane components have
included amphiphilic dendrimers,11 fullerene-based surfactants,12

and charge-balancing mixtures of cationic and anionic surfac-
tants.13 Extensive studies have also shown that vesicles can be
formed from organic super amphiphiles such as diblock
copolymers.14-22 These can have similar hydrophobic/hydro-
philic proportions to natural lipids, but consist of two distinct
polymer chains covalently linked in series.23,24 Importantly,
copolymer molecular weights can be considerably larger (3-
20 kDa) than those of natural lipid membranes (<1 kDa).25

Although the synthesis and study of a wide range of block
copolymers have been conducted,26 only recently have stable
and well-characterized polymer vesicles or polymersomes been
reported.15,17One key example is a nonionic diblock copolymer

first reported by Hillmayer and Bates,14 poly(ethylene oxide)-
polyethylethylene (EO40EE37, designated as OE7), that was
subsequently demonstrated to self-assemble into unilamellar
giant vesicles (termed polymersomes in analogy with liposomes)
in a variety of purely aqueous conditions. Together with a range
of related copolymers that also assembled into vesicles, the
hydrophobic core thickness of this class of polymer membranes
varies with copolymer molecular weight and in a range from
∼8-22 nm.27 Hence, polymersomes provide a novel, experi-
mental opportunity to study thickness dependence of membrane
properties in a systematic way. In practical terms, many
achievements with liposomes such as protein integration, fusion,
DNA encapsulation, compatibility, etc. have been achieved with
synthetic polymer vesicles,27 broadening the range of vesicle
properties through a wide choice of amphiphile molecular
weight, hydrophobic/hydrophilic fraction, and chemistry.

Polymersomes have thus proven to have interesting and useful
properties. They are stable well in excess of biologically relevant
temperatures27 and they exhibit remarkable mechanical stability;
OE7 vesicles, for example, sustain>20% mechanical dilation
compared to phospholipid membranes that rupture at<5%
stretching.28,29 As suggested above, such low stability is
attributed to smaller hydrophobic thickness, which makes lipid
membranes more susceptible to fluctuations and defects.
However, polymersome membranes have a lower lateral dif-
fusivity and a higher viscosity, with a fluidity that decreases
with increasing molecular weight and most dramatically with
chain entanglement.17 Such properties have motivated the
present simulation study, which is aimed at generating a better
understanding of polymersomes from a microscopic viewpoint.

Block copolymer membranes raise a number of further
questions that simulation can lend insight into. First, since all
synthetic polymers are significantly polydisperse (OE7 is about
10 times more than natural membranes),27 simulated models
can address the need30 or impact of polydispersity on vesicle
formation. Second, a unifying feature of polymersomes is the
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phospholipid-like hydrophilic ratio (fhydrophilic ≈ 35%( 10%)31

that is needed. Molecules withfhydrophilic < 25% are expected
to form inverted microstructures, reflective of a time-average
shape being an inverted cone, while the molecules withfhydrophilic

> 45% are expected to form micelles,27 reflective of a time-
average shape being cone shaped.

Despite progress on the experimental and theoretical stud-
ies32,33 of polymersomes no simulation studies have been
reported. Thus many microscopic aspects of these fascinating
systems remain to be understood. The unusually large system
sizes (typically consisting of>100 000 atoms) make the task
of carrying out simulations computationally very demanding.
Although the advent of PC clusters allows one to handle such
systems, it is still impractical to routinely study phenomena such
as the self-assembly of such large and slowly relaxing systems,
which occurs typically on a multinanosecond to microsecond
time scale. Existing simulation studies of block copolymers have
been mostly carried out by studying model block copolymers
with simplified interaction potentials. For example, dissipative
particle dynamics (DPD),34-38 discontinuous molecular dynam-
ics (DMD),39 Monte Carlo simulations,40 and Brownian dynam-
ics simulations41,42 have been used to study self-assembly of
block copolymers by microphase separation. Lipowsky and co-
workers43,44 developed simplified models for solvent and
amphiphiles and studied the self-assembled membrane properties
by carrying out extensive simulations. Recently Klein and co-
workers45-47 developed a coarse-grain (CG) model for phos-
pholipid molecules that was found to be effective in studying
various membrane properties. Marrink and co-workers48,49

demonstrated the efficiency of coarse-grain models by studying
a variety of membrane phenomena such as membrane fusion
and vesicle fusion.48 Marrink and Mark recently presented a
new coarse-grained model for lipid and surfactant systems.50

