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Molecular Simulation of the Shape Deformation of a Polymersome
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Vesicles composed of diblock copolymers, or polymersomes, have proven to possess numerous applications ranging from
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drug delivery to catalytically driven nano-motors. The shape of a polymersome can be responsive to external stimuli, such

as light or solvent. Molecular dynamics simulations reveal that the shape change upon the contraction of the inner volume
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of a polymersome vesicle occurs in two separate regimes—a stretching regime and a bending regime. The barrier is shown
to be dependent on the solvent environment. These results suggest that tailoring the bending modulus of polymer

membranes can be used as a design methodology to engineer new stimuli-responsive vesicles.

28

A. Introduction 29

“Polymersomes” are diblock copolymer membranes that form38
vesicle shape in solution 2, Due to their high molecular weig@i
polymer vesicles as compared with phospholipid vesicles posses;,)aZ
higher mechanical rigidity and a lower water permeability 3. 5
example, phospholipid membranes can possess a bending rigidity
approximately in the range of 0.2-1.3x107%°] (~5—30kgT 5
while diblock copolymer membranes have a bending rigidity that ¢ %
range from approximately 1.3-20.0x107'°] (~30 — 500 kg
The inherent hydrophobicity and thickness of polymer membran
(~4-15 nm) as compared with phospholipid membranes (~2-4 n
imparts a selective permeability to polymer membranes. This solve
selectivity can be harnessed to engineer and fine-tune membran
and polymersomes that are responsive to solvent concentration
form unique shapes. Stimuli-responsive polymersomes have diver
materials applications as nanocarriers &7, nanoreactors 8, and evirzl
as biomimetic systems 9 10, 4
Besides the equilibrium spherical geometr
polymersomes often deform to form a range of shapes includi
disco-cytes, dumbells, pear-shaped vesicles, and stomatocyt
dependent on the surrounding environment !1. These sha
transformations are generally induced by a change in the osmogb
conditions surrounding a membrane, leading to a balance betwe
the change in internal concentration of the membrane (osmo
pressure) and its bending energy 2. The free energy of fluid, nop
crystalline membranes in vesicular shapes has contributions due
the bending rigidity, k, and the Gaussian bending rigidity, kg, plus grg
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osmotic pressure difference inside and outside the membranes, as
well as the surface tension 1213 as follows:

F=f(fc+y)dA+Apfdv

where fc=%(2H+C0)2+KgK and ¢, is the spontaneous

curvature, H is the mean curvature, and K is the Gaussian curvature
of the membrane. The equilibrium shape of a spherical bilayer was
shown by Ou-Yang and Helfrich?3 to satisfy the following equation:
Ap — 2yH + x(2H + ¢,) (2H% — coH — 2K) + 2xV2H = 0

The threshold pressure for instability was shown to be Ap¢ o k/RS3,
where R is the radius of the vesicle. The elastic properties of
polymersomes, such as the membrane bending and area expansion
moduli can be tuned based on the unique diblock copolymer
compositions, with well-known scaling relations 4. For example, the
area expansion modulus, K,, for block copolymer membranes is
determined by the strength of the interfacial tension, K5~ 4y, which
varies with respect to polymer chemistry and environment 1415, The
interfacial tension and thus the area elastic modulus can be tuned
through cross-linking one of the components 16 or blending the
membrane with an additional copolymer or surfactant of different
molecular weight 10 7. The bending modulus has been
experimentally shown to scale with the thickness of the membrane,
Kk~ Kpd? 5.

