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Abstract
Amphiphilic triblock copolymers of poly(ethylene oxide) and poly(propylene oxide),

generically referred to as poloxamers, have been identified for therapeutic use in cell
membrane stabilization applications since the early 1990s. Historically, mechanistic
investigations of block copolymer facilitated membrane stabilization have nearly
exclusively featured poloxamers, commercially available in a wide range of molecular
weights and hydrophobic/hydrophilic compositions. This work instead considers diblock
copolymers of poly(ethylene oxide) and poly(propylene oxide), for which molecular
properties can be easily tuned by living anionic polymerization. The diblock architecture
simplifies the structure-function understanding of block copolymer interactions with
membranes by eliminating a redundant hydrophilic block (A) from the poloxamer A-B-A
architecture.

Work presented here indicates that these diblock copolymers are capable of shielding
liposome model membranes from harmful free radical-initiated peroxidation at lower
loadings than analogous triblock copolymers. Besides the pharmacological advantages of
lower required doses, the finding highlights the significance with respect to membrane
interaction of differences in the chemical environments of the hydrophobic blocks between
the triblock and diblock architectures. From this point, the roles of both hydrophobic block
length and end-functionality were explored in liposome and in vitro model stresses, and
the dependence of therapeutic benefit on each was established. Future systems to consider

are discussed, and additional methods for investigation are detailed.
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Chapter 1

Introduction

Oftentimes in the development of medicines or therapeutics, approaches taken by the
physical and medicinal sciences are vastly disparate. On one side, license to create and
characterize new compounds targeting molecular responses, encouraged by scientific
inquiry, and on the other, regimented progress, motivated by the necessarily arduous
clinical approval process, drawing intensive focus on new applications and delivery
methods for previously or likely-to-be approved compounds. Functional differences aside,
the intersection of the two broader fields is lined with opportunities to advance the science
and practice of promoting human health. It is at this intersection, decades after the
development of a class of polymer molecules for commercial use as solid, nonionic
detergents that therapeutic cell membrane stabilization by block copolymer surfactants
exists. The work described herein is one thread in a complex tapestry of research efforts
seeking to understand the underlying mechanism of therapeutic cell membrane interactions

by block copolymers.

1.1 Block copolymer definition and structure

Poloxamer 188 (P188), a central molecule of this work, belongs to a series of block
copolymer surfactants generally classified as poloxamers (synonymous: Pluronic,
Synperonic).}® At the most basic level, block polymers are comprised of two or more
chemically distinct polymer chains (or blocks) covalently bonded together. Block polymers

comprised of two distinct components are termed block copolymers and can be arranged
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in a variety of architectures, from the simplest diblock (e.g. A-B) and symmetric triblock
(e.g. A-B-A, B-A-B) cases, to asymmetric (e.g. A-B-A’), multi-block (A-B-A-B-A), or
star-type copolymers. Several of these architectures are depicted schematically in Figure

1.1.
e a

A-B B-A-B
A-B-A A-B-A’

Figure 1.1: Schematic representation of possible two-component block copolymers. Within
each of these architectures, composition and block lengths can be tuned to dictate self-
assembly behavior and accessible morphologies.

As Figure 1.1 suggests, even for block copolymers (i.e. A and B), a practically
inexhaustible set of distinct molecules can be prepared by changing the degree of
polymerization, N, for each block, relative compositions of A and B, and arrangement of
blocks. Fortunately, within reasonable limits, the behavior of these molecules follows
predictable patterns dictated by inherent thermodynamic properties. Depending on the
chemical constituents and molecular properties chosen, block copolymers can be designed
to fulfill specific criteria for a host of applications, commercial or specialty, and the
structure-function relationship of different combinations of blocks and molecular
properties is the subject of considerable study.

The poloxamer family of molecules from which this work stems provides an excellent
case study in the relationship of structure and function across varied molecular weights and
relative compositions.*® As will be explored in further detail throughout, changes to either
block length or composition can have dramatic effects on possible applications and
interactions with surrounding matter, as can architecture, functional groups, or even

physical state at time of use.
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1.2 Block copolymer self assembly
1.2.1 Assembly in the bulk

Inherent thermodynamic incompatibilities between block chemistries, quantified by
the Flory-Huggins interaction parameter, , give rise to phase separation between the
distinct blocks.”® This phase separation occurs on short length scales (i.e. microphase
separation) because blocks are covalently bonded together, effectively confining maximum
domain size to the dimension of stretched chains. Self-assembly by the blocks yields
predictable morphologies determined only by the degree of polymerization, composition,
and interaction parameter, which has a temperature dependence.® These morphologies,
which can achieve long-range order, may be extrinsically tuned through synthesis (e.g.
block architecture and degree of polymerization) to achieve specialty materials, however
the majority of commercial block copolymers are selected for their desirable material
properties in the bulk.’® Commercial applications of block copolymers encompass
countless markets and materials, thanks to their structural, surface, or solvent-selective
properties.’1
1.2.2 Assembly in selective solvents: micellization

Besides self-assembly by block copolymers in the melt, certain morphologies can be
accessed by block copolymers dispersed into a solvent selective to only one of the blocks.
These polymeric dispersions self-assemble to minimize contact between solvent and the
poorly soluble blocks, and four general forms are possible, namely: spherical micelles,
worm-like micelles, bilayered vesicles (also called polymersomes), and networks.** 6 Just
as in the melt, morphologies in solution are tunable through extrinsic properties, which can
be controlled by synthetic techniques such as living anionic polymerization.® Variations of
the four main morphologies may be achieved by incorporating additional blocks (e.g. ABC
terpolymers) or altering connectivity between blocks (e.g. star block copolymers).t7:18

The propensity of a block copolymer solution to micellize is firstly dependent
solubility differences between blocks, followed by polymer concentration and temperature.
Block copolymer micellization is analogous to surfactant assembly, such as that exhibited
by soaps, detergents, and lipid systems,*"* and the poloxamers were indeed first developed

to serve as powder-form nonionic detergents for commercial use.! Of particular interest in
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all surfactant systems is a parameter known as the critical micelle concentration, or CMC,
and to a lesser extent, the critical micellization temperature, CMT. The CMC is defined as
the isothermal surfactant concentration at which micelles begin to form, and above which,
results in formation of more aggregates.'® Similarly, the CMT is the temperature at which
micellization occurs for a fixed surfactant concentration.'® For example, as dispersant
concentration is increased above the CMC, thermodynamic equilibrium between unimeric
polymers and micelles is maintained.*>!"18 If molecule size is increased (specifically the
poorly soluble part), the free energy of a single dissolved molecule rises, and consequently,
the CMC is reduced. The size dependence of CMC is the reason macromolecular
surfactants such as block copolymers have such low CMCs, as compared to familiar small
molecule surfactants,18:20-22

In practice, the CMC is determined by a break in a curve of some signal (e.g. surface
tension, scattering, fluorescence, viscosity, etc.) with concentration.t”1%2223 For surfactant
molecules, surface tension measurements are often effective: the CMC is defined as the
concentration at which surface tension (measured by a Wilhelmy plate at the interface) first
approaches a constant value. The CMC corresponds to saturation by the surfactant at the
interface; additional solute must micellize to minimize free energy of the system. For block
copolymer surfactants such as poloxamers, however, CMC is sometimes more subtly
marked by a slope change, since polymer rearrangement at the interface will continue to
promote surface tension reductions upon further addition. A literature example of surface
tension measurements used to determine CMCs for diblock copolymers of polyethylene
oxide (PEO) and polypropylene oxide (PPO) is shown by Figure 1.2.2% As is clear from the
data, CMC decreased with increasing hydrophobic PPO block length.

