The Pennsylvania State University
The Graduate School
Department of Chemical Engineering

Analysis of Biomimetic Block Copolymer Membranes Used for Protein
Incorporation

A Dissertation in
Chemical Engineering
by
Allen Benjamin Schantz

© 2017 Allen Benjamin Schantz

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2017

ii

The dissertation of Allen Benjamin Schantz was reviewed and approved* by the following:

Manish Kumar
Associate Professor of Chemical Engineering
Dissertation Co-Adviser
Co-Chair of Committee

Janna K. Maranas
Professor of Chemical Engineering
Graduate Program Coordinator
Dissertation Co-Adviser
Co-Chair of Committee

Scott T. Milner
William H. Joyce Chair and Professor of Chemical Engineering

Robert Hickey
Assistant Professor of Materials Science and Engineering

*Signatures are on file in the Graduate School

iii

Abstract
Integral membrane proteins carry out a vast range of transport, catalytic, signaling, and
other functions with high reactivity and specificity. These proteins and synthetic mimics thereof
are now widely studied for applications relevant to chemical engineers, such as membrane
separations, catalysis, and sensors. These proteins’ structural stability depends on a network of
hydrogen bonds maintained in the amphiphilic environment provided by the cell membrane but
disrupted in solution. Thus, to apply these proteins in medicine and industry, we must design and
optimize biomimetic membranes – self assembled amphiphilic structures that serve as matrices to
mimic the cell membrane and stabilize integral membrane proteins.

Amphiphilic block

copolymers recapitulate the self-assembled microstructures formed by lipids and surfactants used
to stabilize membrane proteins, but have greater mechanical and chemical stability than these small
amphiphiles. Further, membrane properties relevant to protein incorporation, such as thickness
and hydrophobicity, can be adjusted by changing the degree of polymerization and monomer
identities, making block copolymers an excellent material for biomimetic membrane design.
The goal of my dissertation research was to better understand biomimetic membranes’
structure, synthesis, and interactions with proteins. The introduction provides a brief overview of
biomimetic membranes, including the block copolymer membrane properties, membrane
synthesis, and the interactions between the protein and matrix that can be tailored to optimize
protein incorporation and stability. The first chapter describes time-resolved small-angle neutron
scattering experiments used to examine the mechanism of membrane self-assembly via detergent
dialysis. We show that mixed detergent/polymer micelle fragmentation and fusion control the rate
of polymer exchange, and thus the formation of mixed polymer/protein/detergent aggregates that
form membranes as detergent is removed. In the second chapter, we use molecular dynamics
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simulations to examine the nanoscale structure of biomimetic membranes formed from poly(1,2butadiene)-poly(ethylene oxide) and poly(ethyl ethylene)-poly(ethylene oxide).

These

simulations allow us to examine membrane thickness and hydration, two properties relevant to
protein incorporation. The third chapter examines whether we could synthesize biomimetic
membranes from mass-produced Pluronic block copolymers. We show that a mixture of two such
polymers, L121 and F127, can assemble into porous vesicles, so that they can be used for
separations and as catalytic microreactors. The fourth chapter examines interactions that lead to
bacterial membrane fusion by the cationic antimicrobial peptide from Moringa oleifera. This work
provides a control for future work to examine the interactions between biomimetic membranes and
incorporated proteins using coarse-grained molecular dynamics. Finally, the appendices provide
supporting information for each chapter, as well as a report on the design requirements for highpressure reverse osmosis, a potential application for biomimetic membranes.
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Introduction: Polymer-Protein Biomimetic Membranes
Proteins with at least one transmembrane segment make up approximately 30% of the
eukaryotic proteome22,23, and have a wide variety of functions including selective transport,
signaling, catalysis, antibiotic activity and resistance, and mechanical stabilization 24. These
functions lend themselves to a variety of applications of interest to engineers and biochemists,
such as in water treatment25-31, solar energy production32, DNA sequencing33, drug discovery34,
sensors31,35-37, and catalytic microreactor design38-41. During the last five years, some of these
technologies have moved from the laboratory scale to commercialization, including reverse
osmosis membranes employing Aquaporin water channel proteins 42 and DNA sequencing devices
that rely on changes in transmembrane current as different bases pass through a custom-built
protein pore43. These proteins come in a wide variety of structures, but contain certain common
motifs. These include the presence of lipophilic surfaces that remain buried in the membrane and
hydrophilic segments outside of it, serving to orient the proteins in the lipid bilayer 24. These
hydrophobic regions arise because of the proteins’ primary structure (the amino acid sequence,
which includes stretches of amino acids with hydrophobic side chains) and secondary structure
(the formation of alpha helices and beta sheets via hydrogen-bonding within the protein
backbone)24. This secondary structure is responsible for the prevalence of beta barrels and alpha
helical bundles among transmembrane proteins’ tertiary structures, which must be maintained for
the protein to remain in its active conformation24.
A protein’s active conformation encompasses a small set of states out of a vast number of
possible folded structures, and a complex set of cellular machinery including chaperone and
translocon proteins ensures proper folding and insertion into the cell membrane following protein
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synthesis24. The lipid bilayer then provides an amphiphilic environment that stabilizes intraprotein
hydrogen bonding and thus secondary and tertiary structure24. Proteins exposed to conditions that
disrupt hydrogen bonding, such as elevated temperature, extremes of pH, or high concentrations
of certain salts and solvents (for example, exposure of a transmembrane protein’s hydrophobic
sections to aqueous solution), can become irreversibly denatured23,24. Thus, using membrane
proteins in devices requires scientists to develop methods for protein stabilization outside the cell
membrane23,27. Biomimetic membranes that use block copolymers (BCs) as a matrix for protein
stabilization have become a common solution to this problem (reviewed in 27). A list of BC
membranes used to incorporate proteins is given in Table I.1.
Table I.1: A literature review of biomimetic membranes made from block copolymers and transmembrane proteins.

Protein
OmpF
OmpF, LamB, Maltoporin
AQP0
BR, COX
BR, Fl-Fl ATPase

Block Copolymer
PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PEO-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PetOz-PDMS-PetOz

OmpG
AqpZ
FhuA
OmpF
NADH-ubiquinone
Oxireductase
Proteorhodopsin
Claudin-2
AQP0
AQP0, OmpF, KcsA
MspA
OmpF
Photosystem 1
RsAqpZ, EcAqpZ

PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
P4VP-PB-P4VP
PB-PEO
PB-PEO
PMOXA-PDMS-PMOXA
PMOXA-PDMS-PMOXA
PB-PEO
PB-PEO
PMOXA-PDMS-PMOXA,
PB-PEO

Reference
Nardin et al 2000 44
Meier et al 2000 45
Stonescu and Meier 2004 46
Ho et al 200447
Choi and Montemagno
200548
Wong et al 200649
Kumar et al 2007 29
Onaca et al 2008 50
Grzelakowski et al 2009 51
Graff et al 201052
Hua et al 2011 53
Nallani et al 201154
Kumar et al 201228
Itel et al 2015 55
Morton et al 2015 56
Klara et al 201557
Saboe et al 201658
Ren et al 201759
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Structure and properties of biomimetic membranes as a function of polymer morphology
Biomimetic membranes are planar or vesicular structures self-assembled from amphiphiles
such as lipids or BCs to provide the protein an environment similar to its native one in terms of
hydrogen bonding character and exposure to water3,27,60.

Lipid vesicles are suitable for

incorporating proteins, but their physical and chemical instability makes them unsuited to many
device applications61. For example, lipids are degraded by oxidation and hydrolysis over a period
of days to weeks61, and areal strain on the order of 5% leads to membrane rupture60. Amphiphilic
block copolymers, on the other hand, are chemically stable, less fluid, less permeable, and
mechanically stronger3,6,60. They contain two or three blocks (one made from hydrophobic
monomers, the others from hydrophilic monomers), and the block lengths control the selfassembled structure via packing constraints. BCs with a large hydrophilic block volume fraction
fphil will self-assemble into spherical micelles, while those with lower fphil self-assemble into
wormlike micelles, and those with even lower fphil will self-assemble into planar membranes, with
the boundaries between these phases depending on the polymer identity3,62.

For poly(1,2-

budadiene)-poly(ethylene oxide) (PB-PEO) and poly(ethyl ethylene)-poly(ethylene oxide) (PEEPEO), two widely examined amphiphilic BCs in which EO is the hydrophilic block, bilayers form
at fEO < 0.4, with a transition from bilayers to cylinders occurring over the range fEO ≈ 0.4-0.45,
and a transition from cylinders to spheres occurring over the range fEO ≈ 0.5-0.555. With each of
these phase transitions, the structure created by increasing fphil has a more curved surface that
improves the chain packing.
Block copolymer membrane properties can be tuned by changing the degree of
polymerization while holding the hydrophilic fraction within the range needed for bilayer
formation. Membrane thickness increases as N0.5 - N0.66, with the exponent 0.5 reflecting the
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scaling for an unstretched chain (a random coil conformation), and 0.66 reflecting the strong
segregation limit, in which the hydrophobic chains elongate to minimize unfavorable contacts with
water (as membrane thickness increases, surface area/chain decreases as a consequence of the
chains’ constant volume)5,6. Mechanical stability also increases with higher molecular weight; the
strain required for rupture increases as approximately N0.6, as was shown via micropipette
aspiration of giant vesicles6. Permeability, on the other hand, is expected to be inversely
proportional to hydrophobic block thickness, as predicted by the Solution Diffusion model for
solvent passage through polymer membranes containing only small, transient pores (<0.5 nm) 1.
Fluidity, i.e. diffusivity of polymer chains within the membrane, will be inversely proportional to
molecular mass of the entire polymer chain within the Rouse dynamic regime for polymer chains
below their entanglement molecular weight2 and decrease more rapidly with increasing molecular
mass once the chains become entangled3,63. Entanglement molecular weights for PB and PEE are
3500 and 10,000 g/mol (65 and 179 monomers)2, while that for PEO is 1700 g/mol (39 repeat
units)2, and that of PDMS is 12,000 g/mol (162 monomers) 20. As will be discussed later, the BCs
currently used to incorporate membrane proteins are below these entanglement molecular weights.
Monomer identity is another parameter to adjust in optimizing these membranes: it determines the
hydrophobicity of the membrane environment, quantified using the Hildebrand solubility
parameter64, and can thus affect the suitability of the membrane for protein incorporation. Figure
I.1 provides a summary of polymer properties relevant to membrane protein incorporation and
industrial applications.
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Figure I.1: Summary of membrane properties relevant to protein incorporation and biomimetic membrane function.
(A) Membrane properties can be tuned by changing the hydrophobic block molecular weight, allowing for thicker and
mechanically stronger membranes, and the membrane’s hydrophobicity is a function of monomer identity rather than
molecular weight. Thicker membranes are less permeable, as described in the Solution Diffusion model1, and polymer
chains are less mobile in membranes with higher overall MW (hydrophilic + hydrophobic), both due to Rouse scaling
behavior and the onset of entanglement2. However, thickness mismatch and hydrophobicity mismatch create entropic
(chain compression) and energetic (unfavorable contacts) penalties to incorporation that can lead to protein rejection
if they outweigh the free energy gained by removing the protein from the solvent (B). Panel A is modified with
permission from Discher et al (copyright held by the American Association for the Advancement of Science)3.

Given the variety of polymer structures available, which are best for incorporating
proteins? First, the degree of polymerization should be optimized: increased hydrophobic block
length leads to a mechanically stronger membrane6, but to protect its hydrophobic portions from
water when incorporating transmembrane proteins, this block must stretch or compress if its
thickness is significantly different from that of the protein’s hydrophobic portion 65.

This

deformation has an energetic penalty that increases with the deviation from the polymer’s
equilibrium end-to-end distance (that of the random coil) 63. This penalty for stretching has been
examined using mean-field theory for a generic membrane and protein, and a difference in
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thickness of two-fold or more between the membrane and protein was found to be acceptable 65.
Experimentally, it has been shown that membrane proteins can be incorporated into polymer
membranes with a variety of block lengths: BCs with chain lengths from PB 12PEO10 to
PMOXA15PDMS110PMOXA15 have been shown to incorporate Aquaporin (AQP) water channel
proteins28,29. The hydrophobic molecular weights of these polymers vary by a factor of about 5,
so that we would expect a variation on the order of 2-3 in the membrane thickness assuming
random coil scaling6. However, the variation in protein incorporation efficiency with hydrophobic
thickness mismatch is in the early stages of investigation. To the best of my knowledge, the first
paper addressing this topic experimentally is an upcoming one by the Kumar lab group showing
that

there

is

no

significant

difference

in

incorporation

efficiency

between

PMOXA6PDMS22PMOXA6 and PMOXA12PDMS60PMOXA1259 (expected thickness ratio on the
order of 2-3)6. It also remains untested whether a triblock or diblock morphology would be most
suitable for biomimetic membranes. Archaeal lipids with structure similar to a triblock copolymer
are mechanically and chemically more stable and less permeable than those with a single head
group and set of hydrocarbon tails66. On the other hand, diblock copolymers’ hydrophobic blocks
are able to interdigitate, particularly as chain length increases8, which may help them deform and
incorporate proteins.
Another parameter known to affect incorporation efficiency is the difference in the
hydrophobicity of the protein’s exterior surface and the polymer matrix. As explained by the
Flory-Huggins theory for polymer compatibility, the difference between the Hildebrand solubility
parameters for two substances will lead to an energetic penalty to mixing59,67,68. This penalty
increases with the degree of polymerization for two interacting polymers and with the square of
the Hildebrand solubility parameter difference63, so that protein rejection becomes more likely for
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larger proteins and hydrophobic polymers, as well as those that are less chemically compatible.
This reduction in incorporation with increasing hydrophobicity difference was also recently shown
in our lab using a novel assay using the fluorophore DSSN+59. The fluorophore’s emission
wavelength increases with the presence of nearby dipoles that can rearrange to stabilize the excited
state, and because a more polar environment is more hydrophilic 69. By measuring emission
wavelength before and after protein insertion, we can gauge the hydrophobicity of the membrane
environment relative to that of the protein, and to show the relationship between hydrophobicity
difference and incorporation.
Due to the lack of a common hydrophobicity scale for proteins and polymers, however, we
cannot calculate a priori the difference in hydrophobicity that will prevent protein incorporation.
There are a number of hydrophobicity scales for proteins4,70-73, and that of Li et al (a q-factor
obtained from a contact energy matrix for 20 amino acids) is proposed to be linearly related to the
Hildebrand solutbility parameter, although the proportionality constant is unknown 4. A polymer’s
hydrophocity (Hildebrand solubility parameter) is obtained from the monomer’s cohesive energy
density, which is in turn obtained from the heat of vaporization or the monomer or an analogous
small molecule64,67,68,74, or estimated using the group contribution method 75. This solubility
parameter does not account for hydrogen bonding, but can nonetheless serve as a guide to
hydrophobicity within the hydrophobic core of the BC membrane (which we do not expect to
contain hydrogen-bonding species). Hildebrand solubilities for amino acids can be calculated by
the group contribution method, although protein folding and structural rearrangements could
change the hydrophobicity of the protein’s outer surface, making the value of such calculations
questionable. For example, side chains in hydrophilic and aromatic-ring-containing amino acids
are known to extend or “snorkel” to the membrane/water interface24. Consequently, in one
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hydrophobicity scale (based on the free energy change for inserting an amino acid into the
membrane as part of an alpha-helix), such amino acids are considered more hydrophobic if they
are near the ends of the helix (and thus able to snorkel) than if they are placed at the center 24.
Given these difficulties in predicting the polymer hydrophobicities that will allow
incorporation, experiments may be our best guide. In practice, two main hydrophobic polymers
have been used for protein incorporation: PB and PDMS. PB has a Hildebrand solubility parameter
of 8.4 (cal/cm3)1/2 and PDMS has a solubility parameter of 7.5 (cal/cm3)1/2 (calculated by the group
contribution method75). We know that these polymers are less hydrophobic than membrane lipids
(Figure I.2), so we expect that any hydrophobic polymer with solubility parameter 7 - 8.4
(cal/cm3)1/2 could also incorporate such proteins (or if it rejected them, it would be for a reason
other than hydrophobicity).
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Figure I.2: Hydrophobicities for amino acids (Li’s q-factor, left axis), lipids, and polymers (Hildebrand solubility
parameter, right axis). Li proposed that the two scales are linearly related4.

It would thus be interesting to examine whether a polymer more hydrophilic than PB could
incorporate proteins. Of particular interest is the comparatively hydrophilic 75 (solubility parameter
9.0 (cal/cm3)1/2) poly(propylene oxide) (PPO), which is the hydrophobic block of the massproduced76,77 polymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEOPPO-PEO). This BC has complex self-assembly behavior compared to PB-PEO and PMOXAPDMS-PMOXA because its greater solubility in water lowers its critical micelle concentration
(CMC) and raises its critical micelle temperature (CMT) to accessible values 76-80. PPO and PEO
are also known to form hydrogen bonds with water at sufficiently low temperatures 77, which can
be disrupted by salt addition76. Nonetheless, PEO-PPO-PEO is predicted to form vesicles at
hydrophilic fraction ≤ 0.262. This has been confirmed using the polymer EO 5-PO68-EO5, although
the vesicles precipitate over the course of hours to days except at concentrations (0.025 – 0.5
mg/mL)78,79. Mixtures of this polymer and EO100-PO65-EO100 have been shown to form stable
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aggregates at higher concentrations that would be suitable for characterizing channel protein
incorporation, although it is unclear whether these aggregates contain planar membranes 80. Thus,
PEO-PPO-PEO self-assembly in solution is an area of research with potential relevance to
biomimetic membranes.
A third parameter that might influence the suitability of a membrane for protein
incorporation is the hydrophobic volume fraction. Polymers with a range of such volume fractions
are known to form membranes3, and the volume fraction may affect membrane thickness and
solvent incorporation. According to Halperin and Alexander’s scaling analysis for polymer
micelles, polymer stretching and solvent-exposed surface area per chain depend on the core block
stretching, corona block stretching, and surface tension, and either the core or the corona term may
dominate depending on the ratio of the two block lengths 81. Thus, a membrane with a longer
hydrophilic corona block may have a larger area/chain to reduce corona stretching, and thus form
a thinner membrane if we make the common assumption that the polymer is incompressible 6.
However, this may or may not have a significant effect depending on the core block structure. A
larger area per chain might also lead to a greater solvent concentration at the membrane surface
and thus promote a greater equilibrium concentration of water within the membrane core. This
change would influence the hydrophobicity and hydrogen bonding character of the membrane
environment, and thus protein incorporation and stability.
Thus, degree of polymerization and monomer hydrophobicity will both affect the
suitability of a polymer for biomimetic membrane formation, and the hydrophobic volume fraction
may as well. All three properties could affect the favorability of protein incorporation, and the
first will affect properties such as mechanical stability and permeability, both of which are relevant
to some applications, such as separation membranes for water treatment 1. Now that we have
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discussed how our choice of polymer could affect these membrane properties, we consider the
processes by which we can create these self-assembled membranes.

Mechanism of biomimetic membrane self-assembly
Functionalization of BC membranes by protein insertion usually requires the presence of
detergent to destabilize the BC aggregates and enable protein insertion. Detergent is used to
disrupt the cell membrane, and to extract transmembrane proteins, stabilized in detergent
micelles23.

Non-ionic detergents are the least likely to destabilize the membrane proteins,

particularly if they contain long (12-14 carbon) hydrophobic chains 23. The detergent-solubilized
proteins can then be inserted into a polymer membrane via film rehydration, disruption of existing
BC membranes by detergent, or detergent dialysis28,82. Detergent dialysis can be used to form
membranes with the highest packing density of proteins, and thus the greatest degree of
functionalization28. In this process, block copolymers are solubilized in detergent micelles, which
are then mixed with detergent micelles containing proteins extracted from the cell membrane.
Detergent is then removed through a size-selective membrane, a process that works best for
detergents with a high CMC23. For detergents with low CMC, few single molecules will be present
in solution, greatly reducing the rate at which a size-selective membrane can remove the detergent,
so that adsorption by biobeads is a common method for detergent removal in this case 23,83.
Regardless of the detergent removal mechanism, two important steps in forming the polymerprotein membrane are (1) the transfer of BCs between the two micelle types (detergent/polymer
and detergent/protein) to form ternary micelles, and (2) the removal of detergent and fusion of the
ternary micelles into membranes. Good conditions for protein incorporation have been determined
empirically, and include low temperatures (4-20 ⁰C) and sufficient time-scales for ternary micelle
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formation and membrane assembly (on the order of days)28,29,41,46,47,49,52,53,55,56. However, when
we began our work, there were no mechanistic studies of the dialysis process.
Fortunately, a good deal is known about the exchange mechanisms for other types of
amphiphile aggregates. For most micelles containing only detergent, the exchange mechanism
(determined by Aniansson and Wall in the 1970s)84 is dominated by events in which a single
surfactant molecule escapes into the solvent and then quickly inserts into another micelle 84. For a
few ionic detergents in the presence of a high counterion concentration, however, fission and
fusion of micelles can become the dominant exchange mechanism because the counterions reduce
the repulsion between micelles created by the charged headgroups85. Polymer micelles are also
predicted81 and shown (via time-resolved small-angle neutron scattering experiments) 86-89 to
exchange polymer chains via a single-chain escape mechanism, although unlike simple surfactants,
polymers have a distribution of hydrophobic and hydrophilic chain lengths, so that these neutron
scattering studies show a distribution of activation energies for chain escape.
A further complication in micelles relevant to detergent dialysis is that they contain both
detergent and polymer, and sometimes protein, species with very different water solubilities and
CMCs. These differences lead to significantly different time-scales for single-molecule escape:
surfactants exchange on time-scales of nanoseconds90,91, while block copolymer micelles are
kinetically frozen in water92,93. A body of work exists for a system that we might consider
analogous to a detergent-polymer micelle in which the polymer is very hydrophoic, a detergent
micelle containing a hydrophobic fluorescent tracer13,94-97. These studies show that fission and
fusion of the detergent micelles, while slower than detergent escape, is faster than the singlemolecule escape mechanism for the hydrophobic tracer. Consequently, the mechanism and
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exchange rates for BCs between mixed micelles during dialysis were not clear, although singlechain escape and fission/fusion are the most likely mechanisms (Figure I.3).

Figure I.3: Possible mechanisms for polymer exchange between mixed micelles include single BC chain escape, and
fission and fusion of whole micelles. Hydrophobic polymer blocks are shown in orange, hydrophobic detergent tails
in brown, and hydrophilic polymer blocks and detergent headgroups in blue. A single chain that moves from one
micelle to the other is shown in red.

Outline of Thesis
This thesis is organized into four chapters detailing our studies into different aspects of
biomimetic membrane formation and design. Chapter 1 describes our work using time-resolved
small-angle neutron scattering experiments to understand the formation of ternary micelles during
detergent dialysis, one of two key steps in forming polymer membranes densely functionalized
with incorporated transmembrane proteins. Chapter 2 describes our investigation of PB-PEO and
PEE-PEO membrane structure using coarse-grained molecular dynamics simulations, including
the development of new CG MD models for PB-PEO and PEE-PEO BC membranes. We examine
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three properties relevant to membrane protein incorporation: hydrophobic block thickness, water
penetration into the membrane, and polymer chain stretching. Chapter 3 describes our work in
developing a procedure to make vesicles from the relatively hydrophilic, mass-produced,
biocompatible79,80 BC PEO-PPO-PEO, and to characterize these vesicles, which we found to have
porous membranes that could make them suitable for use as microreactors 38. Chapter 4 describes
an investigation we conducted of the mechanism of bacterial membrane disruption by the
antimicrobial Moringa oleifera cationic protein (MOCP) using CG MD simulations, which may
serve as a guide to for future simulations of biomimetic membranes and membrane proteins.
Chapter 5 summarizes our conclusions and provides suggestions for future work to extend these
studies. Appendix A describes a literature review we conducted to analyze the potential of highpressure reverse osmosis (a possible application for biomimetic membranes) for concentrating
high-salinity brines that pose wastewater management challenges.
contain supporting information for chapters 1-4.

Finally, appendices B-E
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Chapter 1: Mechanism of Biomimetic Membrane Self-Assembly During
Detergent Dialysis
This chapter is adapted with permission from the following paper, (Macromolecules, 2017),
Copyright held by the American Chemical Society. Patrick and I carried out the sample
preparation and neutron scattering experiments. Ian Sines synthesized the PEE-PEO block
copolymers used and determined their degrees of polymerization and polydispersity. HeeYoung Lee examined the polymer aggregate morphologies using cryo-TEM.

PEE-PEO block copolymer exchange rate between mixed micelles is detergent
and temperature activated
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Abstract
We examine the kinetics of polymer chain exchange between mixed block copolymerdetergent micelles, a system relevant to the synthesis of protein-containing biomimetic
membranes. While chain exchange between block copolymer (BCP) aggregates in water is too
slow to observe, and detergent molecules exchange between micelles on a time-scale of ns to μs,
BCP chains exchange between mixed detergent-polymer micelles on intermediate time-scales of
many minutes to a few days. We examine a membrane-protein-relevant, vesicle-forming, ultrashort polymer, poly(ethyl ethylene)20-poly(ethylene oxide)18 (PEE20-PEO18). PEE20-PEO18 was
solubilized in mixed micelles with the membrane protein compatible non-ionic detergent octyl-βD-glucoside (OG). Using cryo-TEM and small-angle neutron scattering (SANS), we demonstrate
complete solubilization of the polymer into micelles. Using time-resolved SANS (TR-SANS), we
provide the first direct evidence that detergents activate BCP chain exchange, and determine
kinetic parameters at two detergent concentrations slightly above the critical micellar
concentration (CMC) of OG. We find that chain exchange increases two orders of magnitude when
temperature increases from 35 to 55 °C, and that even a 1 mg/mL increase in OG concentration
leads to a noticeable increase in exchange rate. Our kinetic data are consistent with a single ratelimiting process rather than the distribution of exchange rates known to exist for BCPs in the
absence of detergent, indicating a different exchange mechanism than the simple chain escape
dominant in single component micelles. Using the Arrhenius equation, we determine that at the
detergent concentrations examined, the activation energy for polymer chain exchange is only 2 to
3 times higher for PEE20PEO18 than for short-chained lipids, and that the activation barrier
decreases with increasing OG concentration. Based on these results, we postulate that mixed
micelles exchange BCPs through a detergent mediated process, such as the fusion and
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fragmentation mechanisms also known to occur in micellar systems. These findings explain the
need for high detergent concentration and/or temperature to synthesize polymer/protein
membranes. Further, we postulate this is a more general phenomenon applicable to mixed micelle
systems containing amphiphiles with vastly different solubilities and CMCs differing by many
orders of magnitude.
Keywords: Time-Resolved Neutron Scattering, Biomimetic Block Copolymers, Self-Assembly,
Block Copolymer Micelles, Detergents
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Introduction
Functionalization of BCP materials by membrane proteins usually requires the presence of
detergent to destabilize the BCP aggregates and enable protein insertion. Methods to incorporate
proteins in block copolymers include film rehydration82 and disruption of existing BCP
membranes by detergent28. These methods have advanced the study of membrane proteins in BCP
vesicles, but are currently difficult to use to assemble membranes with a high density of proteins.
One of the most promising methods to insert a large numbers of membrane proteins is through
detergent dialysis, in which both BCPs and membrane proteins are first completely solubilized in
detergent micelles, and then mixed to form ternary micelles. As these ternary micelles form, the
detergent is gradually and selectively removed (based on solubility and size) through a dialysis
membrane. This process forms a membrane with the highest packing density of proteins and may
result in two-dimensional crystals98. To form densely packed membranes via detergent dialysis,
block copolymers must associate with protein-detergent micelles, forming ternary micelles that
can become BCP-protein membranes once the detergent is removed. Therefore, BCP chain
exchange between micelles is an important process in forming protein-BCP membranes.
To date there have been a number of studies that use detergents to insert membrane proteins
into BCPs28,29,41,46,47,49,52,53,55,56. However, there are no direct measurements on the kinetics of
block copolymer exchange between mixed BCP/detergent micelles. We can make some inferences
about this process based on exchange kinetics observed between other kinds of amphiphile
aggregates. The time scale for lipid and cholesterol exchange between vesicles ranges from
hours12,99 to tens of hours for some lipids with longer hydrophobic tails 100, while detergent micelles
can exchange molecules over time-scales on the order of nanoseconds 90 to tens of microseconds91,
and block copolymer aggregates (micelles and vesicles) in water are kinetically frozen 92,93. In these
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systems, chain escape from the aggregate is usually a rate limiting step12,84,85,90,93,99-102 and depends
on the balance between the hydrophilic and hydrophobic moiety of the molecule (the lipid tail vs.
headgroup, BCP hydrophobic block vs. hydrophilic block, or detergent hydrophobic chains vs.
headgroup)12,93,99-102. Because of this dependence on hydrophilic/hydrophobic balance, singlemolecule escape for a BCP has a distribution of rates reflecting the polymer’s polydispersity index
(PDI),81,86,89,103,104 rather than the single rate-limiting process seen in model polymer systems with
fixed degrees of polymerization105,106.

In addition to this single-molecule escape process,

detergent85 and polymer94 micelles also exchange mass through fission and fusion, although this
process is slower than single-molecule escape for most single-component micelles 84,90,94 (an
exception being ionic detergents in the presence of a high concentration of counterions 85).
A number of studies by Rharbi and Winnik have investigated this slower fission/fusion
process by examining the exchange of hydrophobic fluorophores between detergent micelles, as
these tracer molecules have a lower ability to escape into the aqueous solvent and therefore don’t
follow the single molecule escape mechanism13,95-97. Exchange in these systems proceeded by two
parallel rate-limiting steps: (1) the fusion mechanism, in which two micelles fuse into a large
aggregate that quickly splits due to its instability, and (2) the fragmentation mechanism, in which
a micelle splits into two parts, one of which is a small micelle containing a tracer molecule. This
small micelle quickly grows to full size via fusion and detergent addition. Comparing our system
to the detergent/tracer micelles, we can imagine that BCPs might function similarly to the
hydrophobic tracer molecules; if they are hydrophobic enough that their escape into the solvent is
slower than mixed micelle fragmentation and fusion, then one or more of these processes will
become the main method(s) for BCP exchange. Fusion, fragmentation, and single-chain escape
exchange mechanisms are depicted in Figure 1.1.
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Figure 1.1: Chain escape, collision, fragmentation, and fusion are three of the possible mechanisms for polymer
exchange between mixed micelles. Mixed micelle cores are shown in orange, PEO/detergent headgroup coronas in
blue, and the polymer chain that exchanges between the two micelles is red.

