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Abstract 

Cell membrane instability is a common feature to Duchenne Muscular Dystrophy, heart 

attacks, strokes, and traumatic brain injury, which together affect over a million people in the 

United States every year and currently have no clinical treatment. In 1992, it was discovered that 

poloxamers, a class of biocompatible block polymer amphiphile stabilized cell membranes under 

stress, thereby having therapeutic potential. Unfortunately, the stabilization mechanism is not fully 

understood, hindering the engineering of more effective treatments. 

Bottlebrush polymers have a wide parameter space and known relationships between 

architectural parameters and polymer properties, enabling their use as a tool for mechanistic 

investigations of polymer−lipid bilayer interactions. In this thesis, I report a synthetic strategy for 

making grafted block polymers with poly(propylene oxide) and poly(ethylene oxide) side chains, 

“bottlebrush poloxamers (BBPs).” Combined anionic and sequential ring-opening metathesis 

polymerization yielded low dispersity polymers, at full conversion of the macromonomers, with 

control over graft length, graft end-groups, and overall molecular weight. Dynamic light scattering 

and transmission electron microscopy were used to characterize micelle formation in aqueous 

buffer. The critical micelle concentration scales exponentially with overall molecular weight for 

both linear and bottlebrush poloxamers; however, the scaling coefficient is two orders of 

magnitude smaller in the bottlebrush architecture compared to the linear architecture, suggesting 

that micellization of BBPs is less sensitive to molecular weight. 

I then employed this synthetic platform to create a set of BBPs over a range of molecular 

weight, with two PEO block side chain lengths, and with block and statistical architectures. Then, 

this set of molecules was used to interrogate the effects of bottlebrush architectural parameters on 

binding to, and protection of, phospholipid bilayers using pulsed-field-gradient NMR and an in 

vitro osmotic stress assay, respectively. I found that the binding affinity of a bottlebrush poloxamer 

(BBP) (B-E10
43P5

15, Mn = 26 kDa) is about 3 times higher than a linear poloxamer with a similar 

composition and number of PPO units (L-E93P54E93, Mn = 11 kDa). Furthermore, BBP binding is 
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sensitive to overall molecular weight, side-chain length, and architecture (statistical versus block). 

Finally, all tested BBPs exhibit a protective effect on cell membranes under stress at sub-μM 

concentrations. As the factors controlling membrane affinity and protection efficacy of bottlebrush 

poloxamers are not understood, these results provide important insight into how they adhere to and 

stabilize a lipid bilayer surface. 

The final two chapters of this thesis return to commercially available, linear poloxamers and 

seek to understand the effect of temperature and the role of lipid phase coexistence on poloxamer-

liposome interactions. Hydrogen bonding between water and oxygen atoms in PEO and PPO units 

results in thermoresponsive behavior because the bound water shell around both blocks dehydrates 

as temperature increases. This motivates an investigation of poloxamer-lipid bilayer interactions 

as a function of temperature and thermal history. Pulsed-field gradient NMR spectroscopy 

measurements revealed that the fraction of chains bound to 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC) liposomes increased by 11 (± 3)× at 37 °C relative to 27 °C. Moreover, 

following incubation at 37 °C, it takes weeks for the system to re-equilibrate at 25 °C. Such slow 

desorption kinetics suggests that at elevated temperatures polymer chains can pass through the 

bilayer and access the interior of the liposomes, a mechanism that is inaccessible at lower 

temperatures. We propose a molecular mechanism to explain this effect, which could have 

important ramifications on the cellular distribution of ABPs and could be exploited to modulate 

mechanical and surface properties of liposomes and cell membranes. 

The lipid raft and picket fence models assert that the cell membrane contains liquid ordered 

domains (Lo) among a matrix of liquid disordered domains (Ld). These domains have different 

structural and physical properties, affecting protein conformation, cell signaling, and cellular 

processes. Therefore, I employed a liposome model consisting of a saturated lipid, an unsaturated 

lipid, and cholesterol that has a well-documented phase space to explore how lipid phase behavior 

affects polymer binding. I found that polymer binding is maximized in a window of the phase 

space coinciding with coexistence of the two liquid domains. This is likely because the borders 
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between the Lo and Ld domains are attractive binding sites. The proximity between bound polymer 

and lipid rafts could provide a non-specific mechanism by which flexible, non-polar amphiphilic 

block polymers affect cell signaling. 
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Chapter 1: Introduction 

1.1 Motivation 

All known biological cells are bordered by a cell membrane. This critical organelle helps the 

cell maintain homeostasis by regulating transport of nutrients and waste, by preserving a 

transmembrane ion gradient, and by serving as a scaffold for proteins which play innumerable 

roles in cell-cell communication and in responding to environmental stimuli.1–3 Numerous types 

of stresses such as oxidative stress,4 mechanical trauma,5 osmotic stress,6 and genetic mutations1,7 

can disrupt the cell membrane, preventing it from acting as an effective barrier which can lead to 

cell death. These stresses affect different cell types to varying degrees and tissue in the brain, heart, 

and skeletal muscle are particularly affected during ischemic stroke, myocardial infarct (heart 

attack) and Duchenne’s Muscular Dystrophy (DMD), respectively. These three diseases share an 

underlying cause (cell membrane instability), have no clinical treatment, and together affect over 

a million people per year in the United States alone.8 Developing medicines to protect cells from 

these stresses and restore cell membrane stability is an active area of research. 

In 1992, it was discovered that F68 (also known as P188), a member of a specific class of 

biocompatible block polymer amphiphiles known as pluronics (poloxamers), attenuated the 

increase in cell membrane permeability of skeletal muscle cells upon electropermeabilization and 

reduced the inflammatory response of mice exposed to electrical shock.9 This result was 

hypothesized to be due to interactions between the amphiphilic polymer and amphiphilic 

phospholipids, the basic building block of the cell membrane, resulting in stabilization of the 

stressed membrane. Over the three decades since this discovery, research has focused on 

understanding the mechanism(s) by which poloxamers confer their protective effect. By improving 

understanding about how these polymers interact with the cell membrane, we may be able to 

engineer more effective therapeutics for heart attack victims, stroke victims, and DMD patients. 

This thesis has gained mechanistic insights into polymer-lipid bilayer interactions by 

developing a novel poloxamer architecture, by elucidating the effect of temperature on polymer-
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liposome binding events, and by exploring the role of lipid rafts in polymer-lipid bilayer 

interactions. Before detailing my specific contributions, I will first outline the current 

understanding of the constituent molecules and contemporary models of the cell membrane, 

describe the chemistry and properties of poloxamers, and summarize the mechanistic studies that 

have been performed over the past 30 years on this subject. 

 

1.2 Cell membrane composition and current models 

1.2.1 Constituent molecules of the cell membrane  

The cell membrane is made up of four basic building blocks: phospholipids, cholesterol, proteins, 

and carbohydrates. The ratio of these four components varies tremendously by cell type, from cell 

to cell, and it changes in response to stimuli.1,10,11 Approximately 50% of the membrane mass is 

phospholipids, 20-50% is proteins, and the balance is cholesterol and carbohydrates.3,12,13 Before 

one can understand the roles of each of these molecules, it is useful to understand the chemical 

structures. Therefore, the general structure and a few important phospholipids and cholesterol are 

highlighted in Figure 1.1 below. 

Phospholipids consist of a polar (hydrophilic) headgroup and a non-polar (hydrophobic) tail 

group. Due to this amphiphilicity, when phospholipids are placed in water it is thermodynamically 

favorable for them to self-assemble into structures that isolate the hydrophobic tails from the water-

rich environment while leaving the hydrophilic headgroups exposed.14 One such structure is the 

phospholipid bilayer shown in Figure 1.1a, which is the basic structure of the cell membrane. The 

lipid bilayer is ~50 Å thick and is highly dynamic.15,16,17 Individual lipid molecules translate past 

one another,18,19 rotate about the z-axis (normal to the bilayer plane),20 and flip-flop between the 

interior and exterior leaflets.21,22 These dynamic properties impact cellular processes and are 

influenced by headgroup and tailgroup identity. As shown by Figure 1.1b, there is a plethora of 

distinct headgroups and tailgroups which leads to diverse bilayer properties. Some important 

phospholipid molecules are shown in Figure 1.1b, which are grouped into three classes based on 

headgroup identity: zwitterions which have a positive and negative charge, Hydrogen-bond 
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donors, and glycolipids which have a sugar moiety covalently tethered to the headgroup. 

