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Biomimetic polymer/protein membranes are promising materials for DNA sequencing, sensors, drug
delivery and water purification. These self-assembled structures are made from low molecular weight
amphiphilic block copolymers (Npygropnobic < 40 for a diblock copolymer), including poly(ethylene
oxide)-1,2-polybutadiene (EO-1,2-BD) and poly(ethylene oxide)-poly(ethyl ethylene) (EO-EE). To
examine these membranes’ nanoscale structure, we developed a coarse-grained molecular dynamics
(CG MD) model for EO-1,2-BD and assembled a CG MD model for EO-EE using parameters from two
published force fields. We observe that the polymers’ hydrophobic core blocks are slightly stretched
compared to the random coil configuration seen at higher molecular weights. We also observe an

increase in the interdigitation of the hydrophobic leaflets with increasing molecular weight (consistent

Received 24th September 2017
Accepted 13th November 2017

with literature). The hydration level of the EO corona (which may influence protein incorporation) is

higher for membranes with a larger area/chain, regardless of whether EE or 1,2-BD forms the

DOI: 10.1039/c7ral0573h hydrophobic  block. Our
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1. Introduction

Biomimetic membranes containing transmembrane proteins are
being extensively studied for use in drug and gene delivery,
sensors, reactive surfaces and water purification.”™ There have
even been some recent commercialization successes — products in
this area currently include the popular low cost DNA sequencer
(MinION) from Oxford Nanopore Technologies'? and the Aqua-
porin Inside™ forward osmosis water purification membranes
manufactured by Aquaporin A/S.”* Block copolymers (BCs) are
proposed as alternatives to lipids because they offer improved
chemical* and mechanical®* stability and the ability to incor-
porate transmembrane proteins.** This improvement in physical
and chemical stability is attractive from an applications perspec-
tive: for example, BC membranes incorporating transmembrane
water transport proteins or artificial water channels have been
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results provide a molecular-scale view of membrane packing and
hydrophobicity, two important properties for creating polymer—protein biomimetic membranes.

widely examined as selectively permeable membranes for sepa-
rations such as reverse osmosis (reviewed by Kumar et al.'").

The morphology of self-assembled block copolymers depends
on the volume fraction of each block (described by the hydrophilic
volume fraction, f); the chain length (degree of polymerization N);
and the effective interaction parameter (x) between the two
blocks, which depends on the difference in their hydrophobic-
ities. Thus, copolymer membrane properties can be tuned by
changing the block molecular weights (f, N) and polymer identity
(x)-” Polymer molecular weights and identity are easily manipu-
lated in simulations once a force field is developed, making
simulations an important tool for investigating the properties of
biomimetic membranes. In addition, simulations allow
researchers to visualize polymer membranes at the molecular
scale, and can aid in understanding the connection between
monomer interactions and membrane properties.

In this work we present coarse-grained molecular dynamics
(CG MD) models for two biomimetic-membrane-relevant block
copolymers: poly(ethylene oxide)-poly(1,2-butadiene) (EO-1,2-
BD) and poly(ethylene oxide)-poly(ethyl ethylene) (EO-EE).
Coarse-grained molecular dynamics simulations can extend all
atom (AA) simulations to longer time and length scales due to
the reduced number of force sites (each CG bead corresponds to
multiple atoms). Reduced numbers of CG force sites enable
shorter computational times for studying self-assembly of
polymers compared to atomistic approaches. We focused on
low molecular weight polymers (12-40 hydrophobic monomers

This journal is © The Royal Society of Chemistry 2017
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per chain) as these are appropriate for biomimetic membrane
applications due to the need to approximately match the
thickness of the block copolymer's hydrophobic domain with
that of the membrane-spanning region of membrane proteins.
1,2-BD and EE, have similar structures, but 1,2-BD is less
hydrophobic, having a Hildebrand solubility parameter 6 = 16.7
MPa'? compared to 6 = 14.2 MPa'® for EE (obtained using
Fedors' group contribution method'®*). Using these CG
models, we examine the changes in membrane structure and
hydration due to this hydrophobicity difference between 1,2-BD
and EE, as well as the membrane thickness and area per chain
of the low-molecular-weight membranes used for protein
incorporation. We use the bottom-up coarse-graining approach,
in which polymer-specific differences are captured by parame-
terizing the CG forces to reproduce properties from the corre-
sponding atomistic simulations®*** and experimental data. In
the models we present, we use one type of coarse-grained bead
to represent each type of monomer and one type of bead to
represent three water molecules. A schematic representation of
the proposed level of coarse-graining is presented in Fig. 1.
Our methods and results are organized as follows. First, we
present the development of our CG force field for EO-1,2-BD,
which is optimized to reproduce data from atomistic simula-
tions and cryogenic transmission electron microscopy (cryo-
TEM) experiments. We assemble the EO-EE model based on
previously published parameters by Klein and coworkers*-**
and cryo-TEM data. To ensure compatibility between the EO,
EE, and 1,2-BD parameters, we parameterize the new bonded
parameters in our models using Iterative Boltzmann Inversion
(IBI) with structures from OPLS-all-atom simulations as a target,
as was done by Klein et al. for the EO-EE**** and EO-ethylene
(EO-PE)**** models from which we draw parameters. We then
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show that this simplified model for EO-EE (which lacks unique
end or junction beads) can reproduce membrane thickness and
area per chain data from previous experiments'®*® and
simulations.”

For the various nonbonded interactions in EO-EE and EO-
PE, Klein and coworkers used a variety of structural and ther-
modynamic properties as targets, such as density,”*>* surface
tension,”* interface width,** hydration free energy,**** and the
spacing and area/molecule of EO-containing surfactant
lamellae.**** We tuned the nonbonded cross-interactions
between the CG beads to match membrane thickness data
from cryo-TEM experiments. 1,2-BD self-interactions are tuned
to match density and atomistic radial distribution functions
(RDFs), as is commonly done when atomistic trajectories are
available.””** We test a variety of combining rules, and find that
a modified Lorentz-Berthelot (LB) relationship can reproduce
the experimental data.

Using these CG models for EO-EE and EO-1,2-BD, we
determine the scaling relationships between membrane struc-
tural properties (thickness and area per chain) and molecular
weight for low-molecular-weight membranes. Finally, based on
the calculated density profiles, we examined the increase in the
interdigitation of the hydrophobic leaflets as their molecular
weight increases, as well as the possibility that the EO corona
might be less hydrated for a membrane with a more hydro-
phobic core block.