In this work, we investigate the transfer of polymer chains between BCP/detergent micelles
by means of time-resolved small-angle neutron scattering (TR-SANS). The addition of detergent
dramatically increased the chain-exchange rate between otherwise kinetically frozen aggregates,
and we were able to model the exchange with a single rate-limiting process, but not with the
distribution of rates predicted for pure BCP micelles. We determined the activation energy for the
chain exchange process by making measurements at a series of temperatures. Our results provide
an understanding of the time scales needed for the initial self-assembly of composite blockcopolymer/detergent/protein micelles using detergent dialysis.
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Materials and Methods
Poly(ethylene oxide)-Poly(ethyl ethylene) (PEE-PEO) synthesis, as well as Polymer vesicle and
micelle preparation, are described in detail in the Supporting Information.
Small angle neutron scattering (SANS)
Neutron scattering experiments were conducted using the NGB30 30m SANS instrument at the
NIST Center for Neutron Research (NCNR)107. Static samples were measured using two different
instrument configurations at sample-to-detector distances (SDDs) of 13 m, 4 m, and 1 m, with a
neutron wavelength of 6Å and wavelength resolution of ∆λ/λ = 14%, while the front end optics
were adjusted to optimize the scattering in each Q range. The configurations cover the ranges of
0.003 < Q < 0.04 Å-1, 0.009 < Q < 0.1 Å-1, and 0.03 < Q < 0.4 Å-1 respectively, for a complete Q
range coverage from 0.003 < Q < 0.4 Å-1. The scattering vector Q is given by Q = 4π sin(θ)/λ,
where 2θ is the scattering angle and λ is the neutron wavelength. The scattering from the micelles
was greatest in the 4m Q range, so we used that configuration for time-dependent intensity
measurements, and the 1m configuration was used to obtain the incoherent background scattering.
The full Q range from all three configurations was only used for the static (non-time dependent)
data. All data were collected using NIST demountable cells with quartz windows and nominal
thickness 1mm (see supporting information) and corrected for background, transmission, and
detector sensitivity and placed on an absolute scale in the usual fashion 107 using NIST’s data
reduction macros in IGOR Pro108. The reduced data was then fit to a monodisperse core-shell
model109 using SasView software110.
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Time resolved SANS (TR-SANS)
To determine the kinetics of polymer exchange between micelles we adopted the general
procedures used in literature 12,86,87,93,99,111. In brief, the scattering cross section of non-interacting
particles (such as vesicles or micelles in dilute solution) obtained from small-angle neutron
scattering is given by equation 1.1:
( ) ∼

( )

−

(1.1)

where I(Q) is the scattering intensity, n is the number density of the particles, V is the volume of a
single particle, P(Q) is the form factor that depends on the particle’s shape, and ρ is the scattering
length density (often abbreviated as SLD)99. Because different isotopes of a single element can
have different scattering lengths, isotopic substitution can be used to tune the scattering. In
particular, hydrogen and deuterium have very different scattering lengths and the contrast can
therefore be easily manipulated by mixing H2O and D2O or by deuteration of molecules in the
solute particle.
Thus in order to observe chain exchange, we mixed two populations of mixed micelles at
time 0: one containing partially deuterated polymer with ρ PEE ≈ 1.7x10-6 Å-2 and one containing
unsubstituted polymer with ρPEE ≈ 5x10-7 Å-2. The micelles are in a solvent containing 79 vol %
H2O and 21 vol % D2O (corresponding to ρ ≈ 1.1x10-6 Å-2). The solution also contains some
amount of OG detergent, a 5.2 % mass fraction of which is tail-deuterated (also corresponding to
an average ρ of 1.1x10-6 Å-2). The deuteration of the solvent and detergent is such that the average
scatting length densities of the mixed h/d solvent and h/d detergent each match that of a polymer
micelle core containing a 50:50 mixture of unsubstituted and deuterated PEE (Figure 1.2). When
the polymer exchange goes to equilibrium then there should be almost no scattering from the
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sample above background (see supporting information). The micelle corona contains only h-PEO
and is therefore not contrast-matched, but is strongly solvated, so that it produces minimal
scattering. This scattering however is sufficient that prior to mixing the h-polymer micelles scatter
more than the d-polymer micelles, but we show in the supporting information that this should not
affect our kinetic analysis. Therefore, we follow the lead of similar studies 86,103,111 in neglecting
corona scattering in determining exchange rates.

Figure 1.2: Two populations of micelles, one with d- PEE and one with h-PEE, are mixed at time 0 in a mixture of
H2O/D2O and d-OG/h-OG contrast-matched to the mixed (equilibrium) micelle core. Because the PEO corona is
strongly solvated, most of the scattering is from the micelle core, and decays to zero as the chains exchange, so that
the micelles become nearly invisible to the neutron beam12. OG detergent is present in the micelle, but is not shown
because the detergent and solvent are contrast-matched from the beginning.

At t = 0 the scattering intensity as given by equation 1 will be the average of the scattering from
the h and d micelle populations. As chain exchange occurs, the contrast between the solvent and
micelle core will decrease until at equilibrium the SLD contrast and scattering intensity above
background should both be approximately zero. This occurs even though the SLD of each chain is
different from that of the solvent because we are observing the system at length scales >1 nm, so
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that only the average SLD of the micelle core is important. The extent of chain exchange is
therefore simply given by 1- ∆ρ(t)/∆ρ(0) calculated from the scattering intensity using equation
1.2:
∆ ( )
∆ (0)

=

( ) − (∞)
(0) − (∞)

(1.2)

where I(t) is the scattering intensity above the incoherent background at time t. We note that
equation 2 is independent of Q and thus make the usual TR-SANS trade of Q (or spatial) resolution
for temporal resolution by integrating I(Q) from short (very noisy) runs over a range of Q. In our
case I(t) is obtained by integrating I(Q) over the range 0.01 Å-1 < Q < 0.046 Å-1 after subtracting
the incoherent background scattering taken from the high q portion of the data set by averaging
over the range 0.12 Å-1 < Q < 0.23 Å-1. While technically, as discussed above, the intensity at
infinite time, I(∞), should be about equal to zero, practically it is very difficult to achieve a perfect
contrast match. I(∞) accounts for any such off-contrast contributions and for scattering from the
PEO corona.

For a detailed description of this normalization procedure, see supporting

information.
All samples were examined until the scattering went to equilibrium or for at least 8 hours, with a
scan time of five minutes per time point during the first hour and 10 minutes at longer times. For
samples with long exchange times we measured the scattering intensity intermittently for 48 hours,
keeping the samples at their respective temperatures between measurements. The interval between
measurements at long times was on the order of 10 hours.
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Results
Polymer aggregate structure via cryo-TEM
In the absence of detergent, h-PEE-PEO at 10 mg/mL self assembles into a mixture of unilamellar
vesicles and worm-like structures as shown by Cryo-TEM (Figure 1.3A). This observation is in
agreement with Jain and Bates’ 2003 report that a mixture of bilayer and cylinder structures may
co-exist for PB-PEO over a large range of PB chain length and PEO mass fractions of about 30 to
50 %112. Addition of OG detergent solubilizes the large polymer aggregates to form small spherical
micelles containing polymer and OG (Fig 1.3B). We also used dynamic light scattering (DLS) to
obtain volume-averaged aggregate size distributions in the presence and absence of OG (see
supporting information). We observe that in the presence of 7 mg/mL OG or more, only aggregates
with diameter of order 10 nm are present (corresponding to the small, spherical micelles observed
via Cryo-TEM). In the absence of OG, particles with longer diffusion times are present, most likely
vesicles and wormlike micelles. Because these large aggregates are absent at the high detergent
concentrations used during dialysis (10-40 mg/mL OG28,29,55), polymer exchange between them is
not relevant to the dialysis process and are not discussed further.
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Figure 1.3: Cryo-TEM was used to probe the overall morphology of the samples used in TR-SANS. A) PEE20PEO18 self-assembles in water from solvent-evaporated films to form a mixture of worm-like micelles and
vesicles. B) h-PEE-PEO with 7 mg/mL detergent forms small spherical micelles.

Mixed micelle structure from SANS
In order to fully characterize our mixed micelles as a function of temperature and detergent
concentration, we fit the SANS data from samples prior to mixing with a monodisperse core-shell
sphere form factor109 using SasView 3.1.1110. The solvent SLD, micelle volume fraction, and core
SLD of h- or d-PEE were set fixed to their known values and only the core radius, corona thickness,
and corona SLD were varied to obtain the best fit to the data. To mitigate the short collection
times used in these kinetic experiments we further constrained the fits by simultaneously fitting
the h- and d-polymer data sets taken at the same conditions of temperature and OG concentration
and requiring that all three fitted parameters (the core radius, corona thickness, and corona SLD)
be the same for both cases. This model fits the data well as shown in Figure 1.4, indicating the
contrast and scattering intensity are not sufficient to model with a more sophisticated polymer
micelle form factor which would include polymer-polymer interactions in the corona as well as a
varying SLD across the corona. The model parameters are given in Table 1.1.

We note that the
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overall micelle radius (core + shell) of this simplified model of ~ 4.5 nm is consistent with the 6.5
nm hydrodynamic radius estimated from Stokes Law using DLS (see supporting information) and
that the micelles are clearly fairly monodisperse, suggesting a thermodynamically equilibrated
system. Further it makes clear the source of differing I(0) between the d and h polymer is the
residual contrast from the highly solvated PEO corona. We note that while often not appreciated
this will be true of most of the polymer micelle chain exchange literature86-89,92,93,103-106,111,113.

55 °C

55 °C

45 °C
45 °C
35 °C

35 °C

Figure 1.4: SANS curves and core-shell sphere model fits for the mixed micelles containing 10 mg/mL PEE-PEO
and either 7 (A) or 8 (B) mg/mL OG. Blue indicates h-polymer micelles, while red indicates d-polymer. To aid in
comparison of h and d polymer micelle data, these two static samples used for each kinetic experiment are shifted so
that their backgrounds overlap. In addition, the 45 and 55 °C data are shifted upward for clarity, while the 35 °C data
is unmodified. Error bars are omitted for clarity, and the scatter in the data is representative of the experimental
uncertainty. Scatter in the data depend on collection time and sample-detector distance.
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Table 1.1: Parameters for the core-shell model fits. Note that the solvent SLD is 1.1×10-6 Å-2 for all samples, and the
core SLD is 0.5×10-6 Å-2 for h-polymer micelles and 1.7×10-6 Å-2 for d-polymer micelles. Unless stated otherwise,
error bars in this paper represent one standard deviation.

T [°C]

35

45

55

[OG] [mg/mL]

rcore [Å]

tcorona [Å]

ρcorona ×107 [Å-2]

7

41.8 ± 0.5

6.4 ± 0.4

8.0 ± 0.3

0.876

0.806

8

37.5 ± 0.5

5.3 ± 0.5

7.6 ± 0.3

0.759

0.800

7

42.0 ± 0.3

7.7 ± 0.3

8.7 ± 0.1

0.804

0.809

8

38.8 ± 0.5

5.2 ± 0.5

8.5 ± 0.5

0.871

0.766

7

37.3 ± 0.5

4.8 ± 0.5

6.2 ± 0.5

0.929

0.914

8

37.7 ± 0.5

7.9 ± 0.5

7.7 ± 0.5

0.882

0.869

h-polymer
d-polymer
background background
[cm-1]
[cm-1]

Kinetic analysis
As discussed in the methods section, the scattering intensity was integrated with respect to
Q to obtain a single ∆ρ(t) for each time point, leading to an intensity decay curve that can be
analyzed to obtain the polymer exchange rate. The d- and h- PEE-PEO micelles have higher
scattering intensity above background for Q > 0.1 Å-1 than the pre-mixed (h/d) polymer micelles,
which should be very close to the background, (Figure 1.5a). By averaging the scattering intensity
of the h- and d- micelles, we obtain the initial scattering intensity of the mixed polymer sample
before any exchange has occurred. The pre-mixed sample should have the same scattering
intensity as a sample in which the h- and d- polymer chains have been evenly distributed between
the micelles through chain exchange, leading to a minimum of scattering. Figure 1.5b shows how
the scattering intensity decays over time due to polymer exchange, eventually reaching the same
value as for the pre-mixed sample.
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Figure 1.5. A) Scattering curves for h- and d- polymer-detergent micelles (top 2 curves) and the premixed h/d micelles
(lower curve). These curves were used to verify the scattering intensity at t = 0 and t = ∞. This particular sample
contains 10 mg/mL PEE-PEO and 7 mg/mL OG at 55 °C. B) During a kinetic experiment, scattering intensity at the
4 m sample-detector distance decays as h- and d-PEE-PEO distribute between micelles. The intensity at the 1 m
sample-detector distance reflects the incoherent background and therefore remains constant. Scattering curves
correspond to a sample containing 8 mg/mL OG and 10 mg/mL PEE-PEO at 45 °C. Each sample’s background (0.12
Å-1 < Q < 0.23 Å-1) was subtracted from its integrated intensity (0.01 Å-1 < Q < 0.046 Å-1) to find the fractional
intensity at each time point (Fig. 6) thus trading the unnecessary high spatial resolution with poor statistics for good
temporal resolution. Note that the scatter in the data is indicative of the uncertainties, and the error bars have been
omitted for clarity.

Because we found that a detergent concentration of at least 7 mg/mL was essential to
completely solubilize the polymers into mixed micelles (see Figure 1.3), we used detergent
concentrations of 7 to 8 mg/mL at three different temperatures (Figure 1.6) to study the
polymer/detergent dynamics. At higher concentration of (invisible) detergent the signal became
too weak to reliably process. In the presence of 7 or 8 mg/mL detergent, polymer exchange takes
place on a time-scale easily observable using TR-SANS (30 minutes to ~3 days) at temperatures
in the range 35-55 °C.
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Figure 1.6. At both 7 mg/mL OG (A) and 8 mg/mL OG (B), increasing temperature dramatically increases the rate of
polymer exchange. Blue points represent 55 °C data, red points 45 °C, and black points 35°C. Lines of the
corresponding colors represent the best single-exponential fits to the data. The rate of chain exchange between
micelles can also be enhanced by increasing the amount of detergent. Complete chain exchange was achieved at
temperatures of 45 °C for 8 mg/mL OG and 55 °C for both OG conditions.

Discussion
Single-chain escape into the solvent is well known to be the rate-limiting process for most
single component micelles, particularly BCP micelles, whose hydrophilic coronas create a stearic
barrier to fusion and fragmentation81. Because our mixed micelles are well over 50 mass % BCP,
we might expect the PEO corona to remain dense enough that fusion and fragmentation are slower
than single BCP escape, and we begin by treating our data in the framework of polymer micelle
exchange kinetics. The currently accepted model for polymer exchange by single-chain escape
was proposed by Lodge, Bates et al; its key feature is that it includes a broad distribution of
exchange rates to account for the polymer’s PDI86. In contrast to previous TR-SANS studies that
considered polydispersity as an explanation for the distribution of rates 88,93, in Lodge and Bates’
model the activation energy for chain escape increases linearly with the number of hydrophobic
monomers N and contains an unknown prefactor of order 1 86 that may be related to micelle or
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chain geometry89. Other studies by Lund, Wilner, and Richter89,103,104 have shown that the
activation energy is proportional to Nβ, where β is a scaling exponent that reflects how stretched
or collapsed the hydrophobic chain is as it exits the micelle: β varies between 1 (completely
stretched, as in Lodge’s model86), and 2/3 (completely collapsed, as predicted by Halperin and
Alexander’s scaling theory81). Therefore, we use the following relaxation function K(t,N) to
model the exchange of BPCs with length N:
( , ) = exp −

6

(1.3)

where k is Boltzmann’s constant, b is the Kuhn length, ζ is the monomeric friction coefficient, χ
is the Flory-Huggins interaction parameter, β is the scaling exponent for chain geometry, and α is
an unknown prefactor. This equation is identical to Lodge and Bates’ relaxation function except
that it includes an adjustable β to account for chain stretching or collapse. Following Lodge and
Bates’ procedure, we integrate this equation over the distribution of chain lengths to obtain the
decay in SANS intensity (see Supporting Information).
We attempted to fit this model to our data, in two ways: (1) varying β between 2/3 and 1
and using the PDI of 1.15 we obtain for h-PEE using GPC, and (2) varying β in the same way and
allowing PDI to take any value ≥ 1.01. Using method (1), we were able to reject the fit with
>99.9% confidence for all six data sets, and β always took a value of 2/3, indicating that allowing
a lower effective PDI would improve the fit (see Supporting Information). For method (2), we
were able to reject two of the six fits with >99.9% confidence, and all fits yielded both β = 2/3 and
an unrealistically low PDI of 1.01 set by the lower bound in the fitting procedure (in pure BCP
micelles, this model matches the PDI from GPC to within 0-0.0786,103). Consequently, we
conclude that our data are not consistent with the single chain escape mechanism described for
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pure BCP micelles. More information on our fits to the single chain escape model (including
graphs and parameter values) can be found in the supporting information.
Having eliminated classical single polymer chain escape we next apply a simple single
exponential model to our data, representative of a single rate-limiting process as expected if
polymer exchange proceeds via fusion or fragmentation. We use basic rate kinetics principles to
derive a model for chain exchange, as was done for lipid exchange between vesicles 12,100,
cholesterol

exchange

between

lipid

vesicles99,

and

polymer

exchange

between

micelles86,87,89,92,93,103-105,113. We can write the following rate equation for the mixed micelles:
∆ ( )
=
∆ (0)

(−

)

(1.4)

i.e. that the normalized SLD contrast follows a simple exponential decay with time constant τ =
kex-1.
The data are fit well by this single exponential model. For completeness, we also tested our
data against both a double exponential and a stretched exponential model (see SI). While the fits
usually improved somewhat given the extra parameters, a careful statistical analysis of the results
(see SI) clearly show that our data do not support more complex models than the single
exponential, indicating that should there be more than one rate limiting mechanism at play, all
must have the same time constants within the uncertainty of our data. The rate constants obtained
from these single exponential fits are given in Table 1.2.
In the two component polymer detergent systems we are considering we would expect
three separate time scales: the very long time scale of polymer chain escape, the very short time
for detergent chain escape and a time scale for aggregate level fission/fusion and fragmentation
which should vary with polymer:detergent ratio. In the limit of infinite polymer:detergent ratio
these last time scales are known to be even slower than polymer chain escape. At the other limit
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of zero polymer:detergent ratio those time scales are known to be quite fast compared to polymer
chain escape: 12 s-1 for fragmentation and 1-2×10-6 M-1s-1 for fusion of Triton X-100 micelles at
about 25 °C13 and about 1/10 that rate for synperonic A7 detergent micelles at similar
temperature95. Thus there must be some critical polymer:detergent ratio where the aggregate level
processes become faster than single polymer chain escape so that the polymer exchange rate (but
not the detergent exchange rate) goes from being dominated by single chain escape kinetics to
being dominated by the fission/fusion/fragmentation kinetics.
The polymer exchange rate measured here increases substantially as detergent
concentration increases, with the half-life for exchange decreasing about 50% when detergent
concentration increases by 1 mg/mL, as shown in Table 2 and Figure 1.7. This speedup by many
orders of magnitude over the absence of OG coupled with the failure of the polymer escape model
to describe the data suggests that at least in this system the critical cross-over point between single
polymer chain escape and fusion/fission time scales may occur below 7mg/mL OG. At this
relatively low OG concentrations however (just above the CMC and barely sufficient to completely
solubilize the BCP), we would still expect the steric barrier to fusion and fragmentation created by
the PEO18 corona to remain high and significantly limit the exchange rate in our mixed micelles,
as Halperin and Alexander’s scaling theory would suggest81. Thus, our observation that polymer
exchange between mixed micelles remains orders of magnitude slower than detergent micelle
fusion and fragmentation is not unreasonable. We also observe that PEE-PEO BCPs exchange
between our mixed micelles at a rate comparable to that of DMPC or POPC lipid escape from
single component lipid vesicles (Table 1.2). Unlike lipids, our BCPs exchange too slowly to
quantify in the absence of detergent (see SI), as expected from literature 92,93. Thus, even with the
small amount of detergent in our mixed micelles, the apparent cross over from single chain escape
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to a fusion and fragmentation exchange process leads to polymer exchange rates that are
comparable to exchange rates for much smaller amphiphilic molecules.
Table 1.2. Rate constants for polymer exchange between mixed micelles, lipid exchange between single component
vesicles, and 1-decyl pyrene (hydrophobic probe) exchange between detergent micelles. For lipid vesicles, flip-flop
between the inner and outer leaflets is a second rate-limiting process not observed in micelles. Because rate data were
not given at 35 and 55 °C in references 12 and 13 (or at 45 °C in reference 13), we back-calculated rate constants at these
temperatures from the activation energy and rate data given in the references using the Arrhenius equation. Because
fusion, the rate-limiting process for the probe exchange in Triton micelles, depends on detergent concentration, the
data shown use a value of 18mg/mL to aid in comparison with the BCP + OG data.

Temp (°C)
35

37
45

55

kex (s–1)

Amphiphilic system
BCP +System
7mg/mL OG

Species exch.
BCP

1.2(±0.1)×10

BCP + 8mg/mL OG

BCP

3.6(±0.2)×10-6

53 ± 3

DMPC vesicles12

DMPC

6.2×10-5

3.1

Triton X-100 micelles

1-decyl pyrene

3.4×105

5.7×10-10

POPC vesicles100

POPC

2×10-6

90

BCP + 7mg/mL OG

BCP

3.6(±0.06)×10-5

5.3 ± 0.08

BCP + 8mg/mL OG

BCP

5.6(±0.2) ×10-5

3.4± 0.1

DMPC vesicles12

DMPC

1.7×10-4

1.1

Triton X-100 micelles

1-decyl pyrene

2.4×106

8.6×10-11

BCP + 7mg/mL OG

BCP

7.2(±0.4)×10-4

0.27 ± 0.02

BCP + 8mg/mL OG

BCP

1.1(±0.2)×10-3

0.18 ± 0.04

DMPC vesicles12

DMPC

4.6×10-4

0.42

Triton X-100 micelles

1-decyl pyrene

1.5×107

1.3×10-11

-6

tex,1/2
(hours)
160
± 16

35

Figure 1.7. (A): Exchange kinetics are examined as a function of detergent concentration at constant temperature 35
°C. Black data points are for 7mg/mL OG and red data points represent 8 mg/mL. Lines represent single exponential
fits to the data. (B): Even a small change in detergent concentration, from 7 mg/mL 8 mg/mL has an observable effect
on the exchange rate constant at all three temperatures examined.

Having measured the exchange rate constants at three temperatures for samples containing
7 and 8 mg/mL OG and 10 mg/mL PEE-PEO, we estimate the activation barrier to chain exchange
using the Arrhenius rate equation:
− ln

=

− ln

(1.5)

where R is the ideal gas constant and A is a process-dependent constant.
The Arrhenius equation yields an activation barrier of 229 ± 10 kJ/mol for 8 mg/mL OG
and 267 ± 10 kJ/mol for 7 mg/mL OG (Figure 1.8). We note that activation barriers for other
amphiphilic systems have been estimated using similarly narrow temperature windows: 27-57 °C
for DMPC chain escape (84.6 kJ/mol)12 and 5-25 °C13 for Triton X-100 micelle fission (110
kJ/mol) and fusion (160 kJ/mol). The larger activation barrier for PEE-PEO exchange between
detergent-polymer micelles compared to that of single component DMPC lipid exchange between
lipid vesicles is consistent with the data in Table 1.2 in showing that the polymer exchange rate is
more temperature-dependent than the pure DMPC exchange rate. Due to the decrease in the
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activation barrier as more OG is added (7 vs 8 mg/mL), polymer chain exchange becomes both
faster and less temperature-dependent at higher OG concentrations. This is again consistent with
fusion and/or fragmentation being rate-limiting processes, as a less concentrated polymer corona
would result in a lower activation barrier for these mechanisms.
detergent:polymer

ratio

where

the

activation

barrier

to

In the limit of high

PEE-PEO

exchange

by

fusion/fragmentation should become equal to that for OG micelle fusion/fragmentation, we expect
that activation barrier could be even smaller than for Triton given that OG has a small sugar
headgroup rather than the PEO9.5 oligomer of Triton X-100.

Figure 1.8: (A) Using the Arrhenius equation (method shown graphically), activation barriers for chain exchange
were determined for detergent-solubilized vesicles containing 7 or 8 mg/mL OG. (B) Despite the presence of a
moderate amount of detergent, the activation barrier for polymer exchange is substantially larger than for DMPC 12
and PNPC102 lipid escape, or Triton X-10013 detergent micelle fusion (which was ~105 times faster than fission for the
Triton micelles13).

After calculating activation energy, we apply the Eyring equations to estimate the enthalpy,
entropy, and free energy changes associated with chain exchange, as has been done for lipid
exchange102. These values correspond to the barrier between the ground state (a mixed micelle or
lipid vesicle) and the transition state. Although our activation energies are estimated from three
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data points spanning a limited range of temperatures, we believe such analysis can still be
informative, particularly when making relative comparisons. In Table 3, we compare these values
to those we calculate for the 1-lauroyl-2-[9-(1-pyrenyl)nonanoyl] lipids C12PNPC, C12PNPG, and
C12PNPE102, and Triton X-100 micelles13 based on literature data.
The thermodynamic results are consistent with the fusion and fragmentation mechanisms
seen in some non-ionic detergent micelles. The enthalpy barriers to polymer exchange are roughly
double those for detergent micelle fission and fusion 13, consistent with the interpretation that
longer PEO chains (present in our mixed micelles) create a greater steric barrier to fragmentation
or close contact between micelles (required for fusion)95 than in Triton X-100 micelles. Increasing
the amount of OG in the mixed micelles decreases the enthalpic barrier to exchange, consistent
with the corona becoming less dense when more of the micelle surface is occupied by OG rather
than BCP.
The entropy changes for the BCP exchange in the polymer/OG systems are also larger in
magnitude than for lipid exchange in single component lipid systems 102 and for hydrophobe
exchange in detergent micelles13, and the process is entropically favorable for the mixed or
detergent micelle cases, whereas it is sometimes unfavorable in the lipid cases. Past studies on
polyethylene-PEO BCP micelles have found an entropic gain upon chain exchange which is
attributed to chain escape from confinement in the glassy micelle core 105,106. However, this clearly
does not apply in the present case because (1) single chain escape is not consistent with the data,
and (2) we observe that our polymers are rubbery rather than glassy at room temperature. Probably
more relevant to our case, hydrophobe exchange in Triton X-100 micelles, thought to proceed by
fusion and/or fragmentation13, is entropically favored (Table 1.3). Because of the larger entropy
change for BCP transfer between mixed micelles compared to lipid escape from single component
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lipid vesicles and Triton X-100 micelle fusion, the free energy barrier to polymer exchange
between mixed micelles is smaller than for exchange in the other two systems.
While a complete analysis of the various molecular contributions to the enthalpic and
entropic components of the transition state are beyond the scope of this work, an interesting
potential contribution to the entropic term could originate from stretching of the PEE block in the
mixed micelle. Compression or stretching of a polymer chain from its equilibrium size is
entropically unfavorable, but frequently occurs to minimize the overall free energy of a
system6,63,65, and polymer micelles often have their hydrophobic blocks stretched by a factor of 2
or more5. Indeed, fission would lead to smaller aggregates which would allow the chains to relax.
On the other hand the total surface area would need to increase which would have both an enthalpic
penalty due to the increased hydrophobic/solvent contacts and, according to Rharbi and Winnik 13,
an entropic penalty due to the increased micellar area around which water must form an ordered
structure to minimize the disruption to its hydrogen bonded network. Fusion on the other hand
would lead to an increase in aggregate diameter by about 25% further stretching the polymer
chains. However, in this case the total surface area would be lowered (less than ideal) which can
and will be compensated for by the aggregate taking on a more elongated shape thus increasing its
surface to volume ratio and decreasing the stretching. To the extent that any residual decrease in
surface area remains, it would provide another entropically favorable component from the water
structure term.
To test whether PEE is stretched or compressed in our mixed micelles, we calculate the
degree of stretching defined by Bates et al5 as s = Rcore/<ro2>1/2, where Rcore is the radius of the
micelle’s PEE core and <ro2>1/2 is the end-to-end distance for the polymer chain in an ideal random
walk configuration. Using a Kuhn length b = 10.5 Å and Kuhn monomer mass Mo = 230.9 Daltons
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for PEE20, we calculate that our PEE20 chains contain Nk = NEE×MEE/Mo = 4.85 Kuhn monomers,
and should have an end-to-end distance <ro2>1/2 = Nk1/2b = 2.31 nm63. Using SasView software110
to obtain a micelle form factor P(Q) from our SANS data, we determined that r core is about 3.7 4.2 nm, indicating that the PEE blocks are stretched by a factor of about 2. Thus, a fission
mechanism would provide significant chain relaxation and entropic gain while a fusion mechanism
could in principle also provide some chain relaxation if the smallest dimension of the elongated
fused aggregate is smaller than the original radius of the micelle. However, whether fusion or
fission is the dominant mechanism will depend on the relative strengths of the chain stretching
term, the solvent entropic contribution, and the enthalpic penalty as well of course of any other
contributions to the energetic description of the system and will require a full theoretical and
simulation study to sort out.
Table 1.3. Comparison of thermodynamic properties for chain exchange between polymer-detergent micelles with
those for lipid vesicles and with those for hydrophobe exchange from detergent micelles. ΔHǂ, ΔSǂ, and ΔGǂ values
are calculated at 298 K, while EA values are temperature-independent.