A second method to determine CMC that is widely used is that of dye solubilization.
The method typically involves some kind of insoluble fluorescent probe that fluoresces
when solubilized by surfactants in micelles. A spectrophotometer is used to measure
absorption or emission; depending on the probe and method selected, the resulting curve
is characterized by a slope change at CMC. Figure 1.3 shows a CMC study by Alexandridis,

et al., performed using solubilization of fluorescent dye 1,6-Diphenyl-1,3,5-hexatriene
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(DPH) over temperatures ranging from 15 to 45 °C for poloxamer 334 (Mn = 5.9 kg/mol,

WpEO = 0.4).21,22
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Figure 1.2: Representative plot showing how surface tension measurements can be used to
determine CMC. Data shown are for diblock copolymers of PEO (E) and PPO (P) at 30 °C,
where nomenclature indicates number of repeat units for each block; i.e. molecular weights
range from 6.6 to 8.6 kg/mol. Figure reproduced from Altinok, et al.?®
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Figure 1.3: Absorption profiles for DPH dye solubilization technique used to determine CMC
of poloxamer P334. Data are reproduced from Alexandridis, et al.,?* and show reduced CMCs
at higher temperatures.
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Here it is seen that the CMC of poloxamer 334 (and all poloxamers) is reduced with
rising temperature. This trend can be attributed to dehydration of the PEO blocks and the
loss of structuring by water around PEO at elevated temperature (larger negative
contribution by entropy term to free energy of micellization).?* Homopolymers of PEO and
PPO exhibit reduced solubility in water at elevated temperatures, a signature behavior of
materials with a lower critical solution temperature (LCST).* Upon further heating,
micelles of poloxamers will form lyotropic liquid crystalline ‘gels,” and at even higher
temperatures, the solution will macrophase separate forming a turbid solution (i.e. cloud
point).* The effect of LCST on micellization is more pronounced for the PPO block, and
temperature effects on poloxamer micellization are strongly dependent on the PPO content
(degree of polymerization, Npo).2> Both surface tension and dye solubilization methods
are often used to determine CMCs of a number of surfactants, including block copolymer
surfactants such as poloxamers, in addition to other methods previously mentioned.

Although micellization itself is a well-known and naturally-occurring self-assembly
process, the formation of micelles by block copolymers is significantly more complex than
small molecule species. Standard experimental techniques to determine the CMC are
further complicated by polydispersity effects and variable sensitivity at low concentrations

across characterization methods.?2

1.3 Poloxamers

Amphiphilicity, the property of P188 that gives rise to micellization in aqueous
systems, is of particular medical interest in this work. Like cell membranes in the body,
poloxamers exhibit mixed affinity for water; from the Greek roots: “amphi-“ meaning
“both” and “philia” meaning “love.” Amphiphilicity is particularly relevant to medical
applications, which contain numerous polar and nonpolar compounds, and indeed, the
efficacy of poloxamers in membrane stabilization is most typically attributed to like-
affinities by each block with surrounding components. The path from poloxamer inception
to its use as a prevalent medical additive or therapeutic was not direct, however. A brief
history of poloxamers is presented to portray just how astounding the leap from industrial

surfactant to modern medical marvel was.
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1.3.1 Industrial origins and chemical make-up

Notably, poloxamers were the first commercially produced block copolymers.? In the
late 1940s, increasing demand for inexpensive, flake-form alternatives to anionic
surfactants for detergent applications led researchers to condense bases onto hydrophilic
poly(ethylene oxide).! Flake forms of these surfactants lacked effective detergency in the
flake-form, due to an imbalance in the hydrophilic poly(ethylene oxide) portion, and
properly balanced surface activities led to undesirable liquid or paste forms, which were
industrially impractical to produce and implement. Wyandotte Chemical Corporation went
on to solve this problem by designing block copolymer surfactants of hydrophilic
poly(ethylene oxide) and hydrophobic poly(propylene oxide), now known as poloxamers,
or by their trade name, Pluronic (BASF).}3

Poloxamers today are widely available, and found in countless industrial and consumer
products. They feature mild, non-ionic amphiphilicity at a range of compositions and
molecular weights ranging from 10-80 wt.-% poly(ethylene oxide) and 1 to 15 kg/mol,
respectively. As shown by the chemical structure in Figure 1.4, the central poly(propylene
oxide) (PPO) block of the poloxamer formula differs in repeat unit from the hydrophilic
poly(ethylene oxide) (PEO) tail blocks by a pendant methyl group. Although this difference
results in amphiphilicity that is weak compared to the phosopholipid molecules of
biological membranes, the body of evidence supporting amphiphilic attraction of
poloxamers to biological membranes is vast.2’~** Poloxamers are categorically symmetric
A-B-A triblock copolymers (refer to Figure 1.1), synthesized from the central

poly(propylene oxide) block outward to achieve equal length poly(ethylene oxide) tails.

Hot ™0} OZ'](VO)EH

PEO,-PPO,,-PEO,

Figure 1.4: Chemical structure of poloxamers. Symmetric A-B-A architecture corresponding
to hydrophilic poly(ethylene oxide) tails (PEO) and a hydrophobic poly(propylene oxide)
central block.
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1.3.2 Poloxamer micellization behavior

In light of the low concentrations (< 150 uM) of poloxamers required to achieve
membrane stabilization;? it is believed that unimeric interactions with phospholipid
bilayers facilitate membrane stabilization.® Micellization or aggregation by poloxamers in
vivo cannot be fully dismissed, however, because the ionic, multi-component nature of
physiological systems undoubtedly play a role in poloxamer aggregation. The
thermodynamically favorable interactions with more strongly amphiphilic phospholipid
membrane components could drive similar analogous aggregation or micellization at the
membrane, but no clear evidence of such behavior is available. Current detection methods
for micellization in physiological systems are geared towards biodistribution of dye-loaded
micelles (i.e. targeted drug delivery),®® and cannot effectively track the in situ development
or disassociation of polymeric aggregates in vivo. Until some strategy is developed, only
pre-delivery micellization characteristics can be investigated, and post-delivery behavior
is speculative.

Within the confines of this work, micellization by P188 is not a targeted state, in fact,
care is taken to work below reported CMCs. Regardless, micellization by poloxamers has
been investigated by a number of groups, and reported CMCs vary over three orders of
magnitude for Poloxamer 188.223"%° A summary of literature values of CMC for P188 is
tabulated in Table 1.1. At physiological temperature (~37 °C), values range from about 500
MM to about 13 mM. It is important to note the possibility of delivered micelles to animals
in in vivo experiments; the implications of physiological effects on poloxamer aggregation

and dissociation are largely unknown.



Table 1.1: Reported CMCs for P188 at various temperatures and detection methods.