In all these studies, the basic coarse-grain approach builds on
pioneering works of Smit and co-workers.51,52 Encouraged by
such studies, in this work we have developed a similar CG
model for the diblock super amphiphiles mentioned above.
Anticipating our results, we will show that our CG model is
able to reproduce key experimental quantities reasonably well,
including the spontaneous self-assembly of diblock copolymers
with a lipid-like hydrophobic/hydrophilic ratio into membrane
bilayer structures.

This paper is organized as follows. A detailed description of
the CG model is presented in the next section. Section 3 contains
details of the simulations on membranes composed of mono-
disperse OE7 polymers. The simulation results are presented
in Section 4. The article ends with some remarks about future
directions.

2. The Coarse-Grain Model

To develop the parameters of the CG model we need target
observables, and these are taken either from experiments or from
all-atom simulations. To this end, bulk density and surface
tension values are taken from experimental studies,53,54 while
the remaining quantities are obtained by carrying all-atom (AA)
simulations. As already mentioned, all-atom simulations of these
systems are computationally demanding. For example, a modest
system containing 50 OE7 polymer chains, with sufficient water
to fully hydrate them, typically contains 100 000-125 000
atoms. Instead of carrying out simulations with long EOmEEn

copolymers, we have employed an AA approach (based on the
OPLS force field)55,56on minipolymer chains, as mimics of OE7
copolymers. These smaller chains are selected in a way to
represent all the different segments present in the diblock

copolymer of interest. Figure 1a represents the hydrophobic
(PEE) part of the diblock while Figure 1b represents a
copolymer consisting of hydrophilic and hydrophobic parts
along with the interface region. Mapping of the all-atom (AA)
diblock copolymer to coarse-grain units is pictorially shown in
the same figure (bf c). In this representation, each monomer
constituting the polymer is represented by a single spherical
CG unit. Thus, the ethylethylene monomer-CH2-CH(CH2-
CH3)- is represented by a single CEM unit while-CH2-O-
CH2- is represented by a single COE unit. The latter choice is
preferred over an ethylene oxide monomer unit-CH2-CH2-
O- merely for symmetry reasons. CEI represents-CH2-CH-
(CH2-CH3)-CH2-, a relatively larger group, present at the
diblock interface. The tertiary butyl group present at the end of
the ethylethylene block is represented by CET. Each of the
polymer chains described above contains 10 CG units. Note
that in the CG approach the number of interacting sites is
typically reduced by an order of magnitude.

As noted in previous studies,45,46 by grouping more than 3
-CH2- groups into a single entity might result in the loss of
structural information. However, in the present case we observe
that due to the presence of the ethylene branch, grouping four
carbons into a single spherical unit is a better approximation
than grouping three linear-CH2- groups into a spherical unit.
In addition, this obviously results in simplified structure while
retaining the basic topology of the polymer. In the following
section we describe the CG parametrization in detail.

2.1. Hydrophobic PEE. An all-atom simulation with 144
PEE chains (as shown in Figure 1a) has been carried out for
0.5 ns in an NPT ensemble at 298.15 K and 1 atm of pressure
with a 1 fstime step. Data collected during the simulation are
utilized to generate bond distance and bond angle distributions
for the consecutive monomers in the polymer chain. These
results are used as target observables for CG parametrization
as described below.