System studied

EA (kJ/mol)

∆Hǂ (kJ/mol)

∆Sǂ (kJ/mol K)

∆Gǂ (kJ/mol)

PEE-PEO + 7mg/mL OG

266 ± 10

264 ± 10

0.78 ± 0.10

31 ± 20

PEE-PEO + 8mg/mL OG

230 ± 9

227 ± 9

0.65 ± 0.09

34± 18

PNPC

93

91

-0.0015

91

PNPG

93

91

-0.009

94

PNPE

109

106

0.033

96

Triton X-100 (fusion)

160

157

0.17

108

Triton X-100 (fission)

110

108

0.095

79

Conclusions:
The exchange of polymer chains between polymer/detergent micelles is a key step in
synthesizing densely packed protein-polymer membranes. Using TR-SANS, partially deuterated
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polymer, and OG detergent, we directly measure that exchange process. Interestingly we observe
that our data are not consistent with the classic chain extraction mechanism found in polymer
micelles and instead suggest the polymer exchanges via the fission/fusion mechanism. The
exchange rate increases significantly upon addition of detergent and increase in temperature: the
time scale for exchange is too long to measure without OG, even at 50 °C, but is only a matter of
hours with 7 or 8mg/mL at 45 °C, and less than an hour with 7 or 8 mg/mL OG at 55 °C. Thus,
under the right conditions of detergent and temperature, polymer chains can exchange between
mixed aggregates even more quickly than has been shown for single component DMPC and POCP
lipid chains12,100. Indeed, if polymer exchange proceeds by mixed micelle fusion and/or fission,
then we expect that the exchange would become orders of magnitude faster (approaching that of
OG micelles) in the limit of high detergent/polymer ratio. Our data are however insufficient to
distinguish whether fragmentation or fusion is rate-limiting which is left for future studies. In that
vein we note that concentration dependent studies may yield some insight due to fusion rates being
concentration dependent while fission rates are not13,94-97. It is unlikely however to answer the
question alone due to a number of experimental challenges including varying OG fraction in the
micelle with increasing micelle concentrations arising from the much higher OG CMC.
Based on the polymer exchange rates we calculate that the activation barrier to chain
exchange decreases with increasing detergent concentration, making the kinetics faster and less
temperature-dependent. We also use the Eyring equations102 to calculate that chain exchange is
an entropically favorable process in these mixed systems, both supporting the fission/fusion
mechanism13 and suggesting that polymer chain stretching may play a role in the exchange
thermodynamics5,63. In combination, these factors lead to the overall barrier to chain exchange
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between mixed micelles being both substantially smaller and less dependent on chain length than
for exchange between single component polymer or lipid vesicles.
The fact that our data suggests the polymer exchanges via the fission/fusion mechanism in
the mixed polymer detergent system is in line with a number of studies on hydrophobic cosurfactant exchange and hydrophobic marker inclusion exchange used precisely to study kinetics
of micelle fission and fusion13,94-97. Indeed, from the point of view of exchange kinetics these
systems should be identical to mixed amphiphile systems containing species with vastly different
CMCs (tens of orders of magnitude in our case). However, despite a large body of work on micelle
kinetics going back to the 1970’s, to our knowledge there remains no theoretical treatment of the
kinetics of mixed micelles and in particular the impact of mixed surfactants on the fission/fusion
times vs the chain escape rates of the individual components. Single-molecule escape rates from
a mixed micelle may or may not change compared to a single-component aggregate, while
fission/fusion rates must progress from that of that of the slowest to the fastest component as the
micelle composition changes. Thus, we expect that in a mixed micelle whose components have
vastly different CMCs, at some critical composition the exchange mechanism for the slower
components will transition from single-molecule escape to fission/fusion. We expect that this
crossover will be a general phenomenon for mixed micelles and our data suggest the transition
may occur at relatively modest concentrations of the high CMC component. We hope that our
work will spur interest from simulators and theorists to better understand this transition.
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Abstract
Biomimetic membranes containing membrane proteins are increasing in interest for
applications and commercialization in a variety of fields including DNA sequencing 114, sensing115,
drug delivery116 and water purification29,117,118. These membranes are self-assembled structures
made from low molecular weight block copolymers, including poly(ethylene oxide) – 1,2polybutadiene (EO-1,2BD) and poly(ethylene oxide) – poly(ethyl ethylene) (EO-EE). To examine
these membranes’ nanoscale structure, we developed coarse-grained (CG) models for EO-EE and
EO-1,2PBD. In these minimalistic models, we use one type of CG bead to represent each
monomer, and choose a CG water model (in which a coarse-grain bead represents three water
molecules) that correctly reproduces water’s density, surface tension, and compressibility. We test
a number of combining rules to obtain CG parameters for cross-interactions involving the
hydrophobic polymers, and find that a modified Lorentz-Berthelot relationship with a common
scaling factor for EE and BD reproduces the available experimental data. Based on our data for
low-molecular weight block copolymer membranes important for protein incorporation, we
observe that the hydrophobic core blocks have a somewhat stretched configuration compared to
the random coil configuration seen at higher molecular weights. Moreover, our simulations show
an increase in the interdigitation of the hydrophobic leaflets with increase in the molecular weight,
which is consistent with literature. The hydration level of the PEO corona can influence solvent
incorporation into the membrane core and thus the membrane’s suitability for protein
incorporation, and our simulations indicate that the corona is more hydrated for membranes with
a larger area/chain, but that the hydration is independent of whether EE or 1,2-BD forms the
hydrophobic block. Our results provide a molecular-scale view of membrane packing and
hydrophobicity, two important properties for creating polymer-protein biomimetic membranes.
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1. Introduction
Amphiphilic block copolymer-based biomimetic membranes containing transmembrane
proteins are extensively studied for use in drug and gene delivery, sensors, reactive surfaces and
water purification27-29,40,119,120. There have even been some recent commercialization successes products in this area currently include the popular low cost DNA sequencer (MinION) from
Oxford Nanopore Technologies121 and the Aquaporin InsideTM forward osmosis membranes from
Aquaporin, AS122 for water purification. Block copolymers are used as alternatives to lipids
because they offer improved chemical61 and mechanical6,60 stability and the ability to incorporate
transmembrane proteins27. This improvement in physical and chemical stability is attractive from
an applications perspective: for example, BC membranes incorporating transmembrane water
transport proteins or artificial water channels have been widely examined as selectively permeable
membranes for separations such as reverse osmosis (reviewed by Kumar et al 27). Reverse osmosis
membranes have a service life of 5-7 years, during which they are exposed to oxidative and
hydrolyzing conditions, bacteria, and hypochlorous acid, and typical operating pressures of 2001000 psi1, making chemically and mechanically stable membranes a requirement for such an
application.
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 (χ) between the two blocks, which depends on the
difference in their hydrophobicities. Thus, copolymer membrane properties can be tuned by
changing the block molecular weights (f, N) and polymer identity (χ)3. Polymer molecular weights
and identity are easily manipulated in simulations once a force field is developed, making
simulations an important tool for investigating the properties of biomimetic membranes. In
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addition, simulations allow us to visualize polymer membranes on a molecular scale, and can help
us understand the connection between monomer interactions and membrane properties.
In this work we present coarse-grained models for two biomimetic-membrane-relevant block
copolymers: EO-1,2BD and EO-EE. We focused on low molecular weight polymers (12- 40
hydrophobic monomers 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. We derived the coarsegrained parameters for 1,2PB based on our atomistic simulations of a 1,2BD polymer melt (using
the OPLS all-atom model14,15 with additional parameters derived by Okada 16). The parameters for
the EO monomer are the ones given by Shinoda 123. The bonded parameters for the EO-1,2BD
junction are derived based on our simulations of single copolymer chains in vacuum, and the
bonded parameters for EO-EE are proposed based on previously published parameters for this
copolymer by Shrinivas and Shinoda7,8,123. These polymers, 1,2BD and EE, have similar structure,
but BD is less hydrophobic, having a Hildebrand solubility parameter δ = 16.7 MPa 1/2 compared
to δ = 14.2 MPa1/2 for EE (obtained using the group contribution method with parameters provided
by Fedors et al)75. We test a variety of combining rules to determine the nonbonded parameters for
hydrophobic/water and hydrophobic/EO cross-interactions, and find that we can use a modified
Lorentz-Berthelot combining rule with a common scaling factor for EE and BD to account for the
differences in hydrophobicity between these bead types. This approach is reported for the various
coarse-grain systems including alkanes, perfluoroalkanes, gasses, polymer solutions, and lipids 124128

. Using our coarse-grained (CG) models, we examine the changes in membrane structure and

hydration due to this hydrophobicity difference, as well as the membrane thickness and area per
chain of the low-molecular-weight membranes used for protein incorporation.
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CG 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 selfassembly of polymers compared to atomistic approaches. We use the bottom-up coarse-graining
approach, in which polymer-specific differences are captured by parameterizing the CG forces to
reproduce properties from the corresponding atomistic simulations 129,130. In the models we present,
we use one type of coarse-grained bead to represent each type of monomer and one to represent
three water molecules. A schematic representation of the proposed level of coarse-graining is
presented in Figure 2.1. We perform our polymer membrane simulations using the NPT ensemble,
and the barostats in the plane of the copolymer membrane are coupled. This approach provides a
way to maintain the external stress tensor at zero and allows the area per chain to fluctuate around
an equilibrium value that we can compare to experimental data.
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Figure 2.1: 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 (1,2BD) 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.

First, we present CG parameters for PEO-1,2-BD based on atomistic simulations. Next, we
present a CG model for PEO-EE using only two CG bead types (one for each monomer), and in
which all parameters are given by functional forms rather than tables as was done previously7,8,123.
This EO-EE model is based on the work of Shinoda123 and Srinivas7,8. We test whether this twobead model for EO-EE can reproduce membrane thickness and area per chain data from previous
experiments5,6 and simulations8. Next, we test a variety of combining rules for nonbonded cross-
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interactions involving EE or BD. We find that a modified Lorentz-Berthelot relationship
reproduces the experimental membrane thickness from cryo-TEM. After developing these CG
models for EO-EE and EO-1,2-BD, we determine the scaling relationships between membrane
structural 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 hydrophobic
core block.
2. Models and Methods
2.1 Coarse-grain model development
The CG force field for 1,2-BD was parameterized to reproduced the atomistic structure of
the polymer melt.

1,2-BD atomistic simulations were performed using OPLS all-atom

parameters14,15 and some additional parameters proposed by Okada et al16. All atomistic
parameters for 1,2 BD are presented in Table 2.1. Because the polybutadiene synthesized in our
lab is an atactic polymer containing a 10% 1,4-BD 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 Supporting
Information, 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 model
parameters using Iterative Boltzmann Inversion129,131. For the non-bonded potential we used a
Lennard-Jones-type function with exponent 9 for the repulsive and 6 for the attractive part of the
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potential (LJ9-6), that minimized 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)16. 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
2.2.
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Table 2.1: Atomistic parameters for 1,2-polybutadiene (EO-1,2BD) melt and
poly(ethylene oxide) – 1,2polybutadiene (EO-1,2BD). The presented atomistic parameters are based on OPLS all-atom parameters14,15 and some
additional parameters proposed by Okada et al16.
Non-bonded
atom

( )=4

−

( )= ( − )
ε (kcal/mol)
σ (Å)
Angle
HCT
2.5
0.03
k (kcal/mol/rad2)
θ0 (degrees)
HCM
2.42
0.03
CT
3.5
0.066
HCT-CT-HCT
33
107.8
CM
3.55
0.076
CT-CT-HCT
37.5
110.7
OS
2.9
0.14
CT-CT-CT
58.35
112.7
OH
3.12
0.17
CT-CT-CM
63
111.1
HO
0
0
HCT-CT-CM
35
109.5
CT-CM-HCM
35
117
( )= ( − )
Bond
k (kcal/mol/Å2)
L0 (Å)
CT-CM-CM
70
124
CT-HCT
340
1.09
HCM-CM-CM
35
120
CT-CT
268
1.529
HCM-CM-HCM
35
117
CT-CM
317
1.51
CT-CT-OS
50
109.5
CM-HCM
340
1.08
CT-CT-OH
50
109.5
CM-CM
549
1.34
HCT-CT-OS
35
109.5
CT-OS
320
1.41
HCT-CT-OH
35
109.5
CT-OH
320
1.41
CT-OS-CT
60
109.5
HO-OH
553
0.945
HO-OH-CT
55
108.5
1
[1 +
( )] + [1 −
(2 )] + [1 +
(3 )] + [1 −
(4 )]
( )=
Dihedral
2
k1 (kcal/mol)
k2 (kcal/mol)
k3 (kcal/mol)
k4 (kcal/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
HCT-CT-OS-CT
0
0
0.76
0
CT-OS-CT-CT
0.65
-0.25
0.67
0
OS-CT-CT-HCT
0
0
0.468
0
OH-CT-CT-HCT
0
0
0.468
0
OS-CT-CT-OS
-0.55
0
0
0
OH-CT-CT-OS
4.319
0
0
0
CT-CT-CT-OS
1.711
-0.5
0.663
0
HO-OH-CT-HCT
0
0
0.3524
0
HO-OH-CT-CT
-0.356
-0.174
0.492
0

52
Table 2.2: Coarse grained parameters for 1,2-polybutadiene (EO-1,2BD) melt and poly(ethylene oxide) – 1,2polybutadiene (EO-1,2BD) copolymer. aThese parameters were given by Shinoda7,8.
⁄(
)
Non-bonded
(
)
=
−
m-n
bead
LJ
−
ε (kcal/mol)
σ (Å)
EO
LJ9-6
0.405 a
4.25 a
BD
LJ9-6
0.260
5.00
W
LJ12-4
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To perform atomistic simulations of the 1,2-BD homopolymer, we generated a melt
containing 53 chains of 18 monomers each at density 1 g/cm 3 using the amorphous cell builder in
Accelrys Materials Studio (version 7.0)132. 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 (60ns), and then this equilibrated structure
was used as the initial configuration for a 95ns 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 Figure 2.2.
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Figure 2.2: Coarse grained (CG) vs atomistic (AA) distributions for the 1,2-polybutadiene (1,2BD) 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.

The CG parameters for the EO-1,2 BD junction are obtained based on atomistic simulations
of a single block copolymer chain in vacuum. Because of 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). All atomistic parameters for EO-
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1,2BD copolymer are presented in Table 2.1, the final coarse-grained bond and angle parameters
for this copolymer are provided in Table 2.2, and the atomistic and CG distribution functions are
compared in Figure 2.3. The cross-interaction parameters were obtained using modified LorentzBerthelot combining rules discussed in subsequent sections.

Figure 2.3: Coarse grained (CG) vs atomistic (AA) distributions for the poly(ethylene oxide)-1,2-polybutadiene
(1,2BD) 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 c) and d), respectively.
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We propose an EO-EE force field that combines parameters from previous work on
poly(ethylene oxide) – poly(ethyl ethylene) and poly(ethylene oxide) – poly(ethylene)8,123,133 in
order to create a model in which all non-bonded interactions use Lennard-Jones type functions
rather than tabulated potentials. In these published simulations for EO-EE membranes, five types
of force sites (the hydrophilic/hydrophobic chain end, hydrophilic/hydrophobic repeats, and
hydrophobic middle bead) were used. Other papers on poly(ethylene oxide) – poly(ethylene) selfassembled structures have used models without a unique middle bead 123,133. Based on these
parameters, we propose a minimalistic model for EO-EE with only two types of the coarse-grained
beads: one for each type of monomer. Parameters for the proposed model are provided in Table
2.3. We also test whether cross-interaction parameters for this model can be obtained using
combining rules, and present the details of this analysis in the discussion section.
Table 2.3: Coarse greained parameters for poly(ethylene oxide)-poly(ethyl ethylene) copolymer membrane. The
parameters proposed based on the ones given by Srinivas17 and Shinoda7,8.
Non-bonded
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3.179
3.348
( )= ( − )
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1.987
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1.788
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6.557
98
10.332
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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
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potential134. We chose a Lennard-Jones-like model with exponent 12 for the repulsive and 4 for
the attractive part (LJ12-4), and with three water molecules in one coarse-grained force site:

( )=

3√3
2

−

(2.1)

where εij is the depth of the potential well and the σij is the shortest distance at which the potential
is zero. This model is different from the coarse-grain water model LJ6-4 used in earlier simulations
of solvated EO-EE membranes8,123,133. It yields a compressibility (0.605 GPa-1) that is closer to the
experimental value (0.45 GPa-1) than the LJ-6-4 model (1.044 GPa-1), while maintaining similar
agreement for surface tension123,134.
All simulations were performed using the LAMMPS simulation software 135. The atomistic 1,2BD melt simulations were run using an NPT ensemble (T=323K, P=1atm) using a Nose-Hoover
thermostat and barostat with time constants of 50fs and 500fs respectively, and a time-step 0.5fs.
The atomistic simulations of single copolymer chains in vacuum used an NVT ensemble at the
same temperature, and 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 (T=323K, P=1atm) with a time step
of 4fs, and a Nose-Hoover thermostat and barostat with time constants 400 and 4000fs
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 study8. Simulations were run in
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the NPT ensemble (T = 298.15K, P = 1 atm) using a Nose-Hoover thermostat and barostats 136 with
time constants of 250fs and 500fs respectively. 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 Å. The barostats in the lateral directions for co-polymer membrane are coupled (x and y
directions in Figure 2.1c). This approach, used for lipid membranes 130, 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 Supporting Information (Fig. C.7). 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 8. Both
approaches are based on the same concept presented by Goetz and Lipowsky137. 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 (Axy) normalized
by the number of copolymers in one leaflet (Nl, where l = t, b, indicates top or bottom leaflet):
=

(2.2)

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

=<

∑

|(

)|

−

∑

|(

)|

>

(2.3)

Here (zM)i indicates the z coordinate (see Fig. 2.1 c) of the ith copolymer junction bead in the upper
or lower leaflet, and Nt and Nb are the numbers of the copolymers in each of the leaflets. Note that
by “junction bead,” we mean the hydrophobic monomer bead bound to a hydrophilic bead, and
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that this junction bead has the same bonded and nonbonded parameters 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.
We calculate the chain stretching s (in terms of the mean end-to-end radius of an ideal chain with
the same degree of polymerization) using equation 2.4:
=

(2.4)

√

where t is the time and ensemble averaged thickness of a hydrophilic/hydrophobic monolayer
(equal to the distance between the end bead and junction bead), N is a number of Kuhn monomers
and b is the Kuhn length for a given polymer20. The number of Kuhn monomers is in turn obtained
from the number-averaged molecular weight of the polymer chain Mn, and the Kuhn monomer
mass M0:
=

(2.5)

To represent the distribution of water, EO, and hydrophobic monomers in the z-direction (normal
to the plane of the membrane), we calculate a number fraction Pi(z) for each CG bead type i given
by equation 2.6:

( )=

( )
( )

(2.6)
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Where Ni(z) is a time average of the number of CG beads of type i with z-coordinates been between
z and z+Δz and N(z) is a total number of CG beads in the given slice. The bin width Δz used in
this calculation was 1/500 of box length in the z-direction.
3. Results and discussion
We organize our results into two main topics: first, we obtain 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 coworkers8 and to structures from cryo-TEM experiments5,6, and comparison of EOBD membrane thicknesses from our model to cryo-TEM measurements 5,6. We choose a combining
rule for hydrophobic-hydrophilic and hydrophobic-water cross-interactions that allows us to
reproduce these results and is equal for EE and BD. 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.

Development of minimalistic CG EO-EE and EO-BD models
Our first step in developing a simplified EO-EE model, in which all non-bonded potentials
are given by Lennard-Jones type functions and two CG bead types are used to represent the block
copolymer, is to test whether a model with only two bead types can reproduce the membrane
thickness and area/chain data that Srinivas et al report for their more complex EO-EE model 8. In
Figure 2.4 we compare thickness and area/chain 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.
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Figure 2.4: Equilibration of the membrane thicknesses and area per chain for the "reduced" (two-bead) EO-EE model.
Grey lines (published simulations data17) and a black line (published experiment data5,6) are shown for comparison.
Dotted lines indicate experimental uncertainty.

To further simplify the EO-EE and EO-BD membrane models, we test whether we can use
Lorentz-Berthelot combining rules to obtain all cross-interaction parameters. In Figure 2.5, 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 parameters given in Table 2.3.
We see good agreement between the potential functions for hydrophilic/water cross-interactions
(Figure 2.5 a), but that the Lorentz-Berthelot combining rules overestimate the potential well depth
for hydrophobic/water or hydrophobic/hydrophilic cross-interactions (Figures 2.5 b and 2.5 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-BD and EO-EE membrane thicknesses. These combining
rules predict non-bonded cross-interactions for beads i and j from the self-interactions parameters
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εii/jj and σii/jj (the depth of the potential well and the shortest distance at which the potential is zero,
respectively). The methods we test are 6th power combining rules138:
=

2
+
+

=

2

(2.7)

(2.8)

Halgren combining rules (Ha)139:
=

4
+
+

=

2

(2.9)

(2.10)

and Lorentz-Berthelot with a scaling factor λ (LB λ):
=
=

(2.11)
+
2

(2.12)

In Figure 2.6, 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 cryoTEM data, we obtain the best agreement between simulation and experiment using LorentzBerthelot combining rules with scaling factor 0.3. In addition, all membrane thicknesses from
simulations using this combining rule matched the experimental values within the uncertainty 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. Parameters for this
model are given in Table 2.2 (bonded parameters and non-bonded self-interaction parameters for
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EO-1,2BD) and Table 2.3 (bonded parameters and non-bonded self-interaction parameters for EOEE).

Figure 2.5: Non-bonded cross-interaction potentials for the "reduced" EO-EE model compare to the ones given with
use of the Lorentz-Berthelot combining rules. The target potential functions (the nonbonded cross-interaction
functions provided by Srinivas17 and Shinoda7,8) compared to the ones calculated using Lorentz-Berthelot combining
rules.
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Figure 2.6: Membrane thicknesses for all combining rules considered. 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 experimental data for EO40EE37 are the ones
reported by Bates et al5,6.

Scaling rules for membrane thickness and Area/chain as a function of molecular mass
It has been shown that membrane thickness, d, can be describe by power law6,8:
~

(2.13)
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where Mn is the number-averaged molecular weight of the polymer chain and α is a scaling
exponent. Moreover, assuming membrane incompressibility, we can also express area per chain,
A, as a function of Mn as:
~

(2.14)

In Figure 2.7. we present membrane thickness and area/chain data from both simulations 8
and experiments5,6, and all values from our simulations are given in Table 2.4. 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 α = 0.5, and thus an
area/chain scaling exponent 1-α = 0.5 assuming that the polymer is incompressible 6,63. On the other
hand, a chain in the strong segregation limit stretches to minimize hydrophobic-water contacts,
and would have a predicted scaling exponent α = 2/3 6. Therefore, we would expect EE and BD to
have α in the range 0.5 to 0.66 (0.5 corresponds to a random coil, 0.6 o a polymer in a good solvent,
and 0.66 to the strong segregation limit)6,140,141. Previous studies have proposed a scaling exponent
of 0.5 for both copolymers5,6, although it was suggested that the scaling exponent might be higher
for low molecular weight copolymers8. 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
thicknesses for three lower molecular weights copolymers (EO7BD13, EO16BD23 and
EO18EE21). Using EO-EE and EO-BD data from our simulations and experiments, as well as
experimental data from previous studies, we obtain a scaling exponent α = 0.6 ± 0.04. We apply
the reduced chi-square test142 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
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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 α = 0.6
is within the range expected from theory and previous experiments (0.5-0.66)5,6,63, suggesting that
we have tuned our model to correctly reproduce polymer membrane structure.

Figure 2.7: 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(1,2-butadiene) (EO1,2BD, orange). Empty circles represent data from our simulations, circles filled in green or orange represent our
experimental data, and circles filled in gray represent experimental data reported in5,6. Black lines indicate the best fit
to the data, while gray lines indicate a random coil scaling behavior.
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Table 2.4: Block copolymer membranes structural properties. All block copolymer membrane simulated along with
thicknesses given from Cryo_TEM measurements (indicated in brackets). aThese experimental data were reported by
Bates et al 5,6.
hydrophobic
hydrophilic
area per
copolymer
fEO
chain
thickness
end-to-end
end-to-end
s []
s []
[nm2]
[nm]
[nm]
[nm]
EO9BD10
0.36 0.59 ± 0.02
3.4 ± 0.1
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
(5.4 ± 1.0)
EO13BD12 0.40 0.66 ± 0.02
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
4.3 ± 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 ± 0.1
3.05 ± 0.08
1.066 ± 0.028
2.66 ± 0.05
1.253 ± 0.024
(7.1 ± 1.0)
EO24BD34 0.31 0.90 ± 0.02
7.8 ± 0.2
3.8 ± 0.1
1.092 ± 0.029
3.78 ± 0.04
1.454 ± 0.015
(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
4.4 ± 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
(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 ± 0.02
7.6 ± 0.2
3.85 ± 0.07
1.224 ± 0.022
5.3 ± 0.1
1.579 ± 0.030
(1.0 ± 0.1)a
(8.0 ± 1.0)a

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 equations 2.4 and 2.5. Values of the stretching
parameter s for the hydrophobic and hydrophilic blocks of each simulated polymer membrane are
given in Table 2.4 and plotted as function of area per chain in Figure 2.8. We see that all
hydrophobic blocks have s in the range 1 to 1.2 independent on the area per chain. This observation
is consistent with our prediction of the scaling exponent α = 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 al5.
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For EO, the degree of stretching varies significantly, from s ≤ 1 to s ≥ 1.5. To interpret this
stretching, we consider the similarities between the EO corona and a tethered polymer brush (a
well-studied system in polymer physics)63,143-148. Because the EO chains are tightly packed in the
plane of the membrane (A/chain is 9-26% of the value for a random coil, A 0 ~ b2N), we can
reasonably expect the EO chains to form a brush stretched in the z direction63,143. 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 63,145.
Nonetheless, we can show that our corona thickness is on the same order of magnitude as predicted
by the simple polymer brush scaling theory of Alexander and De Gennes (see Supporting
Information)143-146. Thus, although the trend shown in Figure 2.8B 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 0
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.
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.

Figure 2.8: Stretching parameters of the hydrophobic and hydrophilic blocks compared to a random coil
configuration. a) The stretching parameters for a) hydrophobic and b) hydrophilic chains are shown as a function of
area per chain. BD stands for a) 1,2-polybutadiene, EE for poly(ethyl ethylene), and b) EO for poly(ethylene oxide).
Empty circles represent data for all EO-1,2BD membranes, whereas filled circles for all EO-EE ones. Dashed lines
indicate the value for an ideal chain in the random coil configuration.

Membrane density profiles
In Figure 2.9 (for EO-BD) and Figure 2.10 (for EO-EE), we present density profiles for the
five membranes for which we also have thickness measurements from cryo-TEM. Previous CG
simulations of EE-EO membranes8 show an increase in the interdigitation 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 Figures
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2.9 and 2.10). We see a broadening of the end bead distributions with increasing molecular weight
for both BD-EO and EE-EO membranes, consistent with the expected increase in interdigitation.
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Figure 2.9: Number fraction profiles for poly(ethyle oxide)-1,2-polybutadiene membranes. The calculated profiles
for each EO-1,2BD 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), BD (orange), and BD end bead (purple). BD end beads are shown separately to illustrate leaflet
interdigitation.
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Figure 2.10: 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. aThese experimental data were reported by Bates et al5,6.

Further, using the number fraction profiles we calculate for the CG water beads, we can
also observe the hydration level of the simulated membranes. The water fraction profiles we
calculated for EO-1,2BD membranes are in good agreement with profiles proposed based on xray scattering structure factors and TEM images of EO-BD vesicles147. The 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-BD vesicles. This is consistent with our membrane profiles, which show that
there is on average one coarse-grained water bead per coarse-grained EO bead in the corona (one
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CG water bead represents 3 water molecules and one CG EO bead represents an EO monomer).
The 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 block147,148. The water fraction profile also
shows that the water concentration at 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 polymerization 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 thickness (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 thickness24 and a water-free region about 2 nm thick (obtained from
x-ray and neutron scattering)149, 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 bilayer149. It has been shown via meanfield 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
protein65 (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
transmembrane proteins, and that some of the thinner membranes we simulated could be even
more suitable for protein incorporation (see Table 2.4).
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6. Conclusions
We have developed CG MD models for two biomimetic-membrane relevant block
copolymers, EO-EE and EO-BD. These models use one type of CG bead for each monomer (rather
than requiring separately parameterized end or junction beads), and all nonbonded 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 experimental values for membrane thickness (within the experimental
resolution of 1 nm) measured in our lab and by Bates et al5,6. 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 available
data for both EO-EE and EO-BD membranes with degree of polymerization N phob = 10-40. Thus,
the scaling behavior for membrane thickness and area per chain appears (within the experimental
resolution) to be the same for both polymers despite that EE is more hydrophobic than BD. This
scaling correlation can be used to approximately predict the EE or BD block length that will best
match a protein’s hydrophobic thickness, and thus require the least deformation of the polymer to
incorporate the protein65.
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Calculated stretching parameters indicate that EE and 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 8. We also observe
that the EO in the hydrophilic corona is most concentrated near the hydrophilic/hydrophobic
polymer interface, in good agreement with density profiles predicted for the EO brushes on EOBD vesicles using x-ray scattering structure factors and TEM images 147.
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 studies150. Nonetheless, our results indicate that this simple
representation 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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Chapter 3: Assembly of Vesicles with Extrusion-Tunable Permeability
from PEO-PPO-PEO Block Copolymers

This chapter is based on the following paper draft. I conducted the SANS and stopped flow light
scattering experiments, and most of the sample preparation and dye encapsulation experiments,
with the remaining sample prep and dye encapsulation experiments being done by Abhishek
Pachalla. Tingwei Ren taught me to use stopped flow light scattering, and developed the Matlab
code used to obtain permeability measurements from that technique.
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Abstract
Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
triblock copolymers have been reported to self-assemble into a wide variety of structures including
micelles, vesicles, and liquid crystalline phases depending on the polymer’s molecular weight and
hydrophilic block (PEO) fraction. Block copolymer (BC) vesicles are particularly interesting
because of their ability to encapsulate hydrophilic molecules for drug and gene delivery or enhance
imaging (fluorescence or MRI). When combined with transmembrane proteins, artificial channels,
or another means of inducing selective permeability, BC vesicles can also serve as microreactors
encapsulating soluble proteins or other catalytic particles. PEO-PPO-PEO is an inexpensive,
mass-produced, biocompatible BC, which would make it ideal for these applications if it could be
used to make sufficiently concentrated vesicle solutions to encapsulate drugs, genes, proteins, and
other such particles with high efficiency. Thus far, it has been shown that PEO-PPO-PEO forms
stable vesicles in dilute (≤ 0.5 mg/mL) solution, but that these structures aggregate and precipitate
at higher concentrations. Although a previous report indicated formation of stable aggregates of
the right size to be vesicles at higher concentration using a combination of two PEO-PPO-PEO
BCs, no further investigation was conducted of the structure formed and its properties. We
investigate the structure of these mixed BC aggregates using small-angle neutron scattering, and
show that the structures formed are vesicles. Further, we use dye encapsulation and stopped flow
light scattering to show that the vesicles formed are porous, and that the membrane permeability
can be reduced by orders of magnitude by extrusion through track-etched membranes, with an
accompanying reduction in effective pore size. Osmotic permeabilities before and after extrusion
were ~1000 μm/s and ~10 μm/s respectively, while the molecular weight cutoff for solutes rejected
by the PEO-PPO-PEO vesicle membrane decreases from ~3000 g/mol before extrusion to <400
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g/mol after extrusion.

Thus, we demonstrate the formation of vesicles with size-selective

permeability, a feature that would allow them to encapsulate large solutes such as DNA or proteins,
and to be used as microreactors without the addition of proteins or artificial channels.