Reported CMC  CMC (mM) T (°C) Method Reference
0.015 g/dL 0.002 20 Surface tension Prasad, et al.*°
10 g/dL ~12 20 Fluorescent ORB Nakashima, et al.**
1.4 mM 1.4 25 Methyl yellow dye solubilization Lopes and Woh*
1.25E-4 M 0.125 30 Surface tension Maskarinec, et al. 200243
12.5 mg/mL 1.49 36.3 Scattered light intensity Zhou and Chu?
0.48 mM 0.5 37 Pyrene dye solubilization, pH 7.4 Batrakova, et al.%’
10 wt.-% ~13 37 DPH dye solubilization Kabanov, et al.>®
4-5 wt.-% ~5 37 Surface tension Kabanov, et al.*®
8.333 mM 8.3 40 DPH dye solubilization Alexandridis, et al.*
3.571 mM 3.6 45 DPH dye solubilization Alexandridis, et al.?
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1.3.3 Medical uses of poloxamers

The amphiphilicity of poloxamers makes possible a wealth of industrial uses and has
been attributed to be the chief property driving therapeutic efficacy in a variety of medical
applications, beginning with hemodynamic modifiers for cardiopulmonary bypass,**4®

47-49 or ischemic reperfusion injury,3-%°-%2 and

vaso-occlusive crisis in sickle cell disease,
extending to the cell membrane stabilization phenomena explored here.?32%535% Although
the surfactancy of poloxamers is relatively weak in comparison to phospholipids,*® the
solubility difference between PEO and PPO is sufficient to micellize (i.e. drug delivery and
gel formation),?% lyse membranes (i.e. detergency),*® or favorably interact with various
hydrophobic surfaces in the body (e.g. red blood cells or damaged cell membranes). The
particular function poloxamers serve in vivo is dictated by molecular properties of the
selected formulation (i.e. molecular weight and composition), and to some extent, the
dosing and delivery methods employed.>’

The earliest reports of P188 in clinical research involved use as rheological modifiers
in both blood**® and artificial blood.>®%2 In 1989, a perfluorocarbon based artificial blood
containing P188 as an emulsifier, Flusol-DA, was the first synthetic oxygen carrier
approved by the U.S. Food and Drug Administration for limited use in coronary artery
balloon angioplasty surgery,®® following clinical trials on anemic patients who were
predominately Jehovah’s Witnesses and did not accept blood transfusions on religious
grounds.®%* The efficacy of artificial blood in carrying oxygen was mixed, and although
Flusol-DA was safe to administer, it was eventually pulled from the market in 1994 6365

Despite the withdrawal of Flusol-DA, the clinical trials performed helped to secure
P188’s status as a low-toxicity emulsifier,®® and tangential studies exhibited usefulness in
improving hemorheology,*®“® as well as non-thrombolytic behavior.” P188 has been
employed in clinical research as a therapeutic agent in sickle cell anemia,*”~4°%8 ischemic
reperfusion injury,3-505%69 thermal or radiation burn treatment,?°7° myocardial infarction
(heart attack),*®%® and cardiomyopathy (heart failure) as a result of Duchenne Muscular
Dystrophy.?®7*" These conditions, though resulting from vastly different pathologies, are
related by the apparent capacity of a block copolymer surfactant to mitigate symptoms.

More specifically, each of these conditions features some vulnerability of involved cell
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membranes, which is likely the common link between P188-mitigated maladies and
diseases. Despite continued interest in the field and the ongoing research to explain the
essential mechanisms at work, a fundamental understanding of poloxamer interactions at

the cellular level has not yet been reached.

1.4 Physiological background: muscle and membranes

All human cells are encapsulated by a heterogeneous membrane comprised of an
amphiphilic phospholipid bilayer, various proteins, and cholesterol. Dozens of lipid species
are found in cell membranes, and the exact composition of the membrane is highly
dependent on the organism and cell type.”*” Regardless of the cell function, the primary
function of the cell membrane is to serve as a transport barrier to preserve homeostasis
within the cell. Directed transport of ions or other nutrients into cells and waste out of cells
is carried out by function-specific proteins that bridge the membrane.”® While the same is
true for the cells making up muscle tissue, the structure and function of muscle cells, such
as skeletal or cardiac muscles is quite different from other cells in the body. The following
is a general overview of cardiac muscle cells, which were determined to benefit from P188
protection at the sarcolemma, the membrane of particular interest in this work.
1.4.1 Hierarchical structure of muscle

Striated muscle, such as that of the heart or skeletal system, consists of a highly
organized hierarchy of modular components.”” Many of the same organelles found in other
cells are present, but these are arranged around an extensive protein scaffold that is attached
to the cell membrane.”® This scaffold, which is arranged as a liquid-crystal, gives rise to
the forces causing muscles to contract. Forces are typically generated axially along the
myocytes, which are connected to other myocytes by proteins to form long fibers. Each
myocyte unit is roughly cylindrical with diameters of 10-20 um and lengths ranging from
50-100 um, and within the makeup of each myocyte are myofibrils, fibrous structures made
up of subunit sarcomeres.”®’” Sarcomeres contain the contractile proteins responsible for
muscle contraction, and they are subdivided in the myofibril by Z-lines or disks, which

appear as bands in optical micrographs.
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1.4.2 Sarcolemma

Surrounding the sarcomere-myofibril-myocyte-muscle fiber arrangement is a plasma
membrane called the sarcolemma. The sarcolemma is first and foremost a lipid bilayer,
serving as a protective barrier against uncontrolled diffusion by charged molecules.” Also
contained in the membrane, however are cholesterol and a variety of proteins that regulate
ion transport, bind myocytes to the extracellular matrix, and transduce contractions within
the cell to the overall muscle.””"® One of the proteins of interest to this work is dystrophin,
shown in Figure 1.5 linking between the cytoskeleton (actin) and the sarcolemma, which
is then coupled to the extracellular matrix by the dystrophin-associated glycoprotein
complex (DGC).” Dystrophin serves as a kind of force dampener or mechanical
reinforcement of the sarcolemma, mitigating stresses of muscle activation on the fragile
sarcolemma.”

Laminin
_::—-:-;»};—;:::;-.:~;=;-~;_~.(<1~:%‘:&:.SC.G:E:Aa:;;rA Calcium
Collagén-ECM 4— oo’
Dystrophin

Utin

Figure 1.5: Connectivity of sarcolemma to actin and extracellular matrix of cardiac myocyte.
Figure reproduced from Townsend, et al.”

1.4.3 Duchenne muscular dystrophy pathogenesis and associated cell membrane damage

By genetic mutation, some patients are unable to express for the dystrophin protein or
related protein. Categorically, this class of genetic diseases is referred to as muscular
dystrophy, within which several forms of varying symptoms and severity exist. Research
has linked the absence of dystrophin to sarcolemma fragility and permeability to Ca?*,
which is critical to the activation of muscles.”®® Permeability of the sarcolemma in

dystrophic muscle is believed to arise from mechanical damage to the membrane imposed
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by contractile forces that would typically be mitigated by dystrophin, and the consequent
Ca?" imbalance can leads to necrosis and progressive muscle wasting and weakness.?%8!