2. Models and methods

2.1 Coarse-grain model development

1,2-BD. The CG 1,2-polybutadiene self-interactions were
parameterized to reproduce the atomistic structure of the

b) - '
EO7BD13
M~\§ “©
EO12EE13
c)

Fig.1 Schematic representations and a simulation snapshot. (a) The level of coarse-graining used to represent water and polymers. From top to
bottom, water, poly(ethylene oxide) (EO), 1,2-polybutadiene (1,2-BD) and poly(ethyl ethylene) (EE) are shown in atomistic detail and as coarse-
grained beads. Examples of the CG block copolymers are given in (b), and in (c) a simulation snapshot is presented. Our simulations use
a Cartesian coordinate system in which the z-axis is normal to the plane of the membrane.
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polymer melt. 1,2-BD atomistic simulations were performed
using OPLS all-atom parameters®*** and some additional
parameters proposed by Okada et al.** All atomistic parameters
for 1,2-BD are presented in Table 1. Because the polybutadiene
synthesized in our lab is an atactic polymer containing a 10%
1,4-butadiene impurity, we ran a number of short simulations
to determine whether we could neglect this synthetic impurity
and average over a number of atactic chains to account for the
distribution of stereoisomers. These simulations are shown in
ESLT and indicate that we can make these simplifications,
indicating that we can use a minimalistic model with only one
bead type (1,2-BD) rather than having separate bead types for
right-handed and left-handed stereoisomers or for 1,2 and 1,4-
BD monomers. Thus, we used one CG bead to represent the
center of mass for the 1,2-BD monomer and refined our CG
bonded parameters using IBL*** as was done by Klein and
coworkers.””** For the non-bonded potential we used a Len-
nard-Jones-type function with exponent 9 for the repulsive
and 6 for the attractive part of the potential (LJ°°), that mini-
mized the least-squared difference between the atomistic and
CG radial distribution functions while maintaining a 1,2-BD
melt density within 5% of the experimental value (0.9 g cm3).3*
The bond and angle potentials are given by a double-Gaussian
function that minimized the least-squares difference between
the distributions obtained from atomistic and CG simulations
of the 1,2-BD melt. All CG parameters for the 1,2-BD polymer are
provided in Table 2.

To perform atomistic simulations of the 1,2-BD homopol-
ymer, we generated a melt containing 53 chains of 18 mono-
mers each at density 1 g cm > using the amorphous cell builder
in Accelrys Materials Studio (version 7.0).** Because the 1,2-BD
produced in our lab is atactic, we simulated a melt containing
53 unique atactic chains. The melt simulation was run until the
radial, bond and angle distribution functions had converged (60
ns), and then this equilibrated structure was used as the initial
configuration for a 95 ns simulation to obtain radial, bond, and
angle distribution functions. A comparison of the atomistic
targets and CG distribution functions obtained from the
proposed CG model for the 1,2-BD melt is shown in Fig. 2.

EO-1,2-BD. The CG bonded parameters for the EO-1,2-BD
junction were obtained based on atomistic simulations of
a single block copolymer chain in vacuum, a method previously
shown to reproduce polymer melt structure.***” As an addition
test of our method's validity, we show in ESIT that the simplified
CG EO-EE model we construct based on published parameters
(in which bonded parameters are also obtained from OPLS-AA
simulation results using Iterative Boltzmann Inversion) gives
the same bonded structure in the membrane and in vacuum.
Because of 1,2-BD's atacticity, we ran simulations of 27 unique
AA single chains in vacuum (from our 1,2-BD melt simulations,
we found that this number of chains is sufficient to ensure that
the ensemble average does not change with a larger number of
chains, and thus is representative of a bulk sample). These
simulations were run using the NVT ensemble (in which
simulation box volume, temperature, and the number of
molecules are constant) with a simulation box large enough to
prevent the chain from interacting with its periodic images. All
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atomistic parameters for EO-1,2-BD copolymer are presented in
Table 1, the final coarse-grained bond and angle parameters for
this copolymer are provided in Table 2, and the atomistic and
CG distribution functions are compared in Fig. 3. The EO-1,2-
BD nonbonded cross-interaction parameters were obtained
using modified Lorentz-Berthelot combining rules discussed in
subsequent sections.

EO-EE. Although EO solubility in water depends on
temperature and molecular weight, a CG model can repro-
duce the polymer's radius of gyration (an indicator of solvent
quality) for a range of temperatures and molecular weights.*®
Thus, we can use a CG model with only one EO bead type. We
propose a simple but chemically specific EO-EE force field
that combines parameters from previous work on poly(-
ethylene oxide)-poly(ethyl ethylene)**?* and poly(ethylene
oxide)-poly(ethylene).>»*>*° In this series of papers, the Klein
group uses Iterative Boltzmann Inversion to derive harmonic
bond and angle interactions, and in the more recent EO-EE
papers, nonbonded interactions use Lennard-Jones type
functions. Polymer-polymer interactions use the LJ° ® func-
tion, where as water-water and polymer-water interactions
use a model with exponent 12 for the repulsive and 4 for the
attractive part (LJ'*~*). These published simulations use five
types of force sites: the hydrophilic/hydrophobic chain end,
hydrophilic/hydrophobic repeats, and hydrophobic middle
bead. Other papers on poly(ethylene oxide)-poly(ethylene)
self-assembled structures have used models without a unique
middle bead.”*** We propose a simplified model for EO-EE
with only two types of coarse-grained beads: one for each type
of monomer. Parameters for the proposed model are
provided in Table 3. We also tested whether the nonbonded
cross-interaction parameters for this simplified model can be
obtained using combining rules, and present the details of
this analysis in the discussion section.