Introduction:
Both hydrophilic and hydrophobic molecules are involved in drug delivery and imaging
applications, and while block copolymer particles with a variety of shapes can solubilize
hydrophobic molecules, encapsulating hydrophilic molecules requires a structure with an internal
aqueous compartment, i.e. a vesicle39. Examples of these uses of polymer vesicles include
encapsulation of fluorophores, magnetic resonance contrast agents, anti-cancer drugs, and DNA
(reviewed in39 and40). Incorporating transmembrane proteins or artificial channels into BC
membranes allows vesicles with selectively permeable membranes, which have been proposed as
microreactors39,41 (e.g. proton permeability in the presence of membrane-bound ATP synthase
allows ADP conversion to ATP39) and in vivo therapeutics (e.g. hemoglobin encapsulation and
oxygen permeability allows red blood cell mimics39,151).
PEO-PPO-PEO block copolymers are inexpensive, commercially available in bulk
quantities76,77, and biocompatible79,80, and would thus be a good choice for many such applications
if they could be used to form stable vesicles. These polymers have a more complex phase behavior
than many other BCs for two main reasons. First, PPO is less hydrophobic than many other
polymers used as hydrophobic blocks such as poly(dimethyl siloxane) (PDMS) and poly(1,2butadiene) (PB), leading PEO-PPO-PEO BCs to have higher CMTs and CMCs than other BCs of
similar size and hydrophilic fraction3,76,78,79. Second, the hydrophobicity of both PEO and PPO
depends on temperature and buffer conditions such as the presence of salt and other solutes 76.
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Thus, although PEO-PPO-PEO phase behavior has been widely explored, forming a desired
microstructure from this polymer can pose substantial challenges. In particular, to our knowledge
there are no studies that demonstrate the existence of stable PEO-PPO-PEO vesicles, except at
very low polymer concentration (<0.5 mg/mL)79. At higher concentrations, EO5-PO68-EO5 can be
extruded to form transient vesicles that aggregate on a time-scale of hours 78. A later study found
that this polymer forms vesicles that are stable on a time-scale of days to a few weeks if prepared
via appropriate thermal treatment at concentrations 0.025-0.5 mg/mL79. However, these low
concentrations are not ideal for applications that involve encapsulating a hydrophilic substrate
(such as drug and gene delivery or microreactors) because the fraction of the solution (and desired
substrate) encapsulated will decrease with decreasing polymer concentration 38.
Another study examined the stability of aggregates (potentially vesicles) formed by a
variety of PEO-PPO-PEO BCs and combinations thereof at higher concentration (2-4 mg/mL),
and found that 1:1 mass ratios of L121 and F127 were the most stable (7 days, vs. 1-2 days for
single polymers)80. In this study, EO5-PO68-EO5 is referred to under its trade name L121, which
indicates that it forms a liquid at room temperature (L), has a PPO block with molecular weight
approximately 3,900 g/mol ≈ 12*300 (12), and contains about 10 weight % PEO (1). F127 stands
for EO100-PO65-EO100, a significantly more hydrophilic polymer (compared to L121) that forms
flakes at room temperature (F), has a PPO block with weight roughly 3,800 g/mol ≈ 300*12 (12),
and is about 70 weight % PEO (7). Forming these stable aggregates required an energy input step
(either sonication or heating to 70 °C)80. Because L121 has CMT below room temperature78-80
while F127 has CMT above room temperature at the concentration used (1 mg/mL) 80, the authors
explained this finding on the grounds that the energy input creates metastable mixed aggregates
containing both polymers. The authors suggest that L121 could provide a structural template (a
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membrane or vesicle) that bound F127 chains would stabilize 80, but do not determine the aggregate
structure, stating that the aggregates might be micelles, vesicles, or leaky vesicles.

The

characterization of the aggregates includes noting that the sizes given by dynamic light scattering
(DLS) are roughly 100-200nm (similar to small lipid vesicles), as well as that the mixed aggregates
have a tenfold higher solubilization capacity for the hydrophobic dye Sudan III than an equivalent
concentration of F127 micelles80. These results did not conclusively demonstrate the formation of
vesicles, but warranted further investigation.
To characterize the self-assembled structures formed in these L121 + F127 solutions, we
employed small-angle neutron scattering (SANS), stopped-flow light scattering, and dye
encapsulation experiments. SANS measurements can describe the overall polymer aggregate
structure, but our data lack the resolution at wide angles to examine the internal structure of the
membrane. Therefore, we use dye encapsulation and stopped flow light scattering to measure
membrane permeability and test for the presence of pores. The dye we attempt to encapsulate is
5(6) carboxyfluorescein, which is water-soluble at pH 7 or more; thus, we can test whether the dye
is encapsulated in an aqueous vesicle core. Stopped flow light scattering is commonly used to
determine membrane permeability and osmolyte rejection when lipid or polymer vesicles are
mixed with a hypertonic solution, allowing us to test for the presence of pores, as well as their size
if they exist152-154. Using these three techniques, we determined that the nanoscale aggeregates
formed by mixing L121 and F127 are porous vesicles, and that extrusion reduces the pore size and
osmotic permeability by roughly an order of magnitude.
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Materials and Methods:
PEO-PPO-PEO vesicle preparation:
Polymers were dissolved in either DI water or 20 mM HEPES buffer (pH 7.4), and the
resulting solutions contain a 1:1 mass ratio of L121:F127, with total polymer concentration of 1 to
10 mg/mL. These samples were stored in a 4 °C refrigerator for 24 hours, and then at room
temperature for 24 hours; this procedure allows the polymers to dissolve and form an isotropic
(unimer) phase79, and then to gradually for aggregates at room temperature, a process known to
occur over a period of 12 to 24 hours78. Afterwards, vesicles were sonicated for 30 minutes and
heated to 70 °C, after which they were held at this temperature for 30 minutes before cooling to
room temperature. These steps reduce the polydispersity index of the vesicles formed (as
measured by dynamic light scattering) to 0.2-0.3 and reduce the average aggregate size from ~1000
nm to ~ 100-200nm, as shown in previous work79, and have been suggested as a mechanism by
which F127 chains could become entrapped in the L121 vesicles80. Unlike in the procedure
described by Oh et al80, extrusion was used to further reduce aggregate size and increase
uniformity. We used nuclepore track-etched membranes with pore diameters 2000, 400, 200, and
100 nm during extrusion, and extruded the solutions through each membrane 5 times (or 10 times
for the 100 nm pore membranes).

Dynamic light scattering:
Aggregate sizes were examined using a Malvern Instruments Zetasizer Nano ZS
instrument, and 3 measurements of 100 s duration each were made for each sample. Unless
otherwise stated, sizes and distributions reported here use the Z-average sizes output by the
instrument.
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Stopped flow light scattering:
Stopped flow light scattering measurements for permeability determination were made
using a KinTek SF-300X stopped flow spectrometer. To increase the signal to noise ratio 154, only
samples with polydispersity 0.3 or less (as determined from DLS) were used. Because high
osmolyte concentrations have been shown to result in underestimates of the membrane
permeability (most likely due to concentration polarization) 154, we used dilute (0.009 M to 0.1 M)
osmolyte solutions for accurate permeability measurements. To determine pore size in the
aggregates that appeared to be porous vesicles, we used a number of osmolytes with varying
molecular mass: NaCl, PEG400, PEG600, dextran 4, and PEG6000.
Using the Rayleigh-Gans theory, it can be shown that for vesicles with diameter greater
than 1/10th the wavelength of the incident light (600 nm for our experiments), scattering intensity
at 90° will increase as volume decreases155. This has been demonstrated and used in several
studies152-154. Because our vesicles meet this criterion (average diameter was typically 100200nm), the shrinking of vesicles mixed with a hypertonic buffer will result in an increase in
scattering, while the re-swelling of these vesicles if the osmolyte is able to pass through pores in
the membrane will cause a decrease in scattering152. To quantify the water permeation rate, we fit
a two-exponential function to our stopped flow data, as was done in previous work 153,154. From
the faster of the two exponential rate constants (which corresponds to water permeation through
the membrane), we calculate the osmotic permeability using equation 3.1:
=

(3.1)

Which expresses the permeability Pf in terms of the rate constant k from the exponential fit, the
surface area S and volume V of the vesicle before mixing, the molecular volume of water Vw, and
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the osmotic gradient across the membrane Δosm154. We measured the osmolality of each buffer and
osmolyte using an Advanced Instruments model 3300 Advanced Micro Osmometer. Further, we
note that permeability values obtained using osmolytes that leak through the membrane will be
underestimates, as the solute leakage will reduce the osmotic gradient 153. Thus, if an osmolyte that
does not leak through the membrane is used, the ratios of permeabilities obtained using different
solutes can provide an estimate of the reflection coefficient s for each solute, as shown in equation
3.2153.
=

(3.2)

Thus, when solutes are able to leak through a transmembrane pore, a variety of solute sizes can be
used to calculate the molecular weight cutoff for the pore (the value at which the reflection
coefficient equals 0.9)153. The expected size changes (based on the presence of pore and osmolyte
size), as well as the influence on stopped flow signal, are shown schematically in Figure 3.1.
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Figure 3.1: Possible vesicle behaviors during a stopped flow light scattering experiment. If the vesicles are permeable
to water but not the osmolyte, either because they are not porous or the pores are smaller than the osmolyte, water will
escape from the vesicles, causing them to shrink and the signal to increase (A). If the vesicles contain pores that both
solute and water can pass through, they will first shrink (assuming water permeates more quickly), then swell as the
solute and water concentrations inside and outside the vesicle come to equilibrium (B).
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Dye encapsulation:
As a second test for the presence of pores, we used a previously published 5(6)carboxyfluorescein (CF) dye encapsulation assay156. Solutions contained 10 mg/mL PPO-PEO,
50 mM CF, and a 20 mM HEPES buffer titrated to pH 7.4 using 1.0M NaOH. A buffer is required
because CF is quenched under acidic conditions157,158, and is itself a weak acid.
Carboxyfluorescein also self-quenches: it is about 98% self-quenched at 200 mM, 40% selfquenched at 10 mM159, and not self-quenched at 2 mM157. Thus, the CF is mostly self-quenched
in the solutions prepared, including inside the vesicles after we extrude them.
Following sample preparation and extrusion, a Zebra desalting column from Thermo
Scientific (7 kDa molecular weight cutoff, 2 mL sample volume) is used to separate the vesicles,
which permeate quickly through the column, from free dye, which is entrapped in the pores of the
packing particles. Following the manufacturer’s instructions, we added a 0.5 mL aliquot of the
polymer solution to the column and centrifuged it for 1 minute at 1000 g and 20 °C. The eluate
from this process contains very little free dye (none observed when CF solution without vesicles
is passed through the column), and if the vesicles encapsulate all the dye, the dye inside them is
self-quenched to the same extent as in the initial solution. 200 μL aliquots of the eluate were
placed in wells of a 96-well plate, and fluorescence was measured using a Tecan GENios FL
microplate reader using XFluor 4.0 control software.

The peak absorption and emission

wavelengths for CF are 495 and 520 nm respectively,159 and we chose the instrument’s closest
available excitation and emission wavelength settings: λ ex = 488 nm and λem = 535 nm.
Temperature was held at 25 °C and the instrument’s response amplification setting (gain) was set
to 30 so that the emitted light was within the measurable range. Three measurements are made for
each sample to calculate an average and standard deviation. After fluorescence measurement, 15
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μL of a 100 mg/mL octyl glucoside detergent solution was added to disrupt the vesicles, allowing
the encapsulated dye to escape (for one test sample, we used DLS to verify that OG dissolved the
vesicles to form micelles d ≈ 7nm). The samples were shaken for 2 minutes using the microplate
reader and allowed to settle for 1 minute before another set of 3 fluorescence measurements was
taken.
As a positive control for dye encapsulation, we prepared a 1 mg/mL lipid vesicle solution
containing a 9:1 molar ratio of egg phosphatidylcholine (PC) to brain phosphatidylserine (PS) in
the same CF-containing buffer. These vesicles were prepared by the film rehydration method, and
showed an increase in fluorescence upon dye addition. This result indicates that the dye was
successfully encapsulated, and becomes more dilute and less self-quench when OG disrupts the
vesicles156. As a control for dye leakage, we prepared a 1 mg/mL solution of PC:PS lipid vesicles
(9:1 molar ratio) containing a small number of peptide-appended pillar[5]arene artificial
channels153 (1000:1 lipid:channel molar ratio) to allow dye to leak slowly out of the vesicles.
Fluorescence before and after OG addition is approximately equal and far above background,
which we interpret to mean that a substantial amount of dye leaked out through the pores, both
during and after passage through the desalting column.

Neutron scattering:
We examined aggregate structures via small-angle neutron scattering (SANS) experiments
using the NG-7 instrument at the NIST Center for Neutron Research (NCNR) 107. Sample-detector
distances (SDDs) of 13, 4, and 1 m were used to examine the scattering vector range 0.009 nm -1 ≤
Q ≤ 0.5 nm-1, where the scattering vector is given in terms of the scattering angle 2θ and incident
x-ray wavelength λ by the formula Q = 4πsin(θ)/λ. At SDD 13 m, we employed focusing lenses
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to increase the average neutron wavelength and access lower scattering vectors: wavelengths were
λ = 6 Å without lenses and λ = 8 Å with lenses, with wavelength resolution Δλ/λ = 11-15%. For
a dilute solution (such as our 10 mg/mL Pluoronic solutions, particles can be assumed to be noninteracting, so that we can calculate the scattering intensity I(Q) using equation 3.3:
( )=

( )

−

(3.3)

where n is the particle number density, V is particle volume, P(Q) is the form factor that accounts
for the particles’ shape, and ρ is the scattering length density (SLD) of the particle or solvent160.
We calculated that the average scattering length density of the pluronic is 0.5 × 10 -6 Å-2 using
scattering lengths from the NCNR SLD calculator161 and equation 3.4:
=

∑

(3.4)

where bi is the neutron scattering cross section of atom i in the molecule of interest and v m is the
molecular volume. Different isotopes of an element can have different scattering lengths, so that
isotopic substitution is often used to change the SLD of the particle or solvent and generate
contrast. Thus, to maximize our contrast, we prepared our PEO-PPO-PEO solutions in D 2O (ρ =
6.3 × 10-6 Å-2) rather than water (ρ = -0.3 × 10-6 Å-2). To further increase the scattering from our
sample, we used a relatively thick sample cell type: quartz-window cells with a 4 mm path length.
To obtain a high signal-noise ratio with this setup, we collected data for 15-30 minutes at SDD 13
m and 5 minutes at SDDs 4 m and 1 m.
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Results and discussion:
Aggregate sizes and size distributions from Dynamic light scattering:
We found that the most uniform aggregates (PDI 0.08-0.20) could be formed from
concentrated polymer solutions (10mg/mL) and that the vesicles had Z-average diameters 120140nm (number-average diameter 40-80 nm, assuming a spherical structure such as a vesicle). To
create these uniform structures, the samples were extruded 5 times each through membranes with
pore diameters 2000, 400, and 200 nm and 10 times through membranes with pore diameter 100
nm. If 200 nm was the smallest pore size used, average diameter is about 150nm. Dilute solutions
(1 mg/mL polymer) formed similar structures, but sometimes formed small species d ~ 50nm in
addition to the vesicle-sized aggregates, and were too dilute to obtain high quality permeability
data if filtered through 100 nm membranes, suggesting that these small pores remove some of the
polymer from solution. Thus, we focused our efforts on understanding the structure of the
concentrated (10 mg/mL) solutions.

Structure analysis using SANS
After reducing our data using the NCNR SANS macros in Igor Pro108, we fit each data set
with a polydisperse vesicle form factor109 using the SASView 3.1.1 structure analysis program110.
The adjustable variables in this form factor are the solvent and vesicle SLDs, vesicle concentration
c (in volume percent), inner and outer radii Ri and Ro, and the polydispersities σ/R for the inner
radius and membrane thickness:
( )=

3 (

−

) (

)

+

3 (

−

) (

)

+

(3.5)

Here, Vshell is the volume of the vesicle (the difference between the volumes enclosed by its inner
and outer radii), Vi and Vo are the volumes of the spheres enclosed by Ri and Ro, j1 is the first-order
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Bessel function j1(x) = [sin(x) ─ xcos(x)]/x2, and bkgd is the background created by incoherent
scattering. To account for the distribution of vesicle sizes and that the polymer-water interface is
not sharp, this function is integrated over Gaussian distributions for inner radius and membrane
thickness. Figure 3.2 shows the SANS data and polydisperse vesicle fits, while Table 3.1 contains
the parameters used to generate these fits.

Figure 3.2: SANS data for 10 mg/mL L121+F127 solutions prepared in D2O. Scattering from polymer solutions
extruded through membranes with pore sizes 400 nm (A) and 100 nm (B) is shown in black diamonds, and the
polydisperse vesicle fits to these data sets are shown as red lines.
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Table 3.1: Structural parameters for L121+F127 vesicle form factor fits.

0.4 μm extrusion membrane

0.1 μm extrusion membrane

0.006

0.008

ρsolv [Å-2]

4.3 × 10-6 Å-2

2.5 × 10-6 Å-2

ρpolymer SLD [Å-2]

0.5 × 10-6 Å-2

0.5 × 10-6 Å-2

Ri [nm]

49.3

16.6

t [nm]

6.8

8.1

σ/Ri

3

8.1

σ/t

0.7

0.5

Background [cm-1]

0.24

0.59

Polymer volume fraction

The form factors obtained show generally good agreement with the scattering data, giving us
confidence that the L121+F127 aggregates we have formed are vesicular. Further, the outer radii
of 56.1 and 24.7 nm for the 0.4 and 0.1 μm extruded samples agree well with the hydrodynamic
radii of 45-60 and 30-40 nm obtained for these samples using DLS. In addition, the membrane
thickness of 7-8 nm is comparable to the value of 9.6 nm that we calculate for the PPO core block
assuming that the PPO chains adopt a random coil configuration. This agreement between SANS,
DLS, and ideal chain scaling theory increases our confidence in the model output and our
conclusion that the polymer aggregates are vesicles. Further details on the fitting are given in
Supporting Information.
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Stopped flow light scattering:
Samples extruded only through large pores (d=400nm) showed a fast initial increase
indicating high permeability (200-500 μm/s) followed by a decrease in scattering intensity for
solutes with molecular mass less than 4000 g/mol, indicating leakage of these solutes through the
membrane152. For osmolytes dextran 4 (MW 4000 g/mol) and PEG6000, the leakage was
eliminated and the calculated permeability was higher (1000-1500 μm/s). This is consistent with
previous findings that solutes that permeate through the membrane will result in a lower osmotic
gradient and a lower calculated permeability153. These results, shown in Figure 3.3, indicate that
our L121+F127 mixed vesicles contain pores with a MW cutoff between 600 and 4000 Daltons.
For the uniform vesicles made by extruding a 10 mg/mL solution through track-etched membrane
with 100 nm pores, permeability was much lower (5-8 μm/s) and leakage was greatly reduced:
these vesicles showed leakage of NaCl but not PEG400 or PEG600 (see Figure 3.4). This indicates
that extrusion reduces the membrane pore size, and that PEO-PPO-PEO membranes have low
permeability compared to lipid membranes and other polymer and lipid membranes (often ~100
μm/s)154,162.
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Figure 3.3: Stopped flow curves (A and B) for 10 mg/mL polymer samples extruded through 400 nm pores. All
measurements were conducted at 20 °C. Osmolyte is added to the surrounding solution, causing the vesicle to shrink
as water leaves its inner aqueous space, resulting in an increase in scattered light at 90°. This increase is the only
feature observed for osmoytes larger than the transmembrane pores, such as dextran 4 (black, 4000 g/mol) or PEG6000
(red), as shown in panel A. For osmolytes small enough to leak through the pores (B), such as NaCl (black) and
PEG600 (red), a decrease in scattering intensity is observed as osmolyte leaks into the vesicle, causing it to swell back
towards its equilibrium size. The permeability calculated from Equation 3.1 is lower for osmolytes that leak through
the pores because the leakage reduces the osmotic gradient driving water flux across the membrane (C). By
normalizing the permeabilities to that of the highest-MW species (which is assumed not to leak through the pores on
a time-scale that affects the water permeation rate), we calculate the reflection coefficnet for each osmolyte as a
function of its molar mass (D). The pore’s molecular weight cutoff (given by reflection coefficient 0.9) is on the order
of 3000 Daltons.
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Figure 3.4: Stopped flow curves (A and B) for 10 mg/mL polymer samples extruded through membranes with pore
diameter 100 nm. Increasing scattering intensity indicates permeation of water out of the vesicle in response to an
added osmolyte, while a decrease at long times corresponds to re-swelling of the vesicles as osmolyte leaks back in
and the osmotically driven water flow proceeds in the reverse direction. In panel A, we observe that PEG400 (black)
and PEG600 (red) given no evidence for osmolyte leakage and re-swelling, while in panel B we observe both processes
when NaCl is used as the osmolyte. Calculated permeabilities (C) and reflection coefficents (D) are similar for all
three species, suggesting that none of these osmolytes permeates through the membrane on a time-scale fast enough
to affect the initial water permeability we calculate. Permeability is also about two orders of magnitude slower than
for vesicles extruded through 0.4 μm pores. These changes from the data shown in Figure 3.3 suggest that the vesicles
become much less porous after extrusion. Note that 10 second measurements were taken to capture the slower
permeability and leakage for these samples compared to those extruded through larger pores, which were measured
for only 1 second to capture the short-time behavior. Thus, the scale of the time axis is 10s in this figure and 1 second
in Figure 3.3.

To investigate the reasons for the decrease in permeability and leakage with extrusion, we
ran a number of experiments. We hypothesized that pressure increase, shear forces, or selective
removal of one polymer during extrusion might be responsible, and the influence of each of these
variables on the vesicle permeability and leakage is shown in the Supporting Information, as are
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the data from HPLC measurements used to test for polymer removal. HPLC showed that some
polymer is removed during extrusion, but stopped flow measurements showed that none of these
factors causes the substantial reduction in permeability that we see upon extrusion through 100 nm
pores (roughly two orders of magnitude). Thus, the reason that extrusion through these small pores
changes the membrane structure is currently unknown.

Dye encapsulation
Control tests for carboxyfluorescein dye encapsulation by PC/PS lipid vesicles confirmed
that our experimental methods for dye encapsulation by vesicles and dye release upon OG addition
were successful (Figure 3.5). The fluorescence increase upon detergent addition shows that dye is
released from self-quenching to dilute concentrations upon vesicle disruption 156. The same
procedure was used for PEO-PPO-PEO vesicles after extrusion. As a second control (for leaky
vesicles), we used solutions of PC/PS lipids prepared with artificial water channels with a nominal
molecular weight cut off of ~ 500 Da153 that allow the dye to leak out of the vesicles. Comparing
our data for L121+F127 vesicles to these controls, we observe that for extrusion through
membranes with either large (0.4um) or small (0.1um) pores, the polymer vesicles behave
similarly to the lipid vesicles containing channels.

Thus, we conclude that our PPO-PEO

membranes are sufficiently permeable to carboxyfluorescein (molecular weight 376 g/mol) that a
substantial amount of it escapes from the vesicles during the time spent in the desalting column (a
few minutes). Thus, we conclude that both extruded and unextruded vesicles are porous.
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Figure 3.5: Fluorescence before (gray) and after (red) addition of octyl glucoside detergent to PC:PS lipid and
L121+F127 polymer solutions prepared in the presence of 50 mM carboxyfluorescein (free CF was removed with a
de-salting column before measurement). Lipid and polymer aggregates examined are (A) 1 mg/mL PC:PS vesicles,
(B) 1 mg/mL PC:PS vesicles containing artificial water channels to create leakage, (C) 10 mg/mL L121+F127
aggregates extruded through 0.4 um pores, and (D) 10 mg/mL L121+F127 aggregates extruded through 0.1 um pores.

Conclusions
Based on the data we obtained from small-angle neutron scattering, stopped-flow light
scattering, and carboxyfluorescein dye encapsulation experiments, we conclude that mixtures of
the PEO-PPO-PEO triblock copolymers EO5PO68EO5 (L121) and EO100PO65EO100 (F127) form
porous vesicles when prepared following the procedure we describe. These vesicles were prepared
at concentration 1-10mg/mL, higher than was used for previous experiments using L121 and
F12780 and 2- 20 times higher than for stable L121 vesicles79. When we extruded these vesicles
through membranes with pores of various sizes (initially done to create uniform samples for
stopped flow), we discovered that the permeability of these vesicles to water and solutes is
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dramatically different when they are extruded through large (0.4um) and small (0.1um) pores.
Although we are unsure of the mechanism for this change, we note that neither the application of
pressure, shear force, nor changes in L121:F127 ratio are the cause (see Supporting Information).
In any case, these porous vesicles are stable for a time on the order of one week, and might be
stabilized further by cross-linking (for example, the terminal hydroxyl groups of L121 and/or F127
could be converted to methacrylate groups and polymerized using UV light following vesicle
formation44).
These vesicles’ porosity and biocompatibility make them candidates for applications such
as microreactors, sensors, and delivery of hydrophilic drugs. If the vesicles are prepared in the
presence of a high-molecular-weight substance, or if a substance of intermediate molecular weight
(400-4000 g/mol) is added before extrusion, this molecule could be entrapped within the vesicles.
Upon addition of the extruded vesicles to another solution, the encapsulated species would then
come into contact with low-molecular weight species in its environment, but not those of higher
molecular weight. Thus, if the encapsulated species were, for example, a protein that produces a
fluorescent signal or otherwise detectable product upon reaction with a small substrate, vesicles
containing this protein could be added to a blood sample (or other environment) without the protein
coming into contact with proteases or white blood cells 38. Thus, these permeable PEO-PPO-PEO
vesicles might be used to create an inexpensive and relatively simple chemical or biochemical
sensor without the need for specialty polymers or size-selective channels.
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Chapter 4: Mechanism of Bacterial Membrane Disruption by the
Cationic Polypeptide from Moringa oleifera
This chapter is reproduced with permission from the following paper (Langmuir, 2015), Copyright
held by the American Chemical Society. I conducted the molecular dynamics simulations, and
Kevin Shebek conducted the experimental work. Paper sections about simulations are my writing,
and Kevin Shebek and Manish Kumar wrote the other sections.

The flocculating cationic polypetide from Moringa oleifera seeds damages
bacterial cell membranes by causing membrane fusion
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Abstract
A cationic protein isolated from the seeds of the Moringa oleifera tree has been extensively
studied for use in water treatment in developing countries and has been proposed for use in
antimicrobial and therapeutic applications. However, the molecular basis for the antimicrobial
action of this peptide, Moringa oleifera cationic protein (MOCP), has not been previously
elucidated. We demonstrate here that a dominant mechanism of MOCP antimicrobial activity is
membrane fusion. We used a combination of cryogenic electron microscopy (cryoEM) and
fluorescence assays to observe and study the kinetics of fusion of membranes in liposomes
representing model microbial cells. We also conducted cryoEM experiments on E. coli cells where
MOCP was seen to fuse the inner and outer membranes. Coarse grained molecular dynamics
simulations of membrane vesicles with MOCP molecules were used to elucidate steps in peptide
adsorption, stalk formation and fusion between membranes.
Moringa oleifera, a resilient tree that is able to grow rapidly in many tropical and
subtropical areas has long provided use due to its medicinal and nutritional values. 163-165
Compounds derived from various parts of the tree have been shown to have strong
antimicrobial,166-168 anti-inflammatory,169 anti-cancer,170 hepatoprotective171 and other therapeutic
effects.172,173 A complete understanding of the causes of several of these effects does not exist. On
the other hand, the potential to develop novel therapeutics and sustainable bioproducts from this
renewable and accessible resource is large and holds particular relevance to developing countries.
While there are many medicinal and therapeutic applications proposed for products from
the Moringa tree, application of proteins extracted from its seeds to water treatment has received
the most attention.174-178 When added to water, the powder afforded by drying and crushing
Moringa seeds have been shown to display antimicrobial and flocculant properties, providing an
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inexpensive and accessible method for water purification.177-180 A short, cationic protein found
within the Moringa seed, known commonly as Moringa oleifera cationic protein (MOCP, also
referred to as Flo), has been found to contribute strongly to the seed powder’s ability to inhibit cell
growth and settle negative particles out of solution.25,179 The antimicrobial activity of MOCP holds
promise for broader application of this protein.

In this work we evaluated the molecular

mechanism of the interaction of this protein with bacterial cell membranes in the context of its
proposed use as an antimicrobial agent.
It has been proposed that MOCP interferes with bacterial cell membranes, ultimately
disrupting them to induce cell death.180 The functionality of MOCP as an antimicrobial agent is
due to two key structural features.25 First, it contains a net positive charge that facilitates the initial
interaction with microbial membranes. Having a high density of anionic lipids is a characteristic
feature of bacterial (but not eukaryotic) membranes,181 so MOCP and other cationic antimicrobial
peptides target bacterial membranes generally. MOCP also has an amphiphilic helix-loop-helix
motif that allows for its incorporation into bacterial membranes. 25

Owing to these attributes,

MOCP is able to selectively target and kill many microbes, including waterborne pathogens that
are potentially detrimental to human health.167,168,179
MOCP belongs to a broader class of proteins, known as host defense peptides or
antimicrobial peptides (AMPs), which are a key defense in an organism’s innate immune
system.182 AMPs display different specificities for the cell types they target, resulting in varied
fungicidal, tumoricidal, and/or bactericidal properties and are being considered as next generation
therapeutic molecules. Despite variations in their target cells, AMPs display several common
features including being cationic and containing alternating hydrophilic and hydrophobic motifs.
A large number of AMPs incorporate themselves into bacterial membranes, causing irreversible
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damage to the cell and ultimately killing it.183,184 The widespread use of conventional antibiotics
has led to increasing resistance in bacterial cells to commonly used medications, leading to a
decrease in the effectiveness of antibiotics as well as the appearance of multi-drug-resistant strains
of bacteria.185,186 Cationic AMPs are potentially attractive as alternatives to antibiotics because
they may have features that can prevent or retard resistance development by infectious
microorganisms.187

They have coevolved with microbial systems to combat resistance

development by microbes in natural systems by a variety of mechanisms 188 including by resistance
to proteolysis by use of disulfide crosslinking, increasing the number of positive charges, requiring
larger concentrations for action (micromolar for AMPs vs. nanomolar for antibiotics) and presence
of multiple modes of antimicrobial action. Thus studying mechanisms of AMP action, in particular
for cationic AMPs, could provide clues towards developing novel antibiotics.
In order for use as an effective antimicrobial agent, the specific direct mechanism by which
MOCP acts needs to be elucidated. Specifically, it is important to know the antimicrobial
mechanism to determine if using MOCP will have potential to prevent microbial resistance.
Although MOCP has been shown to disrupt cell membranes, the mechanism proposed is still
speculative.25 This peptide has been shown to damage the membranes of E.coli,180 but this could
happen by an assortment of different mechanisms, such as the formation of pores 189 or by inducing
fusion between membranes.190 In order to answer the question of how MOCP attains cell
membrane disruption, we conducted several experiments to investigate the possibilities of fusion
and poration of cell membranes. Förster resonance energy transfer (FRET), 191 dynamic light
scattering (DLS), and cryogenic transmission electron spectroscopy (Cryo-TEM) were all
employed using a model cell system to investigate the process by which MOCP causes membrane
disruption. Cryo-TEM was then used with E.coli cells in order to confirm that membrane fusion
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between the outer and inner membranes is the dominant mechanism of bactericidal action of
MOCP. Coarse grained molecular dynamics simulations were conducted to further confirm the
mechanism and provide a detailed picture of the steps in the membrane fusion process.