Common copolymer chemistries that form polymersomes
include copolymers such as polythethylene oxide—polystyrene
(PEO-PS) and PEO-polyethylethylene (PEE) 2. In addition, polyester
based copolymers with biodegradable hydrophobic segments such
as poly caprolactone (PCL) and polylactic acid (PLA) have also been
shown to form these functional assembled membranes, oftentimes
used with blends of inert copolymers such as PEO-polybutadiene
(PEO-PBD) to modulate degradation and release profiles 3. While
morphologies and characteristics of PS-based vesicles have
previously been characterized in great detail 1819, recently, there has
been a revived interest in glassy polymersomes 20, For example, as
shown by Kim et al 2!, dependent on the water and solvent
concentration inside and outside of the membrane, these vesicles
can be inflated or deflated as the osmotic pressure difference varies.
Furthermore, Wilson et al & 11 2224 showed that during dialysis
against water, after preparing a PEO-PS polymersome in a mixture of
water and organic solvents, induces an osmotic pressure difference
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between inside and outside of the polymersome membrane ag)
transforms the spherical geometry to a stomatocyte. In particular
the formation of the stomatocyte occurs in a region given by a ran g’
of reduced volumes and reduced areas of the inner compartment
the polymersome as compared to the ideal spherical shape 1225 d
to rapid outward diffusion of the organic solvent during dialysis. Tﬁ
degree of shape deformation is found to be correlated to the amou
of cosolvent in the mixture 2!, Before reaching the stomatoc
conformation, the polymersome forms a series of non-spheri
structures ranging from prolate to disk 1. /0
While continuum models have been long been utilized ?c;l'
predict non-spherical topologies of fluid membranes and vesicles
26, the use of particle-based methodologies including such metho
as Monte Carlo, Dissipative Particle Dynamics (DPD), and moleculgl4
dynamics to characterize the shape transformation and/or stabili
of polymer vesicles are ongoing 27> 28, One constraint in utilizi
particle-based models to predict the materials properties of ponmZ
assemblies is the accuracy and thus the predictive power of tH
polymer force field 2°. Computational models of PS and additivéd
possess a long history 3032 with PS increasingly well-studied by bo8®
all-atomistic 33 and CG molecular dynamics simulations 34. Numero84
molecular-based models for PS have been developed, utilizing bo82
structural 3% and thermodynamic ** mapping methodologies 3¢. e
have designed a CG model for PS based on all-atomistic simulatiog
37 that is compatible with the CG model for PEO developed 3‘5
Shinoda et al 3¢, The CG water model is also developed by Shino
et al 36, The PS model was first characterized to show the corregty
scaling behavior for the radius of gyration of the polymer asgd
function of molecular weight in a poor solvent (water) 37. Next, t%@
PEO-PS force field was utilized to characterize the nature of glasgb
worm-like and spherical micelles38. Herein, we extend this coar
grain force field for PEO-PS diblock copolymers of certain amphiphi@'g
fraction to characterize the elastic properties (K, and k) of PEO-BY
diblock copolymer membranes. We show that PEO-PS membranggl
exhibit an expected K, and k, consistent with experimen'@s
measurements. We demonstrate that expected Ky is independegs
of the length of the copolymer, for low copolymer weights atgay
certain hydrophilic fraction. For the shortest copolymer,
characterize and predict k and show that this rigidity decreases wi
incorporation of a model hydrophobic solvent. We next utilize irm)
model to characterize perturbations to the structure of nearly O_t@)'sl
micron-sized polymersomes and explore the process of shi
deformation. We find two different regimes in the shape changieﬁ
these model PEO-PS vesicles, the first dominated by stretching Ofqul
membrane and reorientation of the polymer chains, the secg@g
regime dominated by the splaying of the polymer chains. 106
We develop a simple algorithm to accelerate the ProcRsy
of diffusion of the solvent from the inner compartment by gradufﬁ\e
moving water from inside of the polymersome to outside in multi
cycles. After each cycle the simulation is run long enough forilj_g)
polymersome shape to equilibrate, approximately 50 ns. The inpeq
volume of the polymersome shape changes upon removal of fh.?
water, and, as a result, the polymer vesicle forms a non-spherj_Cfug
shape. The shape change undergoes two major structt_f_rfh
rearrangements of the polymer bilayer membrane. First, fITS
hydrophobic core stretches longitudinally. Next, this is foIIowqu_E\S
the bending and crumpling of the membrane inward. The fﬁ-?
energy analysis of the shape change of the polymersome calculaté
with Umbrella Sampling 39 further reveals that the stretching and]c
bending regimes of PEO-PS membrane are separated by a Hig®
energy barrier on the order of 20 kcal/mol. 120
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Due to the large system size and longer time scales involved in these
PEO-PS membrane and polymersomes, coarse-grained (CG) based
molecular dynamics simulation (CG-MD) is the ideal methodology to
study the self-assembly of di-block co-polymers like PEO-PS. CG
models have been routinely used to study self-assembly of different
biological, as well as synthetic soft materials, including polymers,
peptides, proteins, and membranes in science and engineering 40-45,
The CG parameters for PS are developed by Drenscko et al. 37, based
on a Shinoda-DeVane-Klein (SDK) 46 coarse-graining approach. The
parameters for PEO and water are developed by the Klein group 4+
47,48 Intra-molecular interactions in the SDK model are calculated
via harmonic potentials given by Vionq(r) = K, (r — 15)? and
Vangie (0) = K4 (8 — 6,)?, respectively. Here, K, and r, are the
equilibrium force constant and distance for bond stretch, and K, and
6y are the equilibrium bending force constant and equilibrium value
for angles. Non-bonded interactions are set by a pair-wise additive
potential based on the Lennard-Jones (L)) potential: Upj9_¢ =
27/4)el(a/r)° — (o/1)} or Upjr2-a = (3\/5/2)3{(0/7”)12 - (a/
r)*} 4. Cross-interactions between the PEO and PS are estimated
assuming a combination rule between the PEG-CG bead, i, and PS CG
group, j, where &; = (s,-isjj)l/z and o;; = (0y; + 0j;)/2. We have
previously tested these CG parameters for PEO-PS worm micelles38,
Here, we usie a model weakly hydrophobic bead to mimic the
fluidizing effect of solvent on the shape transformation of a
polymersome. The solvent LJ parameters, both € and g, are the same
as the interfacial bead of the PEO-PS polymer, as defined in Sl Table
1.