Water. We considered a range of coarse-grained models for
water, with differences in the number of water molecules in
a CG force site and the repulsive and attractive exponents of the
LJ-type potential.* We chose a LJ*>* model, and with three
water molecules in one coarse-grained force site:

-G o

where ¢; is the depth of the potential well and the ¢ is the
shortest distance at which the potential is zero. The Klein group
uses this 1J'>~* model in later EO-ethylene simulations rather
than the LJ®™* coarse-grained water model used in earlier
simulations of solvated EO-EE membranes.?****° The LJ'*™*
model yields a compressibility (0.605 GPa ') that is closer to the
experimental value (0.45 GPa™ ') than the L] * model (1.044
GPa '), while maintaining similar agreement for surface
tension.”**°

Simulation setup. All simulations were performed using the
LAMMPS simulation software.** The atomistic 1,2-BD melt
simulations were run using an ensemble with constant
temperature, pressure, and number of atoms (the NPT
ensemble). Temperature and pressure were set to 7= 323 K and

:uij(r) =
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Table 1 Atomistic parameters for 1,2-polybutadiene (1,2-BD) melt and poly(ethylene oxide)-1,2-polybutadiene (EO-1,2-BD) block copolymer.
The presented atomistic parameters are based on OPLS all-atom parameters®*3* and some additional parameters proposed by Okada et al.3*

00 =4[ (5) - ()]

Non-bonded atom & (keal mol™) o (A)
HCT 0.03 2.5
HCM 0.03 2.42
CT 0.066 3.5
CM 0.076 3.55
oS 0.14 2.9
OH 0.17 3.12
HO 0 0
HCT 0.03 2.5
UL) = I Lf
Bond k (kcal mol ™" A?) Lo (A)
CT-HCT 340 1.09
CT-CT 268 1.529
CT-CM 317 1.51
CM-HCM 340 1.08
CM-CM 549 1.34
CT-0S 320 1.41
CT-OH 320 1.41
HO-OH 553 0.945
U(o) = k(6 — 6,
Angle k (keal mol ™" rad?) 6, (degrees)
HCT-CT-HCT 33 107.8
CT-CT-HCT 37.5 110.7
CT-CT-CT 58.35 112.7
CT-CT-CM 63 111.1
HCT-CT-CM 35 109.5
CT-CM-HCM 35 117
CT-CM-CM 70 124
HCM-CM-CM 35 120
HCM-CM-HCM 35 117
CT-CT-0S 50 109.5
CT-CT-OH 50 109.5
HCT-CT-0S 35 109.5
HCT-CT-OH 35 109.5
CT-OS-CT 60 109.5
U(p) = %{kl[l + cos(¢)] + ka[l —cos(2¢)] + ki[l + cos(3¢)] + ka[l — cos(4¢)]}
Dihedral k; (keal mol™) k, (keal mol™) k3 (keal mol™) k4 (keal mol™)
HCT-CT-CT-HCT 0 0 0.3 0
HCT-CT-CT-CT 0 0 0.3 0
HCT-CT-CT-CM 0 0 0.366 0
CT-CT-CT-CT 1.3 —0.05 0.2 0
HCT-CT-CM-HCM 0 0 0.318 0
HCT-CT-CM-CM 0 0 —0.372 0
CT-CT-CT-CM 0 0 0 0
HCM-CM-CM-HCM 0 14 0 0
HCM-CM-CT-CT —0.164418 —0.16265 0.567583 —0.161268
CT-CT-CM-CM 0.346 0.405 —0.904 0
CT-CM-CM-HCM 0 14 0 0
CT-CM-CM-CT 0 14 0 0
CM-CT-CT-CM 2.1 —1.022 —1.104 0

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 54756-54771 | 54759
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Table1 (Contd.)
1
U(p) = i{kl[l + cos(¢)] + ka[l —cos(2¢)] + k3[l + cos(3¢)] + ka[l — cos(4¢)]}
Dihedral k; (kecal mol ™) k, (keal mol™) k3 (kcal mol ™) k4 (keal mol™)

HCT-CT-0OS-CT
CT-0S-CT-CT
OS-CT-CT-HCT
OH-CT-CT-HCT
OS-CT-CT-0S
OH-CT-CT-0S
CT-CT-CT-0S
HO-OH-CT-HCT
HO-OH-CT-CT

P =1 atm using a Nose-Hoover thermostat and barostat with
time constants of 50 fs and 500 fs respectively, and a time-step
0.5 fs. The atomistic simulations of single copolymer chains in
vacuum used an NVT ensemble at the same temperature, and

0
0.65

—0.55
4.319
1.711

—0.356

—0.174

0.76
0.67
0.468
0.468
0

0
0.663
0.3524
0.492

[==l=lele e - =]

used the same time step and thermostat time constant, with
a simulation box big enough to prevent interaction of the
copolymer chain with its periodic images. The CG polymer melt
simulations were run using an NPT ensemble (7= 323 K,P=1

Table 2 Coarse grained parameters for 1,2-polybutadiene (1,2-BD) melt and poly(ethylene oxide)-1,2-polybutadiene (EO-1,2-BD) block

copolymer

o= () (@O @]

Non-bonded bead " & (kcal mol™") a (A)
EO LP° 0.405° 4.25°
BD L°-° 0.260 5.00
W ) 0.895° 4.37°
UL) = KL — L)

Bond k (kcal mol™* A7) Lo (A)
EO-EO 4.520¢ 2.970°

U(L) = Aje B1E-Lo) 4 g Bol-Lux)’

A, (keal mol™) B, (A7?) Loi (A) A, (keal mol™) B, (A7?) Lo (A)
EO-BD 0.236 48.5 2.86 0.812 29.0 3.27
BD-BD 0.148 33.3 3.06 0.127 5.21 3.55

U(o) = k6 — 6,

Angle k (keal mol ™" rad?) 6, (degrees)
EO-EO-EO 1.987° 138¢

U(ﬂ) — Ale—Bl(ﬁ—ﬂm)2 4 Aze—Bz(t‘)—ﬁuz)z

A4 (kcal mol ™) B (deg™?) 61 (degrees) A, (keal mol™) B, (deg™?) 6o (degrees)
EO-EO-BD 1.65 0.00113 140 1.92 0.00561 171
EO-BD-BD 0.996 0.00420 92.8 1.60 0.00425 128
BD-BD-BD 0.858 0.00285 100 1.30 0.00253 132

“ The parameters given by Shinoda.?>* All non-bonded cross interactions parameters are given by modified Lorentz-Berthelot combining rules with
scaling factor A = 0.3 (see eqn (12) and (13)).
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Table 3 Coarse grained parameters for poly(ethylene oxide)-poly(ethyl ethylene) (EO—-EE) block copolymer membranes. The parameters
proposed are based on the ones given by Srinivas'” and Shinoda.?>?* All non-bonded cross-interaction parameters are given by modified Lor-
entz—Berthelot combining rules with scaling factor 1 = 0.3 (see eqn (11) and (12))

oo = () @) O - @)

Non-bonded bead " & (keal mol™) o (A)
EO L°° 0.405 4.25
EE Lj°° 0.260 5.00
W Lyt 0.895 4.37
VL) = KL - LY
Bond k (keal mol ™ A?%) Lo (A)
EO-EO 4.520 2.970
EO-EE 3.229 3.354
EE-EE 3.179 3.348
Ul6) = K0 — 0o
Angle k (kcal mol™* rad?) 0, (degrees)
EO-EO-EO 1.987 138
EO-EO-EE 1.788 146
EO-EE-EE 6.557 98
EE-EE-EE 10.332 102

atm) with a time step of 4 fs, and a Nose-Hoover thermostat and
barostat with time constants 400 and 4000 fs respectively.