DMD is diagnosed once in every 3,500 live male births each year and is most easily
recognizable by its effect on skeletal muscles.’?®? Patients are often diagnosed around age
five, first presenting with progressive muscle weakness and over-sized calf muscles.
Complications of DMD beyond muscle weakness and loss of ambulation typically involve
curvature of the spine (scoliosis), respiratory difficulty, and cardiomyopathy.8283
Tragically, the disease shortens patient life expectancy to around age 30.84

Existing treatments developed to slow the progression of muscle degeneration appear
to have little benefit on cardiac muscle, despite both muscles belonging to striated structure
class. Muscle strength is typically treated by administering corticosteroids, such as
Prednisone. The resultant retention or improvement of muscle strength allows patients to
walk and participate in normal daily activities for years longer than patients not receiving
steroids. A direct consequence of prolonged ambulation in DMD patients receiving
corticosteroids, however, is increased stress on the heart.?®"27 Cardiac health is known to
progressively decline in DMD, but symptoms of cardiomyopathy do not typically appear
until the condition is more advanced.®? Making matters worse, the progressive decline of
skeletal and respiratory muscle may mask early cardiac symptoms of fatigue and difficulty
breathing, giving physicians less of a chance to diagnose and treat the cardiomyopathy.’282
As current treatment strategies evolve, life expectancy for DMD patients is lengthening,
and as a result, it is expected that cardiomyopathy will contribute more strongly to cause
of death.®?
1.4.4 Membrane sealing by Poloxamer 188

In the first study to apply membrane stabilizer Poloxamer 188 to cardiomyopathy of
DMD, single, isolated mdx myocytes (cardiac muscle cells from a mouse model of DMD),
achieved fully restored compliance and calcium levels compared to the control by acute
P188 administration.?® Furthermore, in vivo cardiac stress tests (dobutamine infusion) on
mdx mice given P188 showed significant improvement over the control case in terms of
heart function (pressure-volume loops).?® Chronic dosages of P188 were later shown in a

golden retriever muscular dystrophy model (GRMD) to be effective at reducing myocardial
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fibrosis associated with cardiomyopathy. Although P188 showed dissimilar effects to mdx
with respect to acute in vivo hemodynamics, its function to prevent fibrosis is believed to
slow the progression of myopathy.®* The use of P188 to treat cardiomyopathy of DMD
could have further implications on cardiac disease related to aging or trauma, not to
mention other muscle diseases and injuries.

Membrane stabilizers have recently been applied to skeletal muscles within the mdx
disease model as well.”# Though early experiments reported a deleterious effect of P188
on mdx skeletal muscle, recent results have shown that route of delivery is a key factor in
determining the membrane stabilizing capacity of P188 and a larger poloxamer, P338, of
the same relative PEO:PPO composition (80:20 by weight).>” These results are especially
encouraging, because it was previously believed that P188 was only an effective treatment
for cardiomyopathy. Due to the physiological differences of cardiac and skeletal muscles,
it is believed that the mechanism of interaction by polymer membrane stabilizers with each
would be different, and physiological and biophysical methods are being applied

concurrently to study this mechanism.>’

1.5 Biophysical investigations of membrane stabilization

Given the number of existing and potential medical applications for membrane
stabilization by Poloxamer 188, a concerted effort to determine the underlying mechanism
of membrane interaction by block polymer surfactants has been underway for decades.
Biophysical studies dating back to the early 2000s have revealed the importance of the
hydrophobic PPO block in determining the nature of polymer-membrane interactions, as
well as the delicate balance of molecular weight and composition dictating the various
poloxamer formulations' propensities to enhance or disrupt cell membrane integrity.>>43:86-
% Despite significant advances in the field, the precise mechanism of membrane
stabilization remains unresolved.
1.5.1 Monolayer model membranes

Some of the earliest models of poloxamer interactions with model membranes were
performed by Lee and coworkers on phospholipid monolayers.3%43861 Ag will be

discussed in greater detail in Chapter 5, monolayer studies revealed the importance of the
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hydrophobic block in determining membrane interactions. Using a Langmuir trough, Lee
et al., demonstrated that poloxamer adsorption to the lipid monolayer is localized to regions
of reduced packing density (i.e. damage),*® and that the hydrophobic blocks are critically
important to membrane interaction, more so than hydrophilic PEO groups.®® Grazing
incidence x-ray diffraction on P188 and lipid monolayers showed that for condensed lipid
phases, poloxamers are excluded completely from the membrane.8”% These results
corresponded to isothermal compression experiments, and form the basis of a theorized
polymer ejection on membrane healing.?? In situ monolayer work with synthetic
phospholipid membranes led to the later exploration of supported monolayers by AFM,
which demonstrated the nanoscale perturbations to DPPC morphology induced by P188.
Again, above a certain lipid packing density, morphologies of “combined” P188 and lipid
monolayers reverted to those of the neat lipid.%

1.5.2 Bilayered model membranes: liposomes

Liposomes, or more specifically, large unilamellar vesicles (c.a. 50-200 nm diameter),
are prepared from multilamellar suspensions of natural or synthetic lipids by extrusion
through a membrane of a specified pore size.** As a bilayered model membrane, liposomes
are a close biophysical parallel to cell membranes, with curvature and barrier properties,
and as such, they have been used extensively in the literature to study a variety of
biochemical and biophysical phenomena, including polymer interactions with
membranes.2”888995-97 | ipid homogeneity, the absence of native proteins, and their overall
size and structure necessitate concurrent work with native cells and tissues, and
furthermore, these features highlight the importance of choosing a relevant damage model
that is relatable to physiological processes.

Ease of preparation and relative stability of liposomes make them an ideal system on
which to screen molecular property contributions to block copolymer interactions with
membranes. The binary stability or instability of simple lipid-based liposomes, however,
makes inducing damage far more difficult to control than for in vitro models. Whereas a
cardiac myocyte is a tubular shape 50-100 pum long and 10-20 um in diameter,’”%
liposomes are spherical enclosures about three orders of magnitude smaller. Relatively

speaking, the membrane of a cardiac myocyte is a flat lamellar sheet, supported by the
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cytoskeleton (comprised of myosin, actin, and other cellular proteins including
dystrophin).®® Damage to the membrane, such as the formation of pores, can therefore be
localized, and native healing mechanisms, such as “patching” by underlying vesicle fusion,
can be activated by cell signaling, initiated by flux of Ca?* or other cations through the
damage site.1%%1%2 Besides the inherent difficulties in imposing a mechanical stress on
nanoscale liposomes and measuring the ensuing response, the comparatively tight radius
of curvature and corresponding high membrane tension dictate that acute damage to
membranes will lead to irreparable instabilities.

Recently, poloxamer interactions with bilayered phospholipid membranes in the form
liposomes, have been described by a two-step mechanism: adsorption and insertion,
wherein the dynamics between steps are determined by the hydrophobic-hydrophilic
balance of the molecule. 338897 The profound impact of this balance on membrane
integrity has been demonstrated across a series of poloxamers, but most relevant to this
work were the differences exhibited by P181 and P188, poloxamers with identical
hydrophobic PPO block lengths (PPO degree of polymerization, Nepo = 30) and vastly
different hydrophilic PEO contents: 10 and 80 wt.-% PEO, respectively. The more strongly
hydrophobic P181 showed evidence of rapid insertion into phospholipid membranes,
loosening lipid packing and even rupturing lipid vesicles (liposomes).®38%97 In contrast,
P188 showed evidence of adsorption at the membrane surface on short timescales (c.a. 4
hours), maintaining membrane integrity.>*%® The insertion step was eventually exhibited
by P188 after incubation times exceeding 24 hours, suggesting that while the mechanism
is similar between the two, kinetics of adsorption depend predominantly on hydrophilic
block length. 3

Further evidence of poloxamer absorption and insertion was presented by liposomal
studies by Lee and coworkers that investigated interactions by varying poloxamer species
with liposomes by a liposome peroxidation technique,® isothermal titration calorimetry
(ITC),%8 and *H Overhauser dynamic nuclear polarization NMR spectroscopy (ODNP).%’
While the ITC and ODNP experiments focused on the thermodynamics and kinetics of

polymer interactions with lipid membranes, the peroxidation experiment showed promise
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as a type of controlled model stress that could potentially be related to the stabilizing effects
of particular poloxamers on cell membranes.
1.5.3 Liposome peroxidation as a model stress

Lipid peroxidation is a naturally occurring mode of damage common to both cell
membrane and liposomal structures. %1% Physiologically, membrane damage by reactive
oxygen species (ROS) may arise from effects of elevated Ca?* levels (self-perpetuating),
such as in ischemia-reperfusion injury, 819119 acute irradiation, as in ionizing radiation
injury,11%111 or even aging,’*1!2 among other peripheral causes. Oxidative damage to lipid-
based membranes can be initiated by free radicals in a controlled fashion, as is performed
in liposome peroxidation. The tight radius of curvature that confers elevated membrane
tension relative to in vivo cell membranes also serves to facilitate exposure of unsaturated
acyl tails to free radicals in solution.'® One peroxidation reagent favored for its solubility
in water and steady rate of decomposition into free radicals under specific heat and light
conditions is 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH).104107.108,114
Following initiation of AAPH to form two free radical nitrogen species, polyunsaturated
fatty acid (PUFA) tails can be peroxidized according to the mechanism in Scheme 1.1.