Representative molecules of each class were chosen to highlight trends between various structural 

parameters and physical properties. 

 

Figure 1.1: Phospholipid bilayer and important constituent molecules. (a) Simplified schematic 

of the phospholipid bilayer self-assembly. (b) Selected phospholipid molecules to illustrate 

diversity in tail group length and saturation and head group identities. The nomenclature of 

phospholipids, for example 16:0-18:1 POPC refers to the number of carbon atoms and the 

number of double bonds in each tail group. 

 

One important property of phospholipids is the melting temperature (Tm) where a gel (butter-

like) to liquid (oil-like) transition in the bulk occurs. Upon traversing the melting transition, 

neighboring lipid molecules become less oriented and diffuse more rapidly in the bilayer plane. 

This impacts protein clustering, therefore influencing cell signaling and behaviors such as cell 
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adhesion and growth.23 The tail group primarily dictates Tm via its length, degree of unsaturation, 

and location of the unsaturation. The numbers in the nomenclature of a phospholipid describe the 

tail group and the letters identify the headgroup. For example, 16:0-18:1 POPC indicates that one 

tail has 16 C atoms with no carbon-carbon double bonds (desaturations) and the other tail has 18 

C atoms and 1 desaturation. By comparing 12:0 and 16:0 DPPC, where the tail length increases 

from 12 to 16 carbon atoms, Tm increases from −1 °C to 41 °C. This general trend holds for other 

phospholipids; as the tailgroup is shortened, van der Waals forces are weaker and less able to hold 

neighboring lipids near one another, therefore less thermal energy is needed for the molecules to 

flow. Additionally, longer lipid tails lead to thicker bilayers.24 A second factor influencing Tm is 

carbon-carbon double bonds, or desaturations, in the tail region. The rotational rigidity of the 

double bond forces the tail to kink, preventing the lipids from packing efficiently and depressing 

Tm. The location of the desaturation plays an important role. This can be seen by comparing the 

Tm of 16:0-18:1 POPC to 16:1-18:0 Sphingomyelin (PSM). For POPC, the desaturation occurs in 

the middle of the acyl tail, leading to a significant disruption of lipid-lipid packing and a relatively 

low Tm of −2 °C. On the other hand, the desaturation in PSM is at the headgroup-tailgroup 

interface, so the tails are much straighter and can pack more efficiently, leading to a relatively high 

Tm of 40 °C. 

The headgroup also influences the bilayer properties, which have critical biological 

implications. As shown by Figure 1.1b, the chemical moieties that exist in the headgroup region 

are much more diverse than the tailgroup. There are zwitterionic species, species that can 

participate in hydrogen bonding pairs, and species that are modified with sugar molecules. These 

variations lead to differences in the bilayer dipole potential,25 the area per lipid,26 and the spatial 

proximity and alignment of neighboring lipids of different types.27 Furthermore, the headgroup is 

in direct contact with the aqueous environment and therefore the first part of the bilayer to come 

into contact with extracellular proteins, drug molecules, and other cells. Lipid headgroups with 

hydrogen bond donors and acceptors have been shown to significantly slow lipid motion and the 
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dynamics of the bound water layer at the headgroup-water interface, which influences protein 

folding and therefore function.28,29 Finally, one powerful example of the impact of covalently 

attached sugar molecules to the headgroup of phospholipids is its role in blood typing. Red blood 

cells are enriched in phospholipids modified with certain carbohydrates; type A is modified with 

N-Acetylgalactosamine as shown in Figure 1.1b while type B is modified with galactose, and these 

chemical differences lead to distinct cellular recognition events.30 

Cholesterol has a very small hydrophilic moiety, a single alcohol group, followed by a four-

ring structure, which makes it rigid, and then a hydrophobic hydrocarbon tail (Figure 1.1b). 

Because its hydrophilic domain is so small, it sits relatively deep in the lipid bilayer where a single 

molecule crosses the bilayer midplane.31 This leads to an increase in interleaflet friction, hindering 

the independent diffusion of species in the inner and outer leaflets.32 The conical shape of 

cholesterol gives it a preferred curvature, and this leads to an asymmetric distribution of cholesterol 

across the two leaflets with roughly 65 mol% of cholesterol typically residing in the outer 

leaflet.31,33,34 Cholesterol also impacts the mechanical properties of lipid bilayers in interesting 

ways depending on the surrounding lipid type. In disordered bilayers, consisting of low Tm lipids, 

cholesterol reduces the free volume available, leading to an increase in order and packing density, 

a decrease in lipid lateral mobility, and an increase in the bending modulus (stiffening effect).18,35 

On the other hand, if the lipids are saturated (high Tm, ordered) introducing a molecule with a 

dramatically different shape disrupts packing order and has a fluidizing effect. Because of its 

ability to manipulate bilayer mechanical properties, cholesterol plays a role in viral entry to cells, 

cell membrane healing processes and cell motility.36,37 

Proteins are biological polymers derived from the 20 naturally occurring amino acid 

monomers. They are assembled based on a genetic code via messenger RNA and therefore the 

sequence of amino acids is precisely controlled. The biggest difference between proteins and 

synthetic polymers is that the precise sequence control leads proteins to have specific secondary 

and tertiary structures governed by intramolecular interactions between different amino acid 
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residues.38 This enables proteins to interact via a lock-and-key mechanism where a particular spot 

of one folded protein fits specifically within a binding pocket of another. These binding 

interactions, which are extremely sensitive to the protein conformation, are the basis for events 

such as cell signaling, enzymatic catalysis, and immune cell recognition/ activation. There are 

many important proteins that are embedded within the cell membrane and play important roles. 

Importantly, there is a feedback loop between proteins and the lipid bilayer as the mechanical 

properties of the lipid bilayer can impact protein conformation while proteins can regulate the 

mechanical properties of the bilayer.39 

 

1.2.2 Lipid phase coexistence in abiotic and physiological membranes 

Since biological cell membranes consist of thousands of different types of lipids, cholesterol, 

and membrane bound proteins, it is important to consider the interplay between these molecules. 

In simplified, abiotic membrane models consisting of a low Tm lipid, a high Tm lipid, and 

cholesterol, differences in packing densities and interaction energies of the different lipid 

components leads to phase separation into a liquid-ordered phase and a liquid-disordered phase. 

The liquid-ordered phase is enriched in cholesterol and the high Tm lipid and has a higher bending 

and stretching moduli, lower translational diffusion coefficient, reduced area per lipid, and an 

increased thickness.2,15,40–42,43 Unsurprisingly, these differences lead to different interactions with 

proteins and have been shown to impact protein conformation and therefore protein function.1,44 

The phase space as a function of lipid composition and temperature has been well-mapped for 

a number of 3-component systems by Veatch and co-workers.14,41,45–47 Figure 1.2a demonstrates 

the effect of temperature and cholesterol content on the phase coexistence of 1:1 DOPC/DPPC + 

25 mol% cholesterol. Phase coexistence was observed using fluorescence microscopy by doping 

a small amount of Texas red DPPE, which is a fluorescent probe covalently tethered to a saturated 

lipid; therefore the bright phases are the liquid-ordered domains.48 In pathway 1-2, phase 

separation occurs as the vesicle is cooled and the miscibility temperature is traversed. In pathway 
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1’-2’, the vesicles were treated with methyl-β cyclodextrin, a polysaccharide with a ring structure 

that extracts cholesterol from lipid bilayers. As the cholesterol is removed, phase separation is 

observed. These images are snapshots of a dynamic process, and as phase separated domains 

collide, they coalesce to minimize surface energy, ultimately leading to a single bright domain on 

the timescale of minutes. However, if the system is held near a phase boundary, metastable 

fluctuating domains can persist that resemble spinodal decomposition, as shown in Figure 1.2b. 