To test this model further, four different CG bilayer membranes with
polymer chain Iengths PEOg-Psls, PE011-P543, PE016-PSG4, and PEOzz-
PSgs are simulated in an aqueous medium. All of the bilayers contain
100 polymers and 100,000 water molecules. The total number of
beads in each system varies between 150,000-200,000. 100 ns
trajectories are generated for each bilayer system with the time step
of 10 fs. All simulations are performed under NPT conditions at 300
K and 1 atm using LAMMPS 30 using Nose-Hoover thermostat®! using
the equations of motion from Shinoda et al 32 and Parrinello-Rahman
barostat >3 and the equations of motion of Martyna et al >*. In
addition to the bilayer membranes, we also equilibrated two small
polymersomes with polymer chain lengths PEO3-PS1s and PEO11-PSas.
Each system contains 1300 polymers and 400,000 water molecules.
The total number of CG beads for PEOs3-PSis and PEO11-PSas3
polymersomes are around 500,000 and 700,000 respectively. Finally,
a large polymersome with diameter around 40 nm is setup. The
system contains 10,300 PEO3-PS;s polymers and 1,090,000 water
molecules. Altogether it has 1,759,500 beads. 100 ns trajectories are
generated for each polymersome under NPT conditions.

Umbrella Sampling.

To construct the free energy profile for the shape change of the PEO-
PS polymersome due to contraction of inner compartment, we used
umbrella sampling (US) techniques >> for efficient sampling. The
reaction coordinate for the US is the radius of gyration of the inner
leaflet (rgi) of the polymersome. A harmonic potential, %k(rgi —
rgol. 2, was employed during simulation. Here, the force constant k =
2 kcalmol™*A~2 and 1)) is the reference radius of gyration of the

inner leaflet. The initial configuration of 20 different cycles are

This journal is © The Royal Society of Chemistry 20xx
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Fig 1. (a) Density profile of PEOs-PSss (solid line), PEO11-PSas (dashed line),
PEO16-PSesa (dotted line), and PEO2-PSss (dot-dashed line) membranes.
Hydrophilic fraction is constant. (b) Snapshot after 100 ns simulation of a
CG’ed model of a PEO-PS diblock copolymer membrane, specifically PEO3-PS1s
and PEO11-PSss. PEO is grey and red, PS is cyan (upper leaflet) and silver
(lower leaflet).

chosen as 20 individual reference points for US simulations. For eaqif,
window we performed 30 ns simulation. Finally, to obtain tHe
potential of mean force (PMF) as a function of 1, we used tHg
weighted histogram analysis method (WHAM) 56,57, 48
49
50
51
52
53

To begin with, to validate the PEO-PS force field, we utilize long-ti Rer
coarse grain molecular dynamics (CG-MD) to characterize structu
and mechanical properties of PEO-PS bilayers with increasi
copolymer chain lengths at the same hydrophilic fraction. Due to té%

C. Results and Discussion

Properties of Membrane.

slow dynamics of the long PS chains, as investigated a
characterized for PEO-PS spherical and cylindrical micelles 58, we
not characterize the self-assembly of bilayers at this time. However,
we note that approaches such as MC with implicit solvent could 9
an alternative approach to equilibrate these systems >°. We simulab@
four different CG bilayer membranes with varying copolymer cha3
Iengths PEO3-P515, PE011-P543, PEOle-P554, and PEOzz-PSgs, compos@aﬂ
by EOm-PS,, where m = Ngo and n = Nps are the indicated number of
monomers. Bilayer membranes were made, keeping constant the
hydrophilic monomer fraction, fzo ~. 1, where fgo = mgoNgo/
(mgoNgo + mpsNps), consistent with the vesicle phase.

Structural Properties of Membrane.

Along with water, the average density profiles of both PEO and PS
along the normal to the bilayer plane are highlighted in Figure 1(a).
Irrespective of polymer chain length, a narrow density profile of PEO
suggests a sharp interface between the hydrophobic PS core of the
membrane and hydrophilic PEO. In addition to the interface, the
profile further reveals a density dip near the center of the bilayers
for the shortest polymer chain length (PEO3-PS;s). A similar density
dip was also reported previously ¢ between the two leaflets of a lipid
bilayer as well as a polymer membrane with small chain lengths. As
the membrane becomes thicker with increasing polymer chain
length, the density dip disappears and a localized density of PS near

This journal is © The Royal Society of Chemistry 20xx
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Fig 2. (a) Variation of density fraction of PS (p;) form the center of
PEO-PS membrane with four different chain lengths. Black line for
PEOs-PSis, red for PEO11-PSas, green for PEO16-PSes, and blue for PEO22-
PSss. (b) Scaling of the membrane core thickness, d, as a function of
MWohob, d ~ MW phot?38,

the center with a plateau value of 0.8 g/cm3 is observed. This again
agrees well with previous simulation studies 1 62 of diblock
copolymer membranes. In Figure 1(b), we present the final
snapshots of PEO3-PS;s and PEO4;-PS;3 membranes after 100 ns. The
two leaflets of each membrane are shown in different colors. In
agreement with the density dip, the snapshot depicts very little or
nearly no overlap between the two leaflets of the PEO3-PSis
membrane. In contrast, for the PEO11-PS43 membrane, the PS
polymer chain ends interpenetrate within the hydrophobic core.
Hence, due to the overlap of the leaflets, the density dip disappears
for long copolymer chain lengths.