Materials and Methods:
Protein Extraction and Purification
Ten seeds were chosen at random from a bag containing seeds collected at the same time
and location. In our experiments, seeds from Chiang Mai, Thailand, each weighing 0.1933g ±
0.0457 and harvested in 2012 were used as the seed supply. The seeds were shelled and then
grinded in a coffee grinder for approximately 5 minutes, or until they become a fine powder. The
ground seeds were stored at room temperature until needed.

Total Protein Extraction
0.10 g of seed was added to 10 mL of DI water, and the solution was subsequently mixed
for one hour on a stir plate. The bulk seed solution was then filtered twice: first with 5 m filter
paper, then by a 0.2 m syringe filter (VWR International, Cat. 28145-501). This solution was
then quantified using BCA protein assay (Pierce protein Biology Products, Cat No. 23225) for
total protein content using a microplate reader. The bulk seed solution was utilized for purification
of the cationic protein (MOCP).
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Cationic Protein Purification
We conducted MOCP protein purification utilizing two methods, a batch method with high
recovery to quantify total purifiable protein content and a continuous technique to create larger
batches of protein for experiments.
In the batch method MOCP was isolated using a weakly cationic spin column (Hoefer, Cat
No. SP-744207). The spin column was first hydrated with DI water for 1 hour, and centrifuged
(2000g) to remove excess water. 200 μl of the bulk seed solution was added to the spin column
and centrifuged. The eluent was loaded back into the spin column and centrifuged again. The
eluent was then discarded and column washed with 200 μl DI water. This process was repeated
until 3 ml of bulk solution was loaded onto the column. The column was then washed with 200
µL of 0.2 M NaCl to remove weakly bound protein. To elute MOCP, 200 μl of 0.6 M NaCl was
repeatedly both loaded into the column and centrifuged until 3 ml of eluent was obtained. The
resulting solution underwent refrigerated dialysis to remove excess salt and to transfer the MO
cationic protein to a phosphate buffered saline solution (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8mM KH2PO4).

Dialysis was completed in 3.5K MWCO cassettes (Thermo

Scientific Slide-A-Lyzer).
For continuous purification of MOCP from the extracted protein solution, we used a
protocol first described by Ghebremichael et al.166 with some modifications. We used a HiTrap
CM FF 1 mL cationic exchange column (GE Healthcare Life Sciences) on an Äkta Explorer
(Pharmacia Biotech) FPLC. The column was first equilibrated with 50 mM ammonium acetate,
pH 7 at a flow rate of 2 mL min-1. The crude protein solution was then allowed to run through the
column at 2 ml min-1. Stepwise elution was then carried out with 1 M ammonium acetate as
follows: 0-35% over 1 minute, hold for 10 minutes, 35-65% over 5 minutes, hold for 10 minutes,
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then to 100% over 5 minutes, and finally holding for 10 minutes. 1 mL fractions were collected
during the stepwise elution process. Like fractions, as determined by absorption at 280 nm, were
combined and then partitioned into micro-centrifuge tubes, each containing 0.5 mL sample. The
samples were frozen at -80oC, placed under vacuum and lyophilized using a Labconco Lyph-Lock
6 lyophilizer. The resulting powder was then rehydrated and subsequently dialyzed with 3,500
kDa molecular weight cut-off dialysis tubing (Fisher Scientific) against 10 mM HEPES buffer
with 150 mM NaCl (pH 7.2).

Protein Characterization
The concentration of the resulting protein solution was estimated using the bicinchoninic
acid (BCA) assay (Pierce Biotechnology, Inc.) with bovine serum albumin as a standard.
Absorbance readings were taken using a SpectraMax M5 plate reader. To ensure the purity of the
extracted protein solution, SDS-PAGE gel electrophoresis evaluation was performed conducted
using 4-20% Tris Glycine gradient gels. Two bands appeared, one at ~13 kDa and the other at ~26
kDa, corresponding to the expected dimer and tetramer sizes of MOCP respectively. These bands
were digested and analyzed at the Mass Spectrometry Core Facility at Penn State, and revealed
they were both composed of isoforms of MOCP.

Vesicle Preparation
All lipids were obtained from Avanti Polar Lipids (Alabaster, Alabama). For Cryo TEM,
5 ml of 25 mg/ml E.coli total extract lipids in chloroform was placed in a round bottomed flask
was dried for an hour in a round using a rotary evaporator to form a film. This film was rehydrated
with a 10 mM HEPES buffer with 150 mM NaCl (pH 7.2). The lipid solution was allowed to stir
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overnight at 4⁰C to ensure to form lipid vesicles. The vesicle solution was then sonicated using a
tip sonicator (3 pulses at 10 seconds, Branson Sonifier) and subsequently extruded 10 times
through a 200 nm track-etched polycarbonate filter (Whatman Nucleopore). The final lipid
concentration for imaging was 25 mg/mL. For FRET measurements, the same procedure was used
with lipids containing 1 mol% N-(7-nitroben-2-oxa-1,3-diazol-4-yl)amine phosphatidyl
ethanolamine (NBD-PE) or 1 mol% rhodamine phosphatidyl ethanolamine (Rh-PE) with a final
lipid concentration of 250 μM anionic phosphatidyl serine lipids (Brain PS).

Cryo-TEM
Samples for Cryo-TEM were prepared for the vesicle solutions (with buffer or MOCP at a
protein to lipid weight ratio of 1/100) or for the cell solutions by placing 5 μL solution onto
Quantifoil® holey carbon TEM grids, (Orthogonal, 300 Mesh, Copper). The excess liquid was
then blotted and the grids were vitrified in liquid ethane using a Vitrobot (FEI). These samples
were then imaged on a FEI Biotwin G2 electron microscope. The images were captured under
low dose conditions using a bottom-mount CCD camera (Eagle 4k HS). The samples with protein
were allowed to incubate for 1 hour to allow for the MOCP to interact with the vesicle membranes
before imaging.

FRET
The technique of Förster resonance energy transfer (FRET) was used to monitor vesicle
fusion based on the general methodology proposed by others. 190 PS vesicles containing 1 mol%
Rh-PE (FRET donor) were mixed with PS vesicles containing 1 mol% NBD-PE (FRET acceptor).
MOCP was added to a final concentration of between 0 and 200 μM. If fusion occurs between
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these two lipid populations, the lipid contents of vesicles would mix, resulting in the FRET donor
and acceptor coming into close proximity. As a result of this the emission of Rhodamine at 580
nm would increase corresponding to an increase in the FRET efficiency.

Coarse-Grained Simulations
The starting system consisted of 1 MOCP peptide placed between two DPPG vesicles
containing 877 lipids each. These molecules were in an aqueous solution with Na + and Clcounterions added to neutralize the anionic lipid and cationic peptide respectively. The protein
initial configuration was determined using the I-TASSER program,192,193 and the DPPG vesicle
initial configuration was taken from that of a DPPC vesicle available on the Martini forcefield
website. GROMACS software version 4.6.1194 was used to perform all simulations. All molecules
were represented using the MARTINI coarse-grained forcefield,195,196 and protein parameters for
this forcefield were generated using the martinize.py program.197,198 Simulation snapshots and
movies were created using Visual Molecular Dynamics87, with the ability to represent Martini
coarse-grained bonds added using the cg_bonds.tcl script available from the Martini forcefield
website.
A cutoff distance of 1.2 nm was used for electrostatic and van der Waals interactions, along
with a time step of 30 fs. Simulations used an NPT ensemble and periodic boundary conditions.
Temperature coupling was accomplished using a Berendsen thermostat with target temperature
300 K and coupling time 1.5 ps, while pressure coupling was accomplished using the Berendsen
algorithm with target pressure 1 bar, coupling time 3.0 ps, and compressibility 3x10 -5 bar-1. Four
simulations were conducted, each lasting from 300-600 ns.
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The bacterial membranes fused by MOCP during water treatment, as well as the brain PS
and E. coli lipid extract membranes in which we observe fusion by MOCP, are in the fluid phase.
It is therefore important that we conduct our simulations above the lipids’ fluid/gel transition
temperature.

Although dipalmitoyl lipids such as DPPG have a high fluid/gel transition

temperature (314K for DPPC), the Martini model predicts that this temperature is below the
freezing point of Martini water for highly curved vesicles such as those present in our
simulations199. Thus, our simulated vesicles will be in the experimentally and physiologically
relevant fluid phase.

Results and Discussion
Moringa seeds contained approximately 1% recoverable MOCP.
We quantified concentrations of total protein extract and purified cationic protein (MOCP)
using BCA protein assay to determine recoverable MOCP yield from seeds using our techniques.
Our protein extraction and quantification results show that 22.0% ± 3.3% of unshelled Moringa
seed was extractable protein. This obtained value concurs with the estimated 27% protein for
unshelled Moringa seed based on nitrogen content.177 Our batch purification techniques also
resulted in an estimated 1.2% ± 0.2% recoverable MOCP content for Moringa seeds, a value
important for planning larger scale harvesting of this protein.
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Figure 4.1. Moringa oleifera seeds used in this study contained two isoforms of the MOCP protein that form stable
dimers and tetramers. A. SDS PAGE Gel bands demonstrating the purification of protein oligomers of two different
sizes: 13 kDa and 26 kDa. B. Mass spectroscopy results indicated that the lower band (band 1), corresponding to the
size of a protein dimer (~13 kDa), contained only one MOCP isoform (2.1) while the upper band (band 2)
corresponding to the size of a protein tetramer (~26 kDa) contained two MOCP isoforms (2.1 and 2.2). C. Predicted
structure of the 2.1 isoform using the I-TASSER server.

MOCP exists as stable dimers and tetramers and as two isoforms in MO seeds.
MOCP purified from Moringa oleifera seeds using weak cation exchange chromatography
was run on denaturing polyacrylamide gels (Figure 4.1). Two distinct bands were observed at
migration distances that indicate sizes of ~ 13 kDa and ~ 26 kDa. These bands point to the presence
of two stable oligomeric forms of the proteins, dimers and tetramers, in our sample considering
the calculated MW of the protein at ~6.5 kDa. The presence of MOCP isoforms in each band were
confirmed by excising gels at the band locations and subjecting them to mass spectrometry (Figure
4.1B). Mass spectrometry results indicated that the isoform MOCP 2.1 was present in the band
migrating at the location corresponding to the dimer size while two isoforms, MOCP 2.1 and
MOCP2.2, are present at the location corresponding to the tetramer size. While a dimeric form of
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MOCP has been described and modeled before (specifically the MOCP isoform MOCP 2.1177,200),
no reports have explicitly described tetramers before with purified protein. Three isoforms MO 2.1,
MO2.2 and MO2.3 have been previously isolated in MO seeds but the PAGE gels resulted in a single
band in that study.201 Ghebremichael et al. have reported the presence of four isoforms in purified
protein extracts from MO seeds.166 They also only report one band in their SDS page gels. We
hypothesize that MOCP proteins exist primarily in dimeric and tetrameric forms in the seeds we
obtained from Chiang Mai, Thailand.
MOCP causes flocculation and fusion of model cell membranes.
In light scattering experiments with lipid vesicles we observed rapid increase in aggregate
sizes (Figure 4.2A) within 50 seconds of addition of MOCP protein to a preparation of vesicles.
While this could be due to flocculation and aggregation or fusion of these vesicles, the exact nature
of the interaction became clear when we conducted CryoTEM imaging of the liposomes with and
without protein (Figure 4.2B and 4.2C). We see single vesicles in the control sample (Figure
4.2B). In the samples where liposomes are incubated with the protein substantial fusion of vesicles
to form larger and, in some cases, multilamellar vesicles are observed. Further evidence of fusion
was seen when we monitored fluorescence after mixing two populations of vesicles with lipids
containing complementary FRET molecules. A rapid increase in the fluorescence at 580 nm
indicated lipid exchange between the two vesicle types that bring the two molecules comprising
the FRET pair in close proximity (Figure 4.2D).
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Figure 4.2. MOCP causes flocculation and fusion of model cell membranes. A. Time resolved dynamic light
scattering experiments showed a rapid increase in size indicating aggregation or fusion of vesicles. B. Cryo TEM of
E. coli lipid vesicles without addition of MOCP show distinct and unfused membranes. C. When MOCP is added to
vesicles, fusion of vesicles as well as formation of larger aggregates including multilamellar vesicles occurs. Arrows
indicate possible fusion sites. Scale bars in B and C panels are 200 nm. D. FRET experiments with two anionic lipid
vesicle populations containing complementary FRET fluorophores (NBD-PE and Rh-DHPE) confirms the proposed
fusion mechanism. When the two types of lipids are mixed in the presence of MOCP a time dependent increase in
the fluorescence at 590 nm is seen. This wavelength corresponds to the Rhodamine dye that acts as the FRET acceptor
indicating that the two types of lipids have been brought in close proximity through fusion between the two vesicle
types and subsequent mixing.

MOCP causes fusion of inner and outer membranes in E. coli cells.
In order to further investigate the mechanism by which MOCP can produce antimicrobial
activity we conducted experiments with isolated E. coli cells incubated with purified MOCP.
These cells (unincubated and incubated with MOCP) were observed using CryoEM. As seen from
Figure 4.3, evidence of the fusion of the inner and outer membranes is seen in cells where MOCP
was present. Similar results have been reported for a synthetic microbial peptide that was shown
to cause fusion of membranes in another study.190
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Figure 4.3. MOCP causes fusion of inner and outer membranes of E. coli cells. A. Control cells (without MOCP)
show distinct inner and outer membrane outlines. B. cells incubated with MOCP show regions where the inner and
outer membrane seems to come closer to each other and fuse as seen by the blurred membrane outlines. Scale bars are
200 nm.

Molecular Basis for Membrane Fusion from MD Simulations.
To study the mechanism of membrane fusion by MOCP, four MD simulations of two
DPPG vesicles with MOCP molecules between them were set up. Each simulation was run for
300-600 ns, and snapshots of the fusion process are shown in Figure 4.4. A video is also provided
as Supplementary Information. Membrane fusion occurs in all four of these simulations, and takes
place over several steps. Within the first few nanoseconds (ns), the cationic MOCP molecule
associates with the anionic lipid membrane due to hydrophobic and electrostatic interactions.
Next, the MOCP molecule rotates in order to maximize its interactions with the vesicles,
transitioning to a configuration in which its three helices lie against the two vesicle membranes,
bringing the vesicles into progressively closer contact over the course of 50-150 ns.
Once the vesicles are in close contact, MOCP’s first and second alpha-helices associate
with each other and with the closest point of contact between the two vesicles. These two helices
then split apart as the lipids from the outer leaflets of the two vesicle membranes come into contact
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and form a narrow stalk between them. Stalk formation took 60-380 ns, and is the rate-limiting
step in vesicle fusion. The stalk widens rapidly, developing a diameter close to that of the vesicle
over the next 30-40 ns. Once the stalk becomes sufficiently large, it continues growing even in
regions distant from the MOCP molecule. Finally, the large stalk provides a catalyst for vesicle
fusion, which requires only about 10-30 ns once the stalk has widened.

D

A
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t = 0 ns

F

G

t = 483 ns

t = 475 ns
t = 1.6 ns
C

t = 122 ns

H

t = 501 ns

t = 539 ns

Figure 4.4: Steps in the fusion of lipid membranes in the presence of MOCP. Vesicle fusion occurs in several steps,
which are shown for a typical simulation. MOCP (pink) was initially placed (A) between two vesicles composed of
anionic lipids (green and ochre outer and inner leaflet head groups, grey tails). The peptide quickly binds to the two
vesicles through a combination of hydrophobic and electrostatic interactions (B), and pulls the vesicles together to
maximize these favorable peptide-lipid contacts (C). Once the peptide and vesicles are in close contact, MOCP
assumes a “Z” configuration at the point of contact between the two vesicles (D and E), and its ﬁrst and second helices
create a pocket within which a lipid stalk can begin to form, connecting the two vesicles (F). This stalk grows to the
width of the vesicles (G), and the membrane dividing the two interior spaces merges into the outer membrane, leading
to vesicle fusion (H).

To verify that MOCP is responsible for stalk formation and membrane fusion, we
conducted a control simulation containing the same two vesicles but no MOCP. These results are
shown in the Supplementary Information section (Table S1 and Figure S1). No association
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between the two membranes occurred despite the fact that they were within the cutoff distance for
non-bonded interactions for much of the simulation, indicating that despite the hydrophobic nature
of the lipids and the reduction in membrane curvature that would come with membrane fusion,
MOCP is a necessary catalyst in triggering the fusion process.
Because the Martini model does not account for changes in secondary structure, we tested
whether the secondary structure constraints in our model changed the fusion mechanism. Because
the predicted MOCP structure from I-TASSER is based on that of three soluble proteins (Mabinlin
II202, Brazil Nunt 2S albumin86, and Napin Bnlb albumin203), we can safely assume that MOCP
will maintain this secondary structure in water. To test whether secondary structure changes taking
place after MOCP binds to the lipid bilayer could change the fusion mechanism, we conducted a
control simulation in which secondary structure constraints were removed once MOCP bound
closely to both vesicles. Fusion proceeded by the same mechanism (the peptide creates a protected
pocket within which lipids come into close contact, leading to stalk formation and vesicle fusion).
Snapshots from this simulation are shown in Supplementary Information.
To verify that our simulations show fusion of only anionic membranes by MOCP, as occurs
experimentally, we conducted two additional simulations in which electrostatic interactions
between the peptide and lipid vesicles were absent. These results are also presented in the
Supplementary Information section (Table S1 and Figure S1). In one simulation, all anionic DPPG
lipids were replaced with neutral DPPC lipids, while in the other, a “mutant” MOCP with all amino
acid charges set to zero was used. MOCP bound weakly to one or both vesicles in these
simulations, but the hydrophobic interactions between the peptide and membranes were not strong
enough for the peptide to bring the vesicles into close contact. Consequently, the prerequisites for
fusion were not met in these control simulations.
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In literature, simulations with entirely anionic model lipid membranes have been used to
investigate the mechanisms of cationic antimicrobial peptides and membrane proteins whose
activity requires the presence of cations107,108, presumably to increase the probability of observing
peptides’ fusion or poration mechanisms in a simulation of finite length (the same logic that
motivates guided MD techniques such as umbrella sampling). However, because bacterial
membranes contain a mixture of anionic and neutral lipids, we also attempted to examine fusion
of mixed DPPG/DPPC vesicles with anionic lipid fractions 30%, 50%, and 75%. The lowest of
these values was approximately the anionic lipid fraction of our E. coli total lipid extract
membranes, while the other two were intermediate conditions between this condition and the 100%
anionic lipid fraction used in our earlier simulations and fluorescence experiments. We observed
that, due to the weaker electrostatic attraction between MOCP and the mixed-lipid membrane,
protein binding to both lipid vesicles required a smaller separation distance than for a 100% anionic
membrane (2nm vs. 4nm between the two vesicles). This indicates that the initial binding step of
the fusion mechanism would occurs less frequently in bacterial membranes than it would in an
anionic lipid membrane.
We also observed that MOCP binds preferentially to anionic lipids, and therefore does not
necessarily assume a conformation that maximizes its contact with both vesicles. Consequently,
it does not assume the Z-configuration that led to fusion of 100% DPPG vesicles (see
Supplementary Information). We speculate that to fuse two bacterial membranes MOCP must
first draw multiple anionic lipids to its self in each membrane. CG MD simulations of Ltc1,
another α-helical cationic antimicrobial peptide, show that it promotes anionic lipid raft formation
in model bacterial membranes204. This points to the possibility that multiple MOCP peptides
(present due to high concentrations or oligomer formation) are a requirement for forming an
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anionic lipid patch that would allow membrane fusion in mixed-lipid systems. However, because
we have observed fusion via CryoTEM in membranes made from E. coli lipid extract, E. coli cells
and in membranes made from 100% anionic brain PS, we know that fusion occurs for both
membrane types. The mechanistic differences between fusion in anionic and mixed lipid vesicles
are beyond the scope of our current simulations, but are a question to be investigated in future
studies.
Conclusions
A cationic protein isolated from the seeds of the Moringa oleifera tree, MOCP, has been
widely used in the area of developing country water purification and is shown to have antimicrobial
properties. It is also being proposed for a variety of therapeutic applications. However, the
molecular basis of its antimicrobial activity was unclear. We used a combination of fluorescence
assays, CryoEM on model membranes and biological cells, and coarse grained molecular
dynamics to show that membrane fusion is a major mechanism of antimicrobial activity of MOCP.
Supporting Information.
Table S5.1 lists the results from control simulations involving secondary structure constraints,
uncharged MOCP, neutral lipid vesicles, and vesicles in the absence of MOCP. Figures S5.1 and
S5.2 show snapshots from these control simulations.

Figure S5.3 shows snapshots from

simulations in which the vesicles conatain a mixture of anionic and neutral lipids. Figure S5.4
shows the MOCP-lipid head group radial distribution functions from these simulations, which
demonstrate that MOCP prefers to associate with anionic headgroups.
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Chapter 5: Conclusions and Suggestions for Future Work
Conclusions
Biomimetic membranes using block copolymers to incorporate transmembrane proteins
have become an area of growing scientific interest. This work contains several studies that enhance
our understanding of membrane structure, self-assembly, and interaction with proteins.
In chapter 1, we investigate for the first time the mechanism of mixed micelle formation
required for biomimetic membrane assembly by detergent dialysis. This process is necessary for
the assembly of BC membranes functionalized with a high density of transmembrane proteins. We
were able to measure the rate of polymer chain exchange between mixed detergent/polymer
micelles using TR-SANS, and to show that the exchange process is different from the single-chain
escape mechanism we initially expected, and which is widely accepted as the exchange mechanism
for single-component micelles. Instead, we were able to fit our data with a single exponential
decay, which is consistent with a fusion/fragmentation mechanism. This result shows that the
activation barrier for solubilizing the polymer’s hydrophobic block is sufficient to prevent the
single chain escape process from being the main polymer exchange mechanism when detergent is
present. We expect that the fusion/fragmentation mechanism will be a general phenomenon
observed for any mixed micelle whose components’ CMCs differ by orders of magnitude, and that
for detergent/polymer micelles with a sufficiently high detergent:polymer ratio, the
fusion/fragmentation rate will be similar to that for detergent micelles.
In chapter 2, we examine the molecular-scale structure of protein-relevant PB-PEO and
PEE-PEO block copolymer membranes. We developed a coarse-grained model for PB-PEO (for
which there is no previously published CG MD model), allowing simulations of this polymers on
the longer length and time scales relevant to membrane self-assembly and structure analysis. With
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this PB-PEO model and our simplified PEE-PEO model, we examine the thickness, stretching,
and hydration of the membranes. Because previous measurements of membrane thickness were
conducted for polymers with 40 or more hydrophobic monomers, the relationship between
hydrophobic molecular weight and membrane thickness for polymers used for protein
incorporation (Nphob ≈ 10-40) was unknown. We show that a relationship with scaling exponent
0.6 ± 0.04 is sufficient to describe membrane thickness for both high-MW block copolymers and
the ultra-short BCs relevant to protein incorporation. We also calculate the stretching parameter
for these polymers and show that the hydrophobic block is nearly a random coil, allowing us to
approximately predict the required degree of polymerization to minimize hydrophobic thickness
mismatch for hydrophobic polymers other than PEE and PB. We also investigate the incorporation
of water into the membrane, and find that water penetrates about 1 nm into the hydrophobic block
regardless of polymer chain length, but that the concentration of water within this layer is greater
for membranes with a higher area/chain. Thus, the hydrophobicity mismatch between the protein
and its membrane environment can be a function of polymer structure rather than only polymer
identity, a result we hadn’t anticipated. These conclusions will aid in the selection of polymers
that minimize polymer stretching and hydrophobicity mismatch, and thus provide the most
favorable environment for protein incorporation.
In chapter 3, we investigate the structure formed by mixed solutions of L121 and F127,
two mass-produced, biocompatible PEO-PPO-PEO triblock copolymers. We can form vesicles at
polymer concentrations 1-10 mg/mL in water, and show that the vesicle membranes are permeable
to low-MW solutes, suggesting that they contain pores. We also show that the MW cutoff for
these pores is reduced by extrusion, as is the vesicle permeability: the MW cutoff is approximately
1000-3000 Da for extrusion through a filter with large pores (400 nm diameter) but less than 400
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Da after extrusion through a filter with small pores (100 nm diameter). These vesicles could be
used as size selective containers for a soluble protein or other catalytic particle, creating a
microreactor.
In chapter 4, we investigate the mechanism of bacterial membrane disruption by the
Moringa oleifera cationic protein (MOCP). Our cryo-TEM images and CG MD simulations show
that the protein fuses bacterial inner and outer membranes, rather than forming a pore as we had
previously suspected. Our simulations also show that a single MOCP causes fusion only for a
100% anionic lipid membrane rather than for a realistic bacterial membrane with a mix of anionic
and uncharged lipids, suggesting that numerous MOCPs would need to create a patch rich in
anionic lipids before causing fusion. This second step in the membrane fusion process could
explain why bacterial membrane disruption depends on the concentration of MOCP. These results
allow us to understand the antimicrobial mechanism of a peptide with proposed applications in
water treatment and as an antibiotic.
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Additional TR-SANS experiments: How can we minimize the time for polymer chain exchange
during dialysis at a realistic temperature (4 ⁰C)?
Although we determined that polymer exchange kinetics between mixed micelles are
controlled by a fission/fusion mechanism, many questions remain regarding optimum dialysis
conditions. Because membrane proteins are generally less stable in detergent micelles than in a
lipid or polymer membrane, we want to accomplish the dialysis as quickly as possible, subject to
the constraints of temperature, polymer exchange, and mixed micelle aggregation into membranes.
Based on the experiments we carried out, we expect that for micelles with an infinitesimally low
polymer:detergent ratio, fission/fusion kinetics will be controlled by the detergent only, which take
place on a time-scale on the order of seconds for a non-ionic detergent at typical dialysis
temperatures13. However, what does infinitesimally low mean in practical terms? Based on the
scaling analysis of Halperin and Alexander81, the main barrier to fusion is the same as that of
single-molecule capture: the deformation of the micelle corona due to the incoming micelle or
single surfactant molecule. Thus, we would expect the activation barrier to fusion to decrease as
the density of hydrophilic chains on the micelle surface decreases, and for BCs with shorter
hydrophilic chains. It has also been shown95 that fission/fusion kinetics are slower for surfactant
micelles whose corona chains are shorter on average but more polydisperse, suggesting that a small
number of long BC chains could significantly hamper the polymer exchange kinetics even for
micelles containing mostly OG. A further complication is that we are unsure whether the fusion
or fission dominates the exchange mechanism: fusion rate increases linearly with increasing
micelle concentration, while fission is independent of it 13. Thus we would need to independently
adjust the micelle concentration and polymer:detergent ratio to deconvolute these effects.
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We propose several experiments to examine these variables. First, to test whether kinetics
are controlled by fusion or fission, we can attempt to carry out experiments using micelles with
the same polymer:detergent ratio and different concentrations. Once the free detergent becomes
saturated in solution at its CMC, additional detergent should incorporate into the micelles; thus,
we can predict the detergent concentration within the micelle and adjust it relative to that of the
polymer (which will have a vanishingly low free concentration in solution). Next, we propose to
use time-resolved experiments to examine the exchange between micelles at 4 ⁰C as a function of
polymer:detergent ratio within the micelle.

TR-SANS experiments with a fully deuterated

polymer to increase contrast and thus allow examination of lower polymer:detergent ratios could
be used for time-scales on the order of half an hour to days. For shorter time-scales (on the order
of seconds), we could employ stopped flow light scattering experiments in which we mix unlabeled
micelles with micelles containing a fluorescent probe with distinct monomer and oligomer
fluorescence wavelengths, as has been done for detergent micelles 13. Such experiments could be
conducted for two or more polymers of different hydrophilic block length, perhaps EO 7 and EO24,
to test whether corona chain length variations have an appreciable effect on exchange behavior
within the range of degrees of polymerization used for biomimetic membranes. Scaling arguments
could be used to predict the activation barrier as a function of polymer grafting density on the
surface and chain length, so that these barriers can be compared to those obtained from experiments
at several temperatures using the Arrhenius equation. Finally, fusion of micelles into nascent
membranes could be monitored via dynamic light scattering. Because this process should be
collision-based, we expect that fusion kinetics obtained from TR-SANS or stopped flow
experiments will be relevant to estimating the time-scale for aggregation and membrane formation.
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Block copolymer membrane simulations: conversion to MARTINI nonbonded parameters and
examination of interactions with proteins
Determination of nonbonded cross-interactions for a structure-based coarse-grained model
is not straight-forward: although we found that a scaling factor could be applied to LB combining
rules to reproduce the correct membrane structure, we lack the structural data to tune the
interactions between PB and all 21 proteinogenic amino acids in this a posteriori way. Therefore,
we propose to use nonbonded potentials from the MARTINI forcefield, which is widely used for
protein simulations and in which bead types are assigned based on hydrophobicity and
charge196,205,206.