Lipid phase separation also occurs in biological membranes, and Figure 1.2c is a representative 

image of this occurring in a living macrophage.49 Lipid phase coexistence in living systems is 

much more complex than in abiotic models, due to many more components and a continuously 

changing composition. The lipid-raft hypothesis, first proposed in 1997 by Simons and Ikonen,50  

asserts that the liquid-ordered domains form functional platforms (lipid rafts) that play a role in 

many cellular processes such as endocytosis,51 membrane repair,37 and cell signalling.2,3 Lipid rafts 

exist on both leaflets and can extend through both leaflets in the same lateral location. They are 

only ~10−100 nm in diameter and have short lifetimes, making them difficult to observe in living 

systems which has led to controversy over the past several decades.52,53 Currently, there is general 

agreement regarding the existence and importance of lipid rafts; however, the length and time 

scales of the liquid-ordered phase heterogeneities and the best techniques to observe them are 

subjects of debate. 49,52,54–56,57 Molecular dynamics simulations are useful due to the ability to 

construct bilayers computationally that would be difficult to obtain with an experimental abiotic 

model and their ability to probe very short timescales.2,31 Imaging techniques such as 2-photon 

microscopy, fluorescence microscopy, and confocal microscopy are useful for obtaining images 

over an entire cell or vesicle surface, capturing lateral heterogeneities; although long acquisition 

times make observing transient domains and time-sensitive processes difficult.56,58,59 Diffusion 

techniques such as fluorescence recovery after photobleaching60,61 and pulsed field gradient 

NMR41 have been applied to estimate molecular mobility of probes having preferential solubility 

in one of the lipid phases. Future improvements to the spatial and temporal resolution of all these 



8 
 

techniques will aid in generating additional knowledge about the roles of lipid rafts in disease and 

how lipid rafts can be modulated by potential therapeutics.  

 

Figure 1.2: (a) Phase map and fluorescence microscopy images of vesicles corresponding to the 

paths shown. 1-2 shows the effect of temperature and 1’-2’ the effect of cholesterol content. 

Vesicles are 1:1 DOPC/DPPC + 25% cholesterol and are ~30 μm in diameter. Figure adapted 

from Veatch and Keller, Biochimica, 2005.48 (b) Giant unilamellar vesicle of 1:1 DPhyPC/DPPC 

+ 50% cholesterol at 33 °C, close to a critical point and leading to rapid fluctuations in phase 

boundaries resembling spinodal decomposition. Scale bar is 20 μm. Figure adapted from Veatch 

and Keller, Biochimica, 2005. In panels (a) and (b) the bright domains are liquid-disordered. (c) 

Image of phase coexistence in a living macrophage via 2-photon microscopy. GP is generalized 

polarization and a higher value (orange) indicates more lipid order. Figure adapted from Gaus 

et al. PNAS, 2003 Copyright 2003 National Academy of Sciences.49 
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The discovery of lipid phase coexistence has changed the way the scientific community thinks 

about the cell membrane. Figure 1.3 shows the historical development of cell membrane models 

beginning with the Fluid Mosaic model proposed by Singer and Nicolson in 1972, which posited 

that the lipid bilayer is a disorganized, viscous fluid matrix for proteins which orient within the 

bilayer with specific conformations due to their amphiphilicity.62 After evidence of lipid phase 

separation in abiotic membrane models emerged, this model was updated by the lipid raft 

hypothesis. As mentioned above, this model accounts for heterogeneities across the bilayer surface 

that are consistent with equilibrium thermodynamics (although a living cell membrane is certainly 

not at equilibrium), and it asserts that the lipid bilayer is organized and plays an active role in many 

aspects of membrane biology. Finally, in 2011, Kusumi and coworkers developed the picket fence 

model where the actin cytoskeleton and extracellular matrix impose dynamic constraints on 

protein/ lipid raft diffusion, leading to a three-tiered hierarchical structure.63 They used single 

molecule tracking techniques to observe diffusion of fluorescently labelled proteins and saw that 

the proteins diffuse relatively rapidly within localized neighborhoods, imposed by the 

cytoskeleton, and hopping events between neighborhoods takes place on much longer timescales 

than lateral diffusion.64 
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Figure 1.3: Historical development of cell membrane models. Figure adapted from 

Kalappurakal et al. Protein Science. 2020.10 

 

1.2.3 Types of abiotic membrane models 

Because the membranes of living cells contain thousands of distinct species and because cells 

perform many active processes, abiotic membrane models enable necessary simplifications to 

develop a fundamental understanding of membrane properties and interactions between potential 

drug molecules such as polymers, proteins, peptides, and surfactants on lipid membranes. 

Secondly, abiotic membrane models obviate the constraints of performing experiments under 

physiological conditions and keeping the cell alive, thereby expanding the suite of characterization 

techniques that can be performed. Generally, there are three classes of abiotic membrane models: 

lipid monolayers, supported lipid bilayers, and vesicles. All these classes are useful because they 

are compatible with distinct sets of characterization experiments, as shown by Figure 1.4. 
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Figure 1.4: Types of abiotic membrane models and a summary of the types of experiments 

compatible with each membrane geometry. 

Lipid monolayers are very easy to prepare, as the amphiphilic nature of lipid molecules 

naturally leads to a film at the air-water interface. The experimentalist typically spreads a small 

volume of the lipid dissolved in a good solvent for both the head and the tail (chloroform) onto the 

water surface and waits for the organic phase to evaporate.65,66 Perhaps the most useful 

characterization technique that is compatible with lipid monolayers is the Langmuir Trough 

method. In this technique, the area of the interface is systematically compressed or expanded while 

the surface pressure is measured.67 This allows one to detect changes in lipid phase via a sudden 

change in the compressibility and area per molecule. Furthermore, by injecting a polymer or 

protein into the aqueous subphase, one can quantify protein or polymer insertion into the lipid 

monolayer as an increase in the surface pressure.65–69  Finally, this technique can be combined with 

fluorescence microscopy,70,71 Brewster angle microscopy,72 and surface characterization 

techniques such as grazing incidence X-ray scattering, X-ray reflectivity, to observe changes to the 

lipid phase and structural parameters in situ with monolayer compression.65  
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One criticism of using lipid monolayers as models for the cell membrane is that they only 

include half of the bilayer. Therefore, they are not well suited for systems where tailgroup 

interactions or membrane insertion depth are important. Supported lipid bilayers (SLBs) overcome 

this limitation; however, their preparation is more difficult. Typically, vesicles are prepared via 

extrusion and then introduced to the two-dimensional substrate, leading to a multi-step process 

involving vesicle adhesion, rupture, and bilayer spreading, the outcome of which is dependent on 

the surface properties of the substrate.73,74 As shown by Figure 1.4, after successful preparation, 

SLBs are compatible with a wide range of characterization techniques, enabling quantification of 

many important biophysical membrane properties and characterization of interactions between 

membranes and various types of molecules. For example, atomic force microscopy can be used to 

map the topography, the height profile of the membrane in the x-y plane, and to quantify the force 

required to puncture a bilayer in the presence of various membrane modifiers.17,75 Secondly, the 

insertion depth of macromolecules can be estimated via neutron reflectometry.17 Additionally, 

techniques such as surface plasmon resonance, quartz crystal microbalance, and microcantilever 

deflection can be used to probe the membrane binding affinity and rate constants of adsorption of 

membrane-binding molecules.73,76,77 The orientational order parameter, which characterizes the 

packing of lipid tails can be measured with solid-state NMR.78,79 Finally, the lateral diffusion 

coefficient of fluorescently labelled lipids or other types of membrane-bound species can be 

measured with techniques such as fluorescence recovery after photobleaching (FRAP) or 

fluorescence correlation spectroscopy (FCS).34,75,76,80 

Vesicles are another type of common abiotic membrane model and their distinguishing feature 

from lipid monolayers and SLBs is that they have a three-dimensional geometry, have an inherent 

curvature, and are typically freely diffusing in solution. This enables access to solution 

characterization techniques such as dynamic light scattering for particle sizing81,82 and solution-

state NMR to characterize the dynamics of membrane bound water molecules,83 the relative 

proximity between lipid components and membrane-inserted polymers,84 and the membrane 
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affinity of macromolecules.85–88 Another technique commonly employed to measure the 

membrane-affinity of a given molecule towards lipid vesicles is isothermal titration 

calorimetry.89,90 Furthermore, vesicles are commonly used to assess the bending and stretching 

moduli of lipid bilayers which are important mechanical properties governing cell membrane 

deformation. This is typically done with techniques such as flickering spectroscopy91,92 or 

micropipette aspiration.24,93,94 Liposomes, which are the cell membrane model employed in this 

thesis, are a subclass of vesicles with diameters ~50−500 nm.   