2.2 Membrane simulations

For the CG membrane simulations, the initial configuration
was a pre-assembled membrane with water. The membranes
were hydrated with two water beads per EO bead for each
system, which is comparable to the initial configuration from
a previous study.” Simulations were run in the NPT ensemble
(T=298.15K, P =1 atm) using a Nose-Hoover thermostat and
barostats*®> with time constants of 250 fs and 500 fs respec-
tively. The time step used for all membrane simulations was 4
fs with the velocity-Verlet integrator. The cut-off value used for
the non-bonded potential was 15 A. The barostats in the
lateral directions for co-polymer membrane are coupled (x
and y directions in Fig. 1c). This approach, used for lipid
membranes,* provides a way to maintain the external stress
tensor at zero and allows the area per lipid to fluctuate around
a constant value. A plot showing the stress tensor fluctuating
around zero for one of the polymer membranes is provided in
the ESI (Fig. S7t). An alternative method is to use the NPAT
ensemble, in which the constant area per chain (A) is chosen
so the surface tension is zero.>® Both approaches are based on
the same concept presented by Goetz and Lipowsky.** We
chose to couple the barostats in the lateral direction so that
we can verify that our models reproduce the correct area per
chain from experiments.

The area per chain (A) is a time average of the instantaneous
cross-sectional area (A4,,) normalized by the number of

This journal is © The Royal Society of Chemistry 2017

copolymers in one leaflet (N;, where [ = ¢, b, indicates top or
bottom leaflet):

(2)

The membrane thickness (d) is an average of the out-of-plane
distance between hydrophilic/hydrophobic junction beads
belonging to the different leaflets:

ZKZM):'} Z;}(ZM)J

N, N,

d (3)
Here (zy); indicates the z coordinate (see Fig. 1c) of the i
copolymer junction bead in the upper or lower leaflet, and N;
and N, are the numbers of the copolymers in each of the leaf-
lets. Note that by “junction bead,” we mean the hydrophobic
monomer bead bound to a hydrophilic bead, and that this
junction bead has the same bonded and nonbonded parame-
ters as the other hydrophobic beads in the chain. The thickness
of the hydrophilic corona is calculated using the same equation,
except that the average out-of-plane distance is calculated
between the junction bead and the end bead of EO. The end
bead of EO has the same bonded and non-bonded parameters
as the other hydrophilic beads in the chain. All membrane
simulations were run until the membrane thickness and area/
chain converged to steady-state values, and the standard devi-
ations for d and A are calculated from the instantaneous values
that these variables take at each simulation output step.

RSC Adv., 2017, 7, 54756-54771 | 54761
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Fig.2 Coarse grained (CG) and atomistic (AA) distributions for the 1,2-
polybutadiene (1,2-BD) melt. Black lines indicate coarse grained
distributions and gray lines represent the distributions derived from
atomistic simulations. The radial distribution function for the 1,2-BD
bead is given in (a). The distributions of bond lengths between 1,2-BD
beads are presented in (b) and in (c) the bond angle distribution
between 1,2-BD beads is presented.

We calculate the chain stretching s using eqn (4):

PT BN @
where ¢ is the thickness of a hydrophilic/hydrophobic mono-
layer (given by the difference between the z-coordinates for each
chain's end bead and junction bead, averaged over all simula-
tion time steps and all chains), N is a number of Kuhn mono-
mers in the hydrophobic or hydrophilic block, and 5 is the Kuhn
length for the polymer of interest.>*** The denominator in eqn
(4) is the mean end-to-end distance for an unperturbed chain in
a polymer melt:**

<R2>01/2 _ N1/2b (5)

To determine the number of Kuhn monomers per chain, we
use the number-averaged molecular weight of the polymer
chain M, and the Kuhn monomer mass M:

M,
M,

N = 6)

To represent the distribution of water, EO, and hydrophobic
monomers in the z-direction (normal to the plane of the

54762 | RSC Adv., 2017, 7, 5475654771

View Article Online

Paper
a) AA
Ng 2.0 0‘ CG mmmmmm |
~
=
P 1.0 r 1
0.0
0 0.2 0.4 0.6
L [nm]
3.0 .
AA
< b) CGC —
5 2.0t g‘,/‘v
0
~
S 1.0t |
[« 7]
0.0 .
0 60 120 180
0 [degrees]
AA
@ <)
2.0} €0
n
~
S 1.0 09*' |
&
0.0 +
0 60 120 180

0 [degrees]

Fig. 3 Coarse grained (CG) and atomistic (AA) distributions for the
poly(ethylene oxide)-1,2-polybutadiene (1,2-BD) block copolymer.
The 1,2-BD coarse grain bead is shown in orange and EO bead is
shown in red. Black lines represent coarse grained distributions and
gray lines indicate the distributions derived from atomistic simulations.
The data are obtained from simulations of a single chain in vacuum.
The distributions of bond lengths between the 1,2-BD and EO beads
are presented in (a). Bond angle distributions between one EO and two
1,2-BD, and two EO and one 1,2-BD beads are presented in (b) and (c),
respectively.

membrane), we calculate a normalized number density P,(z) for
each CG bead type i given by eqn (7):

P = o)

where Nj(z) is a time average of the number density of the CG
bead of type with z-coordinates been between z and z + Az and
N(z) is a total number of CG beads in the given slice. The bin
width Az used in this calculation was 1/500 of box length in the
z-direction.