Assigning MARTINI nonbonded interactions to a CG polymer with

independently derived bonded interactions has precedent 207, and we can choose bead types for
nonbonded parameters so that membrane thickness and area/chain are preserved.
Once this forcefield is developed, we can use it to examine the suitability of different
polymer membranes for protein incorporation. To generate an initial configuration, we can draw
on methodologies developed for simulations of proteins in the lipid bilayer. In these simulations,
the membrane is either constructed around the protein, or else an artificial force is applied to form
a protein-sized hole in a pre-assembled membrane 208. Afterwards, we can use umbrella sampling
(a guided MD method using a spring-like force to pull the protein toward locations of interest) 209
to examine the partition function for protein distance from the bilayer center and thus determine
whether incorporation is energetically favorable. Using PEE-PEO and PB-PEO chains of varying
length, we can judge the degree of hydrophobic thickness mismatch that is acceptable for protein
incorporation. We can also calculate the stretching parameter during these simulations to correlate
the compression of chains with the energetic penalty for protein incorporation.
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Further characterization of PPO-PEO vesicles and design of a microreactor
The characterization of the PPO-PEO vesicles is still a work in progress. In particular, we
plan to carefully re-examine the fitting methods for stopped flow data in order to verify that we
are correctly capturing the initial rate of intensity increase and thus calculating the correct
permeability and rejection values. In addition, adding additional species to the plot of rejection as
a function of molecular mass would increase the precision with which we determine the pore size.
For vesicles extruded through 0.1 μm pores, glycine (75 g/mol), glucose (180 g/mol), and sucrose
(342 g/mol) would give us a range of values between those of Cl - and PEG400. For vesicles
extruded through 0.4 μm pores, PEG1000, PEG2000, and PEG3000 would give us a range of
molecular mass values between those of PEG600 and dextran 4 (4000 g/mol).
We should also further analyze the SANS data to improve the fit model and comparison to
form factors for other shapes. In particular, we should test whether alternative models such as a
wormlike micelle or spherical micelle with a diffuse interface could also describe the data. Further,
we should examine whether a diffuse interface describes the data as well as a distribution of
membrane thicknesses. We might also attempt to model the polymer membrane core and corona
more realistically: the corona might be treated as a tethered brush of EO 100 chains63,147,148 and a
form factor derived to account for interactions between the membrane core and corona chains, as
has been done for polymer micelles101,210.

Such a profile could be applied to vesicles of

polydisperse radius and the scattering function109 determined by integration or numerical
integration.
More long-term work regarding this project would be the design of a microreactor. Nardin
et al have developed a procedure by which we could convert the PEO hydroxyl end-groups to a
cross-linkable methacrylate moiety44. However, due to the small number of EO repeat units for
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L121, we should test whether this functionalization alters the polymer self-assembly by making
the chain ends more hydrophobic. If this or another cross-linking procedure is successful, we can
attempt to encapsulate soluble proteins within our polymer vesicles. Self-assembly might be
conducted in the presence or protein, or a peptide smaller than the initial pore size could be added
to the self-assembled vesicles and entrapped via extrusion. A protein function assay in the
presence of protease could be used to verify (1) encapsulation and protection by the pluronic
vesicle and (2) permeation of a small substrate through the membrane pores 38. If this work is
successful, the resulting microreactor could serve as a sensor – perhaps making a useful platform
for some medical diagnostics or detection of toxins.
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Abstract
Reverse osmosis (RO) has become the most common process for extracting pure water
from saline water, constituting about 2/3 of worldwide installed capacity, outcompeting thermal
processes due to its lower energy consumption and hence its lower cost compared to multi-effect
distillation (MED) and Multi-Stage Flash (MSF) 211. This process is also useful for concentrating
waste brines so that water can be removed more easily via evaporation, crystallization, or thermal
processes212-215. This second function is relevant to the disposal of high salinity brines from Sea
Water Reverse Osmosis (SWRO), shale gas produced waters, formation waters extracted during
carbon dioxide sequestration, and flue gas desulfurization (FGD) water, all of which have high
concentrations of dissolved solids compared to sea water and brackish water, the usual feeds for
an RO process (see Table S1.1). Because a pressure in excess of the retentate’s osmotic pressure
must be applied to perform the separation, and because salt rejection increases with applied
pressure1, concentrating these solutions will require higher pressures than have been previously
used (2400 – 5000 psi are considered for this review, compared to 800-1000 psi for SWRO) 1.
These increased pressures and more concentrated retentates create challenges regarding ion
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precipitation and scaling, biofouling, and RO module mechanical stability. In this review, we
consider how best to address these issues and create a successful high-pressure RO process.

Feeds for high-pressure RO
SWRO Brines
SWRO brines are generally discharged to the ocean from which the feed water was
extracted, although changes in salinity and temperature from the desalination process raise
concerns about damage to the marine environment, so that some researchers have investigated zero
liquid discharge (ZLD) processes216. Similar brines are created at inland locations by desalination
of brackish ground water, and a ZLD process would be even more beneficial in these
situations215,216 due to lack of a sustainable disposal route. The retentate fraction for SWRO is
generally about 50-70% due to the pressure and fouling limits of the RO process 1,212,217, so that a
significant amount of water remains in the brine, a major obstacle to ZLD that might be reduced
by high-pressure RO. Table A.1 shows the typical composition of these SWRO brines, the osmotic
pressure after pretreatment, and the theoretical minimum retentate fractions that could be achieved
using high-pressure RO at 2400 and 5000 psi.

Formation Water
Formation waters are (on average) slightly lower in osmotic pressure than SWRO brines,
but are highly variable in both their total osmotic pressure and in the mineral composition that
creates it218.

Because high-salinity formation waters are unsuitable for release into inland

waterways, and because low-salinity formation waters (i.e. aquifers) would be a poor choice for
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carbon sequestration, it is also worth investigating how much the more saline formation waters
could be concentrated by high-pressure RO as part of an overall ZLD process.

Hydrualic Fracturing (Fracking) flowback water
Fracking flowback water is similar to formation water in that its composition and osmotic
pressure are highly variable, and that their disposal presents challenges. Internal re-use (the
simplest option) is becoming less common as the industry matures and fewer new wells are drilled
compared to the amount of available flowback water219. The other common method, well
injection, raises concerns about leakage and is correlated with increased seismic activity, so that
the industry would do well to develop alternative methods of disposal 219.

Flue gas desulfurization water
Coal-fired power plants produce wastes including sulfur oxide (Sox)-rich flue gas, and
most plants are required to remove SOx emissions using a flue gas desulfurization (FGD)
process220. About 85% of FGD systems use a wet scrubbing process, in which (1) and absorber
such as a spray tower or packed column uses a dissolved limestone solution to convert the SOx to
calcium sulfite (CaSO3), (2) an oxidation reactor to convert the sulfite to sulfate, and (3) a
separation system to remove dissolved solids, salts, and heavy metals from the water 220.
Depending on the coal and limestone compositions used, wastewater composition can vary greatly,
but monovalent salts can be a major part of the total dissolved solids (TDS), so that RO is a
promising method for water treatment and brine concentration.
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Table A.1: Properties of high-pressure RO feed waters.
SWRO brine221
Flowback water222
(50% recovery)

Formation
water218

FGD wastewater220

TDS [mg/L]

~72,000

~30,000 – 130,000

~5,000 – 300,000

~5,000-50,000

Δπ total [psi]

~800

~400-1200

~400 but can be
much higher

~50 - 500

Δπ from
monovalent salts
[psi]

~750

~300 - 1100

~400 but can be
much higher

~20 - 360

Major ions [symbol,
mg/L]

Cl- (20,000),
Na+ (11,000),
Mg2+ (1300), K+
(400)

Na+ (13,000), Cl(12,000), Ca2+ (3600),
HCO3- (1200), Sr2+
(1100), CO32- (800), Br(300), K+ (300), CO2
(300), Ba2+ (200), Mg2+
(200), SO42- (200)

Cl-, Na+ (~10,000
each), Ca2+, Br-,
HCO3-, SO42-,
NO3-, Mg2+, K+
(100-1000 each)

Cl- (1000-28,000),
SO42- (1500-8000),
Mg2+ (1100-5000),
Na+ (700-5000),
Ca2+ (750-4000),
SiO2 (70)

Min retentate
fraction* (2500 psi)

0.3

0.12 to 0.44

0.16 or more

0.008 to 0.14

Min retentate
fraction* (5000 psi)

0.15

0.06 to 0.22

0.08 or more

0.004 to 0.07

*The minimum retentate fraction corresponds to an ideal separation process, in which water permeation proceeds to
equilibrium and in which concentration polarization, feed-side pressure drop, and membrane fouling are absent.

Challenges for high-pressure RO
Concentration polarization
Concentration polarization is a familiar phenomenon in reverse osmosis, in which the
selective permeation of water through the membrane leaves a layer of high salt concentration near
the membrane surface. The thickness and salt concentration profile of this layer depend on the
balance between convection towards the membrane and salt diffusion away from it, and numerous
models have been proposed to quantify it 223. The Film Theory model is simple, analytically
solvable, and predicts experimental results reasonably accurately224,225, so we use this model to
better understand how concentration polarization might be different at higher recoveries and salt
concentrations. We further simplify the model by using an average salt diffusivity and salt-rich
film thickness, rather than accounting for changes in these variables that would occur in these
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values with changing salt concentration in an RO module 224,225. The equations used to calculate
concentration polarization are:

⁄
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Here, β is the concentration polarization (CP) modulus C membr/Cbulk, Jw is the permeate water flux
[m/s], kCP is the salt diffusion mass transfer coefficient [m/s], D is the salt diffusivity [m 2/s], δ is
the thickness of the salt-rich layer adjacent to the membrane [m], h is the feed channel height [m],
Re is the Reynolds number, Sc is the Schmidt number, ρ is the density of water [kg/m 3], v is feed
velocity [m/s], and μ is the viscosity of water [kg/m.s]. Using the definition of recovery in terms
of the permeate and feed flow rates, as well as module geometry, we can re-write the permeate
flux in terms of recovery and geometric parameters:
=

=
=
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ℎ
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Where L and w are the length and width of the membrane and Q P and Qf are the permeate and feed
flow rates. For a fixed module design, v and r are the adjustable parameters, and concentration
polarization increases if either is increased (although the dependence on v is weaker because Re is
also proportional to v). Thus, concentration polarization will pose more of an issue at the high
recoveries preferred for a ZLD process, although the increase will be modest, with β < 2 even for
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high recoveries, as shown in Figure A.1. It’s also worth pointing out that the CP modulus has no
explicit dependence on P or salt concentration, although these parameters will affect the permeate
flux Jw.
We note, however, that our model’s assumptions of constant salt diffusivity and film
thickness are not precisely correct, although they are common design approximations. NaCl
diffusivity remains approximately constant (1.47 to 1.60 x10-9 m2/s) as long as the salt
concentration doesn’t approach the solubility limit226. These small changes in diffusivity change
concentration polarization by 0.1 or less under the conditions modeled (Figure A.1), and the
increased diffusivity with higher salt concentration reduces concentration polarization. However,
if the salt concentration exceeds about 320 g/L, the diffusivity declines rapidly and would
eventually reach zero at the spinodal limit226 of 360g/L (Fischer Scientific MSDS), which would
lead to a significant increase in concentration polarization. Also, the film thickness δ will increase
in the feed flow direction, causing a decrease in the CP mass transfer coefficient and an increase
in CP, but the equation for this increase will depend on the flow profile 225. Thus, concentration
polarization will be most severe in the last module of the RO train, and care should be taken to
prevent concentrations greater than 320g/L NaCl in any part of the process.
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Figure A.1: Effect of feed velocity and recovery on concentration polarization, provided that NaCl concentration
remains below about 320 g/L. The following values were used in the film theory model: ρ = 1000 kg/m3, μ = 0.001
kg/m.s, h = 0.0005 m, and L = 10 m. Concentration polarization modulus increases with feed velocity and recovery,
and decreases with increasing salt diffusivity.

Scaling
Scaling due to salt precipitation is a well-studied problem in RO, and will be especially
important for high-pressure systems with highly concentrated retentates and a diverse mix of salts
in the feed. To prevent scaling, about 99% of the divalent cations must be removed during
pretreatment215, and quicklime (CaO) and soda ash (Na2CO3) are the compounds used to remove
carbonate and noncarbonate hardness respectively224,227. CaO precipitates CO2, HCO3-, Mg2+, and
Ca2+ as carbonates and hydroxides via the following set of reactions, carried out at pH 9.3-10.5 224:
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Soda ash removes the remaining divalent cations via the reaction 224:
+

+

→

(

)+

+ 2

To determine the amount of each chemical needed, we first convert the relevant ions (most divalent
cations, HCO3-, and CO2) to an equivalent concentration of CaCO3.
=

( . 7)

Next, we compare the CaCO3 equivalent concentrations of Ca2+, Mg2+, and HCO3- to determine
the amount of calcium and magnesium hardness that will precipitate via reactions involving
bicarbonate salts. The calcium precipitates preferentially, followed by magnesium and other
cations if sufficient bicarbonate is present. We then calculate the lime required to precipitate the
carbonate hardness (CO2 + bicarbonate salt reactions) and the soda ash required to precipitate the
noncarbonate hardness (the remaining salts).
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Based on typical feed compositions, we have calculated the amount of each softening
chemical required for each of the water sources examined, as well as the cost of these chemicals
using market prices of $65/ton for quicklime and $210/ton for soda ash (see Table A.2). Barium,
magnesium, and calcium can also be removed by a fluidized weak cation exchange process 215,
although softening by chemical addition is more common for Ca 2+, Sr2+, and Mg2+. BaCO3 and
Ba(OH)2 are both relatively water-soluble, so that Ba2+ cannot be removed with soda ash or
quicklime. Fortunately, however, BaSO4 has a relatively low solubility limit (2-3mg/L)228, so that
the ~200mg/L Ba2+ and ~200mg/L SO42- in flowback water should precipitate. If the flowback
water from a well is rich in Ba2+ but not SO42-, Na2SO4 can be used as a precipitant228.
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For feeds with high silica content, additional pretreatment will be needed to prevent
irreversible silica deposition on the membrane, which occurs at ~120 mg/L 1. Methods for silica
removal include electrocoagulation with aluminum anodes (removes ~80% of the silica 229) and
coprecipitation with lime and soda ash (68% removed230). These processes are necessary to
prevent formation of impermeable silica layers.
Table A.2: Pretreatment requirements for RO feeds. These costs are substantial compared to the cost of large-scale
SWRO desalination (0.58/m3 for a modern plant17), although they are comparable to costs for small-scale (250-1000
m3/day) SWRO installations ($1.25-$4/m3)18. Pretreatment chemical costs are also only a fraction of the roughly
$25/m3 cost of oil and gas produced water disposal by well injection (which includes transportation, capital costs, and
O&M)19. Thus, depending on the other separation costs, high-pressure RO may be an economical method for treating
fracking flowback water and formation water, or at minimum a more environmentally friendly method that could also
provide irrigation-quality water19.
SWRO brine
Fracking flowback
Formation water
FGD water
(50% recovery)
water
Ions removed
[name, mg/L]

Mg2+ (1300)

Ca2+ (3600), HCO3(1200), Sr2+ (1100),
CO2 (300), Mg2+ (200),
Ba2+ (200), SO42- (200)

Ca2+, HCO3-, Mg2+
(assume a high
concentration of 1000
each)

Ca2+ (3000),
Mg2+ (2400)
(using average
concentrations)

Carbonate
hardness [mg/L as
CaCO3]

0

~1970 from Ca2+ and
HCO3-, ~1820 from
CO2

~1640 from Ca2+ and
HCO3-

0

Non-carbonate
hardness [mg/L as
CaCO3]

~3250

~820 from Mg2+, ~7030
from remaining Ca2+

~4090 from Mg2+,
~860 from remaining
Ca2+

~17,000

CaO required
[mg/L]

~1820

~3280

~3210

5510

Na2CO3 required
[mg/L]

~3450

~8320

~5250

~18,000

Treatment cost
[$/m3]

~0.84

~2.24

~1.31

~4.22

Biofouling
Biofouling is also likely to be a substantial challenge for high-pressure RO. Pressures of
15,000-150,000 bar are needed to kill most bacteria via protein denaturation and/or lipid membrane
phase changes upon compression, although there is a good deal of variability between bacterial
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species231. In addition, salty solutions protect bacteria against high pressures231. Lower pressures
than this can kill or slow the growth of some bacteria species: ZoBell et al found that most
terrestrial bacteria grow more slowly at 4500 psi, and none of the ones they examined grew at 9000
psi232. Marine bacteria, on the other hand, were more variable, with some growing as quickly at
9000 psi as at atmospheric pressure232. In addition, while biofilm formation is known to depend
on hydrophobic and electrostatic interactions with the membrane surface, adsorption of
macromolecules to the surface, surface roughness, hydrodynamics, pH, nutrients present, divalent
cations, and bacterial flagellar mobility233, we did not find any reports of pressure influencing
biofilm formation. In addition, two bacteria known to form biofilms in RO modules, E. coli and
Mycobacterium233, grow at high pressures: E. coli in suspension grows as quickly at 4500 psi as
at atmospheric pressure and more slowly at up to 7500 psi, while Mycobacterium grows at a
reduced rate at 4500-6000 psi232. To the best of our knowledge, the highest pressure at which
biofilm formation has been studied is 1300 psi 9. Given that biofilms formed at this pressure
(Figure S1.2) were at least as effective at clogging a porous substrate as under ambient conditions,
and that biofilm-forming bacteria persist at the pressures we consider for high-pressure RO (20005000psi), it is highly likely that biofouling will be an issue at these conditions.

Figure A.2 (from Mitchell et al9): A clean sandstone substrate (A) and the surface after one month of biofilm growth
at 1300 psi (B)

133

Once formed, biofilms are extremely resilient. They cannot be removed through chemical
cleaning (including with supercritical CO29), lack of nutrients9, or quorum quenching agents such
as vanillin234, so that most research focuses of the prevention of biofilm formation. Biofilms form
on both membranes and spacers10,233 and the cells and extracellular polymeric substances (EPS)
form cakes that enhance concentration polarization and reduce flux 233. Because colloidal silver
particles have known antimicrobial effects, incorporation of these nanoparticles into the membrane
or spacers has been studied, and shown to delay the onset of biofouling235. Another method to
control biofouling is the elimination or re-design of feed spacers to eliminate nucleation sites such
as crossed support beams (see Figure A.3)10. The feed spacer creates local vorticity and reduces
concentration polarization11, but at least one patent exists for a spiral-wound membrane that uses
ridges and baffles to create local vorticity without a feed spacer236. Finally, quorum quenching
agents have been shown to suppress biofilm formation, and include furanones (effective and
widely studied but toxic), vanillin (nontoxic and reduced biofilm coverage by 97% after 1 week),
salicylic acid, urosolic acid, cinnamaldehyde, garlic extract, and cranberry extract 234. Periodic
cleaning, including sterilization with formaldehyde, peroxide, or peracetic acid solution and
bacteria removal using alkalis and surfactants, can increase the membrane lifetime, but degrades
the membrane over time1, so that proper biofilm prevention is essential.
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Figure A.3 (from Vrouwenvelder10): The intersections of the feed spacer supports in spiral-wound RO modules serve
as nucleation sites for biofilm formation. Thus, improved feed spacers (or modules that can function without them)
are one method for reducing biofilm growth.

Mechanical Stability at high pressure
One final challenge for high-pressure RO is the mechanical stability of RO modules at high
pressure. Current spiral-wound and hollow-fiber modules are limited to about 1200 psi 11 due to
the materials used in their construction. However, designing high-pressure modules is certainly
possible; the disc-tube modules (Figure A.4) commonly used for concentrating landfill leachates
prior to drying via a thermal process operate around 1800-3000 psi 212,213. One such module, the
Pall Corporation DTGE-HHP, operates at a pressure of 2350 bar and feed flow rate of 7600 gal/day
with permeate fraction 0.9-0.95, and has 8” internal diameter and 55” length, making it similar in
size and throughput to spiral-wound RO modules (typically 9000-10,000 gal/day 1). Materials used
include a fiber-reinforced plastic pressure tube, a polyoxymethylene water-tight flange, a stainless
steel pressure flange, and an acrylonitrile butadiene styrene spacing disc. Benefits of disc-tube
modules also include easy cleaning and turbulent flow, both important to operation under high-
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fouling conditions, although they are also more expensive than spiral-wound modules (the DTGEHHP module costs about $1400-$1600, and Pall’s other disc-tube modules cost about the same
compared to a typical cost of about $700 for a GE Waters spiral-wound module).
However, most RO modules are spiral-wound, and high-pressure modules of this type
might be designed given improved materials and a proper understanding of the failure mechanisms
at high pressures. Unfortunately, to the best of our knowledge, these failure mechanisms are not
discussed in detail in the publically available literature. They do, however, include telescoping
(mitigated using an anti-telescoping end-cap11) and module rupture due to pressure gradients
during startup (eliminated by adding vents to the anti-telescoping device (ATD) to allow water to
fill the module quickly and uniformly237). Better understanding of these failure mechanisms and
the design improvements needed to counteract them would be a good direction for future research.

Figure A.4: Schematic of a disc-tube RO module (from the Pall website)
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Enabling Technologies for high-pressure RO
Module design improvements
Although most RO facilities use the standard 8” wide by 40” long configuration for modules
because it’s well-understood and well-supported, a good deal of research has gone into optimizing
spiral-wound RO module design. Feed-side pressure drop per unit length plays an important role
in determining the separation that can be achieved with a given feed pressure, and depends on the
feed spacer configuration11. This pressure drop per unit length increases with increasing feed
spacer support density11, and a dense feed spacer network also creates more nucleation sites for
biofouling10. On the other hand, a dense feed-spacer network helps to prevent feed channel
compaction during module manufacturing, and to reduce concentration polarization by creating
local vorticity11. It may be possible to avoid this trade-off by using membranes whose surfaces
contain built-in baffles to create local vorticity236, although a more tested method of reducing the
feed-side pressure drop is to reduce the length of the RO train by using wider modules, each of
which a greater membrane area and can thus produce more permeate 11,238. Based on these
considerations, a consortium of manufacturers decided in 2003 to produce 16” diameter modules
as a second standard size. These modules have been installed in 24 RO facilities worldwide, and
their benefits include reduced floor space and piping required, reducing capital costs 11,17.
A number of additional adjustments needed to be made to create properly designed 16”
modules. Spiral-wound leaves have a permeate pressure drop per unit length that depends on leaf
width w, permeate spacer friction coefficient k, and local flow rate q 11:
= −

( . 10)

Here, x is the permeate flow direction (towards the central permeate tube). The permeate flow
increases and pressure decreases towards to root of the leaf, so that more water passes through the
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membrane closer to the central permeate tube, leading this area to be overused and prone to
premature fouling while the membrane far from the collection tube is underused 11. This problem
of uneven transmembrane flux is mitigated by reducing leaf length, as shorter leaves minimize the
difference in flux along the length of the leaflet and thus improve membrane efficiency, as shown
in Figure A.5. Consequently, a larger number of leaves (rather than an equal number of longer
leaves) should be used when module diameter increases11. Another concern for high-pressure
applications is that a thicker pressure vessel will need to be used for a higher module diameter.
Because the improvements needed for spiral-wound modules to operate at 2400-5000psi are not
well known, the added capital cost for these pressure vessels cannot be quantified at present,
although it may be balanced by capital savings from reduced piping and fewer RO trains. At least
for conventional SWRO, however, the 16” wide modules seem to be a good choice in some
situations. The Sorek plant (completed near Tel Aviv in 2013) was the first large facility to use
these modules, and thanks to this and other efficiency improvements such as highly efficient
pumps and energy recovery devices, produces water at a lower cost than any previous SWRO
plant17.
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Figure A.5 (from Johnson and Busch11): Membrane efficiency decreases monotonically with leaf length due to uneven
flux. Membrane permeability 0.05 gfd/psi and friction coefficient 130 psi*s/in3 are used in this efficiency calculation
and were typical of RO module performance at the time of publication.

Pretreatment and salt recovery methods
After concentration by RO, additional treatments summarized below may be utilized to minimize
or avoid brine discharge.
1.

External reuse: Saline brines of various compositions can be used in agriculture,
aquaculture, forestry, mineral extraction, and energy production, although composition
limits and concerns about heavy metal accumulation from brines limit this option 239. A
comprehensive list of applications can be found in the Options for Productive Use of
Salinity (OPUS) database.

2.

Solar evaporation: Shallow (25-45 cm depth) evaporation ponds are one conventional
method for SWRO brines because they are easy to construct and operate, although the
land areas required (13.6-34.3 ha for desalination plants in central Saudi Arabia, more
in areas with more humidity or lower solar flux) can be prohibitive216. To improve
evaporation rates, capillaries or wet surfaces can be used, such as in the Wind-Aided
Intensified eVaporation (WAIV) process, in which brines are recirculated as films
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running down vertical hydrophilic surfaces set parallel to the wind direction 216. This
process can reduce the required land area by an order of magnitude, although it has only
been tested at the laboratory scale216.
3.

Thermal processes: A multi-stage flash or other thermal process can be used, although
such methods require a great deal of energy and expense212,214. In a landfill leachate
concentration process, for example, removing the 10% of the water remaining after RO
accounts for 35-38% of the overall concentration costs 212.

4.

Zero Liquid Discharge (ZLD) processes: ZLD processes use a series of concentration
and precipitation steps to separate water and salts, and follow the design philosophy that
by separating these species, two valuable products can be created rather than a pure
water stream and a brine requiring disposal216. The SAL-PROC process is one example
of ZLD, and uses a series concentration (RO or solar evaporation), crystallization
(cooling vessel or crystallizer pond), and precipitation (reaction vessel with added lime
or soda ash) steps to separately produce gypsum, calcium carbonate, magnesium
hydroxide, sodium chloride, and sodium sulfate214,239. The ROSP process, another ZLD
method, uses evaporative crystallization to produce NaCl and evaporative cooling to
produce Na2SO4214. Sale of salts recovered from both these processes (including those
produced by quicklime and soda ash precipitation) could cover about 2/3 of the
separation cost for the brackish water feeds tested, but this would change with feed
composition and applied pressure. However, we note that NaCl is commonly produced
from seawater, and Mg(OH)2 has been in the past240, which suggests that even if
recovering these species from brine won’t cover the full cost of desalination, it may be
worthwhile as a way to defray some of the cost.
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5.

Bipolar Membrane Electrodialysis (BMED): BMED provides an alternative method
for recovering useful chemical from RO brines – acids and bases are produced rather
than salts. Briefly, an electrical potential gradient causes preferential diffusion of anions
and cations through selective membranes, and into compartments in which they
combine with hydrogen and hydroxide ions respectively. These H+ and OH- ions are
generated by splitting of water at bipolar membranes. The acids and bases (primarily
NaOH and HCl) are then recovered as products with concentrations up to 0.2 M 241.

6.

Chlor-Alkali Process: Similarly to BMED, this process uses an electrochemical cell to
oxidize chloride ions to chlorine gas and reduce sodium ions and water to sodium
hydroxide240,242. Hydrogen gas is also produced at the cathode, and may be sold, used
on site, or released to the atmosphere242. A membrane cell process has become the most
common configuration because it produces higher-purity NaOH than the competing
diaphragm cell process and lacks the environmental problems associated with the
mercury cell process242.

7.

Electrochlorination (EC): Electrochlorination uses an electrolytic cell to reduce NaCl
and water to sodium hypochlorite and hydrogen. Although this process and BMED
have only been tested at the laboratory scale, a preliminary economic analysis showed
that BMED had lower capital and operating costs ($0.79/m 3) than evaporation ponds on
ZLD ($2.04 and $1.30/m3 respectively). This analysis also showed that although EC
had higher costs than the other three processes ($2.35/m3), sale of hypochlorite could
make this result in a net profit of $0.85/m3, whereas none of the other processes made a
net profit241.
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Because this economic analysis was conducted for a brackish water feed, we have redone the
calculation of potential revenues for recovered salts and chemicals for SWRO brine, formation
water, produced water, and FGD water. Table A.3 shows the amount of salts and other chemicals
that could be recovered from each feed, as well as their sale value at current prices of $42/ton for
NaCl, $60/ton for Cl2, $100/ton for Na2SO4, $350/ton for NaOH, $400/ton for NaOCl, $200/wet
ton (35% acid) for HCl, $300/ton for H2SO4, $1500/ton for HBr, $350/ton for HNO 3, and about
$1000/ton for KOH. This analysis shows the most potential revenue from BMED. Given that this
process had lower capital and operating costs than the others when brackish water was used as a
feed241, BMED will probably be the best option for chemical recovery from the concentrates
studied. However, further pilot-scale study of capital and operating costs for acid, base, and salt
recovery, as well as an analysis of the price-demand curve for the salts and chemicals produced,
would be required to confirm this.
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Table A.3: Revenues from salt or chemical recovery after concentration using the SAL-PROC, BMED, chlor-alkali,
and EC methods. These costs don’t include the capital and operating expenses for the recovery, revenues from CaCO 3
and Mg(OH)2 precipitated during pretreatment, or the effect of salt production from RO on worldwide salt and
chemical prices.
SWRO brine
Fracking
Formation water
FGD water
(50%
flowback water
recovery)
Major ions after
pretreatment
[symbol, mg/L]

Cl- (20,000),
Na+ (11,000),
K+ (400)

Na+ (13,000), Cl(12,000), Br- (300),
K+ (300)

Cl-, Na+ (~10,000 each),
Br-, SO42-, NO3-, K+ (1001000 each)

Cl- (100028,000), SO42(1500-8000), Na+
(700-5000)

Salts produced by
SAL-PROC [symbol,
mg/L]

NaCl (28,000)

NaCl (19,700)

NaCl (16,800)

Na2SO4 (210011,800) + NaCl
(900-8100)

Acids and bases
produced by BMED
[symbol, mg/L]

HCl (20,500),
NaOH
(19,200), KOH
(560)

NaOH (22,800),
HCl (12,200), HBr
(300), KOH (450)

NaOH (17,200), HCl
(10,400), HBr (100-1000),
H2SO4 (100-1000), HNO3
(100-1000), KOH (1201200)

HCl (110028,800), H2SO4
(1500-8100),
NaOH (12008800)

Chemicals produced
by the chlor-alkali
process [symbol,
mg/L]

NaOH
(19,200), Cl2
(20,000)

NaOH (22,800),
Cl2 (12,000)

NaOH (17,200), Cl2
(10,000)

NaOH (12008800), Cl2 (100028,000)

Amount of
hypochlorite from
EC [mg/L]

35,500

25,200

21,500

2200 to 16,300

Revenue from SALPROC [$/m3 feed]

1.18

0.83

0.71

0.25-1.52

Revenue from
BMED [$/m3 feed]

18.99

15.85

12.89-15.86

1.50-21.97

Revenue from the
chlor-alkali process
[$/m3 feed]

7.92

8.70

7.22

0.48-4.76

Revenue from EC
[$/m3 feed]

14.20

10.08

8.60

0.88-6.52

Recovery of trace metals
Lithium is a minor component in most brines, and adsorption, bioaccumulation, ionexchange, and membrane processes have been proposed for recovering it 240. Lithium recovery
from seawater is uneconomical compared to extraction from salt beds and ores, and can also be
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more environmentally damaging240. However, these salt beds and ores are available in only a few
countries, and full-scale SWRO facilities to extract Lithium are under construction in Japan and
Korea240.
Uranium is present in seawater at even lower concentrations (about 3 ppb), and a half-wave
rectified alternating current electrochemical method (HW-ACE) has been proposed for extracting
it more efficiently than existing physicochemical adsorption methods 243. This method uses and
amidoxime-functionalized electrode surface to adsorb UO2+ (along with other cations) and
selectively reduce it to UO2 before releasing the non-reduced cations and repeating the cycle243.
In this way, uranium concentrations up to 1.9 g/g can be deposited on the electrode over a period
of 10-20 hours, although the adsorbed concentration depends on the solution concentration 243,
making RO brines a better feed source for this process than seawater. This method may one day
be applied to other trace metals, although different chelating agents and a modified electrical cycle
would be needed.