Initiation Propagation
H H . RH H
M‘d * R —A» M
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HH

Termination K
OOH oo°*

M M

Scheme 1.1: Mechanism of lipid peroxidation on unsaturated lipid tails. Adapted from
Heuvingh, et al.'?®

1.5.4 Block copolymer protection against liposome peroxidation
In the liposome peroxidation experiments by Wang, et al., block copolymer surfactants
of varying size and composition were added to liposome dispersions prior to reaction with

the free radical generator (AAPH), and protection by polymers was assessed by dynamic
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light scattering; more specifically, particle size distributions obtained by DLS following
liposome reactions.®° The analysis involved drawing conclusions from shifts in average Ri
(peak position) and height of the particle size distribution. Liposome protection by PEO-
8k and P188 are shown in Figure 1.6, adapted from Wang, et al.2® The PEO-8k case was
performed at a higher molar ratio of polymer to liposome than P188, and it was protective
at both 0 and 4 hour incubation times. Conversely for P188, the authors interpreted the
particle size distribution at 0 h incubation time to demonstrate peroxidation and protection
at the 4 h incubation time.?® (Note that such a particle size distribution as was obtained for
P188 with 0 h incubation after oxidation shows signs of poor fitting of likely poor DLS

data, and no mention of reproducibility of the result was made.)
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Figure 1.6: DLS particle size distributions reported by Wang, et al.% PEO-8k (top row), which
was administered in a 25:1 polymer:lipid ratio was protective at both 0 and 4 hour incubation
or pretreatment. P188 (bottom row) was not protective at 0 h incubation, whereas 4 h
incubation is protective.

Wang, et al. also reported non-protective cases, namely DLS results following
peroxidation reactions of liposomes incubated with more hydrophobic block copolymers.®®
Particle size distributions obtained before and after oxidation (again at O and 4 hours of
liposome pretreatment with polymer) for the hydrophobic block copolymers are well
represented by the plots for Poloxamer 335 (P335, Mn = 6,500 g/mol, weo = 0.5) in Figure
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1.7. Following the reaction, particle size distributions became quite broad, with shorter
peaks centered at smaller Ry than observed in the pre-oxidation cases. For Poloxamer 181
(P181, Mn = 1,750 g/mol, weo = 0.1), a flattened distribution is reported for O h incubation,
much like P188 in the hydrophilic polymer class (data not shown).
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Figure 1.7: Peroxidation of liposomes incubated with Poloxamer 335 (P335), from Wang, et
al.®

Wang and coworkers tied their findings into their hypothesized two-step interaction
mode, namely, adsorption and insertion. The more hydrophilic polymers (P188, PEO-8k,
and a branched poloxamer species, Poloxamine 1107) were reported to adsorb only within
experimental timeframes, and with only minor discrepancy (i.e. P188 at 0 h incubation),
protected liposomes against lipid peroxidation. The more hydrophobic poloxamers were
quicker to insert into the membrane, which resulted in poor protection against peroxidation.
Results obtained from liposome peroxidation experiments appeared to correspond well to
the types of membrane interactions predicted from physiological and other biophysical
experiments, and liposome peroxidation was identified as a possible screening technique
for future polymer chemistries considered. Chapter 3 develops a more quantitative method
for analyzing DLS measurements following peroxidation, and Chapter 4 considers a
variety of polymers in the technique.

1.5.5 Development of a model polymer system

In addition to inherent size and concentration limitations at membranes, the
constrained chemical landscape available to researchers investigating block copolymer
interactions with biological membranes has slowed overall progress. The triblock
archetype of membrane sealing compounds is a convention adopted out of commercial

availability, but as a model compound for systematic study, it is not the clearest choice.
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The second hydrophilic block adds a level of complication in studying interactions, because
changes to hydrophilic block length are either twice as powerful in terms of overall
composition (e.g. a study of hydrophilic block length effect), or half-strength as compared
to hydrophobic block length changes made to maintain composition (e.g. fixed
compositions). Additionally, the second hydrophilic block adds steric hindrance and
impedes hydrophobic interaction by the central PPO block. From a synthetic perspective,
a simpler model compound in the form of a diblock architecture of PEO-PPO is preferable,
and offers access to an infinite library of minute changes to composition and block length.

Based on an expansive literature regarding the solution-phase behavior of block
copolymers, diblock and triblock architectures are expected to behave similarly in the
dilute to semi-dilute regime. Unfavorable solvent interactions are minimized by the
formation of micelles, and the same types of micellar structures (e.g. spherical, wormlike,
vesicles) may be formed for both. While the triblock A-B-A architecture of poloxamers
would be able to form bridged networks at high micellar concentrations of non-polar
solvents, their configuration in aqueous solutions would match that of diblock
architectures. Differences between the two architectures would most likely arise at
equilibrium conditions, in terms of micellar exchange.'17

The notion that polymers dynamically associate and dissociate from micellar
structures has been studied extensively by time-resolved small angle neutron scattering.'"~
120 Recent studies employing time-resolved small angle neutron scattering (SANS) have
confirmed independent chain exchange by block copolymers and a strong molecular weight
dependence on micellar exchange dynamics.'"'?2° Follow-up work investigating the
architectural dependence of micellar chain exchange found that architectural arrangement
of triblocks dictates exchange dynamics: compared to analogous diblock copolymers of
type A-B, an A-B-A architecture was found to exchange more rapidly, whereas a reverse
B-A-B triblock architecture was much slower.!® Although it is expected that interactions
responsible for membrane sealing are unlikely to follow an equilibrium process, micelle
exchange dynamics suggest that amphiphilic interaction dynamics are architecture
dependent.
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One of the early hypothesized modes of membrane interactions leading to stabilization
was that of membrane spanning by the triblock poloxamer.®®*?* For block copolymers of
sufficient length (including Poloxamer 188), the hydrophobic block could hypothetically
to span the thickness of the hydrophobic region of the cell membrane, c.a. 4-6 nm, with
pendant hydrophilic PEO blocks on either side of the membrane. By virtue of its two
blocks, a diblock architecture is naturally limited to association at one side of the
membrane, though diffusion across the membrane to the interior of the cell would not be
excluded. Through use of small angle x-ray scattering (SAXS) and lamellar phospholipid
systems, Firestone, et al., showed that the spanning hypothesis was in fact incorrect.®
Furthermore, they later showed that arrangement of diblock copolymers of PEO and PPO
adopt a more brush-like configuration at lamellar interfaces, as compared to triblocks. The
net effect of these differences is a measurable increase in d-spacing for the diblock
copolymers.t??