The CG polymer chain is constructed by using the center-
of-mass position of each monomer of the AA polymer chain.
Consecutive monomers in a polymer are bonded by harmonic
potentials of the form,

Here the equilibrium bond distance is denoted byro, andkb is

Figure 1. Representative polymer chains (a) PEE and (b) PEE-PEO
studied by all-atom simulations. The scheme for mapping an all-atom
diblock copolymer onto a coarse-grain model is also shown (bf c).
The monomer units EO and EE are represented by the coarse-grain
units COE and CEM, respectively. CEI denotes the interfacial unit,
while the end groups, namely tertiary butyl and CH2-OH, are
represented by CET and OA, respectively. The color code for the all-
atom representation follows: carbon, green; hydrogen, white; and
oxygen, red.

Ubond(rij) ) (kb/2)(rij - ro)
2 (1)
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the bond stretching force constant. The parametersro and kb

are determined by adjusting initial guesses until they satisfac-
torily reproduce the mean and variance of the bond distribution
obtained from the AA simulation of the hydrophobic chain.
Comparison between bond distributions obtained from AA and
CG simulations is shown in Figure 2. The bond distances
determined both from CG and AA are listed in Table 1. By
following Lipowsky et al.,43,44 the bond angle between three
consecutive monomers in the polymer chain is determined by
the cosine angle potential,

whereθijk is the bond angle formed by sitesi, j, and k. The
corresponding bond angle force constantkθ was adjusted until
the MD simulations reproduce atomistic bond angle distribution
satisfactorily. Comparison between AA and CG bond angle
distributions is shown in Figure 3. The bond-angle values
obtained from both CG and AA are listed in Table 2.

Since the parametrization of the CG intramolecular model
of the PEE chain is completed, we turn our attention to
intermolecular interactions. In the CG representation, the
interacting sites are physically larger than those of the AA model
and hence we need potentials with wider wells. Accordingly,
the nonbonded interactions among hydrophobic sites are mod-
eled with a potential of the Lennard-Jones (9-6) form,

Here,ε andσ correspond to the well-depth and van der Waals
diameter of the corresponding species. To determine these
parameters, we have chosen the experimental bulk density and
surface tension as target observables (adopted from literature).53

Both ε and σ are adjusted until the CG MD simulations
satisfactorily reproduce the experimental bulk density and
surface tension, respectively. While the calculation of density
is straightforward, for the surface tension the calculation needs
some explanation. We first constructed a slab with 144 CG PEE
chains in an NVT ensemble with a longer box length in the
z-direction (nearly 10 times that ofx- and y-directions). This
setup yields two air-hydrocarbon and two hydrocarbon-water
interfaces (as shown in Figure 4).57-59 The total tension of this
system can be written as,

In the above equation, we useγair-hc ) 23.37 dyn/cm andγw-hc

) 51.7.53 By following Lipowsky et al.,44 we have calculated
the total tension of the system according to the following
formula,

Figure 2. Comparison of group-group bond distributions obtained
from AA (thick line) and CG (thin line) molecular dynamics simula-
tions, respectively. The specific distributions are mentioned in each
panel.

TABLE 1: Average Bond Lengths Obtained from All-Atom
(AA) Simulations, and the Coarse-Grain Bond Potential
Parameters for All the Monomers Present in EOmEEn
Copolymers

bond
all-atom
〈r〉 (Å)

coarse-grain
〈r〉 (Å)

coarse-grain
kb (K)

CET-CEM 3.39 3.41 12400
CEM-CEM 3.70 3.86 3200
CEM-CEI 3.69 3.72 4850
CEI-COE 3.73 3.75 3250
COE-COE 2.97 2.97 4550
COE-OA 2.46 2.46 2815

Ubend(θijk) ) kθ[1 - cos(π - θijk)] (2)

U(rij) ) (15/4)ε[(σ/rij)
9 - (σ/rij)

6] (3)

Figure 3. Comparison of bond angle distribution obtained from AA
(thick line) and CG (thin line) MD simulations. The CG units involved
in defining the bond angle are mentioned in the figure. As shown, by
adopting the CG method the finer structural details are averaged out
but the resulting distribution shows the correct overall behavior.

Figure 4. Simulation cell setup (y-z plane) used to calculate the
hydrocarbon-water interfacial tension as viewed along thex-axis cell.
The color scheme is as follows: water, blue; hydrocarbon chains,
yellow; and the hydrocarbon chain ends, violet.