Conclusions:
High-pressure reverse osmosis (2500-5000 psi) would allow for the concentration of highsalinity waste streams including SWRO brines, formation waters associated with carbon
sequestration, fracking flowback water, and flue gas desulfurization wastewater. Due to the
diversity of minerals present (depending on the formation, gas well, or coal and lime for FGD),
osmotic pressure will vary widely but is on average about 400-1200 psi for these applications.
Despite the variety of anions and cations present, the divalent cations that would lead to scaling
can be removed by the lime and soda ash softening processes commonly used for municipal water
treatment. Biofouling will likely present another important obstacle to the separation, as multiple
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bacteria species known to cause biofouling grow at the pressures of interest. This problem can be
mitigated by strategies such as incorporation of colloidal silver into the membrane and feed spacer,
changes in feed spacer design, and regular cleaning, although there is no known method to
eliminate it. Finally, concentration polarization will increase the pressure that must be applied,
especially at high recoveries.

However, a slight increase in NaCl diffusivity at increased

concentrations will reduce this problem somewhat, provided that the salt concentration is not
raised above 320 g/L. Although spiral-wound modules cannot currently be operated at pressures
above 1200 psi, disc-tube modules are commonly operated at 1800-3000 psi. Although the failure
mechanisms for spiral-wound modules at high pressures are not (to our knowledge) described in
the publically available literature, the materials and design of the disc-tube modules would serve
as a good starting point for improving spiral-wound designs. Another starting point for spiralwound module improvement would be to improve module efficiency and decrease feed-side
pressure drop by using modules with higher diameter and a larger number of membrane leaves.
This would reduce the excess feed-side pressure required to perform the separation, although it
would also require a thicker pressure vessel for the same applied pressure. Finally, RO cannot
reduce the retentate fraction to zero regardless of the applied pressure, so that a brine disposal
method will be necessary. Zero-liquid-discharge processes for salt recovery, the chlor-alkali
process, solar evaporation, BMED, and electrochlorination are all options for eliminating the liquid
waste and recovering salts or other valuable chemicals. The BMED process appears to provide a
particularly high revenue because it converts the salts present into higher-value acids and bases.
Further information will be necessary to determine when high-pressure RO is most appropriate,
including capital and O&M costs and a better understanding of how to design spiral-wound
modules for high-pressure operation. However, the technique holds promise as a method for
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concentrating waste brines from several energy and water-related processes, and therefore
allowing them to be conducted in a more environmentally friendly manner.
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Appendix B: Supporting Information for Chapter 1
Materials used
Chemical structures for the poly(ethyl ethylene)-poly(ethylene oxide) block copolymer and
octyl glucoside detergent used in this study are shown in Figure S2.1. PEE is the hydrophobic
block, while PEO is hydrophilic. The OG detergent is nonionic, and has a small hydrophilic group
compared to the polymer, so that increasing the amount of detergent in the micelle should decrease
the corona density and the activation barrier to collision-based exchange processes.

Figure B.1: Structures for the octyl glucoside (OG) detergent and poly(ethyl ethylene)-poly(ethylene oxide) block
copolymer used in these experiments

Poly(ethylene oxide)-Poly(ethyl ethylene) (PEE-PEO) synthesis
Unsubstituted and deuterated poly(ethyl ethylene)-b-poly(ethylene oxide) block
copolymers were synthesized using anionic polymerization following a procedure based on that of
Bates et al244. First, 1,2 polybutadiene was synthesized in tetrahydrofuran using sec-butyl lithium
as the initiator at -65 °C. Polymerization was terminated by addition of ethylene oxide yielding
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monohydroxyl-terminated polybutadiene, whose molecular weight and polydispersity index were
characterized by NMR and GPC. GPC was performed using a Waters * system using Waters
Breeze analysis software, a 1515 isocratic HPLC pump, styrogel columns, and a 2414 RI detector.
Tetrahydrofuran was used as the eluent at 35 °C, and the GPC was calibrated to a set of narrow
PDI polystyrene standards. Polyethylethylene was then synthesized using a hydrogenation step to
convert polybutadiene to polyethylethylene. Hydrogenation was performed using a high-pressure
Parr reactor and a palladium catalyst. To generate a relatively inexpensive partially deuterated
polymer, D2 was used during this hydrogenation step, while H2 was used to synthesize the
unsubstituted polymer. In the remainder of this work, we will use the terms d-polymer and
partially deuterated polymer interchangeably to refer to the partially deuterated polymer we
synthesized. Polyethylene oxide growth was then accomplished by converting the hydroxyl group
to potassium alkoxide, which was used as a macroinitator. Using NMR and GPC, we determined
the degree of polymerization to be PEE20-PEO18 for both the h and d-polymers, with PEE block
PDI 1.15 for the h-polymer and 1.17 for the d-polymer. These BCPs are similar in size to the
PB22-PEO14 polymers that we have previously used to create membranes densely packed with
membrane proteins 28.

Polymer vesicle and micelle preparation
Deuterated(d), unsubstituted(h), and pre-mixed(h/d) polymer micelles were prepared via
film rehydration and detergent addition. The polymer (d, h, or a 1:1 weight ratio thereof) was first
dissolved in chloroform. The chloroform was evaporated in a rotary evaporator, and the samples
were placed in a vacuum chamber for 2 hours. The polymer films were hydrated to a final
concentration of 20 mg PEE-PEO/mL with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
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acid (HEPES) pH 7.0, 100 mM NaCl, and 0.01% NaN 3 in H2O. Samples were stirred overnight to
form a mixture of polymer vesicles and wormlike micelles. The samples were then stored at 4°C.
The size of the aggregates was measured by dynamic light scattering (Malvern Zetasizer Nano
ZS). Small micelles (d≈10 nm) were formed after the addition of 7 mg/mL OG or more (see Figure
3). To determine if any polymer was lost during these steps, polymer concentration was measured
by UV/Vis spectroscopy (Thermo Scientific Nanodrop 2000c Spectrophotometer). Polymer stock
concentration was determined to be 15 ± 1 mg/mL**, and the stocks were diluted to 10 ± 0.67
mg/mL for TR-SANS (see section on determining polymer concentration for details). OG was
added to a final concentration of 7 mg/mL and 8 mg/mL to form mixed polymer-detergent
micelles. h- and d- samples were mixed a few minutes before TR-SANS kinetic measurements, an
interval too short for any significant polymer exchange to occur at room temperature (at which the
polymers are effectively kinetically trapped).

Cryogenic transmission electron microscopy (Cryo-TEM)
Samples were deposited on a holey carbon grid, plunged into liquid ethane, and transferred
in a cryogenic holder to a FEI Techai G2 Spirit BioTwin transmission electron microscope
operating at 120 kV and equipped with an FEI Eagle 4k HS CCD.

Determination of polymer stock concentration
Equal amounts of h and d PEE-PEO must be mixed for the equilibrium scattering intensity
to decay to the background value (that of a 50:50 d:h polymer micelle solution). Consequently, it
is important to accurately determine the concentration of the polymer stock solutions used to
prepare samples. Ethers such as those present in our PEO undergo electronic transitions detectable
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by UV-vis spectroscopy, although the wavelength of light needed to excite these transitions
depends on the molecule’s chemical structure and the solvent 199. Our PEE-PEO solutions had
absorption peaks at wavelengths 230 and 270 nm, and the magnitude of the larger peak (230 nm)
was measured for a series of PEE-PEO solutions with polymer concentrations 0.5, 0.8, 1.0, and
1.2 mg/mL to create a linear calibration curve (Figure B.2). These solutions were prepared by
diluting the 20 mg/mL polymer stock to the desired concentration with DI water, which lowered
the buffer concentration enough that no scattering from the buffer was observed for the
wavelengths used (compared to DI water, which was used as a blank).
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Figure B.2: An h-PEE-PEO stock was used to create a calibration curve spanning the concentration range 0.5-1.2
mg/mL, and this curve was used to estimate the concentrations of the polymer stocks. Absorption was measured 18
times at each concentration. Duplicate sets of 18 measurements were made at 0.5 and 1 mg/mL using a different hPEE-PEO stock prepared in the same way.

Determination of polymer aggregate sizes using DLS and SANS
We measured the polymer aggregate size distributions using a Malvern Instruments
Zetasizer Nano ZS dynamic light scattering (DLS) instrument*. Size distributions were measured
three times for each sample (100 s of data collection for each run), and all measurements were
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carried out at 20 °C using a 45 μL low-volume quartz cuvette. We observe that before detergent
addition, aggregates with a variety of sizes are present, and that the addition of OG results in a
relatively monodisperse solution of small aggregates (Figure B.3). Using the Cryo-TEM images
(Figure 3), we interpret these distributions to mean that PEE-PEO solutions contain vesicles and
wormlike micelles with a variety of sizes, whereas detergent solubilizes the polymer into small
spherical micelles. Because nonspherical aggregates are present in the absence of OG, and because
these aggregates undergo non-translational motions, sizes estimated under these conditions are
inaccurate and therefore not shown.
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Figure B.3. Volume-average size distributions for a 10 mg/mL PEE20PEO18 stock solution after addition of 7
mg/mL OG. This sample contains 50% h and 50% d PEE-PEO. Lines are a guide for the eye only.

The size distribution for mixed micelles shows a single peak with a relatively narrow
polydispersity suggesting a well behaved, equilibrium or meta-stable system with no sign of
aggregation. As an additional test of aggregate stability we examined the micelle size distribution
from DLS over the course of several days while the solutions were held at the relevant
experimental temperature (Fig B.4). The average size stayed approximately constant, further
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supporting that, given the polymer chain exchange rates at these temperatures discussed in this
paper, these systems appear to be in thermodynamic equilibrium.
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Figure B.4: Volume-averaged micelle diameters were monitored over time for all three temperatures and both
detergent concentrations examined (7mg/mL: blue, 8mg/mL: orange). No significant change in size was noted over
the course of three days (day 1: circles, day 3: diamonds).

To provide further information on the structure of the mixed micelles, we used SANS, as
described in the body of this paper. Scattering intensity plots (normalized using the standard
NCNR procedures) are shown here on an absolute scale (Figure B.5). These data were originally
taken as checks for the kinetic samples and thus run for relatively short times, appropriate for
integrating over a broad range of Q. As discussed in the body of this paper, we mitigate the effect
of the relatively noisy data on the fits by constraining as many of the parameters as possible to
their known values, including that h and d micelles must have exactly the same structure albeit
with different contrast terms. Note however that the extracted structural parameters have no direct
effect on the kinetic analysis of the data at the core of this paper.
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Figure B.5: Static structures for mixed micelles, along with the corresponding core-shell sphere fits, are plotted for
samples containing h- and d-polymer for all temperatures and detergent concentrations measured. Red symbols and
lines correspond to h-micelles and blue lines and symbols to d-micelles.
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Contrast-Matching non polymer components
The procedure for extracting the kinetic data for polymer exchange relies on there being a
single component in the solution: polymer vesicles or polymer micelles etc. In our case octyl
glucoside (OG) is also present in the system. The signal from the OG in the mixed OG-polymer
aggregates will provide a constant background signal which would likely complicate an already
very difficult analysis. More importantly, as an amphiphile itself OG could potentially form
simple OG micelles which would provide a extraneous structural signal that could completely
mask out the small signal from the polymer exchange. Thus, in order to study the kinetics of the
polymer exchange only, but in the presence of OG, we use a mixture of deuterated and
hydrogenated OG chosen so that the average scattering length density of the mixture matches that
of the solvent, making it effectively invisible.
To determine the correct ratio of h vs d-OG, we examined relatively concentrated samples
containing 50 mg/mL OG in several H2O/D2O mixtures (0, 24, 48, 71, and 75 volume % D2O) and
samples containing 50 mg/mL tail-deuterated OG in H2O/D2O mixtures containing 21, 40, and 78
volume % D2O. At the contrast match point the scattering should be zero regardless of
concentration, and by using a higher detergent concentration than in our kinetic experiments we
can more accurately determine the match point. From equation 1.1 it is clear that the contrast is a
linear function of the square root of the intensity. Thus the integrated intensities were measured
for each sample as described in the methods section for the kinetic experiments, and the square
root of that intensity plotted against the volume fraction of D2O, producing two straight lines
(Figure B.6). The point at which a line crosses the x axis gives the D 2O volume fraction at which
the detergent is contrast-matched to the solvent. This yielded a value of 16 volume % D 2O for hOG and 101.6 volume % D2O for d-OG. By linear combination, we were therefore able to
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calculate that a mixture of 94.8 mass fraction % of h-OG and 5.2 mass fraction % of d-OG would
be contrast-matched with the 79 volume % H2O/21 volume % D2O mixture in which our polymer
vesicles were prepared.
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Figure B.6: Solutions containing 50 mg/mL OG (h or d) were prepared in several mixtures of H 2O and D2O. Using
the variation of the integrated intensity with solvent D2O fraction, we can interpolate or extrapolate to find a point
where the solvent scattering length density matches that of the micelle (the contrast match point). Note that intensity
values are always positive, as intensity is proportional to the square of the scattering length density difference between
the detergent and solvent. The data point at 0% D2O for h-OG was reflected over the horizontal axis to simplify the
interpolation.

Determination of error bars and discussion of uncertainties
As is obvious from the data, the signal in these measurements is quite low making it
important to do anything possible to improve the effective signal, try to minimize all sources of
uncertainties, or at least understand them, and take care in the propagation of errors so as not to
over-interpret the results. We therefore describe our procedures and discuss some of the known
sources of uncertainties here.
We reduce the raw data using the NIST supplied IGOR Pro software macros 108, to produce
the scattering function I(q) on an absolute scale and including one sigma uncertainties due to

155

counting statistics. We then propagate these uncertainties through our analysis using the standard
rules for error propagation given in equation B.1245.
( , )

=

(

) +(

)

(B.1)

Where the independent variables x and y are assumed to be uncorrelated. For the first step of
summing intensities at each scattering vector (q) in the appropriate q range used to minimize the
starting uncertainties, we set I(t) as f and the intensities at each of the q points in the sum I(q 1),
I(q2), etc. as the independent variables x, y, etc.

These integrated intensity errors for the h, d,

premixed, and kinetic samples are then propagated through each arithmetic operation needed to
calculate the normalized scattering intensity. For this step the normalized scattering intensity
[Δρ(t)/Δρ(0)]2, [Δρ(t)/Δρ(0)]2 is set to f and I(t), I(0), and I(infinity) to the independent variables
x, y, and z, leading to the following expression for the uncertainty in the normalized scattering
intensity from equations 1.2 and B.1:
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The normalized intensity data for each temperature and detergent concentration, weighted by the
inverse squares of their uncertainties, are then used to obtain the rate constant and its uncertainty
using the Quasi-Newton method142, implemented in Wolfram Mathematica246. The rate constants
for each OG concentration and temperature and their uncertainties are then used to derive the
uncertainty in the activation energy using the same method. These uncertainties are obtained
(along with the rate constants and activation energies) in Wolfram Mathematica using the
differential evolution algorithm.
As suggested above our uncertainties derive entirely from counting statistics and do not
include any other sources of errors including any potential systematics from the instrument itself.
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Some additional sources of potential error we considered include: uncertainty in temperature,
absolute scaling at high q, and cell thicknesses.
In order to optimize the limited beam time available, slow kinetic samples were first
measured for several hours then transferred (at room temperature for a few seconds) to a separate
temperature block whose temperature controllers in some cases controlled the bath temperature
rather than the sample temperature. It would them be periodically placed in the beam at
temperature to obtain a new time point. The sample temperature was carefully monitored and
adjusted throughout this process so that short excursions never exceeded 1 or 2 degrees. Given this
was only the case for samples with very long decays times, we expect this to be a negligible
contribution to uncertainties. Further any significant excursions in temperature would lead to a
“break” in the decay curve requiring a double exponential fit which we do not see.
Instrumentally, at the time of these measurements, the NGB30 instrument suffered from a
known problem for high count rates at high q (short sample to detector distances) as occurs in
samples such as these containing a large amount of H. In these cases the absolute scaling can
fluctuate depending on scattered intensity by 5 to 10%. For most of our data we thus reverted to
the older method of scaling our 1m data used to obtain sample background to overlap with the 4m
data by visual inspection in the region where the scattering vectors from each distance overlap and
comparing to the results from using the auto scaling algorithm supplied in the NIST IGOR
reduction macros108. Applying this procedure lead to scaling factors ranging from 0.95 to 1.05
depending on the sample. Some of the later data were taken using an extra attenuator to lower the
intensities, verifying that the scaling problem disappeared as expected and significantly
simplifying the data reduction process. In both cases the residual uncertainty is under 2%.
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The nominal thickness of the cells used was 1 mm but varied between 0.9 and 1.15 mm
and the actual value, measured to 0.01 mm (leading to 1% uncertainty), was used in the reduction
procedure. Unfortunately, the large amount of H2O present in our system leads to a large, multiply
scattered, inelastic and incoherent background whose value is highly sensitive to both the precise
hydrogen content and the exact geometry of the sample, including its thickness, in a way that is
hard to impossible to correct for202,247,248. This rather small effect is normally not an issue but is
clearly visible in the data of Figure 1.5A where the premixed background should fall between the
h and d static sample backgrounds but is instead demonstrably lower. As this only affects the
background level and, as described in the methods section, the incoherent background is always
estimated from the high Q data of each sample, it is automatically accounted for and should have
no effect on the kinetic curves. Nonetheless, in order to verify that this was indeed the cause of
the small observed anomaly, we carefully chose matched sets of four cells with nearly identical
measured thicknesses for some of the later samples measured, and verified that indeed the high Q
backgrounds were consistent (within about 1-3%) as expected.
Finally, we ran short high Q runs periodically during the course of each kinetic run. In most
cases these only showed small variations within the uncertainty of the measurements and the
average background from all the short runs was used to calculate our I(t). However in one case,
the 7mg/mL 45 °C data, a somewhat larger, statistically significant shift in the background was
seen between data taken before and after stopping and re-starting data collection. While it remains
unclear what the cause of the admittedly small shift (of order 0.01cm -1) would be, in this case we
opted to average the data before and after the shift separately and use them to subtract from the
appropriate integrated intensities. As shown in Figure B.7 this procedure clearly fixes a small but
statistically significant discontinuity in the kinetic curve.
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Figure B.7: In one of our data sets (7mg/mL 45 °C) we were able to note a statistically significant increase in the
background measurements (A). We also noted that at around t = 14,000 s, the scattering suddenly increased by twice
the standard deviation of the data points, an event 95% unlikely to occur by chance (B). To correct for this change in
scattering, we assume that background increases as a step function between the two points, and subtract the average
background before the change from the data points before t = 14,000 s and the average background from after the
change from the data points after t = 14,000s. This generates the curve shown in (C) which no longer exhibits the
discontinuity.
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Normalization of the Integrated Intensity
For each sample (h-polymer, d-polymer, premixed h- and d-polymer, or a kinetic sample),
the intensity was integrated over the scattering vector range 0.01 Å-1 < Q < 0.046 Å-1. A
background was obtained by averaging the intensity over the scattering vector range 0.12 Å -1 < Q
< 0.23 Å-1 and subtracted from each point used in this integration. The time series of the integrated
intensities from the kinetic samples yields the intensity decay curve related to the polymer
exchange. The integrated values obtained from the three other samples in the series are used to
help constrain the fitting of the decay curves.
The decay equation contains three parameters: I(0), I(inf), and kex (plus additional
parameters if a fit equation more complex than a single exponential is used). While in principle
these can all be extracted from the decay curves assuming data has been collected over a sufficient
amount of the decay period (or by simply setting I(0) and I(inf) based on the kinetic points for
short and long times), in practice this can be problematic if for example the decay is so rapid that
it is difficult to identify the true time at which t=0, or if the decay is so long that t=inf becomes
questionable, particularly if it is unknown whether a single process model is appropriate. An
alternative approach used in previous work12,99, takes the average scattering from the two unmixed
samples containing d-polymer and h-polymer, properly normalized for concentration to represent
t=0. Similarly, the scattering from a premixed sample (in which the h- and d-polymer are cast in
the same film and dissolved together) is used to represent t=infinity. Thus, for each of the six
conditions we measured, we used 3 static samples to determine the I(0) and I(infinity), particularly
important for the samples for which I(infinity) is never reached or for which the decay is too fast
to get a good estimate of I(0). Figure B.8 shows how static samples were used in normalizing the
scattering intensity. The value of I(0) from the static samples agrees well with that of the kinetic
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points at short times, and the value of I(infinity) from the premixed sample agrees well with points
at long times for conditions at which the scattering decays to background levels. This consistency
between independent measurements gives us further confidence in our results.

A 7mg/mL 35 °C
5

B 8mg/mL 35 °C
5

3
2
1

Sum(I) - bkgd

Sum(I) - bkgd

4

5

1
0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

Sum(I) - bkgd

5
4
3
2
1

0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

4
3
2
1
0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

F 8 mg/mL 55 °C
5

Sum(I) - bkgd

E 7 mg/mL 55 °C

1

5

Sum(I) - bkgd

Sum(I) - bkgd

2

2

D 8mg/mL 45 °C

4
3

3

0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

C 7 mg/mL 45°C

4

4
3
2
1
0
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Elapsed Time (s)

Fig B.8. The static samples [h (■), d (▲), h+d average (●), and h/d (X)] provide a good method of normalizing the
kinetic data (blue diamonds).
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Comparison of the Fit Models
Single, Double, and Stretched Exponential Functions
Having ascertained that the single polymer chain escape model does not fit our data we
applied the simplest possible model of a single exponential decay representative of a single ratelimiting process. Moreover we note that this model would probably capture the other important
mechanism for chain exchange: fission and fusion13,97. While the simple model fits our data
relatively well, at some conditions we found that a stretched-exponential or two-exponential
equation appeared to significantly reduce the residuals. These models are given by equations B.3
and B.4 respectively:
( )
=
(0)
( )
=
(0)

(

)

+ (1 −

( . 3)

)

( . 4)

A stretched exponential fit would suggest a range of rates distributed about an average value k,
with larger values of β indicating a wider distribution. A two-exponential fit would imply two
distinct processes with rates k1 and k2, and that process 1 is responsible for some fraction f1 of the
exchange. While the additional parameters that accompany a more complex model can often
appear to improve the fit, it is not clear whether the improvement is statistically significant. In
order to determine whether the data quality justify the extra parameters of the more complicated
model, we employed the reduced chi-square test142, which compares the difference between the
data and model to the uncertainty in the data (Equation B.5).
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Here, N is the number of data points and n is the number of parameters in the fit function. A
reduced chi-squared value roughly equal to one indicates a good fit (the data are different from the
model to the degree that their standard deviations would lead us to predict). A value significantly
more than one indicates that the model doesn’t adequately describe the data and a value much less
than one indicates that the model is over-fit; that is, it contains more parameters than the quality
of the data can support and is fitting the noise rather than the underlying trend. To be more
quantitative, if a model properly describes a data set, then the probability that the differences
between the two will result in a value Χ2 is given by the probability distribution function f(Χ2):
(

)=

(

)
/

(

)

(B.6)

where υ is the number of degrees of freedom = N-n-1. Note that Χ2 = υ*Χ2reduced. Using this
distribution, we can exclude models whose Χ2reduced values are either too small (95% likely to show
an overdetermined fit) or too large (99.9% likely that the model does not adequately capture the
data). The reason that these two different confidence criteria are commonly used for high and low
Χ2reduced is that data whose errors are not Gaussian-distributed will have more outliers, and are thus
likely to generate large Χ2 values142.

163
Table B.1. Rate equation parameters and reduced chi-squared values for the single exponential, double exponential,
and stretched exponential fits. Χ2red,min and Χ2red,max are the lowest and highest values that Χ2reduced is likely to take if
the model describes the data accurately without over-fitting, and correspond to the lower 95% confidence limit and
upper 99.9% confidence limit respectively.

Single Exponential
kex (s-1)

Χ2reduced

Χ2red,min

Χ2red,max

35

6.0( +/- 0.6)x10-7

0.67

0.65

1.9

45

1.8( +/- 0.03)x10-5

1.5

0.72

1.7

55

3.6( +/- 0.2)x10-4

1.2

0.46

2.5

35

1.8(+/- 0.1)x10-6

0.43

0.65

1.9

45

2.8(+/- 0.1)x10-5

1.6

0.65

1.9

55

5.4(+/- 1.0)x10-4

0.49

0.46

2.5

[OG]
(mg/mL)

T
(°C)

7

8

Stretched Exponential
kex (s-1)

β

Χ2reduced

Χ2red,min

Χ2red,max

35

4.0(+/- 1.4)x10-7

0.85 +/- 0.10

0.62

0.65

1.9

45

1.6(+/- 0.04)x10-5

0.80 +/- 0.02

0.32

0.72

1.7

55

3.6(+/- 0.3)x10-4

1.0 +/- 0.10

1.4

0.46

2.5

35

1.4(+/- 0.2)x10-6

0.87 +/- 0.07

0.32

0.65

1.9

45

2.5(+/- 0.1)x10-5

0.78 +/- 0.04

0.95

0.65

1.9

55

5.4(+/- 1.2)x10-4

1.0 +/- 0.27

0.54

0.46

2.5

[OG]
(mg/mL)

T
(°C)

7

8

Two Exponentials
[OG]
(mg/mL)

7

8

T
(°C)

k1 (s-1)

k2 (s-1)

f1

Χ2red

Χ2red,min

Χ2red,max

35

1.2(+/- 0.1)x10-6

1.0(+/- 0.0)x10-9

1.00+/-0.003

0.71

0.65

1.9

45

1.2(+/- 0.4)x10-4

2.0(+/- 0.4)x10-5

0.32+/-0.12

0.24

0.72

1.7

55

8.4(+/- 1.6)x10-4

8.0(+/- 620)x10-7

0.91+/-0.10

1.5

0.46

2.5

35

2.7(+/- 5.9)x10-5

2.5(+/- 1.2)x10-6

0.08+/-0.18

0.32

0.65

1.9

45

3.8(+/- 1.9)x10-4

3.9(+/- 0.5)x10-5

0.19+/-0.07

0.90

0.65

1.9

55

1.2x10-3 +/- 3 x107

1.1x10-3 +/- 0.5

1x10-8 +/- 10,000

0.59

0.46

2.5
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We note that the two-exponential function is effectively a single exponential for 7 mg/mL 35 °C
and 8 mg/mL 55 °C, as is the stretched exponential for both OG concentrations at 55 °C. This
suggests that these models contain more parameters than are needed to explain the data. We also
note that for 8 mg/mL 35 °C, the Χ2 test describes all three models as over-fit, including the singleexponential, which has only one parameter and therefore cannot be over-interpreting the data. This
suggests that either we overestimated the error bars for this data set or that the data points happened
to fall closer to the trend line than is statistically likely (5% chance). Whatever the case, our
statistical test indicates these data sets cannot support more complex models, and are welldescribed by a single exponential fit. This does not preclude more complex behavior, but such
differences from a single exponential decay would need to be small enough that we cannot detect
them in our data sets.
Figure B.9 allows a visual comparison of the quality of the three models in fitting the data.
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Fig B.9. Single, double, and stretched exponential fits for 7mg/mL OG 35°C (A), 45°C (C), and 55°C (E) and 8mg/mL
OG 35°C (B), 45°C (D), and 55°C (F). Red lines indicate the single exponential fit, purple lines indicate the twoexponential fit, and blue lines indicate the stretched exponential.
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PDI-Based Single Chain Escape Model
To test whether the exchange in our system could follow the single-chain-escape
mechanism established for pure block copolymer micelles, we also attempted to fit our data with
a slightly more adjustable version of Lodge and Bates’ model 86. This equation combines a PDIsensitive activation barrier with a Shulz-Zimm distribution for hydrophobic block lengths:
( )
=
(0)
( , ) = exp −

( )=

( ) ( , )
6

( . 8)

exp

( + 1)
=

( . 7)

1
⁄

−1

−

( . 9)
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The Shulz-Zimm distribution P(N) describes the distribution of chain lengths produced by anionic
polymerization, with z being a parameter including the number and weight averaged degrees of
polymerization Nn and Nw. In the relaxation function for a chain with length N, K(t,N), k is
Boltzmann’s constant, b is the Kuhn length, ζ is the monomeric friction coefficient, χ is the FloryHuggins interaction parameter, β is the scaling exponent for chain geometry, and α is an unknown
prefactor. This model is identical to that published by Lodge and Bates except that it includes an
adjustable β between 2/3 and 1 to account for chain stretching104 rather than using a scaling
exponent of 1. Nn and Nw are obtained from GPC and NMR, b = 10.5 Å20, and ζ is taken to be
4.5×10-10 kg/s, which we calculated as the overall monomeric friction factor for PEE 40-PEO37
chains in a vesicle synthesized by Bates et al2. Following Lodge and Bates’ procedure, we adjust
the values of the PDI (Nw/Nn), αχ, and β to improve the fit. Although our ζ value may not be
completely accurate, Lodge and Bates noted that the model was relatively insensitive to this
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parameter, and that the effect of having an incorrect value was to change the αχ obtained by a small
amount86.
By fitting this model to our data and applying the reduced chi-square test, we can
demonstrate that mixed detergent/polymer micelles do not follow a single-chain-escape
mechanism. We attempted to fit this model to our data in three ways for each of our six data sets.
First, we set the PDI equal to 1.15, close to the values 1.15 and 1.17 obtained from GPC for the hand d-PEE blocks, and allowed β and αχ to vary. To make sure the model was physically
reasonable, we applied the constraints 2/3 ≤ β ≤ 1 and αχ > 0. For all six data sets, we were able
to reject this fit with > 99.9% confidence using the reduced chi-square test. Furthermore, β always
took a value of 2/3 (the lower limit), indicating that to fit the data, we need a model in which
exchange rate does not depend as strongly on chain length. In the second fitting method, we
allowed PDI to vary, maintaining the constraint PDI ≥ 1.01 because the value of z diverges at PDI
= 1. Although we were able to provide acceptable fits for four of the six data sets, PDI and β
always took values of 1.01 and 2/3 respectively. Because these fit parameters always took the
lower limiting values, we conclude that we need to further reduce the effect of chain length to
completely describe the data. Therefore, in the third fitting method we set β = 0 (not physically
reasonable for a chain escape model, but a way to test whether chain length might be irrelevant to
exchange) and allowed αχ to vary freely. This method is equivalent to a single exponential
function and provided acceptable fits for all data sets. Given that the chain escape model fails to
fit all of the data sets and produces unreasonably low PDI values compared to those from GPC
(for experiments using pure BCP micelles, this model predicts PDI to within 0-0.07 86,103), we
conclude that single chain escape is not the exchange mechanism for mixed PEE-PEO/OG
micelles. Although this does not disprove the possibility that chain length could have some
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influence on exchange rate, the resolution of our data is sufficient to show that this influence would
have to come from a mechanism other than single chain escape. Figure B.10 allows visual
comparison of the 3 fitting methods, and the chi-square values are shown in Table B.2.
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Figure B.10: Polymer exchange data for mixed micelles fit to the chain extraction model for pure polymer micelles.
Fits using PDI 1.15 (blue), PDI 1.01 (red), and no dependence on chain length (black) are calculated for each kinetic
experiment.
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Table B.2: reduced chi-square values for polymer exchange model fits. Note that the β=0 fit is a test of whether PDI
could be ignored, rather than a physically reasonable chain escape model, so the αχ parameters from this fit should
not be taken to represent accurate Flory-Huggins values.
[OG]
T
αχ for
Χ2reduced for
αχ for
Χ2reduced for
αχ for
Χ2reduced Χ2red,min Χ2red,max
(mg/mL) (°C) PDI 1.15
PDI 1.15
PDI 1.01
PDI 1.01
β=0
for β=0
7