Whereas monolayer studies showed strong membrane interaction dependence on
hydrophobic block length, the bilayered studies highlighted the importance of the
hydrophilic block in reducing membrane penetration, which has been linked to membrane
lysing.33°6 To date, investigations focused on either the hydrophobic or hydrophilic block
length are complicated by the presence of the second hydrophilic block on commercially
available poloxamers, which further complicates the role relative hydrophobi/hydrophilic
composition is thought to play. To this end, a simpler model system is preferential, and a
diblock architecture, if efficacious, offers a clear synthetic route to methodical parameter
adjustment.

Adoption of a diblock architecture PEO-PPO block copolymer surfactant as a model
system bridges an apparent gap in the membrane sealing literature, which offers only two
recent studies on the subject.'?>!2 Given the strong influence of the hydrophobic block on
membrane interactions in both model systems and in vivo, it is reasonable to expect that a
diblock architecture, with a free hydrophobic end, will lend additional insight into how the
hydrophobic PPO block contributes to the net membrane-stabilizing effect exhibited by
P188. The hypothesized effect of the exposed hydrophobic block on membrane interaction
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is to drive membrane attraction, and whether this is beneficial or detrimental to membrane

integrity will be explored in Chapters 3 and 4.

1.6 Objectives of this work

Despite significant advances to the field of block copolymer surfactant membrane
sealing, a definitive mechanism of interaction has not yet been determined. The objective
of this thesis is primarily to establish methods by which to systematically investigate the
mechanism of membrane stabilization biophysically, and lay the groundwork for direct
connections to physiological observations. As will be shown, this objective was met by
exercising synthetic techniques to build a new library of pertinent block copolymers and
adapting existing model membrane methods to obtain more information about the systems.
Collaborative efforts with members of the physiological and medical community were also
initiated and will be discussed. A brief overview of each chapter as it applies to the
overarching objective follows.
1.6.1 Diblock copolymer synthesis

Synthetic routes to prepare amphiphilic block copolymers of PEO and PPO by living
anionic polymerization have been published,?3124+128 put for the purposes of membrane
stabilization, no synthetic strategies have been pursued. This work will rely on these
synthetic methods to supplement established living anionic polymerization methods.*?°
Special attention will be paid to the hydrophobic block end group functionalities, which
will be shown to be important in directing membrane interactions. Synthesis and polymers
prepared will be discussed in Chapter 2.
1.6.2 Model membranes

Cell membranes, whether damaged or intact, are an inherently complex system of
study. Membrane composition, which is largely heterogeneous and cell function
dependent, plays a significant role in directing interactions between a cell and its local
environment. For these reasons, it is both necessary and impossible to employ the native
cell membrane in studies examining polymer surfactant interactions at the membrane
interface. Two strategies, synthetic and naturally derived lipid membranes have been

pursued herein. Each membrane type delivers specific advantages and disadvantages,
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which will be discussed throughout the work. Physical models or arrangements of
membrane components in this work fall into monolayer, unilamellar vesicle, and
multilamellar dispersion classes.

Model membranes composed of synthetic phospholipids (either pure or mixed
composition), are widely used in the literature to achieve reproducible, well-controlled
systems. Additional features such as curvature, charge, and membrane fluidity, can be
addressed by careful selection of physical model and membrane components. As modeling
cell membranes is a field of study unto itself, a cursory discussion of membrane selection
will be made in Chapters 3, 4, and 5.

Naturally derived membrane materials, isolated from ex vivo mammalian cells, are
presented in the monolayer membrane work as a means to include crucial cellular proteins
in membrane interaction studies. Although the work presented here did not offer strong
conclusive evidence regarding polymer-membrane interactions, information regarding
polymer effects on membrane phase behavior was obtained from combined Fluorescence
microscopy-Langmuir trough experiments and by atomic force microscopy on supported
monolayers.

1.6.3 Model membrane stress

Unlike cell membranes, which can remain intact even after considerable damage, due
to heterogeneity and cytoskeleton support,”® and are capable of signaling native self-
healing pathways, single component model membranes are challenging to stress without
inducing catastrophic structural failure. Difficulties for vesicle model membranes (i.e.
liposomes) arise especially in the homogeneity of membranes and the high membrane
tension coming as a result of the small radius of curvature.

One model membrane stress widely employed in biochemistry is that of lipid
peroxidation.19>108130 By careful selection of phospholipids containing reactive
unsaturation in the fatty acid tails, a controlled reaction can be carried out with the help of
a free radical. Though the modes of membrane damage induced by lipid peroxidation are
argued in the literature, the ability to control damage to the membrane chemically is a
significant step forward. Chapter 3 will feature improvements on an existing liposome

peroxidation technique , and Chapter 4 will further investigate the role of polymers in
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mitigating damage by peroxidation, using dynamic light scattering (DLS) to assess the
capacity for beneficial membrane interactions by block copolymers.
1.6.4 Miscellaneous activities and collaborations

As is the nature in all collaborative work, a number of side projects were undertaken
to support the work of others. Though these were not stand-alone projects, an overview of
two support activities, fluorescence tagging and blood viscosity studies, will be presented

in Chapter 6, in the spirit of disclosing paths worth pursuing further and already pursued.
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Chapter 2

Methods and materials

Several of the general techniques and underlying theory are collected here and
described in detail. Direct applications of these techniques will be encountered in later
chapters, as well as modifications or adaptations to fit a particular need. Polymers synthesis
is described, and polymers prepared are tabulated here for reference. Additionally,
liposome preparation and peroxidation methods are described, along with a basic overview
of analytical techniques used to describe them (dynamic light scattering and static light
scattering). Finally, a discussion of lipid monolayers and a theoretical background to the
Langmuir trough is presented.

2.1 Polymer synthesis

Diblock copolymers of poly(propylene oxide) and poly(ethylene oxide) were prepared
by sequential living anionic polymerizations of propylene oxide and ethylene oxide,
respectively, according to established air-free and oxyalkane handling methods.'?%13!
Initiation and propagation of propylene oxide occurs at the less substituted carbon in the
epoxide ring, as demonstrated in Scheme 2.1, with potassium tert-butoxide as the initiator.
The acidic methyl group on the monomer and the living polymer are capable of undergoing
monomer or chain transfer reactions, as shown in Scheme 2.2, the effect of which is to
terminate the living chain and simultaneously generate a new living chain without changing

propagation kinetics, 24132133
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Scheme 2.1: Initiation, propagation, and termination of poly(propylene oxide) by living
anionic polymerization.
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Scheme 2.2: Mechanism of chain transfer to monomer (a) and penultimate repeat unit
(b).Chain transfer offers two side reactions propylene oxide can undergo that lead to broad
molecular weight distribution and lower achievable molecular weights.
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Without counteractive measures, the resultant poly(propylene oxide) is characterized
by a broad distribution of low molecular weights. Ding, et al.*?*?® and others3?1% have
reported the successful use of 18-crown-6 ether, shown in Scheme 2.3, to favor the
propagation step of poly(propylene oxide) by complexing with the potassium counter ion,
leading to narrow dispersities at higher molecular weights. Complexation of the counter
ion with the “crown” center of the crown ether forms ligand-separated ion pair aggregates
that favor propagation kinetics.12#13° Moreover, the catalytic effect of crown ether allows
for reaction reduced temperatures, which is another strategy employed to discourage side

reactions of propylene oxide.**?

Scheme 2.3: 18-Crown-6 ether complexes with potassium counter ions and forms ion pair
aggregates which favor propagation kinetics of living anionic polymerization.