While these abiotic membrane models are tremendous abstractions from a living membrane, 

they enable access to information that would be unattainable with in vitro experiments because of 

the broad variety of characterization techniques that can be used with these models. Furthermore, 

the ability to incorporate only a few specific lipid, protein, or cholesterol molecules allows the 

experimentalist to ask targeted questions that would be impossible to answer with the confounding 

effects of active cellular processes and the extremely complex mixture of lipids that constitute a 

living cell’s membrane. Therefore, abiotic membrane models have a very important place in 

fundamental biophysical studies; however, the molecules used in each membrane model must be 

carefully chosen to ensure as much relevancy to the corresponding cellular application as possible. 

 

1.3 Poloxamers are thermoresponsive and therapeutically useful molecules 

1.3.1 Poloxamer background and thermoresponsive character 

Poloxamers are A-B-A triblock polymers, where the A block is poly(ethylene oxide) (PEO) 

and the B block is poly(propylene oxide) (PPO). Poloxamers are commercially produced by BASF 

under the trade name Pluronics® and have widespread utility because of their aqueous solubility, 

amphiphilic nature, and biocompatibility. Their chemical structure is shown in Figure 1.5a, and 

they are available over a wide range of compositions and molecular weights as shown by Figure 

1.5b. Throughout this thesis, blue will represent PEO and red will represent PPO. The naming 

convention used in Figure 1.5b was developed by BASF to communicate the physical appearance 

of the formulation and details of the architecture. The letter indicates if the bulk formulation is a 
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liquid (“L”), paste (“P”), or flake (“F”). The final digit can be multiplied by 10 to give the wt% 

PEO and the preceding digit(s) can be multiplied by 300 to give the molecular weight of the PPO 

block. This nomenclature is opaque to all except those very familiar with poloxamer formulations, 

so I will use it sparingly and instead favor the nomenclature ExPyEx where E indicates PEO, P 

indicates PPO, and x and y are the number averaged degree of polymerization of the corresponding 

block. 

The structures of the PEO and PPO repeat units give poloxamers interesting, and useful, 

properties in aqueous solution. The oxygen atoms in both units can form hydrogen bonds with 

water, leading to a bound water shell.95,96 The methyl group of PPO makes it harder for water 

molecules to interact with the oxygen atoms, leading to fewer H-bonds per oxygen and a longer 

H-bond distance in PPO relative to PEO.96 This makes PPO less hydrophilic than PEO, giving 

poloxamers amphiphilic character and surfactant-like properties, making them useful for 

applications such as detergents, foams, and emulsifiers.97,98 Furthermore, because H-bonding is an 

entropically driven phenomenon, it is sensitive to temperature. Thus, the H-bonded water shell 

dehydrates as temperature is increased, going from 6 H-bonds/ O atom in PEO at 25 °C to only 1 

H-bond/ O atom at 70 °C.96 This mechanism makes aqueous poloxamer systems thermoresponsive, 

with lower critical solution temperature behavior, meaning that chains dissolve in solution at low 

temperatures and then form aggregates and phase separate into polymer-rich and polymer-poor 

domains at elevated temperatures. This phase separation leads to clouding, and the temperature at 

which it occurs is called the cloud-point temperature, Tcp. The solvent quality of water for 

PEO/PPO chains can also be modified by adding salt to the solution as the electrolyte disrupts the 

water shell, thus depressing Tcp.
99 
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Figure 1.5: (a) Structure of a poloxamer. (b) Commercially available poloxamer formulations, 

figure adapted from Alexandridis et al.100 (c) Sketch of many poloxamer chains aggregating into 

a micelle – a particle with a distinct core-corona structure which occurs at sufficiently high 

temperatures and/ or concentrations. (d) Sketch of a solution to gel transition of a concentrated 

poloxamer solution and corresponding DSC and rheology data corresponding to the two 

transitions. Figure 1.5d was adapted from White et al. and used with permission.101 

 

1.3.2 Micellization thermodynamics and importance 

One consequence of the thermoresponsive nature of poloxamer solutions is micellization, 

which is illustrated by Figure 1.5c and is defined as the aggregation of many chains into a structure 

with a well-defined solvophobic core and solvophilic corona. Micelles can be exploited for 

applications such as viscosity modification, as excipients to stabilize hydrophobic drugs, and as 

drug-delivery vehicles.97 Key parameters of micellization are the critical micellization 

concentration (CMC), the concentration at which micelles first appear in solution, the critical 
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micellization temperature (CMT), the temperature at which micelles first appear in solution, the 

aggregation number (Nagg), the number of chains that occupy a micelle, and the hydrodynamic 

radius (Rh), which characterizes the rate of diffusion if the micelle were a hard sphere. There are 

several equilibrium theories that have been used to develop scaling relationships between polymer 

parameters such as molecular weight (Mn), composition (fraction of the solvophobic block), the 

interaction energies between each of the two blocks and the solvent (χA-S, and χB-S), and the 

interfacial energy at the core/corona interface (γ) to the CMC/ CMT, micelle radius of gyration 

(Rg), and Nagg.
102,103 These models consider the entropic cost of localizing many chains together, 

an elastic chain stretching penalty (also an entropic contribution), and the enthalpic interfacial 

energy at the core-corona interface.103  

Model predictions are consistent with experimental results in some contexts; however, it 

should be noted that there are significant energetic barriers to micelle formation and it is a multi-

molecular process, so it is easy for micellar systems to be out of equilibrium, and this is true for 

poloxamer systems.104,105,106 Furthermore, due to composition dispersity, micellization of polymer 

solutions is not a strict phase transition, but rather it occurs over a range of temperatures and 

concentrations, is sensitive to sample preparation, and different measurement techniques often lead 

to different estimates for the CMC or CMT.97 Common techniques used to detect micelles are dye 

solubilization,97 differential scanning calorimetry (DSC),101 surface tension measurements,107,108 

and dynamic light scattering (DLS).87,109,110,111,112 Alexandridis et al. performed a systematic study 

of poloxamer micellization using a dye solubilization technique and found that the CMC and CMT 

decrease exponentially with increasing PPO block length. Furthermore, when the PPO block 

length was fixed, CMC marginally increases with increasing PEO block length. Therefore, 

although increased PEO content delays the onset of micellization with increasing temperature or 

concentration, the hydrophobic block length is a far more critical parameter.97 The hydrophobic 

block was also found to dominate the micellization of PEO-PBO diblocks and triblocks.112 As can 

be seen by the DSC data in Figure 1.5c, micellization of a poloxamer solution is endothermic. 
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Therefore, it must be an entropically dominated phenomenon which might seem counterintuitive 

as one might expect aggregation of many individual polymer chains into a single micelle to have 

an entropic penalty. However, as poloxamer chains aggregate, the PPO blocks are dehydrated and 

the increase in the translational entropy of the water molecules is much larger than the entropic 

penalty of the chains aggregating. 

Measuring the CMC is of practical importance for two reasons: first, it is important to 

understand the distribution of chains between the unimer and micellar states, as these states can 

have different functions in any given application. Second, an estimate for the CMC can be used to 

calculate the free energy change of micellization via Equation 1: 

∆G
0 = RT×ln(χ

CMC
)         (Eq. 1) 

where R is the universal gas constant, T is the temperature in Kelvin, χCMC is the CMC in mass 

fraction units, and ΔG0 is the free energy difference between micelles and free chains at 

atmospheric pressure and temperature. ΔG0 can then be used as a proxy for hydrophobicity when 

comparing molecular designs. 

A second interesting consequence of poloxamer thermoresponsivness is gelation behavior. If a 

micellar poloxamer solution is at a sufficiently high concentration (>15 wt%), it will undergo a 

reversible solution-to-gel transition as temperature is increased. Gelation leads to an increase in 

the storage modulus by several orders of magnitude and is illustrated in Figure 1.5d.101 This 

transition is caused by ordering of the micelles onto a lattice and it is sensitive to polymer 

architecture, molecular weight and composition. Careful tuning of these properties has been used 

to develop a drug delivery platform for antimicrobials across the tympanic membrane as a 

treatment method for ear infections with high patient compliance.101 
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1.4 Poloxamers as cell membrane stabilizers 

1.4.1 Cell membrane stabilization via poloxamers in cellular and animal models 

In addition to applications as gels and micelles for drug delivery, individual poloxamer chains 

interact with phospholipid bilayers. In the early 1990s, Thomas et al. and Papoutsakis et al. 

independently discovered that adding F68 (E75P30E75) to bioreactors stabilized mammalian cells 

against shear stresses.113,114 Initially, this was thought to be because the surfactant properties of 

F68 stabilized the surface foams, therefore minimizing bubble bursting events which are known 

to stress nearby cells. However, Thomas and co-workers showed via micropipette aspiration that 

F68 increases the bending modulus and lysis tension of the cell membranes, suggesting that the 

polymer chains directly interact with the cell membrane and manipulate its mechanical 

properties.114 Since poloxamers are amphiphilic molecules, it is not surprising that they interact 

with amphiphilic phospholipid bilayers.  