Scaling With Molecular Weight.

The width of the membrane also depends on the melting of its two
leaflets. Mean field arguments of the strong segregation limit (SSL)
predict the width of the hydrophobic core, d ~ Ni2/3, where Ny is the
length of the hydrophobic polymer in the bilayer/vesicle phase. For
fully stretched chains, d ~ N, while for ideal chains, d ~ Np/2
Experimentally, for the case of PEO-PBD, as well as computationally
via mesoscopic simulation techniques 1, for the case of PEO-PEE, the
scaling has been found to be close to the ideal random chain 4. To
compute the width of the hydrophobic core, we calculate the density

fraction of PS (ps) as a function of distance from the central core
—PPS_ Variation of
PPs*PPEO

the bilayer plane are highlighted in Figure 2(a). Any regions with pf
greater than 0.8 are considered as a part of the membrane
hydrophobic core. As molecular weight of the PS (MWphob), is

region. py is defined as Py against normal to

12—
~ 8k .
g
Q
g {
>
=
= 4k E B PEDESIS
I PEO11-PS43
B PEOI6-PS6
B PEO2-PSS6
) Y E I B
0 0.02 0.04 0.06 0.08
AA/A

0
Fig 3. Surface tension vs area of expansion of PEO-PS bilayers. The
slope leads to an estimate of the area elastic modulus, Ka, of
approximately 125 dyne/cm. Each simulation was run for 20.0 ns.
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proportional to the length of the hydrophobic polymer, Ny, in Figub
2(b), we have shown the variation d for a range of MWohoo. TH3
thickness of the bilayer for higher molecular weights is given by thel
relation, d ~ MW,ho,®%89, which is close to the ideal random chdxb
limit. This is also consistent with previous experiments 14 and receb6
simulation studies 62 for PEO- PBD membranes. However, for the
lowest molecular weight (PEO3-PS;s), the width of the hydrophobic
core deviates from the ideal random chain limit. For the lower
molecular weights, less entropic force is needed to stretch the
chains, which causes them to more tightly pack, as they deviate from
the ideal configuration of the random chain. This naturally leads to
less interpenetration as the chains approach the brush limit.

Mechanical Properties

To study the elastic properties of the bilayer, we next calculate the
membrane area elasticity for PEO-PS diblocks for a range of
molecular weights. Considering similar values of Hildebrand
solubility coefficients for PS and polybutadiene (PBD), the interfacial
tension between PEO and PS, yeeo-ps is expected to be similar to PEO
and PBD, ypeo-pos = 26 mN/m. From the interfacial tension one can
estimate the area elastic modulus, Ka = 4Vinterface=102 mN/m, which
is predicted to be independent of the molecular weight of the
polymer. We make a simple computational estimate of Ka for a PEO-
PS bilayer membrane from the slope of the tension (y) vs. area

fitting the data points for individual membranes. While,Ka is, not
predicted to be dependent on the moleculamweight @fotkie pobyneest,
here initial results suggest an increase at higher diblock copolymer
lengths, which is contrary to previous findings and is likely an artifact
due to limited sampling, especially considering the long molecular

Page 4 of 12

Chain Length Ka [dyne cm-1] Ao [A?]
PEO3-PS1s 129.6 (+2.3) 76.2 (£0.2)
PEO11-PS43 118.1 (£5.1) 2413 (£ 0.8)
PEO16-PSe4 122.2 (+4.5) 253.7 (£ 0.9)
PEO,-PSgs 378.5 (£10.6) 262.1 (£ 0.4)

Table 1: Area elastic modulus ( Ka ) and area per polymer (Ao) of
PEO-PS membranes with varying molecular weight.