TABLE 2: Comparison of Various Bond Angle Parameters
Obtained from the AA and CG Models

angle
all-atom
〈θ〉 (rad)

coarse-grain
〈θ〉 (rad)

kθ

(K)

CET-CEM-CEM 96.12 96.00 12400
CEM-CEM-CEM 102.3 102.0 5200
CEM-CEM-CEI 98.72 99.00 5600
CEM-CEI-COE 99.01 92.125 3300
COI-COE-COE 146.7 146.1 900
COE-COE-COE 138.1 138.1 1000
COE-COE-OA 109.0 109.0 900

τtot ) 2[γair-hc + γw-hc] (4)

τ ) Lz/2[Pzz- (Pxx+ Pyy)/2] (5)
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whereLz is the box length along thez-direction andPij is theij
component of the pressure tensors in theij direction. The
prefactor,1/2 in the above equation, is appearing since there
exists two interfaces.σ is adjusted until simulations yielded a
tension (τ), such that|τtot - τ| < 2 dyn/cm. All the nonbonded
parameters, thus obtained, for the hydrophobic part are listed
in Table 3.

2.2. Water. We model water as a spherically symmetric
interaction site (W), which represents a loose grouping of three
water molecules. W sites interact via a Lennard-Jones (6-4)
potential given by,

The quantitiesε andσ have a similar meaning as above. More
details on the CG water model can be found elsewhere.45

2.3. Hydrophilic PEO. The interaction potential parameters
among and between all the CG units for the hydrophilic part
are presented in Table 3. We have developed tabulated potentials
for poly(ethylene oxide) in our earlier study.45 Hence, we omit
the details of treating the CG PEO part and present all the
interaction potentials among and between hydrophilic groups
in Figure 5.

2.4. The PEE-PEO Interface Region.Having parametrized
both hydrophobic and hydrophilic parts separately, now we turn
our attention to the hydrophobic-hydrophilic (PEO-PEE)
interface region. This is crucial, since the diblock interface plays
a major role in determining both the structure and dynamics of
polymersomes.17 The PEO-PEE interface region is param-
etrized as before, but with two differences: (a) one additional
CG unit, namely CEI, exists in this case and (b) since this is
not a one-component system, the nonbonded parameters cannot
be obtained in a straightforward manner as in the case of PEE.
To this end, both the bond distance and bond angle parameters
are obtained by comparing AA and CG bond distance and bond
angle distributions, respectively. However, for the quantities
involving CEI, agreement between AA and CG results is not
very good. This can be rationalized, in part, by the observation
that in a system withN polymer chains, each withm monomer
units, there exist onlyN interfacial sites in comparison to (m -
1) × N EO and EE sites. Hence, there is a potential problem
with statistics. We tune the nonbonded parameters carefully,
so as to obtain the correct interfacial tension, which is a central
quantity in determining the polymersome properties. As men-
tioned earlier, this is not a one-component system. Hence, we
choose the AA radial distribution function as a reference to

obtain the nonbonded parameters. To begin with,σ and the
potential well-depth,ε, are adjusted so as to approximately
reproduce the first peak position and height of the corresponding
g(r), respectively. The parameters are tuned appropriately and
used as input for the next CG simulation iteratively. The iterative
process continued until the CG simulations satisfactorily
reproduced the AA radial distribution functions.60

In Figure 6, comparison between radial distribution functions
(RDFs) obtained from AA and CG MD simulations is shown.
All-atom RDFs are obtained by calculatingg(r) between the
center of mass of the corresponding monomer units (shown in
Figure 1). As can be seen from the figures, agreement between
RDFs obtained from AA and CG is reasonably good. However,
small discrepancies persist which can be attributed to the large
CG units used in this study. All the nonbonded interaction
parameter values between various CG sites are presented in
Table 3.