2.3 Membrane thickness measurements

To obtain experimental values for EO-1,2-BD and EO-EE
hydrophobic block thickness for ultra-short (Nhydrophobic < 40)
polymer membranes, we synthesized four polymers (EO18-
EE21, EO7-BD13, EO16-BD24, and EO24-BD34), prepared
polymer vesicle solutions, imaged the vesicles using cryo-TEM,
and measured the membrane thicknesses for a number of
different vesicles for each polymer. EO-EE and EO-1,2-BD block
copolymers were synthesized by anionic polymerization
following a procedure based on that of Bates et al** To
synthesize EO-1,2-BD rather than EO-EE, we skipped the

This journal is © The Royal Society of Chemistry 2017
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hydrogenation step (shown in step two of Scheme 1 in Bates’
paper®). Details of our thickness measurement procedure are
given in ESL.{ Area/chain for our BC membranes could not be
measured directly, so we calculated this value from the
membrane thickness and molecular volume using the
assumption that the polymer is incompressible (as was done by
Won et al.®).

3. Results and discussion

We organize our results into two main topics: first, we describe
CG model parameters that reproduce the membrane thicknesses
from experiments and previous simulations, then we examine
the nanoscale details of the membrane structure that are more
difficult to access experimentally. The first section includes
comparison of EO-EE membrane thickness from our model to
that of Srinivas and coworkers* and to structures from cryo-TEM
experiments,'**® and comparison of EO-1,2-BD membrane
thicknesses from our model to cryo-TEM measurements.'*** We
choose a combining rule for hydrophobic-hydrophilic and
hydrophobic-water cross-interactions that allows us to reproduce
these results. The second section includes information on the
scaling of membrane thickness and area/chain with degree of
polymerization, chain stretching, and membrane hydration, and
comparisons to experimental data where available.

3.1 CG EO-EE and EO-1,2-BD models

Our goal is to test whether we can reproduce biomimetic
structures with a simplified model using only two different
bead types (one for each monomer) and Lennard-Jones type
functions for nonbonded interactions (which might allow us
to obtain nonbonded interactions using a simple combining
rule’**”). Our first step is to test whether a two-bead
model can reproduce the membrane thickness and area/
chain data that Srinivas et al. report for their five-bead EO-
EE model.*® In Fig. 4 we compare thickness and area/chain

16.0

a)

EO40EE37

EO19EE18

b)
EO40EE37

EO19EE18

0 2 4 6 8 10
t [ns]

Fig. 4 Equilibration of the membrane thicknesses and area per chain
for the “reduced” (two-bead) EO-EE model. Grey lines (published
simulations data') and a black line (published experiment data'¢2¢) are
shown for comparison. Dotted lines indicate experimental uncertainty.
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predicted by these two models for EO40EE37 and EO19EE18
membranes. We see good agreement between the model
predictions, and conclude that this “reduced” model can
predict reasonable values for membrane thicknesses and area
per chain.

To further simplify the EO-EE and EO-1,2-BD membrane
models, we test whether we can use Lorentz-Berthelot
combining rules to obtain all nonbonded cross-interaction
parameters. In Fig. 5, we plot the nonbonded cross-
interaction potentials predicted by the LB combining rules
(grey lines), and compare them to those from the two-bead
model (black lines) using published parameters given in Table
3. We see good agreement between the potential functions for
hydrophilic/water cross-interactions (Fig. 5a), but note that the
Lorentz-Berthelot combining rules overestimate the potential
well depth for hydrophobic/water or hydrophobic/hydrophilic
cross-interactions (Fig. 5b and c).

Therefore, we screened a range of combining rules to test if
one or more of them can reproduce the available experimental
data for EO-1,2-BD and EO-EE membrane thicknesses. These
combining rules predict non-bonded cross-interactions for
beads i and j from the self-interactions parameters ¢;;; and o
(the depth of the potential well and the shortest distance at

7.0
a) target
LB
4.0 =
g ® ¢
1.0 [ E =
-2.0
= b) target
S
£ 4.0} -
—
]
3]
v
1.0 .
-
D
-2.0
c) target
4.0 m
1.0 &
-2.0 L
0.25 0.5 0.75 1

r [nm]

Fig. 5 Non-bonded cross-interaction potentials for the "reduced”
EO-EE model compare to the ones given with use of the Lorentz—
Berthelot (LB) combining rules. The target potential functions (the
nonbonded cross-interaction functions provided by Srinivas??*# and
Shinoda?*?®) compared to the ones calculated using Lorentz—Ber-
thelot combining rules.
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Fig. 6 Membrane thicknesses for all combining rules considered.
These combining rules (given by egn (8)-(13)) are: 6™ power
combining rules (6™), Halgren combining rules (Ha), Lorentz—Ber-
thelot Combining rules (LB), and Lorentz—Berthelot combining rules
with a scaling factor 2 between 0.1 and 0.9 (LB%). Target values
(measurements from cryo-TEM images) are shown as gray lines with
dashed lines indicating the experimental uncertainty. A vertical dashed
red indicates the combining rules we decided to choose to obtain the
non-bonded cross-interactions parameters for any pairs of the
hydrophobic/hydrophilic or hydrophobic/water beads. The experi-
mental data for EO40EE37 are the ones reported by Bates et al.*¢2¢

which the potential is zero, respectively). The methods we test
are 6™ power combining rules:*’

2\ /Eigjoi’ o
&= — 5 5 (8)
0;i° + 0y
1/6
0',‘,'6 + a5
7 = (Tﬂ ; ©)
Halgren combining rules (Ha)*
dege;
& = %7 (10)
(Ve + )
2+ o
oy = “T (11)
and Lorentz-Berthelot with a scaling factor A (LB"):
Eij = A\/Ei[(?jj, (12]
oyt
oy = % (13)
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This scaling factor approach has been reported previously
for the various coarse-grained systems including alkanes, per-
fluoroalkanes, gasses, polymer solutions, and lipids.**** In
Fig. 6, we compare the membrane thicknesses obtained using
these combining rules to experimental values. For the three EO-
BD and two EO-EE membranes for which we have cryo-TEM
data, we obtain the best agreement between simulation and
experiment using Lorentz-Berthelot combining rules with
scaling factor 0.3. In addition, all membrane thicknesses from
simulations using this combining rule matched the experi-
mental values within the wuncertainty of the cryo-TEM
measurements (about 1 nm). Thus, we decided to use this set
of combining rules (Lorentz-Berthelot for hydrophilic/water,
Lorentz-Berthelot with scaling factor 0.3 for hydrophobic/
hydrophilic and hydrophilic/water) for all further simulations.
We note, however, that simulations using scaling factors 0.2
and 0.4 also match the experimental data within this uncer-
tainty, giving our ¢ parameters for hydrophobic/hydrophilic and
hydrophobic/water nonbonded cross-interactions an uncer-
tainty of about 33%. Parameters for this model are given in
Table 2 (bonded parameters and non-bonded self-interaction
parameters for EO-1,2-BD) and Table 3 (bonded parameters
and non-bonded self-interaction parameters for EO-EE). A
similar comparison for experimental vs. simulated area/chain is
shown in ESI (Fig. S91). Because the experimental area/chain
values are calculated from the membrane thickness and
molecular volume, the area/chain and membrane thickness
results unsurprisingly suggest using the same scaling factors.