expansion, AA/A, for a given set of diblock lengths. To do so, we
stretch each membrane gradually along the xy-plane from its
equilibrium structure (zero surface tension). After each stretching,
we equilibrate the membrane for 5 ns followed by a 20 ns production
run. The final configuration of each production run is used as the
starting configuration for the next simulation of the membrane with
increased area. We determine y by using the formula, y = ((L,/2) [(P..
— (P + Pyy)/2)]), where Pj; is the ij component of the pressure tensor
and L, is the box length along the z-axis. The calculations of y along
each of the trajectories have been carried out by averaging over 4
different blocks each with 5 ns duration, using a block averaging
approach. The variations of y due to stretching for all four
membranes with different polymer chain lengths are shown in Figure
3. Irrespective of chain length, artificially stretching the membrane
shows an increase in surface tension. A close comparison between
the membranes further suggests that for the longest chain length
(PEO22-PSgs), the increment in surface tension with increasing surface
area is relatively higher compared to other membranes. Due to
higher y values, to estimate the area average elastic modulus, Ka, we
calculate the slope of surface tension vs. area expansion without
considering the data for PEO,,-PSgs. The average Ka is found to be
around 125 dyne/cm or 125 mN/m, which is close to the initial
theoretical estimate of 102 mN/m. In addition, a Kx ~ 120 mN/m has
been also reported for polyethylene oxide — polyethylethylene (PEO-
PEE) polymersomes. In Table 1 we also present results of estimated
Ka’s and equilibrium area per polymer chain A for four different
lengths of PEO-PS diblocks. These measurements are performed by

4| J. Name., 2012, 00, 1-3
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Fig 4. Schematic representations of the four steps to get a well equilibrated preassembled polymersome structure. The first step is the exchange
of polymers between the inner and outer leaflets. The second step is the adjustment of water inside the inner core of the polymersome. In the
third step, the polymersome adjusts water number inside the polymersome by forming multiple pores. Finally, we find the well-equilibrated
starting structure of the polymersome. The blue circles represent the hydrophilic PEO, while the red lines represent the hydrophobic PS.
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1 weight of the PS. This needs to be further tested. The computationd8 After adjusting the polymer distribution within the polymersome, we
2 measurements as shown in Figure 3 are made using one init&® next vary the number of water molecules inside the polymersome to
3 membrane conformation, and calculating the interfacial tension f80 best approach an equilibrium structure of the polymersome. With a
4 four different initial membrane areas over 20 ns simulation tim®1 gradual increase in the number of waters, the polymersome adjusts
5 More accurate measurements and a better calculation of error c32 water density inside by forming multiple pores. After conformational
6 be estimated through averaging over several initial membradd@ relaxation, the pores again disappear and the polymersome radius
7 conformations, as well as a greater sampling of initial membraddl adjusts accordingly. With further increase of the number of waters
8 areas. 35 inside the polymersome, the structure starts to disintegrate. Details
9 36 areshown in Table 2. After equilibrating the polymersome structure,

10 Polymersome Simulations. 37 we continue the simulations for 100 ns.

11 Preparation of Initial Structure.

Table 2. System details for the preparation of initial structure of

12 Next, we set up three pre-assembled PEO-PS polymersomes the larger PEO3-PS35s polymersome.

13 structure with two different polymer chain lengths PEO3-PS;s and

14 PEO4;-PSss. For each case six different trials are performed, holding | Trial Number of polymers Number  of

15 the number of polymers and the initial core radius of the Inner leaflet Outer leaflet | waters inside

16 polymersome constant and varying the number of polymers in the the

17 inner and outer leaflets, as well as the concentration of water in the polymersome

18 center of the polymersome to set up an equilibrium starting 1 5150 5150 100000

19 conformation. Detailed steps are shown in Figure 4. First, we start 2 4650 5650 100000

20 with equal number of polymers (650 for small and 5150 for big 3 4150 6150 100000

21 polymersomes) (based on the surface area of the inner core) in the 4 3700 6600 100000

22 inner and outer leaflets of the polymersome. As the initial system is 5 3700 6600 110000

23 not stable, we next gradually move polymers from the inner leaflet 6 3700 6600 120000

24 to the outer leaflet keeping the total number fixed. Finally, for the 7 3700 6600 130000

25 small polymersomes, the stable system contains 550 and 75@

26 polymers in the inner and outer leaflets respectively, and, in th®  we set up two small polymersomes with polymer chain lengths of

27 larger polymersome, there are 3700 and 6600 polymers respectivelyg  pEQ,-PS,s and PEO1;-PS,s, with diameters of nearly 20 nm and 30 nm

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) Final configurations of the PEO3-PSis polymersome for four different ®s(0.92, 0.69, 0.61 0.34). @ is the fraction of solvent
present inside polymersome relative to initial structure. PEO is shown in blue and red and PS in gray. The diameter is approximately
40 nm. When ®s drops below 0.6, the polymersome bilayer starts to contract non-spherically. (b) Density profiles of PEO, PS and

water from the center of mass of the polymersome.