A similar synthetic strategy was employed for an ethyl-substituted epoxide, 1,2-
epoxybutane to form poly(1,2-butylene oxide) hydrophobic starting blocks. Poly(1,2-
butylene oxide), or PBO, is significantly more hydrophobic than the similar poly(propylene
oxide), so diblocks of PBO-PEO were prepared to study the effect of changing the
hydrophobicity of the block copolymer chemically rather than compositionally. Chain
transfer reactions to monomer or penultimate unit are similarly an issue for PBO, and 18-
crown-6 ether is reported to improve dispersity and achievable degree of polymerization.*?

Addition of a second, hydrophilic block, was carried out by reinitiating the mono-
hydroxyl terminated hydrophobic starting block with potassium naphthalenide. De-
protonated chains were then extended by living anionic polymerization of ethylene oxide,
which ring-opens to form narrow dispersity diblock copolymers of controlled molecular
weights. An example polymerization of ethylene oxide from a starting PPO block is shown
by Scheme 2.4.



2.1 Polymer synthesis 28

1. m

Sop g S Yo L o i og L o,

Scheme 2.4: Reinitiation of hydroxyl-terminated poly(propylene oxide), followed by living
anionic polymerization of ethylene oxide and termination by acidic methanol to form a
hydroxyl-terminated PPO-PEQ diblock copolymer.

Diblock copolymer surfactants of PPO-PEO or PBO-PEO were prepared by living
anionic polymerization in two steps, starting with the hydrophobic poly(propylene oxide)
or poly(1,2-butylene oxide) block. Following an intermediate purification and
characterization step, poly(ethylene oxide) was grown from starting blocks. Living anionic
polymerization techniques require air and water free environments and handling that are
described in greater detail elsewhere 12213
2.1.1 Hydrophobic block synthesis

To begin, propylene oxide (>99%, Sigma, atmospheric boiling point, 34 °C**) and
1,2-epoxybutane (1,2-butylene oxide, >99%, Sigma, atmospheric boiling point, 63 °C*¥")
were purified for living anionic polymerization according to standard techniques. First,
monomer was degassed by two freeze-pump-thaw cycles before distilling onto dried n-
butyllithium.t3 Thawed monomer was stirred at 0 °C over n-butyllithium for 30 minutes
before distilling onto fresh n-butyllithium for a second stirring step. Purified monomer was
transferred to flame-dried burettes by vacuum distillation, and massed. Ready burettes were
held on ice until needed, and two final freeze-pump-thaw cycles were performed on
burettes just before connecting to the reactor by flexible stainless steel tubing (Swagelok).

Prior to hydrophobic block synthesis, as-received 18-crown-6 ether (Sigma) was
freeze-dried from a 10 vol.-% solution in benzene and massed. An amount corresponding
to a 2:1 molar ratio of crown ether to initiator was added to a waiting solvent flask in an
argon environment, which was then evacuated and filled with the necessary volume of
alumina column-dried tetrahydrofuran to achieve a monomer solution concentration of
approximately 10 wt.-% in the reactor. The headspace of the solvent flask was charged
with argon at 3 psig.

For synthesis, a 1 L glass reactor with threaded ports was equipped with a glass
covered magnetic stir bar, thermocouple port, the sealed flask containing 18-crown-6 ether
in tetrahydrofuran, the sealed monomer burette, a glass plug, and a manifold outfitted with
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a Teflon-coated silicone septum (SGE) and connected by flexible stainless steel tubing to
both a Schlenk line and a pressure gauge with a pressure relief valve set at 10-15 psi
(Swagelok) by Ultra Torr vacuum fittings (Swagelok). Teflon ferrules and nylon bushings
(ACE Glass) were used to secure each glass connection. The setup was cycled between
vacuum and 3 psi argon, with flame heating on reactor walls during evacuation to remove
adsorbed water. After the final argon fill, the solvent flask was opened, and 18-crown-6
ether and tetrahydrofuran were emptied into the reactor.

To start the reaction, a known volume of 1.0 M potassium tert-butoxide in
tetrahydrofuran was added by syringe to the reactor, through the rubber septum in the
manifold, and the mixture was stirred on an ice for 30 minutes to slow and counter the
exothermic reaction. Next, monomer was added by burette. The reaction mixture was
stirred for 48 hours and allowed to warm up to ambient temperature from ice bath
temperatures following initiation. The reaction was terminated by excess acidic methanol
(1:10 37 w/w% hydrochloric acid:methanol), degassed by bubbling with argon for thirty
minutes. Potassium and crown ether complexes were removed by iterative filtration,
solvent removal, and dissolution in fresh tetrahydrofuran until a clear solution was
obtained. The final solvent removal step was finished overnight with stirring, and the
resultant (clear liquid) mono-hydroxyl terminated poly(propylene oxide) or poly(1,2-
butylene oxide) was characterized by SEC and *H NMR.

2.1.2 Hydrophilic block addition

Following molecular characterization of the starting hydrophobic blocks,
poly(ethylene oxide) blocks were grown by reinitiating from the terminal hydroxyl group
using potassium naphthalenide.’® Potassium naphthalenide was prepared in
tetrahydrofuran dried over two successive columns of activated alumina. For the reaction,
potassium (freshly cut under cyclohexane) was added under argon purge to a dried, tared
flask equipped with a glass-covered stirbar. The flask was sealed and dynamic vacuum was
applied to remove residual solvent. After massing under static vacuum, tetrahydrofuran
was added, followed by with a 10% molar excess of naphthalene (relative to potassium

mass) under positive argon pressure. The solution turned a vibrant green almost
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immediately on addition of naphthalene and was stirred for a minimum of 12 hours before
reinitiation.

Ethylene oxide monomer (>99.5%, Sigma, atmospheric boiling point, 10.7 °C*°) was
purified as for propylene oxide and 1,2-epoxybutane, with additional care to maintain
temperatures below the atmospheric boiling temperature to prevent closed glassware from
rupturing. Briefly, ethylene oxide monomer was transferred by vacuum distillation into a
flame-dried and vacuum evacuated flask. Frozen monomer was thawed on an ice water
bath and degassed by two freeze-pump-thaw cycles. Vacuum distillation onto dried n-
butyllithium, followed by stirring on an ice bath was carried out twice, and purified
monomer was stored on a salt-ice-water bath until needed.

For poly(ethylene oxide) synthesis, a glass air-lock was added to the reactor assembly
to isolate the contents from air prior to gaseous monomer addition by stainless steel flexible
tubing. To begin, mono-hydroxyl terminated poly(propylene oxide) or poly(1,2-butylene
oxide) was added to a tared reactor with a glass covered stirbar and stirred under dynamic
vacuum overnight. The final mass was recorded before addition of a volume of dry
tetrahydrofuran under positive argon pressure sufficient to achieve approximately 10 wt.-
% polymer and monomer in solvent. Tetrahydrofuran was added under argon to the
hydrophobic starting block and stirred to dissolve while heating to 45 °C with a water bath.
Argon pressure was relieved to 3 psi upon equilibration at 45 °C.