In 1992, Lee and co-workers were the first to document the membrane stabilizing effect of F68 

both in vitro and in vivo.9 They showed that F68 reduced the release of an intracellular fluorophore 

after exposure to an electrical shock in vitro and simultaneously increased the electrical resistance 

of muscle tissue and reduced the inflammatory response after electrical injury in a mouse model.9 

Since that discovery, F68 and similar poloxamers have demonstrated efficacy in reducing damage 

against a very wide range of stresses that cause cell membrane instability. For example, F68 

treatment has been shown to reduce release of macromolecules from neurons that experience shear 

stress115 or mechanical trauma.116 Therefore poloxamers show potential as a treatment for 

traumatic brain injury (TBI), as a hallmark of TBI is shear stress which reduces the ability of the 

cell membrane to regulate transport of macromolecules.115–117 Furthermore, several research 

groups have demonstrated that poloxamers protect neuronal cells,69,118,119 testicular cells,120 and 

cardiomyocytes121,122,123 from oxygen/ glucose deprivation (OGD), therefore holding potential as 

therapeutics for stroke and heart attack victims. The beneficial effects of poloxamers have also 

been observed in vivo as Bartos and co-workers demonstrated that intracoronary treatment of F68 

reduces heart damage after a myocardial infarct (heart attack) in a pig model.124 Additionally, 
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several poloxamers, and another commercially available PEO-PPO copolymer architecture called 

poloxamines, have demonstrated an ability to protect cells from oxidative damage, which is caused 

by radical species produced by nutrient deprivation or ionizing radiation. Oxidative damage leads 

to a loss of membrane barrier properties, a reduction in membrane thickness, and reduced lateral 

lipid diffusion coefficients. 81, 125–129 Finally, in 2005, Metzger and co-workers were the first to 

demonstrate that the membrane sealing effects of poloxamers have beneficial implications for 

patients with muscular dystrophy.7 In muscular dystrophy patients, skeletal and heart muscle cells 

under express dystrophin, a protein that connects the cell membrane to the actin cytoskeletal 

network and acts as a molecular force-dampener as the muscle cells contract.13 Without dystrophin, 

the membranes of muscle cells develop rips or pores, leading to free diffusion of proteins and ions 

such as Ca2+ across the membrane. This causes mitochondrial damage, metabolic exhaustion, and 

an inability to control muscle cell contraction, ultimately leading to a loss of the force a muscle 

tissue can exert over time.13,130,131 Call and co-workers and Houang and co-workers used distinct 

animal models to show that poloxamer treatment reduced the loss of force over repeated 

lengthening-contraction cycles in ankle and quadriceps tissues of dystrophic mouse models, 

respectively.130,131 

The ability of poloxamers to improve barrier properties of many different cell types across a 

diverse range of stresses highlights their therapeutic promise as treatments for heart attacks, 

strokes, radiation damage, and muscular dystrophy. To fully realize the potential of poloxamers, 

we must understand the molecular mechanism, or more likely mechanisms, behind their protective 

effects. Mechanistic investigations have been ongoing since the original discovery by Lee and co-

workers in 1992, and while significant progress has been made, there are still many open questions 

and competing stabilization mechanisms that have been proposed. In the next sections, I will 

highlight a few open questions and then summarize recent advances in our understanding of the 

stabilization mechanism(s). 
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1.4.2 Summary of open questions 

One open question in the field is: to what extent are active cellular processes and cell signaling 

events involved in the protective effect of poloxamers? Because PEO-PPO block polymers are 

flexible macromolecules with no specific conformation, they will not have any specific 

interactions with proteins. Thus, one might expect that poloxamer presence would have little effect 

on cell signaling since these events necessitate protein-protein interactions in a lock-and-key 

mechanism. However, there is a tremendous amount of experimental evidence that PEO-PPO 

block polymers affect many cell signaling pathways that govern a range of cell behavior. For 

example, F68 presence during oxidative stress limited changes in gene expression of pathways 

involved in reorganization of the cytoskeleton such as cofilin 2, thymosin beta 4, and profilin 1.128 

Additionally, PEO homopolymer and poloxamers inhibited caspase 3 and cytochrome c production 

in response to hypoxia/ reoxygenation insult; thereby interfering with the apoptosis cascade.118,121 

Recently, Crabtree et al. performed RNA sequencing on C2C12 myoblasts subjected to osmotic 

stress in the presence of either F68 or a PEO homopolymer to get a complete picture of changes 

to mRNA expression in various treatments.132 They found that both polymers induce changes in 

gene expression; although there was little difference between these polymers. Additionally, 

osmotic stress significantly alters gene expression and polymer presence does not return it to 

unstressed levels, despite the well documented protective effects.132  

One plausible mechanism for how polymers could alter gene expression is by modulating lipid 

rafts. As discussed in Section 1.2.1, lipid rafts impact protein conformation, which affects cell 

signaling and therefore gene expression. Osmotic stress changes the area per lipid, and oxidative 

stress breaks carbon-carbon double bonds in the tail region. Both of these effects alter the line 

tension in the membrane which has been identified as a key determinant of lipid phase 

separation.133,125,134 By inserting into the cell membrane, polymers exert a lateral pressure and 

reduce membrane tension135–137 which could impact the equilibrium between liquid-ordered and 

liquid-disordered domains. There has been one study to date which demonstrated that a PEO 

homopolymer with Mn ~15-20 kDa prevented the coalescence of lipid rafts upon exposure to 
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ionizing radiation.125 Another possible mechanism for polymer impacting cell signaling under 

stress is that by stabilizing the membrane, the polymer limits the cell’s active responses to 

membrane stress. For example if polymer binding limits free diffusion of ions across the 

membrane, it could inhibit the apoptosis cascade.13 

Another significant debate in the field is whether poloxamers act by preventing damage from 

occurring (protective effect), or by facilitating innate membrane repair processes (facilitated 

healing). Work by Togo et al. developed an in vitro assay where fibroblasts were damaged with a 

microneedle and the release of a fluorophore was observed by continuously recording fluorescence 

intensity in the supernatant over time.137 The time at which the supernatant fluorescence stabilizes 

was taken as the membrane resealing time. They found that F68 presence decreased the membrane 

resealing time in the presence and non-presence of endocytosis inhibitors, suggesting that F68 

facilitates pore closure via a passive process. In a second paper from the same group, they 

correlated the reduced membrane resealing time with a reduction in the membrane tension.137,138 

Kwiatkowski et al. tracked the release of an intracellular fluorophore following a laser ablation 

insult and similarly found that F68, and other poloxamers, reduced the resealing time.139 It should 

be noted that in both of these studies, the poloxamer was present prior to the injury, and because 

membrane resealing occurs on the order of 100s of seconds, it is impractical to add polymer after 

the injury. Therefore, although poloxamer presence accelerated pore closure, it is still possible that 

the poloxamer had a protective effect by limiting the extent of the injury in addition to facilitating 

repair after injury. Additionally, Shelat et al. performed an in vitro OGD deprivation assay where 

F68 was introduced at several timepoints pre/post damage. They found that as long as F68 was 

introduced within 12 hours after damage, there was no difference in the percent viability of the 

neuronal culture 24 hours after the stress was imposed.118 They argued that F68 interfered with the 

apoptosis cascade thereby preventing cell death even if it was not present when the damage 

occurred. On the contrary, in a multi-step myocardial infarct porcine model, Bartos et al. observed 

that the efficacy of F68 is markedly higher when it is present prior to damage as compared to only 
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after damage occurs, suggesting that in this scenario the protective effect is far stronger than the 

facilitated healing effect.124 There are a number of animal studies that have documented both the 

timing and delivery route of poloxamers can lead to differing protective efficacy.13,131 Ultimately, 

both the protective and rescue effects are consistent with molecular mechanisms and there is 

experimental evidence for both contributions. Which effect dominates is likely dependent on the 

cell type and the dynamics of the stress imposed. 