respectively, as shown in SI-1. Each system contains 1300 polyme3d
and 400000 water molecules. Finally, a large polymersome wiB2
diameter of around 40 nm is simulated for 110 ns (Figure 5). TI3S
system contains 10,300 PEO3-PS;s polymers and 1,090,000 wat3é4
molecules. Altogether it has 1,759,500 CG beads. Six trials have bed®
performed for each polymersome with varying water number 36
water molecules inside to obtain the optimized for diameter for tBe/
equilibrium spherical structure. We also test the response of thes&
two smaller polymersomes as we shrink the inner compartmerd9
gradually removing water. Results for the small polymersome 4é

also discussed in SI-1 to SI-3. 41
42
Polymersome Shape Change 33
45

Next, we computationally mimic the contraction of the inner volu 46
due to the diffusion of solvent from inside to outside of t
polymersome, as in experiments!® 23, The computational procejé
does not correspond to a spontaneous diffusion process. We a
artificially accelerating the diffusion of solvent through t
membrane. The diffusion of a hydrophobic compound should ta
place at timescales of seconds to hours, which would allow mog
time for the vesicle to relax in experiments. We take the firBa
structure of the large 40 nm diameter polymersome after 100 g
simulation time, then randomly select a range of CG solvent bea
from 2000 to 10000, from the inner hydrophilic core, place those
solvent beads at least 20 A away from the outer radius of t %
polymersome and equilibrate for another 30-50 ns until the inner
leaflet is equilibrated, and next repeat the cycle. We also test this
algorithm for the presence of both CG water and a model CG
hydrophobic solvent bead, with parameters characterized by the
interfacial bead of the PEO-PS polymer. Twenty cycles (Cycle 1 to

6 | J. Name., 2012, 00, 1-3

Cycle 20) are performed, for each case. To remove the overlap during
the insertion of water at outside the polymersome, we first select a
water molecule which is at least 20 A away from the polymersome
and then add a small displacement to its original position. The new
position is the updated position of the water molecule that was
originally inside the polymersome. Additionally, before gradually
increase the time step from 0.01 fs to 10 fs, the system is minimized
for 10000 steps. The final snapshots after different cycles for the
contraction of the polymersome in CG water are shown in Figure 5(a)
and SI-4. Final configurations in presence of 20 % hydrophobic
solvent are also incorporated in SI-5. The driving force of the
polymersome shape change under osmotic pressure stimuli is the
reduction in volume of its inner compartment 25 26, The density
profiles of both polymers and water molecules from the center of the
polymer assemblies, as shown in Figure 5 (b), SI-6, and SI-7,
characterize the degree of contraction. The contraction of the inner
compartment is also evident from the variation of inner core radius
(see SI-8). Upon contraction of the vesicle, the density and shape of
the PEO and PS significantly shift. Initially when the solvent fraction
(@) is above 0.6 (up to Cycle 6), under the low stress conditions, it
contracts symmetrically with an overall spherical structure. Qs is the
fraction of solvent present inside the polymersome with respect to
its equilibrium structure. Transferring more water from inside of the
polymersome to outside, contracts the inner core further and the
bilayer also starts to bend inward, after which eventually shape of
the polymersome becomes non-spherical. The change in spherical
symmetry can also be characterized by the variation of the ratio
between minimum (/min) and maximum (/max) principle axis of the

This journal is © The Royal Society of Chemistry 20xx
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1 moment of inertia, I, of the polymersome (Figure 6(a)). Here, 132
2 3 mr?. Up to Cycle 3
3 theratioisalmost 1 referring to a spherical geometry. Afterward, B
4 value starts to decrease substantially. In comparison, in the case th3b
5 the solvent is mixed CG water and a model hydrophobic bead, Wb
6 find that the ratio decreases more quickly, indicating the formatié
7 of a non-spherical geometry at earlier cycles.
8 Next, to understand the coupling between the two leaflets of B9
9 polymersome during shape transformation, we compute tAQ
10 gyration order parameter (G,). G,is defined as, 41
1 . < rgl(i) > 42
T < rgl(O) > 22
12 Here 75 (0) and 75, (i) are the radius of gyration of the
13 individual leaflets, outer or inner, of the polymersome without ag$
14 under the osmotic pressure stress conditions respectively. G, cgy
= 15 vary from 0 to 1. 0 means no contraction of the polymersome wigg
fr 16 respect to its equilibrium conformation, whereas for fully contract
fr- 17 structuresitis 1. Contraction of the individual leaflets of the polym
= 18 vesicles is evident from Figure 6(b). It can be further seen t
= 19 magnitude of the contraction of the two leaflets are significar:E
§ 20 different from each other (also see SI 9). Before reaching a plate Lé
§ 21 region after ®s=0.6, the degree of contraction of the inner leafleta3
£ 22 relatively higher than the outer leaflet. Such anisotropic contracti
= 23 is only possible as the hydrophobic core begins to expand. f
g 24 comparison, in the case that the solvent is mixed CG water an
5 25 model hydrophobic bead, we find that the inner leaflet contracts
2 26 a greater degree in earlier cycles. Figure 6(c) shows the avera
& 27 hydrophobic core width after each cycle. As in the membrane cag
E 28 the density fraction of the hydrophobic core, py is defined
é 29 pps‘lﬁ - Any regions with py greater than 0.8 are considered ag3
Z 30 part of the hydrophobic core width. The hydrophobic core wid63
2 31 increase is only possible since the radius of gyration of the inner cofel
§ T YT T T 7T 2
E 0osf @ - i ® 1 2
S s f 1 o1k 4 7
5 < 09 1o | 3
s R A = 1 oosk ;
Z 08k - L 1
é L. 1. N Py . ) \ : >
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Fig. 6. Variation of average (a) ratio between minimum (/min) and maximum
(Imax) principle axis (b) gyration order parameter (G;) (c) width of the
hydrophobic core and (d) stretching S of PS counterpart of the PEO-PS
polymers as a function of @s. ®s is the fraction of solvent present inside the
polymersome with respect to its equilibrium structure. The contraction in
the presence of only CG water is black, while the contraction in the presence
of both CG water and model hydrophobic CG solvent is indicated in green.
In (b) the black and blue line correspond to G; for inner and outer leaflets
respectively, while the green and pink line correspond to the G, for the inner
and outer leaflets in the presence of both CG water and CG solvent. Two
different regimes, stretching and bending, due to the contraction of the
inner compartment of the polymersome emerge.