TABLE 3: Parameters for Nonbonded Potentials between
Various CG Sites for a System of OE7 Diblock Copolymers
in Water

sites type σ (Å) ε (K)

W-W LJ64 4.58 21.1
W-CET LJ96 5.03 188.0
W-CEM LJ96 4.89 193.0
W-CEI LJ96 5.49 188.0
CET-CET LJ96 5.48 138.0
CET-CEM LJ96 5.20 176.0
CET-CEI LJ96 5.36 142.0
CET-COE LJ96 5.08 88.00
CET-OA LJ96 4.26 18.0
CEM-CEM LJ06 4.90 170.0
CEM-CEI LJ96 5.36 148.0
CEM-COE LJ96 5.02 90.0
CEM-OA LJ96 4.52 18.0
CEI-CEI LJ96 5.50 102.0
CEI-COE LJ96 5.14 54.0
CEI-OA LJ96 5.04 12.0

U(rij) ) (15/4)ε[(σ/rij)
6 - (σ/rij)

4] (6)

Figure 5. Tabulated potentials used among the hydrophilic (PEO block)
CG units, namely COE, OA, and W are shown.

Figure 6. The radial distribution functions of various CG units obtained
from AA (thick line) and CG (thin line) are compared. In the right
panel thick solid and broken lines correspond to AA radial distribution
functions, while the thin solid and broken lines represent respective
CG results.
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3. Simulation Details

A CG diblock copolymer chain (EO40EE37) was constructed
by using the CG parameters developed in the foregoing section.
Due to the CG representation, each polymer has 78 CG units
(including a terminaltert-butyl group). The simulation system
is constructed in a box by replicating a basic unit containing 4
polymer chains (two in the upper leaflet and two in the lower
leaflet) and 340 CG water sites. Polymer chains are placed in
such a way that the hydrophobic tails face each other, while
the hydrophilic parts are exposed to water. This system is
allowed to relax and equilibrate at 298.15 K. We then replicated
the simulation cell in thexy-plane to generate polymer systems
with respectively 8, 16, 32, 64, and 128 polymers. After delicate
adjustments to remove overlapping water molecules, the final
simulation system contained 128 copolymers and 10856 CG
water (W) sites.

The simulation system was allowed to relax and equilibrate
at 298.15 K for 5 ns. For the next 5 ns, the stability of the
bilayer was monitored. As mentioned in earlier studies,61 the
CG approach involves larger size interacting sites and softer
potentials, which essentially results in the time scales that are
dilated by 2 orders of magnitude larger in comparison to the
all-atom simulation times. All of the times reported in this article
are the actual CG simulation times, and not the effective
simulation times that are likely 2 orders of magnitude longer.

3.1. Constant Area Simulations.To compare our simulation
results with the experimental results, it is necessary to carry
out MD simulations with constant surface area for each polymer
(PA) that corresponds to zero tension. This is an important
observation because the surface/interfacial tension of the system,
which is very sensitive to the quantityPA, can vary over an
order of magnitude by moderately changing surface area.17

Hence, for this purpose we have chosen an NAPT en-
semble.43,44,57 In this ensemble, the simulation box length in
the x- and y-directions is fixed while it is allowed to vary in
thez-direction. As a result, the normal pressure in thez-direction
fluctuates around a mean (pressure) value, while keeping the
surface area per polymer unchanged. Such methodology was
used earlier by Lipowsky et al.43,44 to determine the interfacial
tension of self-assembled model bilayers.

3.2. The Zero-Tension System.The simulation system
constructed with a defaultPA yielded an arbitrary value ofτ.
Since the experiments are generally carried out at zero tension,
it is important to determine the surface area per polymer
corresponding to zero tension. This task is accomplished in the
following manner. The initial system having area per polymer
PA ) 113.1 Å2 resulted inτ ) 18.5 dyn/cm. This system was
then studied in both expanded (increased tension) and com-
pressed (decreased tension) states by dilating thexy-plane by
approximately 5% alongx and y. The resulting systems with
different fixed surface area are allowed to relax and then
equilibrated for 5 ns. The total tension of each system was then
determined according to eq 5. The variation in tension with
surface area is plotted in Figure 7. Symbols show the simulation
result while the full line is a linear fit. The dashed horizontal
line corresponds to zero tension. From the intersection of these
two straight lines, we determine the area per polymer that
corresponds to zero tension. In this case we find PA

ï ) 104.2
Å2. A simulation cell with this area per polymer was constructed
and the simulation results thus obtained were compared with
experiments (see below).