Finally, the molecular details of the membrane stabilization mechanism remain elusive, 

hindering the engineering of better therapeutics. Understanding what parameters of the block 

polymer (end groups, composition, molecular weight, architecture) affect interactions with cell 

membranes is key to engineering the next generation of membrane therapeutics. Additionally, 

understanding what biological molecules in the cell membrane are involved in polymer-membrane 

interactions and what cell membrane features play a role could inform molecular design choices. 

To answer these questions, many studies have been performed using molecular dynamics 

simulations, simplified abiotic membrane models, cellular assays, and in vivo experiments to gain 

fundamental insights into the mechanism(s) of action. 

 

1.4.3 Summary of current mechanistic understanding 

Pulsed field gradient NMR,85,87 isothermal titration calorimetry,81 and microcantilever 

deflection80 experiments have demonstrated that increasing the hydrophobicity of the molecule, 

which is dictated by the ratio of PEO to PPO units, increases the association of polymer with 

liposomes. Poloxamers with 80 wt% PEO or higher have low to undetectable binding with 

phospholipid bilayers; however, as mentioned above F68 (80 wt% PEO) is one of the most widely 

used and efficacious membrane stabilizers.6,85 This suggests that binding to liposomes does not 

necessarily inform protection efficacy and that polymers with weak bilayer association can still 

have a therapeutic effect. Additionally, hydrophobic poloxamers having < 30 wt% PEO accelerate 

lipid flip-flop and destabilize cell membranes, which has applications for enhancing delivery of 
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chemotherapeutics to tumor cells.140–142 Clearly, the composition of the polymer matters as 

hydrophobic and hydrophilic poloxamers have very different effects on the cell membrane. 

Increasing the molecular weight, at the same composition, also increases the membrane affinity; 

however this effect is less pronounced than the effect of composition.85 It is important to note that 

membrane binding is not unique to commercially available triblock poloxamers, as diblock PEO-

PPO and PEO-PBO copolymers have also shown the ability to bind to liposomes.85,87 In the 

diblock architecture, the end-group on the hydrophobic block impacts binding and protection 

efficacy with the relatively bulky, hydrophobic tert-butyl group leading to the highest affinity and 

best protection.6,85,143 Molecular dynamics simulations have shown that increasing the 

hydrophobicity of the PPO block end-group leads to a deeper insertion depth.143 These results are 

summarized by Figure 1.6a and can be described by the anchor-and-chain hypothesis which asserts 

that binding is driven by the PPO block due to entropically dominated hydrophobic forces. The 

PPO block inserts into the acyl region of the bilayer while the PEO blocks persist near the extra-

cellular leaflet and interact with the lipid headgroups and bound water layer. 
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Figure 1.6: (a) Sketch of the anchor-and-chain interaction hypothesis. PEO homopolymers and 

PEO-PPO block copolymers with high wt% PEO may weakly adsorb to exterior leaflet while 

increasing the PPO block content or end-group hydrophobicity leads to higher membrane 

affinity and deeper insertion. (b) Time course of an injury resulting in membrane damage 

without polymer (0) and in the presence of poloxamer (1-3). Both figures were adapted from 

Houang et al. and used with permission.13 

 

The anchor-and-chain hypothesis is also consistent with Langmuir trough experiments performed by 

Lee and co-workers that showed that F68 preferentially inserts into lipid monolayers at low surface 

pressures (high area per lipid), which are analogous to damaged regions of the bilayer.65,66,71 This result was 

also corroborated with MD simulations that showed hydrophilic polymers only insert into bilayers when 

there is an applied strain.144 Upon insertion into a DPPC monolayer, the F68 chain exerts a lateral pressure, 

reducing the area available and inducing ordering of the lipid tails at a higher area per lipid than in a neat 

monolayer. Furthermore, the lattice parameters of the crystalline phase are unchanged by polymer 

presence.65 This result suggests that the PPO block is inserted into the acyl region rather than the polymer 

being exclusively adsorbed to the exterior leaflet. Furthermore, since polymer presence does not change the 

crystal structure of ordered domains, the polymer must be excluded from the crystalline domains.66 

Additionally, if surface pressure in the trough is increased after the polymer is inserted, eventually the 

pressure-area isotherms of neat lipid monolayer and lipid monolayer + polymer overlap, indicating that the 
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polymer is squeezed out. The implication is that the polymer can adsorb at regions of high area per lipid, 

disordered or damaged regions of the cell membrane, then as the cell’s innate healing processes repair the 

membrane, the polymer is squeezed out.  

In addition to constraining the area of nearby lipids, polymer insertion changes the dynamics and 

mechanical properties of the bilayer. Recent results using 1H Overhauser dynamic nuclear polarization 

enhanced NMR experiments showed poloxamer binding slowed the rate of diffusion of water in the layer 

just above the lipid headgroups.83,145 By slowing diffusion in this region, membrane-bound polymers could 

act as a diffusive shield, slowing the diffusion of radical or ionic species across the membrane. Van Zee et 

al. used micropipette aspiration to measure the bending and stretching moduli of POPC vesicles in the 

presence of poloxamers over a range of molecular weights and compositions. They found that poloxamer 

binding does not significantly change the bending modulus; however low molecular weight poloxamers 

reduced the stretching modulus, the amount of energy required to create new membrane area by pulling 

neighboring lipids apart, by ~10% and high molecular weight poloxamers reduced it by ~30%.94 These 

results are consistent with the studies by Togo et al. that found that poloxamer treatment reduced line tension 

of the cell membrane in living cells.137,138 

Finally, work by Zhang et al. explored poloxamer-lipid bilayer interactions by building liposome 

models with mixed compositions.82,86,146 First, the membrane constituent with the most significant impact 

is cholesterol, as increasing cholesterol content dramatically reduced polymer binding independently of 

polymer composition and molecular weight.86 At a cholesterol content > 20 mol%, no polymer binding was 

observed via PFG-NMR. As mentioned in section 1.2.1 cholesterol changes the mechanical and structural 

properties of lipid bilayers. Specifically, micropipette aspiration and 2H NMR spectroscopy experiments on 

mixed POPC/ sterol vesicles showed that increasing sterol content led to an increase in the stretching and 

bending moduli and an increase in packing order.147 Combining these results suggests that polymer insertion 

is more difficult as the membrane becomes stiffer and more ordered. Therefore, one might hypothesize that 

in a living cell membrane, the polymer will preferentially insert into liquid-disordered domains. 
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As the lipid headgroup region is the first part of the bilayer that the polymer contacts, it is not surprising 

that it has a significant effect on polymer-lipid bilayer interactions. In POPC/POPG mixed bilayers (see 

Figure 1.1b for structures), as POPG content increases, the binding of F127 increases, which was attributed 

to hydrogen bonding between the POPG headgroup and the ether groups of the PEO/PPO units.146 

Additionally, if both lipid tails have a desaturation or if multiple desaturations are added, F127 binds more 

readily.82 Most surprisingly, in mixed POPC (one unsaturation, Tm = −2 °C)/ DPPC (saturated, Tm = 41 °C) 

bilayers, the fraction of F127 chains bound has a non-monotonic relationship with DPPC fraction.82 At low 

DPPC content, increasing the saturated component decreased binding until ~30 mol% DPPC at which point 

there is a significant increase with added DPPC content.82 This could coincide with the onset of gel/fluid 

coexistence in the mixed bilayers. 

 

1.5 Contributions of this thesis 

In this thesis, I expanded the set of block polymer amphiphiles available as membrane 

stabilizers by developing a synthetic scheme for the preparation of bottlebrush PEO-PPO diblock 

polymers, which will be referred to as “bottlebrush poloxamers” (BBPs) in the rest of this thesis. 

Bottlebrush polymers consist of polymer side chains grafted onto a central backbone as shown by 

Figure 1.7. Bottlebrush polymers have an extensive parameter space, including the length of the 

side chains (Nsc), the length of the backbone (Nbb), and the spacing between side chains (Ng). 