An interesting question for further research would be
whether this CG force field parameterization method could be
applied to other block copolymers. Given that scaling factor
methods have been used to develop CG force fields for a variety
of materials,***> we consider this a strong possibility. However,
we also note that the models we combined were derived in
a similar way: CG beads were parameterized such that the
bead's center is placed at the monomer center of mass, the CG
models are parameterized to reproduce structural distribution
functions from OPLS/AA simulations, and self-interaction
parameters for each polymer were based on AA melt simula-
tions.”*** Provided that these similarities are maintained in the
force fields combined, our methods might be used to study
membranes made from polymers structurally similar to EO-1,2-
BD and EO-EE, such as 1,2-polyisoprene-poly(ethylene oxide).
These methods might also be applied in creating CG models for
other amphiphilic block copolymer such as poly(styrene)-
poly(ethylene oxide) and poly(dimethyl siloxane)-poly(2-methyl-
2-oxazoline). However, we would use caution in applying this
approach to amphiphilic block copolymers in which the
hydrophobic block has specific interactions with water such as
hydrogen bonding, as in poly(propylene oxide)-poly(ethylene
oxide);** a LB* combining rule may not reproduce these specific
interactions. In addition, the required scaling factor may be
influenced by the Flory-Huggins parameter describing the
interactions between the two polymer blocks.** With these
caveats in mind, however, our force field parameterization
procedure could provides a simple (but approximate) method
for creating block copolymer force fields.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Membrane thickness (d) and area per chain (A) as a function of
the hydrophobic block molecular mass. The hydrophobic thickness of
block copolymer membrane (a) and area per chain (b) are shown on
a log-log scale for both poly(ethylene oxide)—poly(ethyl ethylene)
(EO—-EE, green) and poly(ethylene oxide)—poly(l,2-butadiene) (EO-
1,2-BD, orange). Empty circles represent data from our simulations,
circles filled in black represent our experimental data, and circles filled
in gray represent experimental data reported in ref. 16 and 26. Black
lines indicate the best fit to the data, while gray lines indicate a random
coil scaling behavior.
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3.2 Scaling rules for membrane thickness and area/chain as
a function of molecular mass

It has been shown that membrane thickness, d, can be
described by the power law:'**
d~ M,", (14)
where M, is the number-averaged molecular weight of the
polymer chain and « is a scaling exponent. Moreover, assuming
membrane incompressibility, we can also express area per
chain, A, as a function of M,, as:
A~ M, (15)
In Fig. 7. we present membrane thickness and area/chain
data from our simulations,”® our cryo-TEM experiments (see
ESI{), and other authors’ cryo-TEM experiments.'®*® All values
used in this figure are given in Table 4. The value of the scaling
exponent informs us about molecular weight dependence of the
given quantity (membrane thickness or area per chain): the
larger the exponent the stronger the dependence. We know that
for an ideal chain, one can expect a membrane thickness
scaling exponent o = 0.5, and thus an area/chain scaling
exponent 1 — « = 0.5 assuming that the polymer is incom-
pressible.'®* On the other hand, a chain in the strong segre-
gation limit stretches to minimize hydrophobic-water contacts,
and would have a predicted scaling exponent o = 2/3.* There-
fore, we would expect EE and 1,2-BD to have « in the range 0.5 to

Table 4 Block copolymer membranes structural properties. All block copolymer membrane simulated along with thicknesses given from cryo-

TEM measurements (indicated in brackets)

Hydrophobic Hydrophilic
End-to-end End-to-end
Copolymer feo Area per chain [nm?] Thickness [nm] distance [nm] s{] distance [nm] s{]
EO9BD10 0.36 0.59 £ 0.02 34+01 1.70 + 0.04 0.950 £ 0.022 1.81 £ 0.02 1.079 £ 0.012
EO7BD13 0.25 0.51 &+ 0.02 4.9 £0.1 2.29 £+ 0.05 1.065 + 0.023 0.97 £+ 0.02 0.691 £ 0.014
(0.45 + 0.22) (5.4 £ 1.0)
EO13BD12 0.40 0.66 + 0042 4.0 £0.1 2.03 £+ 0.05 0.944 £ 0.023 2.24 + 0.04 1.219 +£ 0.022
EO16BD15 0.40 0.73 £ 0.02 43 +0.1 2.25 + 0.06 0.974 £+ 0.026 2.68 £ 0.03 1.263 £ 0.014
EO19BD18 0.39 0.80 & 0.02 4.8 £0.1 2.51 £+ 0.07 0.992 =+ 0.030 3.17 £ 0.03 1.370 £ 0.013
EO18BD21 0.34 0.73 £ 0.02 5.1 +£0.1 2.56 £ 0.06 0.936 + 0.040 3.11 £ 0.05 1.381 £ 0.022
EO16BD23 0.30 0.77 £+ 0.02 6.3 £0.2 3.05 £+ 0.08 1.066 + 0.028 2.66 = 0.05 1.253 £ 0.024
(0.65 + 0.05) (7.1 £ 1.0)
EO24BD34 0.31 0.90 + 0.02 7.8 £0.1 3.8+£0.1 1.092 + 0.029 3.78 £ 0.04 1.454 +£ 0.015
(0.92 + 0.06) (7.2 + 1.0)
EO10EE9 0.35 0.64 £ 0.02 3.12 + 0.08 1.55 £ 0.03 0.999 £ 0.019 2.01 £+ 0.03 1.198 £ 0.017
EO7EE13 0.25 0.57 &+ 0.02 44+ 0.1 2.04 + 0.04 1.094 £ 0.022 1.23 £ 0.02 0.876 + 0.014
EO13EE12 0.39 0.72 £+ 0.02 3.6 £0.1 1.84 £+ 0.04 1.027 +£ 0.022 2.49 £+ 0.04 1.301 +£ 0.021
EO16EE15 0.39 0.80 £ 0.02 4.2 +0.1 2.13 £ 0.06 1.064 £ 0.030 2.90 £ 0.05 1.366 £ 0.024
EO19EE18 0.39 0.83 £+ 0.02 4.6 £ 0.1 2.36 £+ 0.06 1.076 £ 0.027 3.28 +£ 0.05 1.418 +£ 0.022
EO18EE21 0.34 0.81 £+ 0.02 5.2+£0.2 2.59 + 0.07 1.093 £ 0.030 3.02 £ 0.04 1.341 £ 0.018
(0.74 £ 0.06) (5.9 £ 1.0)
EO16EE23 0.30 0.81 £ 0.02 5.9 +£0.2 2.9 £ 0.1 1.169 £ 0.040 2.91 £ 0.03 1.371 £ 0.014
EO24EE34 0.30 0.96 + 0.02 7.5£0.2 3.7+ 0.1 1.227 £ 0.033 3.93 + 0.05 1.512 + 0.019
EO40EE37 0.40 1.04 = 0.03 7.6 £0.2 3.85 + 0.07 1.224 £ 0.022 5.3 £0.1 1.579 £ 0.030
(1.0 + 0.1) (8.0 % 1.0)°