4.Results

4.1. Polymersome Properties.A snapshot taken from a
simulation of a EO40EE37 bilayer is shown in Figure 8. The
thick yellow portion corresponds to the EE hydrophobic core,
red chains to the PEO and light blue spheres represent W
particles, the CG water. In the same figure mass density profiles
for the components of the bilayer at zero tension are shown as
a function of distance from the bilayer center. Close inspection
of the density profiles reveals that the water penetrates the
PEO-PEE interfacial region. A recent experimental study62 also
showed that the water swells PEO chains at the PEO-PEE
interface, which in turn prevents the possible PEO phase
transition, thereby making the vesicles more stable. The
hydrophobic thickness calculated from density profiles is 7.68
nm, which is in good agreement with the experimental observa-
tions (∼8 ( 1 nm).

4.2. Self-Assembly.The results presented in the previous
section were obtained by carrying out simulations on a pre-
assembled zero-tension bilayer. Here, we study the self-assembly
of block copolymers. For this purpose, we have selected
relatively smaller copolymers compared to OE7, namely EO10-
EE9 diblock copolymers. Note that this copolymer continues to
have∼38% hydrophilic fraction (similar to that of OE7), which
is a typical lipid-like hydrophobic/hydrophilic ratio.

The simulation system was constructed by initially distribut-
ing CG polymer chains on a 3D cubic lattice and hydrating the
resulting system with sufficient CG water sites. The resulting
simulation system contains 108 EO10EE9 copolymers and 2160
W particles. This system was then first equilibrated at the desired
thermodynamic state (298.15 K temperature and 1 atm pressure)
by keeping the polymers immobile. This results in a suitable
initial unbiased lattice configuration. Since we aim to study
natural self-assembly, to avoid unwanted compressions/expan-
sions during the simulations, an isobaric NPT ensemble was
used. This ensemble isotropically compresses/expands the box
lengths, in contrast to the general NPT ensemble.

Starting from the initial lattice configuration, the dynamics
of spontaneous self-assembly was monitored. The initial con-
figuration and the snapshots obtained during the self-assembly
are presented in Figure 9. The copolymers start self-assembling
spontaneously through the association of hydrophobic groups,
which cluster together. The cluster size increases with time.
Hydrophilic segments, being relatively smaller, are unable to
prevent PEE chains from being exposed to water. This likely
motivates the rapid aggregation among the hydrophobic seg-
ments in a fashion that minimizes the exposure of hydrophobic
segments to water. The clusters subsequently readjust to protect
hydrophobic segments from water exposure. Self-assembly in
this case results in a bilayer (as shown in Figure 9).

Figure 7. The total tension,τ, of the polymersome membrane is plotted
as a function of polymer surface area,PA. The dots are the CG
simulation results, while the full line is a linear fit to the data. The
dashed horizontal line corresponds toτ ) 0. PA

ï (area per polymer at
τ ) 0) is determined from the intersection of the two straight lines.
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To understand the hydrophilic dependence of the block
copolymers, it is necessary to study the self-assembly of
copolymers by varying the hydrophilic fraction. For this purpose
we have chosen EO19EE9 polymer chains corresponding to the
60% hydrophilic fraction. In this case the simulation system is

constructed by placing 48 copolymers among 6912 CG water
molecules as before. Note that as more water is added, the
hydrophobic block increasingly avoids hydration, which results
in an increase in the interfacial tension tending to straighten
the interface and increase the hydrophobic thickness.63 Starting

Figure 8. Snapshot taken from a CG simulation on a preassembled OE7 bilayer. The right panel shows density profiles for individual components
of the bilayer. The color code is the following: PEE, yellow; PEO, red; and water, blue.