Importantly, there are relationships between these parameters and properties of the molecule such 

as side chain flexibility,148,149 persistence length,150 shape,151,152 and the ability to share space with 

other macromolecules.153,154 Unfortunately, propylene oxide is vulnerable to side reactions during 

radical155 and anionic polymerizations,156,157 making the synthesis of BBPs non-trivial. Chapter 3 

describes a scalable synthetic strategy that provides control over all the parameters mentioned 

above. Additionally, the micellization behavior of BBPs is compared to that of linear poloxamers 

in an aqueous environment. 
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As described in sections 1.3.3 and 1.3.4, the linear poloxamer parameter space has been 

extensively explored for improved membrane stabilizers. While significant mechanistic insights 

have been gained, little improvement over the efficacy of F68, the first-in-class molecule, has been 

obtained. Furthermore, due to its low molecular weight, F68 is cleared by the kidneys relatively 

quickly t1/2 ~ 24 h,158,159 necessitating frequent injections to patients with muscular dystrophy. I 

hypothesized that the relationships between bottlebrush architectural parameters and polymer 

properties could be exploited to simultaneously gain mechanistic understanding of polymer-lipid 

bilayer interactions and realize more efficacious molecules. Chapter 4 presents a systematic study 

where the effects of BBP architectural parameters on polymer binding to POPC liposomes and 

cellular protection efficacy against osmotic stress were explored. This work culminated in 

understanding a likely membrane-bound BBP conformation, polymers with enhanced membrane 

affinity, and BBPs that outperform the first-in-class control in a cellular level in vitro osmotic stress 

assay and in a tissue level lengthening-contraction assay. 

 

Figure 1.7: Sketch of bottlebrush poloxamer architecture and its architectural parameters. 

 

The second major thrust of this thesis was to explore the effects of two potentially important differences 

between abiotic liposome models and the physiological condition: temperature and lipid phase coexistence. 

Due to the thermoresponsive character of poloxamers and the importance of the hydrophobic effect in 
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polymer-membrane binding events, temperature could have a significant impact on polymer-lipid bilayer 

interactions. Previous studies by our group and others have probed the stabilization and binding 

mechanisms of amphiphilic block polymers and lipid monolayers, bilayers, and liposomes; however, most 

of these studies have been done at a single temperature, often room temperature. While the findings of these 

studies are relevant and impactful, understanding the impact of temperature is important to accurately 

compare prior results done at different temperatures and to put mechanistic insights into context with the 

physiological temperature. I employed an established PFG-NMR binding assay to study the effect of 

temperature on polymer-lipid bilayer interactions over a range of polymer compositions and molecular 

architectures. I found that over a relatively narrow range of temperature, 27 °C (temperature of prior 

experiments by our group) and 37 °C (physiological temperature), the fraction of F127 chains bound to a 

POPC membrane increases by roughly an order of magnitude. Furthermore, the system exhibits a surprising 

time-temperature dependence, which is interpreted based on transport across the lipid bilayer. 

Finally, as discussed in Section 1.2.2, lipid rafts play many important roles in cell membrane biology 

including regulating protein conformation and therefore cell signaling. Prior work by our group has 

explored the impacts of cholesterol, the lipid headgroup, and the lipid tailgroup exclusively in two-

component liposome systems. While these systems co-exist as solid ordered (gel) and liquid disordered 

(fluid),160 they are not the ideal model for lipid rafts. Instead, a model liposome that exhibits liquid-ordered/ 

liquid-disordered phase coexistence would more accurately represent the fluid nature of lipid rafts. This can 

be achieved using three-component models with cholesterol, a saturated lipid, and an unsaturated lipid. In 

Chapter 6, I constructed three-component liposomes of POPC/PSM/Chol (see Figure 1.1 for structures) 

over a range of compositions. This system was chosen because these components are abundant in 

mammalian cell membranes and it has a well characterized phase space.47 I found a non-monotonic 

relationship between polymer binding and the mole fraction of the saturated lipid. Interestingly, binding is 

maximized over a window of the phase space where there is liquid-ordered/liquid-disordered co-existence, 

perhaps suggesting that the borders between these two phases present attractive binding sites. If this 
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suggestion is true, one might expect the polymer to play a role in regulating lipid rafts in cell membranes, 

possibly explaining how polymers impact such a diverse range of cell signaling pathways. 
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Chapter 2: Important experimental methods 

2.1 Liposome extrusion 

Liposomes of a controlled size and composition were prepared via extrusion through a 

polycarbonate filter with a defined pore size using a mini-extruder (Figure 2.1 - Avanti polar 

lipids). There are three steps to producing liposomes: form a lipid film with a desired mixture of 

lipids and cholesterol, hydrate this film in the desired aqueous solution, and then extrude this 

polydisperse solution of vesicles through a filter with the desired pore size. 

 

 

Figure 2.1: (Upper) Fully assembled Avanti mini-extruder setup used to prepare liposomes 

throughout this thesis. (Lower) Sketch of the mini-extruder setup with each part labelled. This 

figure was adapted from the Avanti website (https://tinyurl.com/t4n7nuss). 

 

Chloroform solutions of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 

sphingomyelin (PSM), and cholesterol at known concentrations were mixed to control the 

composition of the liposomes. The lipids are dissolved as single molecules because chloroform is 

a good solvent for the tailgroup and headgroup. Then, the chloroform is slowly removed by 

flowing a filtered stream of N2 over the solution as the vial is rotated. It is critical to remove all 

the chloroform to ensure the liposomes are stable, so the vial is then placed under high vacuum for 

https://tinyurl.com/t4n7nuss
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≥1 h. If chloroform is not removed, the bilayer is disrupted, and the liposomes destroyed within 

hours. 

The second step in the protocol is hydrating the lipid film. This was done in H2O, D2O, aqueous 

buffers,82 or sugar solutions,94 depending on the experimental requirements. It is critical that 

hydration is done above the highest Tm in the lipid mixture, to ensure uniform hydration of all 

components and therefore a nearly uniform lipid composition across all vesicles in the solution. 

For POPC liposomes with and without cholesterol (Tm = −2 °C), this was done at room temperature 

on a vortex plate for at least one hour. If a higher Tm lipid such as DPPC (Tm = 40 °C) or PSM (Tm 

= 41 °C) was included in the formulation, then rapid cycles between a water bath at 50 °C and the 

vortex plate (30 s at each step) were performed (although a sonication bath with a controllable 

temperature would be a preferred method). 

After hydration, the lipids exist as multi-lamellar vesicles with a very broad size distribution 

and variable numbers of lipid bilayers in each structure. The final step of the liposome protocol is 

to extrude this solution through a filter with a known pore diameter, which is 50 nm, 100 nm or 

200 nm for experiments in this thesis. The mini-extruder is assembled from the components shown 

in Figure 2.1, and the manufacturers protocol were found online with the following link: 

https://tinyurl.com/t4n7nuss. First, a drop of the desired solvent is placed on the internal membrane 

supports, then a filter support is placed on top of this drop. One of the membrane + filter supports 

assemblies is placed into the extruder outer casing and the filter support is re-adjusted to be in the 

center of the membrane support and not overlapping with the O-ring. Then, a polycarbonate 

membrane of the desired pore diameter is gently placed on top of the filter support within the metal 

casing. Finally, the second filter support assembly is gently slid into the metal casing and the 

retainer nut + Teflon bearing are screwed onto the metal casing. It is best practice to run the desired 

aqueous solution through the extruder 4-6× to ensure there are no leaks in the system prior to 

extruding the vesicle solution. The volume of the mini-extruder is ~0.2 mL, so the first pass will 

appear to have a volume loss even when there is no leak. After hydration, the polydisperse vesicle 

https://tinyurl.com/t4n7nuss
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solution will have an opaque, milky appearance and during extrusion the solution becomes 

translucent with a slight blue tint due to the change in the size of the vesicles from ~1 μm to 

~50−200 nm liposomes. 

The quality of all liposome preparations was validated by dynamic light scattering (DLS). 

Section 2.2 will discuss the theory of DLS measurements, describe practical considerations and 

the methodology for liposomes, and present a representative dataset for high quality liposomes. 