8

35

6.1

2.1

4.0

0.62

27.8

0.70

0.65

1.9

45

3.5

28.7

3.3

2.4

24.3

1.4

0.72

1.7

55

2.9

17.8

2.9

3.9

21.3

1.3

0.46

2.5
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5.1

4.2

3.8

0.60

26.6

0.37

0.65

1.9
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3.3
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3.3
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23.8

1.0
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1.9

55

2.8

3.6

2.9

1.1

21.0

0.50

0.46
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Polymer exchange without detergent:
Although exchange in the absence of detergent is not relevant to dialysis, we examined
these conditions to check for consistency with published data. We found that in the absence of
detergent, the kinetics are too slow to measure over the time scales of a SANS experiment (even
over days) at 20 °C, and the normalized scattering intensity decays only 5% for a polymer vesicle
solution measured at 50 °C. This is consistent with previous findings of slow chain exchange for
poly(ethylene-propylene)-b-poly(ethylene oxide) (PEP-PEO) and PB-PEO in water88,92. The
activation energy for this process would be that for single chain escape, and is presumably quite
large.
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Fig B.11. PEE-PEO exchanges slowly between aggregates in the absence of OG. Measurements were made over
several days at 20 °C (black) and 50 °C (red).
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Technology.
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Unless stated otherwise, uncertainties given in this paper represent one standard deviation.
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Appendix C: Supporting Information from Chapter 2
Atomistic simulations of 1,2BD with different tacticity and up to 10% 1,4BD impurities
Ideally, we want to reproduce BD-EO membrane structures using a minimalistic model
containing only one bead representing each monomer. However, the polybutadiene produced via
anionic polymerization has a number of complicating structural features; we must either account
for these features with a more complex model or show that we can neglect or average out their
influence on the melt structure. The first of these features is that the polybutadiene we synthesized
contains 90% 1,2 monomers and 10% 1,4 monomers (shown via NMR), so that we should
determine whether we can neglect the 1,4 impurities. Further, the 1,2-BD is atactic, so that we
need to consider how the sequence of L and R isomers affects the bonded structure. Finally, the
EO-BD polymers used in biomimetic membranes have degrees of polymerization 12-34 for the
hydrophobic block, so that we should consider whether the structures might vary with degree of
polymerization.
To examine these issues, we ran a series of short (5-ns) simulations using the NPT
ensemble (P = 1atm, T = 323K for 1,2-BD and 300K for 1,4-BD) with timestep 0.5 fs and a NoseHoover thermostat and barostat with time constants 50 fs and 500 fs respectively. A higher
temperature was used for 1,2-BD than 1,4-BD to ensure that the 1,2-BD was at least 50 K above
its glass transition temperature of approximately 268-273 K compared to 166-178 K for 1,4-BD.
1,2-BD melt simulations were run using chains with degree of polymerization N = 9, 12, and 18
monomers to examine the influence of chain length. We also conducted simulations of cis 1,4BD, trans 1,4-BD, and 90% 1,2-BD melts containing chains with N = 18 to examine the effect of
1,4-BD impurities. In all simulations containing atactic chains (1,2-BD or 90% 1,2-BD), each
polymer chain in the simulation box was an independently generated random copolymer or the
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relevant monomers (L 1,2-BD, R 1,2-BD, and when applicable cis 1,4-BD and trans 1,4-BD). To
ensure a sufficient ensemble average, we ran melt simulations containing two different numbers
of chains for the three 1,2-BD melts, and we observed no substantial differences in structural
distribution functions upon increasing the number of chains (see Figure C.1).
To judge whether we could use a minimalistic model containing only one bead type for
polybutadiene (a 1,2-BD monomer whose bonded and nonbonded potential functions reflect an
average over numerous atactic chains), we asked three questions about the deviations between the
various polymer melts simulated. First, are the deviations between the different melts’ radial, bond
length, angle, and dihedral distributions (due to chain length or stereochemistry) greater than the
differences between the same distributions for coarse-grained and all-atom simulations of a melt
of 53 1,2-BD18 chains? If not, differences in all-atom structure will not meaningfully change the
final CG potentials. Similarly, are the differences between the distribution functions for the
various melts more different from each other than the deviations between CG and atomistic
distributions commonly shown for published CG models based on atomistic simulations? We
answered both these questions in the negative for 1,2-PB melts of various chain lengths and
distributions of left-handed and right-handed isomers, as will be shown later. For melts containing
10% 1,4-BD impurities, we do see some differences in the bonded and nonbonded structure outside
the resolution of the CG parameterization. If these differences will make a noticeable difference
in membrane properties, we will need to account for them. To test this, we ask whether the average
bonded structures for chains with and without 1,4 impurities will lead to end-to-end distances more
than 1 nm different from each other, and thus create the possibility that the membrane thickness
would be incorrect by an amount greater than the resolution of the cryo-TEM measurements that
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we use to validate the model. We answer this question in the negative (shown later), showing that
a minimalistic model is appropriate.
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Figure C.1: Radial, bond length, angle, and dihedral distributions for melts of 1,2-BD chains with different degrees
of polymerization and numbers of chains. Blue: N = 9, nchain = 27; purple: N=9, nchain = 64; dark green: N = 12, nchain
= 27; light green: N = 12, nchain = 64; red: N = 18, nchain = 27; orange: N = 18, nchain = 64.

Based on Figure C.1, it appears that the radial, bond, angle, and dihedral distributions are
similar for various chain lengths and numbers of 1,2-BD chains. A preliminary CG model was
developed via Iterative Boltzmann Inversion to reproduce the structure of the melt with the best
statistics (nchain = 53, N = 18). In Figure C.2, we compare the CG distributions to those of the
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target AA melt, and observe that their differences are similar to the deviations between the various
AA 1,2-BD melt distributions.
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Figure C.2: Comparison of atomistic and preliminary CG structural distribution functions for the 1,2-BD melt with
53 atactic, 18-monomer chains. Atomistic target distributions are shown in black, while distributions from the CG
model are shown in red.

Because the deviations between the CG and AA distributions are similar to those due to
degree of polymerization and between different ensembles of AA chains, we can safely use the
same model for chains of different length and use an ensemble average rather than separate L and
R isomer beads to account for stereochemistry. In Figure C.3, we compare a simulated melt
containing 27 randomly polymerized 90% 1,2-BD18 chains to the 100% 1,2-BD melts with N =
9, 12, 18 and nchain = 64, 64, and 53 (these melts are chosen because they have more chains and
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therefore better statistics than the 27-chain melts). We observe that these melts are structurally
similar, although the 1,4-BD impurities slightly increase the number of long bonds and large
angles.
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Figure C.3: Atomistic distribution functions for a 1,2BD melt of polymers containing 10% 1,4-BD impurities. Radial,
bond, angle, and dihedral distributions for melts containing 1,4-BD impurities are compared to those without. Black
lines correspond to a 90% 1,2-BD melt with nchain = 27 and N = 18. Colored lines correspond to 100% 1,2-BD: blue
indicates nchain = 64, N = 9; green indicates nchain = 64, N = 12; and red indicates nchain = 53, N = 18.

To examine the reasons for the differences between the 90% and 100% 1,2-BD melts, we also
simulated cis and trans 1,4-BD melts with nchain = 27 and N = 18. In the resulting distributions,
we see that both cis and trans 1,4-BD have substantially longer bonds and wider angles between
monomers than atactic 1,2-BD, leading to the differences between the 90% and 100% 1,2 bond
and angle distributions (see Figure C.4).
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Figure C.4: The BD isomers present in an atomistic melt simulation change the distribution functions. Distributions
are shown for 1,2-BD (red), cis 1,4-BD (green), trans 1,4-BD (purple), and 90% 1,2-BD (black).

Using these distributions, we test whether the differences in the bonded structure of 100%
and 90% 1,2-BD might result in a statistically significant difference between our simulations
results and the experimental data (membrane thickness from cryo-TEM and area/chain from
Langmuir Trough experiments). Membrane thickness can be more precisely determined than
area/chain (to within about 1 nm), and differences in membrane thickness will be less than
differences between fully stretched chain lengths because the hydrophobic polymers are not fully
extended -- membrane core thickness is known to scale as Nα (1/2 ≤ α ≤ 2/3)3 rather than as N1 (as
it would for a fully extended chain). Therefore, we determine whether the average bonds and
angles for 100% and 90% 1,2-BD would result in a difference of at least 1 nm between the end-
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to-end distances for fully stretched chains (all CG dihedrals in the trans conformation) for the
longest BD block we simulate (BD37). Thus, if the end-to-end distances are within 1 nm,
neglecting the 1,4 impurities cannot result in a statistically significant difference between the
simulations and experimental data. This test shows that the synthetic impurities will cause a
difference in membrane thickness no more than 1/10 the resolution of the TEM measurements, so
we can neglect parameterize a CG model without taking these impurities into account (see Table
C.1).
Table C.1: Calculation of the end-to-end distances for 1,2-BD37 chains with and without 1,4 impurities. This distance
is given by d = Nbond*Lbond*sin(θ/2) = (Nmono - 1) *Lbond*sin(θ/2).

Average bond length [Å]
Average angle [degrees]
End-to-end distance [Å]
Difference/cryo-TEM resolution

100% 1,2-BD
3.3
112
110

90% 1,2-BD
3.4
115
111
0.1

After conducting these tests, we decided to use the 53-chain 1,2-BD18 melt simulation as
the target for our CG parameterization. To ensure that this system was well-equilibrated, we ran
it for an additional 150 ns (requiring approximately 2400 hours or 100 days of simulation time
with the computational resources available to us). The distribution functions stopped changing
after approximately 60 ns, and the mean-squared displacement after 120 ns was about equal to the
square of the BD18 chain’s radius of gyration (about 10 Å), suggesting that each chain was able to
sample a range of conformations, so that its local structure is likely to be equilibrated (Figures C.5
and C.6). Thus, we believe that the average distributions calculated over the last 90 ns of this
simulation represent an equilibrated system, and we use these distributions as a target for the final
CG 1,2-BD model. Further, the fully equilibrated configurations are similar to those from the
preliminary simulations, giving us confidence that although the nine melts used to determine that
we can use a minimalistic model were not fully equilibrated, the conclusions we made about what
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variables to account for or ignore were reasonable. Although it would be more precise to run all
nine melt simulations until they are well-equilibrated, with the computational resources available,
we can run about 2 simulations at a time, so that running the other eight melt simulations for the
same amount of time as for the 53-chain BD18 simulation would require approximately 400 days,
which we do not consider a good use of our time and computer resources.
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Figure C.5: Mean-squared displacement (MSD) for an atomistic 1,2-BD18 melt simulation with nchain = 53. MSD is
calculated both for the 155 ns equilibration/data collection simulation (red diamonds) and for a 500 ps simulation
during which atoms’ coordinates were output more frequently, allowing us to calculate the MSD at smaller time
increments (blue). The initial rise (Δt < 10-3 ns) shows each atom exploring its local environment, the shallower slope
from approximately 10-3 to 1 ns shows that motion is hindered by neighboring atoms, and the steeper rise at Δt > 1 ns
shows that the atoms have escaped their local confinement and their motions are becoming closer to unhindered
diffusion, which would result in a slope of 1 (green).
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Figure C.6: Radial, bond length, angle, and dihedral distributions for initial (5 ns) and equilibrated (60 ns
equilibration, 95 ns production) melt simulations. Initial distributions are shown in red, while equilibrium distributions
are shown in black.
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Fluctuations of the membrane stress tensor

Figure C.7: The stress tensor fluctuations for CG EO-EE membranes. We show the fluctuations of the stress tensor γ
for two membranes: EO16-BD23 and EO18-EE21. Fluctuations around zero indicate that the barostats are
maintaining the simulated membrane in a tensionless condition.

Example calculation for area/chain
Because it is difficult to accurately measure the area/chain of a polymer membrane, this value is
commonly calculated from the membrane thickness using the assumption that the polymer is
incompressible5. First, we obtain the hydrophobic block’s molecular volume:
=

( . 1)

Here, N is the number-average degree of polymerization, MW is the monomer molar mass, and ρ
is the density (0.9 g/cm3 for both PEE and 1,2-BD). Once we know the volume for a hydrophobic
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block, we calculate the area using this value and half the thickness of the membrane (measured
using cryo-TEM):
=

( . 2)

/2

For EO7-BD13, the chain volume is
=

(13

)(54
(0.9 /

/
)

)

1
6.02 × 10

10
100

= 1.30

And the area/chain is
=

1.30
(5.4

)/2

= 0.48

Example calculation for degree of stretching
To determine the degree of chain stretching, we compare the membrane thickness (obtained
either from a cryo-TEM image or simulation) to the end-to-end distance of a random coil with
the same degree of polymerization and monomer identity as the block in question (hydrophobic
or hydrophilic). This end-to-end distance is
/

<

>

/

=

( . 3)

Where <R2>1/2 is the end-to-end distance, b is the Kuhn length, Mn is the number-average
molecular mass, and M0 is the mass of the Kuhn monomer20,63. These values are given in Table
C.2.
Table C.2: Kuhn monomer masses and lengths used to calculate the stretching parameter. Data for EE and 1,2-BD
are obtained from Fetters and Colby20, and from Grassley and Douglas21 for PEO.

Monomer
1,2-butadiene
Ethyl ethylene
Ethylene oxide

Kuhn Length [nm]
1.37
1.05
0.8

Kuhn Monomer Mass [g/mol]
284.8
230.9
100
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The degree of stretching is then calculated from the membrane thickness as follows:
=

<

/2
>

( . 4)

/

For EO7-BD12, we can calculate a BD end-to-end distance of

<

>

/

= (1.37

)

13 × 54

= 2.15

284.8

Using the thickness 4.7 nm that we obtain from our CG model for BD, we calculate a degree of
stretching
=

(4.7
)/2
= 1.09
2.15

Comparison of the EO corona to a grafted polymer brush
Because the EO chains in our BC membranes are tightly packed in the plane of the membrane
(A/chain is 9-26% of the value for a random coil, A0 ~ <R2> = Nb2), we expect that the EO corona
will have a structure with parallels to that of a densely packed polymer brush 63,145. Using the
scaling theory developed by Alexander and De Gennes, we can predict the order of magnitude for
the corona thickness143-145:
ℎ=

(

)

/

(C.5)

Here, h is the brush thickness, N is the number of Kuhn monomers, σ is the grafting density
(A/chain-1), b is the Kuhn length, and w is the excluded volume parameter given by63
= −

1−

( )

(C.6)

Where U(r) is the LJ 9-6 potential for CG EO given in Table 2.3, k is Boltzmann’s constant, T is
temperature, and d3r indicates integration over three-dimensional space. In Figure C.8, we show
that our EO coronas follow the same scaling behavior as an Alexander-De Gennes brush by
plotting hσ-1/3 as a function of N. This plot yields a straight line with slope 0.31, which is on the
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same order of magnitude as the slope (wb2)1/3 = [(0.214 nm3) × (0.8 nm)2]1/3 = 0.52 nm5/3 that we
would predict from equation C.5.
7
6

hσ-1/3 = 0.3132N + 0.2782
R² = 0.9648

h×σ-1/3

5
4
3
2
1
0
0

5

10
15
Number of Kuhn Monomers

20

Figure C.8: Comparison of EO corona thickness scaling to that expected for a tethered polymer brush. Using
equation C.5, we can show that the brush thickness h divided by the cube root of the grafting density σ should be
directly proportional to the number of Kuhn monomers N.

Based on this scaling analysis, we can confirm that our EO coronas behave similarly to stretched
polymer brushes. Table C.3 contains the data needed to prepare Figure C.8, as well as a
comparison of the brush thicknesses obtained from our simulations and predicted using the
Alexander-De Gennes theory.
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Table C.3: Comparison of EO the EO corona to a tethered polymer brush. NEO is the number of EO Kuhn
monomers, R is the random coil end-to-end distance, s is the degree of EO chain stretching, σ is the grafting density,
and h is the corona thickness (from simulation or predicted using the Alexander-De Gennes theory).
<R2>
[nm2]

s

σ
[chain/nm2]

h [nm]
(ADG)

h [nm]
(simulation)

hsim/hADG

hσ-1/3

2.0

2.0

1.0

0.49

0.8

Polymer

NEO

A/chain
[nm2]

EO7BD13

3.1

0.51

2.0

0.7

EO10BD9

4.0

0.59

2.5

1.1

1.7

2.4

1.8

0.74

1.5

EO13BD12

5.7

0.66

3.7

1.2

1.5

3.4

2.2

0.66

2.0

EO16BD15

7.0

0.73

4.5

1.3

1.4

4.0

2.7

0.66

2.4

EO19BD18

8.4

0.80

5.4

1.4

1.3

4.6

3.2

0.68

2.9

EO18BD21

7.9

0.73

5.1

1.4

1.4

4.5

3.1

0.69

2.8

EO16BD23

7.0

0.77

4.5

1.3

1.3

4.0

2.7

0.67

2.4

EO24BD34

10.6

0.90

6.8

1.5

1.1

5.6

3.8

0.67

3.6

EO7EE13

3.1

0.57

2.0

0.9

1.8

1.9

1.2

0.64

1.0

EO10EE9

4.4

0.64

2.8

1.2

1.6

2.6

2.0

0.76

1.7

EO13EE12

5.7

0.72

3.7

1.3

1.4

3.3

2.5

0.76

2.2

EO16EE15

7.0

0.80

4.5

1.4

1.3

3.9

2.9

0.74

2.7

EO19EE18

8.4

0.83

5.4

1.4

1.2

4.6

3.3

0.72

3.1

EO18EE21

7.9

0.81

5.1

1.3

1.2

4.4

3.0

0.69

2.8

EO16EE23

7.0

0.82

4.5

1.3

1.2

3.9

2.9

0.74

2.7

EO24EE34

10.6

1.0

6.8

1.5

1.0

5.5

3.9

0.71

3.9

EO40EE37

17.6

1.0

11.3

1.6

1.0

9.0

5.3

0.60

5.4
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Appendix D: Supporting Information for Chapter 3
SANS modeling and approximations therein
When analyzing the SANS data, we noted that the incoherent background was 0.24 - 0.59
cm-1, significantly greater than the 0.05 cm-1 expected for a D2O solution but less than the value
of about 1 cm-1 expected for H2O. We suspect that because the extruder was washed with H 2O
each time a new membrane was added, exchange of H2O and D2O during the extrusion led to a
mixed solvent, and thus a different background and contrast than we expected. Therefore, we
approximated the D2O fraction XD and SLD of the solvent for each sample using a weighted
average of the expected incoherent backgrounds for water and D 2O:
≃ (0.05
≃ (6.3 × 10 Å )

+ (1

)

)(1 −

+ −0.3 × 10 Å

)

( . 1)

(1 −

) ( . 2)

Using the background and scattering length densities as fixed values, we then varied the inner
radius, membrane thickness (t = Ro - Ri), polymer concentration (to account for sample losses
during extrusion), and polydispersity to optimize the fit.
To determine the approximate expected membrane thickness, we calculate the random coil
radius via Equation D.363:
<

>=

( . 3)

Where R is the radius of the random coil, c∞ is the characteristic ratio (5.1 for PPO), n is the number
of bonds in the polymer backbone, and l is the average bond length (1.49 Å for PPO)249. This
equation yields a radius of 4.8 nm, and it has been shown that the membrane thickness for a block
copolymer membrane is often about equal to the diameter of the random coil 5, or about 9.6 nm for
PPO68. Solvent penetration into the polymer membrane may be responsible for the value we fit to
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the data (7-8 nm) being slightly thinner than the expected radom coil size: the solvated outer
portion of the membrane would have a lower contrast with respect to the solvent, and thus the
strongly scattering membrane core would be thinner. Thus, the approximate agreement between
our fitted model, vesicle size from DLS, and membrane thickness from scaling theory give us
confidence that our model parameters are reasonable.
Still, the fits do not fully capture the scattering data, which is expected for a simplified
model. For example, this model does not account for the possibility that the vesicle size
distribution is non-Gaussian (DLS shows a small number of large aggregates d ~ 5000 nm). The
density profile of water and polymer in the PEO corona and PPO core is also likely to be more
complex than the Gaussian distribution of sharp interfaces we fit. A realistic form factor would
account for a layer of dilute F127 EO chains, a thin layer of more concentrated L121 EO chains
adjacent to the PPO surface, and a PPO layer, all with some internal structural variation. The
presence of pores in the PPO membrane would be another factor that might influence the scattering
from the membrane. Finally, we note that our assumption that the incoherent background varies
linearly with H2O content is an approximation that assumes a lack of multiple scattering (present
for thick sample cells when the solvent is mostly H2O).

Multiple scattering varies in an

unpredictable way with thickness and H2O content, and will increase the observed background202.
This increase in observed background would lead us to overestimate the H 2O fraction, and thus
underestimate the SLD contrast between the polymer and solvent. Because we hold SLD fixed
and allow concentration to vary, the effect of multiple scattering on our fit parameters would thus
be to lower the calculated polymer concentration. Thus the calculated concentrations of 0.006 and
0.008 volume percent (about 6-8 mg/mL) are lower estimates, indicating that extrusion removes
no more than 20-40% of the polymer present in solution. Nonetheless, a vesicular form factor
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approximates the data reasonably well despite these complications, giving us confidence that L121
and F127 form vesicles in our solutions.

Investigating the reasons for permeability reduction via stopped flow light scattering
We tested three methods by which extrusion might reduce membrane porosity: pressure,
shear forces, and selective removal of L121 or F127. First, we tested whether the pressure increase
during extrusion seals the pores by pressurizing an unextruded sample to 130 psig (similar to the
pressures used during extrusion through small pores), but permeability remained ~100s of μm/s
(Figure D.1). We tested the effect of shear forces during extrusion by shearing a sample in a
rheometer with shear rate up to 1000/s, but observed that pearmeability remained on the same
order as that of the unsheared sample (Figure D.1). Finally, we tested whether one polymer was
preferentially eliminated during extrusion, leading to a change in membrane properties. First, we
used an Aquagel OH 30 HPLC column (chemically inert to PEO, separation range 0.1 to 30 kDa)
to examine the amount of each polymer in the samples as a function of extrusion, using an L121
and an F127 standard for comparison. The output signal from the HPLC apparatus’ refractive
index detector indicates that both polymers are removed, although the results are unclear as to
whether one is removed preferentially (Figure D.2). Because F127 has PEO mass fraction 0.7 and
thus forms micelles with highly curved surfaces62, we hypothesized that it might stabilize the
curved surface of a transmembrane pore, and that reducing F127 content might reduce the
membrane porosity. To test this hypothesis, we used stopped flow to measure the permeability of
unextruded polymer samples containing 60, 70, and 80 weight % L121 (1mg/mL polymer in total).
All three samples showed permeability ~400-500 μm/s and leakage, suggesting that elimination of
F127 is not responsible for closing the pores (Figure D.3).
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Figure D.1: Effect of pressure and shear on L121+F127 vesicles. An unextruded 1 mg/mL L121+F127 solution’s
permeability is measured via stopped flow light scattering using a 0.1M NaCl osmolyte (black, control). Samples
prepared in the same way are measured by the same method after application of 130 psig (red) or after application of
1000/s shear (green). The permeabilites for these samples are approximately 800, 500, and 360 μm/s. Although some
decrease in permeability is noted, it is far from the 100-fold decrease shown for extrusion through sufficiently small
pores, indicating that shear and pressure do not by themselves seal the membrane pores.
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Figure D.2: Extrusion reduces polymer concentration, as shown by HPLC. L121 and F127 standards (black and gray
respectively) show that the heavier F127 is responsible for the first peak, and that both polymers show up in the second
peak. An unextruded L121+F127 solution (orange) is a third standard. Extrusion through 2 μm (pink) and 0.4 μm
(green) pores does not substantially change either peak height, but extrusion through 0.2 μm pores (purple) decreases
the heights of both peaks, so it is unclear whether one polymer is preferentially removed.
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Figure D.3: Increasing the fraction of L121 in a sample had no discernable effect on vesicle permeability. Equation
3.1 yields permeabilities 450, 480, and 430 μm/s for 80% (black), 70% (red), and 60% (green) L121 respectively.
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Appendix E: Supporting Information for Chapter 4
Table E.1: Four control simulations were conducted to ensure that our coarse-grained simulations did not show false
positives for vesicle fusion. These simulations confirm that MOCP is needed to fuse the lipid vesicles, that fusion is
not an artifact of imposing secondary structure constrains, and that electrostatic interactions are required for strong
binding between the lipid membrane and MOCP, which allows fusion. In the simulation with modified secondary
structure constraints, the peptide is constrained to maintain its solution secondary structure only until it binds closely
to both lipid vesicles. Snapshots of these simulations are shown in Supplementary Figures E.1 and E.2.

1

MOCP

Lipid

Result

None

2 DPPG vesicles

No vesicle binding,
no fusion

2

1 MOCP peptide

2 neutral DPPC
vesicles

Weak MOCP-lipid
binding, no fusion

3

Uncharged “mutant”
MOCP peptide

2 DPPG vesicles

Weak MOCP-lipid
binding, no fusion

4

MOCP peptide
(modified secondary
structure constraints)

2 DPPG vesicles

Vesicle binding and
fusion proceed
normally.
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F

A

t = 0 ns

t = 0 ns

B
G

C

t = 300 ns
t = 25.6 ns
H
t = 0 ns

D
t = 91.8 ns
t = 16.0 ns

I

E

t = 600 ns

t = 300 ns

Figure E.1: Three control simulations were conducted to verify that the vesicle fusion we observe is not a false
positive result. In one such simulation (A-B) two DPPG vesicles (green and ochre outer and inner leaflet head groups,
gray tails) were placed in close proximity without MOCP (pink) present. In the second such simulation (C-E), a
“mutant” MOCP in which all residues were charge-neutral was placed between two DPPG vesicles. In the third
control simulation (F-I), MOCP was placed between two vesicles made from uncharged DPPC lipids. In the
simulation without MOCP, the vesicles were frequently close enough together to interact via electrostatic and Van der
Waals forces, but never came into contact. In the simulation with uncharged MOCP, weak binding occurred between
the protein and vesicle due to hydrophobic interactions, but not the tight binding and vesicle fusion observed for
charged MOCP. Similarly, in the simulation with neutral lipids, MOCP eventually attached itself loosely to one of
the membranes, but did not bind the two vesicles together. The results from these simulations are what we expect, as
MOCP must be present at concentrations one to two orders of magnitude higher to lyse eukaryotic cell membranes
(which contain mainly neutral lipids) than to lyse bacterial membranes, which are rich in anionic lipids. 25
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A

F

D

t = 0 ns

t = 431 ns

B

G
E

t = 429 ns

t = 2.7 ns
C

t = 454 ns
H

t = 99 ns

t = 539 ns

Figure E.2: Vesicle fusion occurs by the same mechanism when secondary structure is not imposed artificially.
MOCP, DPPG headgroups, and DPPG tails are labeled as in figure E.1. This initial configuration is the same as for
vesicle fusion simulations for which secondary structure constraints are applied. In this simulation, such constraints
were applied only until the protein and vesicles came into close contact (A-C). In the absence of these constraints,
MOCP still forms a protective pocket that allows the lipid stalk to form (D-E). The stalk then grows, leading to vesicle
fusion (F-H).

One limitation we identified in our coarse-grained molecular dynamics modeling is that we
were unable to observe the fusion of vesicles containing a mixture of anionic and neutral lipids
within the time-scale examined (up to 900ns) as shown in Figure E.3. We conducted three
simulations in which the lipid vesicles contained a mixture of DPPG and DPPC with DPPG
fractions 0.3, 0.5, and 0.75. Because of the weaker electrostatic attraction between the protein and
vesicles, an initial configuration in which the lipids and MOCP were in closer contact was required
for MOCP to bind to both vesicles. The electrostatic attraction between cationic residues in MOCP
and DPPG headgroups led the peptide to associate with DPPG rather than necessarily maximizing
its contact area with both vesicles. (MOCP’s preference for DPPG over DPPC headgroups is
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shown in Figure E.4.) Consequently, MOCP did not assume a configuration conducive to fusion.
Typical configurations from these simulations are shown in figure E.3.

We speculate that

oligomerization or a higher concentration of MOCP will be needed to bind to several anionic lipids
in each membrane to bring them in close proximity to initiate eventual lipid stalk formation.

A

C

B

D

Supplementary Figure E.3: Initial configuration for mixed-lipid vesicle simulations (A) and typical configurations
for simulations with DPPG fraction 0.3, 0.5, and 0.75 (B, C, and D). All species are labeled as in figure E.1.
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Figure E.4: Radial distribution functions show the probability a CG bead in MOCP is a distance r from a DPPG or
DPPC headgroup. This probability is normalized by the number of lipids of the relevant type and the number of CG
beads in MOCP. In all mixed-lipid systems, the area near the cationic protein is enriched in DPPG, indicating that
MOCP prefers to bind to anionic lipid headgroups.
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