“ The experimental data reported by Bates et al.'**
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0.66 (0.5 corresponds to a random coil, 0.6 to a polymer in
a good solvent, and 0.66 to the strong segregation limit).'®>**
Previous studies have proposed a scaling exponent of 0.5 for
both copolymers,***® although it was suggested that the scaling
exponent might be higher for low molecular weight copoly-
mers.* Because lower molecular weight copolymer membranes
(hydrophobic block length about 12-40 monomers for a diblock
copolymer) are important for protein incorporation, we wanted
to examine this suggestion and measure the membrane thick-
nesses for three lower molecular weights copolymers
(EO7BD13, EO16BD23 and EO18EE21). Using EO-EE and EO-
1,2-BD data from our simulations and experiments, as well as
experimental data from previous studies, we obtain a scaling
exponent « = 0.6 = 0.04. We apply the reduced chi-square
statistical test®® to this fit, and obtain a chi-square value of
0.75, indicating that this scaling rule adequately describes the
data within the experimental uncertainty (about 1 nm for
membrane thickness). Thus, we do not need to fit separate
scaling rules for each polymer or for different molecular weight
ranges in order to describe the scaling behavior. We note that
a = 0.6 is within the range expected from theory and previous
experiments (0.5-0.66),'>*** suggesting that we have tuned our
model to correctly reproduce polymer membrane structure.
Finally, we note that the data presented in Fig. 7 and Table 4
indicate that the hydrophilic fraction fgo may slightly influence
the scaling exponent «: most of the data points (fzo = 0.3-0.4)
have minimal deviations from « = 0.6 trend line, where as the
few points with fzo < 0.3 have larger deviations.

3.3 Stretching of hydrophobic and hydrophilic chains
compared to the random coil configuration

Besides the inferences we can make about chain stretching
from the scaling exponents, we calculated degree of chain
stretching directly using eqn (4)-(6). Values of the stretching
parameter s for the hydrophobic and hydrophilic blocks of each
simulated polymer membrane are given in Table 4 and plotted
as function of area per chain in Fig. 8. We see that all hydro-
phobic blocks have s in the range 1 to 1.2 independent on the
area per chain. This observation is consistent with our predic-
tion of the scaling exponent « = 0.6 and with similar stretching
parameters for higher molecular weight EO-EE and EO-BD
diblock and triblock copolymer membranes examined by Bates
et al.>

For EO, the degree of stretching varies significantly, from s <
1 to s = 1.5. To interpret this stretching, we consider the simi-
larities between the EO corona and a tethered polymer brush (a
well-studied system in polymer physics).*>*>** Because the EO
chains are tightly packed in the plane of the membrane (4/chain
is 9-26% of the value for a random coil, 4, ~ b>N), we can
reasonably expect the EO chains to form a brush stretched in
the z direction.***® Our EO coronas are not exactly like polymer
brushes: for instance, the EO-hydrophobic junctions are
mobile rather than having a fixed grafting density, and there is
an energetic penalty for hydrophobic-water interactions, where
as polymer brush theories do not consider water-substrate
interactions.*®®*' Nonetheless, we can show that our corona
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Fig. 8 Stretching parameters of the hydrophobic and hydrophilic
blocks compared to a random coil configuration. The stretching
parameters for (a) hydrophobic and (b) hydrophilic chains are shown as
a function of area per chain. 1,2-BD stands for 1,2-polybutadiene
(orange), EE for poly(ethyl ethylene) (green), and EO for poly(ethylene
oxide) (red). Empty circles represent data for all EO-1,2-BD
membranes, whereas filled circles for all EO-EE ones. Dashed lines
indicate the value for an ideal chain in the random coil configuration.

thickness is on the same order of magnitude as predicted by the
simple polymer brush scaling theory of Alexander and De
Gennes (see ESIT).”>** Thus, although the trend shown in
Fig. 8b) seems counterintuitive at first (we would expect
stretching to decrease as A/chain increases for a polymer brush),
we can explain this result on the grounds that larger A/chain
corresponds to longer polymer chains, so that A/A, is smaller
and these chains are more stretched. We investigate the chain
stretching and membrane structure further using the density
profiles for polymer and water concentration in the membrane.

3.4 Membrane density profiles

In Fig. 9 (for EO-1,2-BD) and Fig. 10 (for EO-EE), we present
density profiles for the five membranes for which we also have
thickness measurements from cryo-TEM. Previous CG simula-
tions of EE-EO membranes® show an increase in the interdig-
itation of the membrane leaflets for longer polymer chains. To
see whether our minimalistic models reproduce this trend, we
calculate the density profiles for the hydrophobic chain ends
separately (shown in purple in Fig. 9 and 10). We see a broad-
ening of the end bead distributions with increasing molecular
weight for both EO-EE and EO-1,2-BD membranes, consistent
with the expected increase in interdigitation.