Figure 9. Self-assembly of diblock copolymers as observed in CG simulations. The simulation started from a lattice configuration with 108
EO10EE9 diblock copolymers in 2160 CG water sites (the color code is the same as in Figure 8). Hydrophobic tail ends are shown in violet.
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from a lattice configuration, spontaneous self-assembly of EO19-
EE9 copolymers is studied. Corresponding simulation snapshots
are shown in Figure 10. Copolymers start self-assembling
spontaneously through the hydrophobic groups gathering to-
gether. The self-assembly study in this case revealed similar
features to that of bilayer formation. The initial lattice config-
uration starts forming local aggregates which diffuse gradually
and reorient themselves in a way to prevent the hydrophobic
segments from water exposure. The presence of a large
hydrophilic fraction makes this task easier and hence the
spontaneous self-assembly results in spherical micelle formation
as shown in Figure 10. The resulting spherical micelle is
observed to be stable until the end of the simulation (20 ns).

The simulation results described above can be interpreted in
a straightforward manner. The unique driving force behind the
spontaneous self-assembly in this case is the hydrophobic
interaction of PEE segments with water. Hence the copolymers
try to adopt a structure in which the PEE chains are minimally
exposed to water. In other words, the surface area of the final
configuration should be able to be completely covered by PEO
chains to the maximum extent. An obvious choice is a spherical
micelle, where the hydrophobic blocks are completely hidden
inside, while the PEO chains form an outer corona. As expected,
this is observed in the case of EO19EE9, where the hydrophilic
segments are long enough to cover the hydrophobic core.

5. Conclusions

In this work, we have developed a coarse-grain model for
polymersome membranes. The simplicity of the CG method
allows us to probe polymersome self-assembly as it occurs
locally on the nanosecond to microsecond time scale. Starting
from a random configuration, we showed that suitable block
copolymers with a lipid-like hydrophilic fraction spontaneously

self-assemble into a bilayer while the larger hydrophilic fraction
facilitates the spherical micelle formation.

The results obtained from CG simulations are in good
agreement with experimental observations. For example, the
hydrophobic thickness of the OE7 bilayer agrees very well with
the experimental findings. The density profile study suggested
that the water penetrates the hydrophobic-hydrophilic interface
region to a considerable extent. This is in accordance with a
recent experimental study, concluding that the water swells PEO
chains.

As mentioned earlier, the average shape of the molecule is
most simply a reflection of the hydrophilic-hydrophobic ratio.
In this work we have studied self-assembly with a lipid-like
hydrophilic/hydrophobic ratio (fhydrophilic ) 38%). In an effort
to understand thefhydrophilic dependence of the microstructures,
we have studied the self-assembly of copolymers by varying
the hydrophilic fraction. Block copolymers with 60% hydro-
philic fraction self-assembled into a stable spherical micelle
configuration.

Experimental studies revealed that the OE7 vesicles show
nearly 10% more polysdispersity compared to that of natural
biomembranes. In the present study we have not taken this fact
into account. All the systems we have studied are monodisperse
systems. However, experimental studies16,17,31 concluded that
the results in this polydisperse system are not affected by the
small population present at the ends of the polydispersity
distribution. To examine this point and also to see to what extent
the present results are affected by polydispersity, it is also
necessary to study a polydisperse system. Work in this direction
is under way.64

Block copolymers containing PLA (polylactic acid) are of
considerable interest due to the hydrolytic biodegradation of
PLA, which is widely exploited in controlled drug release.65,66

Water-soluble block copolymer micelles have been tested as

Figure 10. Self-assembly of diblock copolymers with a larger hydrophilic fraction (60%) as observed in CG simulations. The simulation started
from a lattice configuration with 48 EO19EE9 diblock copolymers among 6912 CG water sites (the color code is the same as in Figure 9). The
self-assembly in this case resulted in a spherical micelle as shown in the figure.
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hydrophobic drug carriers,66-69 but PEO-PLA vesicles are only
now being reported.17 The present study promises the feasibility
of modeling such systems. We likewise aim to develop such
models with suitable CG potentials and perhaps study chemical
degradability in our future work.
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