This journal is © The Royal Society of Chemistry 20xx
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decreases more quickly than the radius of gyration of the outer core.
Indeed, an increase in vesicle thickness of thedREQ@-R&patymersorae
under osmotic pressure stress is also found experimentally 24. The
equilibrium polymersome vesicle shape balances the membrane
bending energy with the line tension of the membrane edge 63 64,
Diffusion of solvent forces the inner compartment of the
polymersome to contract. Shrinking decreases the surface area of
the polymersome but increases its bending energy. In comparison, in
the case that the solvent is mixed CG water and a model hydrophobic
bead, we find that the hydrophobic core is thicker, and the increase
in thickness continues as cycles continue. By expanding the
hydrophobic counterpart, di-block copolymer vesicles minimize the
degree of shrinking of the outer leaflet under the osmotic pressure
stress to avoid any additional energy cost due to bending.

This increase in core radius can be achieved via stretching
of individual polymers. Average stretching S of the PS counterpart of
the PEO-PS polymers is shown in Figure 6(d). S is defined as 6>

-

Here, x and L are the end-to-end distance and contour
length of the PS chain respectively. Stretching of the PS chain due to
reduced volumes of the polymersome is clearly evident in the
beginning of the perturbation to the spherical structure. Importantly,
S reaches a maximum at ®s=0.6 and afterwards remains constant or
decreases very gradually. It correlates nicely with the shape change
of the polymersome. Up to ®s=0.6 (Cycle 7), due to the stretching of
the PS chain, the polymersome contracts symmetrically and
maintains a spherical geometry. After the PS chain reaches its
maximum stretching limit, after Cycle 7, the polymersome shape is
governed by membrane bending and generates non-spherical
shapes. Depending on the reduced volume, the presence of two
distinct regimes of the polymer membrane response (stretching and
bending) is quite clear from all of the four parameters, as shown
Figure 6. Hence, in the beginning under low stress conditions, the
polymers start to stretch to keep the equilibrium spherical shape of
the polymersome via stretching of individual polymers. After a
certain threshold limit stretching of the polymers reaches a
maximum, bending takes over and the polymersome becomes non-
spherical. In comparison, in the case that the solvent is mixed CG
water and a model hydrophobic bead, we find that the PS chains
stretch to a greater degree in earlier cycles. In addition, the
transition to the bending regime occurs at earlier cycles.

Bending Modulus of PEO-PS Bilayer

J. Name., 2013, 00, 1-3 | 7
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Fig. 7. The spectrum of longitudinal polymer orientation fluctuations
(Inll;]?) of the PEO-PS bilayer multiplied by g°. The spectrum in the
presence of only CG water is black, while the spectrum in the presence
of both CG water and model hydrophobic CG solvent is indicated in
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green.

Considering the relevance of the membrane bending for the shaééL
transformation of the polymersome under osmotic pressure stimuli,
we calculate bending modulus (k) of the PEO-PS membrane based on
the fluctuation spectrum of the polymer orientation. This method
has previously been developed and applied to phospholipid
membranes % 67 but here we apply the method to polymer
membranes. In short, k is related to the fluctuations of polymer
orientation 67 68;
(Inlly 2y = 22~
qk

Here nll is the longitudinal component of the spectrum of the
polymer orientation. The polymer orientation is defined by a vector
connecting the two ends of the polymer hydrocarbon chain (PS
chain). An additional PEO3-PS;s membrane with 2000 polymers is
simulated for 110 ns in agueous solution to obtain k. Figure 7 shows
the variation of nll as a function of g. « is around 22 kgT. This
measurement of k is similar to what is expected for lipid
membranes?®, but slightly lower than might be expected for polymer
membranes. To put this measurement in perspective, the bending
rigidity for diblock copolymer membranes have been experimentally
reported to range from approximately 20 kgT up to 500 kgT,
dependent on the specific copolymer chemistry and the molecular
weight > 14, In comparison, in the case that the solvent is mixed CG
water and a model hydrophobic bead (20 %), we find that the
bending modulus decreases by approximately 50% to 10 kgT. The
decrease in bending modulus may be related with the decrease in
area elastic modulus of the membrane due to the presence of the
model hydrophobic solvent. Indeed, previously Bermudez et al.>
found that Kz = K,d? where B is a constant and d is the width of
the membrane. To check this, we also measure K, of the PEO3PSis
membrane in the presence of 20% model hydrophobic solvent. To be
consistent with the Ky calculation, we calculate K, of the larger
PEO3PS1s membrane with 2000 polymers following the same
methodology as previously discussed. The variation of y as a function
of surface area of the membrane is shown in SI-10 and the estimated
value of K, from the slope is around 86.2 dyne cm. Hence,
consistent with K, the K, value also decreases around 33 % in the
presence of model hydrophobic solvent.