During reactor heating, a burette containing ethylene oxide monomer was degassed
once more by freeze-pump-thaw, before being attached by flexible stainless steel tubing to
the airlock. Air space in the tubing was cycled between 3 psi argon and vacuum six times.
After thermal equilibration of the polymer and solvent solution at 45 °C, potassium
naphthalenide was slowly titrated through the septum by plastic syringe until a transparent
green color persisted for more than 30 minutes. The syringe was left in the septum for the
duration of reinitiation to minimize the possibility of introducing air. Following 30 minutes
of stirring at the final titration, the potassium naphthalenide syringe was removed, and
dynamic vacuum to the flex-tubing on the burette was closed off (static vacuum). Next, the
stopcock separating reactor from airlock was opened to equilibrate argon pressure in the

tubing, and finally, the stopcock to the thawed ethylene oxide monomer on ice/water bath
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was opened slowly. Reactor pressure was monitored during slow addition of ethylene
oxide, and pressure increases of about 4 psi (maximum gauge pressure 7 psi) were allowed
before cooling the monomer back down in the ice bath. Total addition time varied by
amount of monomer added, but batches of 10-20 g of ethylene oxide typically took in
excess of 30 minutes.

Following completion of monomer addition, the empty burette was left open to the
reactor for overnight reaction. The completed reaction was terminated 20 hours later using
an excess of acidic methanol solution, degassed by bubbling with argon for 30 minutes.
The reactor was vented following one hour of stirring, and diblock copolymer was
recovered by solvent removal. Dried polymer was dissolved in chloroform and filtered
through paper to remove potassium salts, and dried. For sufficiently large diblock
copolymers (> 3,000 g/mol), dialysis was performed to remove trace naphthalene: polymer
was dissolved to 10 wt.-% in chloroform and dialyzed against chloroform in 2,000 MWCO
benzoylated cellulose dialysis tape (Sigma), with three or more total solvent changes made
at hourly intervals. Dialyzed diblock copolymers were dried with stirring before freeze-
drying from benzene.

2.1.3 Statistical copolymers

In addition to diblock copolymers, statistical copolymers comprised of ethylene oxide
and propylene oxide or propylene oxide and 1,2-epoxybutane repeat units were prepared.
Reactions were initiated by potassium tert-butoxide in tetrahydrofuran with 2:1 crown
ether:initator. Ethylene oxide containing copolymers were prepared at 40 °C, whereas 1,2-
epoxybutane containing polymers were carried out starting at 0 °C and allowed to warm to
25 °C. Reactions proceeded for 40 hours before termination by excess acidic methanol.
Final polymers were purified by successive dissolution in THF and filtration through paper,
and finally freeze-drying from benzene. SEC was used to quantify dispersity, and
molecular weight and final composition were checked by 'H NMR.

2.1.4 Reverse diblocks: effect of end groups

To study the relative impact of the terminal functional groups on the hydrophobic PPO

block on membrane association and stabilization, diblock copolymers (OH-PPO-PEO)

were prepared from a mono-functional PEO by reinitiation of the terminal hydroxyl group
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by potassium naphthalenide, as shown in Scheme 2.5, followed by PPO addition and
termination by a hydroxyl group on PPO. Two mono-methoxy poly(ethylene oxide)
polymers (MPEQ) were purchased from Sigma Aldrich and characterized by SEC and 'H
NMR to check dispersity and verify labeled molecular weights. Polymers were freeze-dried
from benzene to remove trace water. Purification of propylene oxide was carried out in the
usual manner. Reinitiation of the terminal hydroxyl group on mPEO was performed using
potassium naphthalenide in tetrahydrofuran at 40 °C. Following addition of propylene
oxide, the reaction was stirred and allowed to proceed for about 20 hours before termination

by acidic methanol.
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Scheme 2.5: Reinitiation of hydroxyl-terminated poly(ethylene oxide), followed by living
anionic polymerization of propylene oxide and termination by acidic methanol.

In a second synthetic attempt, crown ether was added along with the solvent in an
effort to increase conversion. Tetrahydrofuran was collected on freeze-dried crown ether
in a 2:1 molar ratio and added to freeze-dried mMPEO under positive argon pressure with
stirring. Potassium naphthalenide was again used to initiate chains, and the reaction
temperature was reduced to 30 °C to slow immediate initiation. Following a thirty minute
reinitiation time, the temperature was increased to 35 °C, where it was maintained for the
remainder of the reaction. Reaction time was extended to about 45 hours, and to minimize
risk of contamination by air, a kinetic study was not performed. Living chains were again
terminated by acidic methanol.

Both batches of synthesized OH-PPO-PEO diblock copolymers were filtered through
paper in tetrahydrofuran to remove salt precipitates and crown ether, if applicable.
Tetrahydrofuran was removed by rotary evaporation, and dissolution, filtration, and
evaporation steps were repeated once more. Dried polymers were dissolved in
dichloromethane and washed against distilled water in multiple water changes with mild
agitation, as PEO-PPO diblock copolymers readily partition into the aqueous phase.

Following the final water wash, the organic phase was dried by rotary evaporation. The
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polymer films were dissolved in benzene and freeze-dried in a vacuum oven for several
days to remove traces of solvent and naphthalene.

Final purification was performed by dialysis against chloroform to remove all
remaining salts, crown ether (if applicable), and naphthalene. Polymers were dissolved in
chloroform at a concentration of about 0.2 g/mL and placed in 2,000 MWCO benzoylated
cellulosic dialysis tubing (Sigma). Samples were dialyzed in about 400 mL of chloroform
with gentle stirring and four solvent changes over 24 hours. Dialyzed polymers were dried
by rotary evaporation and freeze-dried from benzene. Yields were lower for low molecular
weight polymers near the tubing molecular weight cutoff, due to diffusion through the
membrane. To improve vyield, biological grade cellulose ester tubing (100-500 g/mol
MWCO) could be used, however aqueous dialysate must be substituted for chloroform, as
cellulose ester is incompatible with organic solvents. Polymers could be dried by
lyophilization to remove water.

A brief note regarding the two synthetic schemes employed here. Reinitiation of
hydroxyl-terminated polymers by potassium naphthalenide for anionic ring-opening
polymerization is the preferred technique for reinitiation of hydroxyl-terminated polymers
for the ring opening polymerization of ethylene oxide. Part of the reason for this is the
absence of byproducts besides naphthalene and dihydronaphthalene.**! The polymerization
carried out in the absence of crown ether was intended to determine whether naphthalene
could sufficiently complex with potassium to add propylene oxide units. Although a kinetic
study was not performed, PO conversions were calculated to be about 65% and 45%, for
the 2,000 g/mol and 5,300 g/mol mPEO starting blocks, respectively. Despite poor
conversions, dispersities remained narrow. Because crown ether has been reported to
increase kinetics of propylene oxide addition,'?* a subsequent reaction was carried out with
crown ether at an extended reaction time, which brought PO conversions to 91% and 87%
of expected degrees of polymerization for 2,000 g/mol and 5,300 g/mol mPEO starting
blocks, respectively.
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2.2 Polymer characterization

Starting block molecular weights and dispersities were determined by *H NMR and
SEC, respectively. To determine molecular weights, end group analysis and peak
integration was performed on the *H NMR spectrum of a 10 mg/mL solution of polymer
in deuterated chloroform (CDCls, Cambridge Isotope Laboratories). Spectra were obtained
on a 500 MHz Varian Inova or a Bruker AV-500 NMR. An acquisition time of 5 s and a
delay time of 20 s were chosen to ensure chain relaxation between pulses, for a minimum
of 16 scans in *H NMR. Sample *H NMR spectra for poly(propylene oxide) and poly(1,2-
butylene oxide) are given in Figure 2.1 and Figure 2.2, along with proton assignments.

Molecular weights for parent PPO blocks were calculated from end group analysis of
'H NMR spectra, using peak integrations for the t-butyl end group (8 = 1.19, s) and the
methyl protons at (6 = 1.13-1.15, t).

Similarly, molecular we