Further, using the number density profiles we calculate for
the CG water beads, we can also observe the hydration level of
the simulated membranes. The water density profiles we
calculated for EO-1,2-BD membranes are in good agreement
with density profiles proposed based on X-ray scattering struc-
ture factors and TEM images of EO-1,2-BD vesicles.®® The

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Number fraction profiles for poly(ethylene oxide)-1,2-polybutadiene membranes. The calculated profiles for each EO-1,2-BD
membrane are shown at left, and membrane simulation snapshots and structural parameters are shown at right. Colors used for each bead type
are the same in the number density profiles and snapshots: water (cyan), EO (red), 1,2-BD (orange), and 1,2-BD end bead (purple). 1,2-BD end

beads are shown separately to illustrate leaflet interdigitation.

authors of this X-ray and TEM study estimated that there should
be three water molecules per EO monomer in the corona of the
EO-1,2-BD vesicles. This is consistent with our membrane
density profiles, which show that there is on average one coarse-
grained water bead per coarse-grained EO bead in the corona
(one CG water bead represents 3 water molecules and one CG
EO bead represents an EO monomer). The density profiles also
show that the EO corona is more concentrated at the interface
between EO and the hydrophobic polymer (except for the
shortest EO chain), consistent with experimental findings that
the corona collapses to protect the hydrophobic block.**** The
water density profile also shows that the water concentration at

This journal is © The Royal Society of Chemistry 2017

the hydrophobic-water interface is greater for longer chains:
about 0.3 EO24-BD34 and about 0.15 for EO7-BD13. The
change in hydration level can be explained in terms of the
predicted area per polymer chain: a higher degree of polymer-
ization leads to a larger area/chain, and thus greater possible
hydration of the corona. However, the interface in which the
hydrophobic block and water coexist is about the same thick-
ness (roughly 1 nm) for all membranes examined, suggesting
that the thickness (but not the water content) of this interface is
independent of degree of polymerization. This is similar to the
structure of a lipid bilayer, which has approximately 4 nm total
thickness® and a water-free region about 2 nm thick (obtained
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Fig. 10 Number fraction profiles for poly(ethylene oxide)—poly(ethyl ethylene) membranes. The calculated profiles for each EO—-EE membrane
are shown at left, and membrane simulation snapshots and structural parameters are shown at right. Colors used for each bead type are the same
in the number density profiles and snapshots: water (cyan), EO (red), EE (green), and EE end bead (purple). EE end beads are shown separately to
illustrate leaflet interdigitation. °The experimental data reported by Bates et al.162¢

from X-ray and neutron scattering),®® and thus a 1 nm thick
interface region where water and lipid coexist. Thus, all polymer
membranes with thickness at least 5 nm will retain a water-free
region with thickness at least 3 nm, compared to 2 nm for
a lipid bilayer.®® It has been shown via mean-field theory that to
avoid unfavorable hydrophobic-water contacts, a thick polymer
membrane must compress so that its hydrophobic thickness
matches that of an incorporated transmembrane protein®
(which will be similar to that of the lipid bilayer), despite the
entropic penalty that such compression entails. Based on our
results for both total membrane thickness and thickness of the
water-free region, it thus appears that even the smallest block
copolymer currently used for membrane protein incorporation
(EO7-BD13) must compress slightly to accommodate trans-
membrane proteins, and that some of the thinner membranes
we simulated could be even more suitable for protein incorpo-
ration (see Table 4).

4. Conclusions

We have developed CG MD models for two biomimetic-
membrane-relevant block copolymers, EO-EE and EO-1,2-BD.
These models use one type of CG bead for each monomer

54768 | RSC Adv., 2017, 7, 54756-54771

(rather than requiring separately parameterized end or junction
beads), and all non-bonded interactions are calculated using
a Lennard-Jones-like form. We chose a combining rule for the
hydrophobic/hydrophilic and hydrophobic/water nonbonded
cross-interactions such that our simulations reproduce experi-
mental values for membrane thickness (within the experi-
mental resolution of 1 nm) measured in our lab and by Bates
et al.'**. Self-assembled membrane simulations in water used
an NPT ensemble in which pressure-coupling in the plane of the
membrane ensures tensionless conditions. Consequently, area
per chain is not required as an input parameter for setting up
the simulations, and can be an additional property calculated
from the simulation trajectories and compared to experimental
values. We chose a CG water model that correctly reproduces
not only density and surface tension, but also compressibility,
allowing the simulations to more accurately reproduce the
membrane structure.

We determine that membrane thickness can be related to
molecular weight using a power law with scaling exponent 0.6 +
0.04. This scaling relationship adequately describes the avail-
able data for both EO-EE and EO-1,2-BD membranes with
hydrophobic block degree of polymerization Nppo, = 10-40.
Thus, the scaling behavior for membrane thickness and area

This journal is © The Royal Society of Chemistry 2017
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per chain appears (within the experimental resolution) to be the
same for both polymers despite that EE is more hydrophobic
than 1,2-BD. This scaling correlation can be used to approxi-
mately predict the EE or 1,2-BD block length that will best
match a protein's hydrophobic thickness, and thus require the
least deformation of the polymer to incorporate the protein.®”

Calculated stretching parameters indicate that EE and 1,2-
BD polymers have about the same degree of stretching for the
hydrophobic block, consistent with their common scaling
exponent for membrane thickness. Moreover, we show that
stretching of the EO polymers increases with increasing area per
chain, which corresponds to increasing hydration of the EO
corona.

Based on the calculated density profiles, we observe an
increase in hydrophobic leaflet interdigitation at higher
molecular weight, consistent with previous simulations.”® We
also observe that the EO in the hydrophilic corona is most
concentrated near the hydrophilic/hydrophobic polymer inter-
face, in good agreement with density profiles predicted for the
EO brushes on EO-1,2-BD vesicles using X-ray scattering
structure factors and TEM images.*

This approach has the limitations, e.g. because end beads
are not taken into account in the proposed models it might be
difficult to capture possible changes in the aggregate
morphology due to the end groups, observed in some studies.*®
Nonetheless, our results indicate that this simple representa-
tion of the block copolymer is sufficient to reproduce (and
provide a molecular-scale perspective on) structural data
important for applications, such as the membrane thickness
and the hydration and hydrophobicity of the membrane
environment.
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