8 | J. Name., 2012, 00, 1-3

Free Energy Profile of Polymersome Shape Change |, . . . c.ine
Next, we compute the free energy cost of thel:polytsersomeogoing
transitioning from the stretching regime to the bending regime. The
Potential of Mean Force (PMF) is constructed using US techniques
while considering the radius of gyration of the inner leaflet (rgi) asa

reaction co-ordinate. Details can be found in the Supporting
Information. As the shape change is happening due to contraction of
inner core of the polymersome, the radius of gyration of the inner
leaflet is an immediate choice for the reaction coordinate.
Besides Tay the surface area of the inner compartment of the

min

. I .
polymersome, local curvature of the bilayer, ; ratio, etc. can also

max

be used as reaction co-ordinates. In general, in US simulations, an
external potential is applied to move the system out of the
equilibrium. But here, for each window, the starting configuration
(initial structure of a particular cycle) is very far from the lowest
energy structure for that particular window. As the harmonic
potential (H) is applied with respect to the starting configuration, the
system moves gradually back to its local minimum with sufficient
sampling of the in-between regions. Two distinct regimes, stretching
and bending, are observed from Figure 8. It is further found that
these two regimes are separated by a high energy barrier of around
~ 20 kcal mol™. This high energy barrier is consistent with the high
bending modulus of the PEO-PS membrane. It is also important to
note that, as we are not considering the effect of the hydrophobic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. Potential of mean force (PMF) for the shape change of the polymersome. Here R, is the radius of gyration of the inner leaflet.

Stretching and bending of the polymersome bilayer due to contraction of inner compartment are clearly evident. These two regimes

are separated by a high energy barrier around ~ 20 kcal mol. PMF in the presence of only CG water is black, while the PMF in the

presence of both CG water and model hydrophobic CG solvent is indicated in green.

solvent, this is the energy cost only due to structural rearrangemergd§)
of the polymers during shape transformation of the polymersordd
under osmotic pressure stimuli. In experiments 11, a mixture of wata2
and hydrophobic solvent is used. The presence of hydrophot33
solvent speeds up the shape change due to the increased dynamidé
of the PS chains as demonstrated by the self-intermediate scatterid®
function as shown in SI-11.38 and reduces the bending modulus of tBé&
PEO-PS membrane as discussed previously. In comparison, in tB&/
case that the solvent is mixed CG water and a model hydrophot38
bead, we find a barrier that decreases by 50% to ~ 10 kcal mol-1. TI#9
is qualitatively consistent with the threshold pressure for instabild{)
predicted by Ou-Yang and Helfrich 13, and thus the free enerfyil
barrier, that is predicted to be proportional to the bending rigidity42

CONCLUSIONS

Currently, the molecular picture of how individual polymer chaid3
guide the shape transformation of polymersomes is mostly missin,
Herein, we perform a systematic analysis of the shape
transformation of PEO-PS diblock polymersomes due to reduced
volumes and reduced areas of its inner compartment. The presen

of two distinct regimes, stretching and bending, of the polymersome
membrane are evident. The initial response of the membrane, ﬂ'ﬁ
stretching individual polymer chains is consistent with macroscogld
experimental observations—an increase in membrane thickness d4g
to stretching of the PEO-PS polymersome under osmotic pressusg)
stress 24, Furthermore, these two regimes are separated by a high
energy barrier of around ~ 20 kcal moll. While stretching §6
individual polymer chains maintains the spherical shape of the
polymersome under initial contractions, the bending is responsible

This journal is © The Royal Society of Chemistry 20xx

for its final non-spherical geometry. The presence of hydrophobic
solvent lowers the barrier free energy for the shape change most
likely due to the decreasing bending modulus of the PEO-PS
membrane. In the presence of hydrophobic solvent the area elastic
modulus also proportionally decreases. These results can help guide
experimentalists in the future design of stimuli-responsive polymer
vesicles for various applications. The shape of the polymersome is a
key factor that regulates interactions of polymersomes with cells®®
70, Like red blood cells and disc-like erythrocytes 7173, the shape of
the polymersome is also believed to affect its flow properties 74.
SUPPORTING INGORMATION

The shape change of both a small and large polymersome are
discussed in SI-1 to SI-12.
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