 

2.2 Dynamic Light Scattering 

2.2.1 Dynamic light scattering fundamentals 

Dynamic light scattering is a solution characterization technique that is commonly employed 

to measure the size distribution of suspended particles such as polymer micelles and 

liposomes.35,85,87,109,161,162 A laser is shone through the sample and the intensity is recorded as a 

function of time, as shown in Figure 2.2. Within what looks like noise is encoded a characteristic 

timescale due to concentration fluctuations as individual particles diffuse in and out of the laser 

path.163 If the relaxation mode is diffusive, a requirement for accurate particle sizing which were 

validated with a multi-angle measurement, the characteristic timescale τdiff ~ (q2Dm)-1. Here, Dm 

is the mutual diffusion coefficient and q is the scattering vector which were calculated according 

to Equation 2.1: 

q = 
4πn

λ
sin(

θ

2
)         (Eq 2.1) 

where n is the refractive index of the solvent, λ is the wavelength of the laser, and θ is the angle 

between the incident laser and the detector. The mutual diffusion coefficient were estimated by 

calculating the correlation function g2(τ) as a function of a differential time step (τ) from the data 

shown in Figure 2.2a via Equation 2.2 below: 

g
2
(τ)=

〈I(t)I(t+τ)〉 

〈I(t)〉 
2         (Eq 2.2) 

where I(t) is the measured scattering intensity at the given time. A sketch of the correlation function 

is shown in Figure 2.2b. At small values of τ relative to τdiff, the particles have hardly moved so g2 
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~ 1. This were visualized by the black and orange circles in Figure 2.2 which both reside on the 

same peak and hence are highly correlated. At large values of τ relative to τdiff, the particle has 

diffused a large distance, randomizing its position, and the scattering intensity at t + dt is equally 

likely to be above average as it is below average. Therefore, the numerator of Eq. 2.2 approaches 

zero, which is illustrated by the black and green circles in Figure 2.2. 

 

 

Figure 2.2: (a) Raw data of a DLS measurement is the scattering intensity as a function of time. 

(b) Illustration of the correlation function which is calculated from the data in Figure 2.2a. The 

short (black vs orange) and long (black vs green) time limits relative to the timescale of diffusion 

are illustrated to highlight how the correlation function is calculated. Figure adapted and used 

with permission from Andreas Mueller. 

 

The important regime of g2 is where it decays from the plateau at early differential times to 

zero. This decay is exponential in time, just like the solution to Fick’s law describing the time 

decay of concentration fluctuations.163 Therefore, by fitting g2 to a function with an exponential 

form, one can estimate Dm. The most common fitting function for sizing particles with a uni-modal 

size distribution is the second cumulant model: 

 g
2
(τ)-1=Bexp[-Γτ+2k2τ2]        (Eq. 2.3) 

where B is a fitting parameter controlling the height of the plateau and is of little consequence, Γ 

is a fitting parameter known as the 1st cumulant and is related to the mutual diffusion coefficient 

(Γ = Dm), and k2 is fitting parameter known as the 2nd cumulant and is related to the breadth of the 

size distribution. In the dilute limit, the mutual diffusion coefficient is equal to the translational 
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diffusion coefficient, so Γ were related to the hydrodynamic radius (Rh) via the Stokes-Einstein 

equation: 

 Rh=
kBT

6πη
s
Γ
         (Eq. 2.4) 

where kB is Boltmann’s constant, T is absolute temperature, and ηs is the solvent viscosity. 

Furthermore, the polydispersity of the particle size distribution were calculated from the ratio of 

the 1st and 2nd cumulants via Equation 2.5: 

 Đ=1+k2/Γ2.         (Eq. 2.5) 

Another useful fitting function is the biexponential model which is often employed for particle 

size distributions that are expected to be bimodal such as micelles undergoing fragmentation162 or 

coexisting micelles and unimers.109 This model is given by Equation 2.6 below: 

 g
2
(τ)-1=B1exp[-Γ1τ] + B2exp[-Γ2τ]      (Eq. 2.6) 

where Bi and Γi are the coefficient and 1st cumulant corresponding to the ith population. To reduce 

the number of fitting parameters, the 2nd cumulant is often neglected in both exponents, therefore 

this function fits the decay to two delta functions, meaning the dispersity of both populations is 

neglected. 

 

2.2.2 Practical considerations for DLS measurements 

Since DLS measures the scattering intensity, dust contamination is a significant issue. If dust 

is present, there will be sudden spikes in the observed intensity and the calculation of the 

correlation function will be inaccurate rending it impossible to accurately fit g2 to the models 

described above. Therefore, DLS samples must be filtered using a compatible filter with a pore 

diameter of 0.2−0.4 μm and placed into a clean, scratch-free tube; the outside of the tube should 

be wiped thoroughly prior to placing in the instrument. 

Secondly, the sample must be dilute for two reasons: first, the rate of decay of g2 is related to 

the mutual diffusion coefficient which can only be related to Rh if the solution is in the dilute limit 
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where Dm = Dt. Second, if the sample is too concentrated, then non-diffusive relaxation modes can 

contribute to g2. For polymeric samples, one must always perform the experiment at ~10% of the 

critical overlap concentration. For liposomes or spherical particles, an upper bound of 

concentration is not straightforward to calculate and instead one should perform the experiment 

over a range of concentrations and see if Rh changes. Although Rh was estimated from a single 

DLS measurement, it is best practice to perform multiple measurements at different angles. Then, 

a plot of Γ vs q2 were constructed which will be linear and have a y-intercept of zero if and only if 

the relaxation mode being observed is diffusive. The slope of this curve gives Dt. 

When performing a DLS experiment on a new sample, it is informative to estimate the τ range 

that will encompass the relaxation rate of the particles. The timescale of the experiment depends 

on q and Dt. Since most light scattering instruments have a single incident wavelength, the 

scattering vector, q, is only a function of the angle range of the instrument and is typically limited 

from 0.005−0.05 nm-1. After calculating the q range, one can estimate the particle size to determine 

a good starting point for the minimum and maximum τ values used in the experiment. A sample 

calculation is outlined in Example 9.5 of Polymer Chemistry 3rd Edition.163 Practically, since a 

DLS measurement only takes minutes to acquire data at a given angle, one can hone in on an 

optimal q-range via trial and error until a plateau region is observed at small τ and at long τ, as 

were seen by the data presented in Figure 2.3a. 

 

2.2.3 DLS method and representative data for POPC liposomes 

After every preparation of liposomes, a DLS measurement was performed to confirm a narrow 

size distribution of the desired size.88 The extruded liposome stock solution was diluted to 1.5 

mg/mL POPC, filtered with a 0.2 μm wwPTFE filter into a clean, glass DLS tube (200 mm × 7 

mm with an inner diameter of 5 mm). The outside of the DLS tube was wiped with acetone and 

dried with a stream of air prior to submerging into the refractive index matching bath (decalin). 

All liposome quality check experiments were performed at room temperature on a Brookhaven 
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BI-200SM instrument with a 637 nm laser. Autocorrelation functions (g2) were collected at 60, 75, 

90, 105, and 120° with a τ range of 1−100,000 μs. 

A representative dataset and analysis for POPC liposomes extruded through a 50 nm diameter 

pore in D2O is shown in Figure 2.3. Figure 2.3a shows the autocorrelation function data which 

were fit to the second cumulant model (Eq. 2.3). The residuals (data – model) for both fits are 

shown in Figure 2.3b to quantitatively compare the fit quality and choose the more suitable model. 

Small residuals and random the scattering about y=0 indicate a superior fit; however, it is important 

to note that adding terms to a model can lead to a “better” fit while simultaneously being less 

meaningful. In the absence of a demonstrably smaller or more random residual, one should always 

choose the simpler model – the one with fewer fitting parameters. As were seen in Figure 2.3b, the 

residuals of both fits are comparable in order of magnitude and randomness, therefore the 2nd 

cumulant model (gray circles) is more likely to represent the physical process being observed. 

Therefore, the size distribution of the liposomes is unimodal, and we can estimate the size and the 

polydispersity using Eq. 2.4 and Eq. 2.5, respectively. For the 90° measurement, the Rh = 44 nm 

and Đ = 1.01. Thus, the size distribution is relatively narrow and is roughly consistent with the 

pore size used during extrusion. Since the lipid bilayer is malleable, it deforms as it passes through 

the pore, enabling it to be slightly larger than the pore dimensions. Finally, the linearity and y-

intercept of the Γ vs q2 relationship in Figure 2.3c demonstrates that the relaxation is diffusive, and 

the slope gives a more reliable estimate of the Rh = 44 ± 2 nm. 
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Figure 2.3: (a) Autocorrelation functions at 5 different detector angles, fit to the 2nd cumulant 

model. (b) Comparison of the residuals for the 2nd cumulant and biexponential models. (c) 

Relationship between Γ and q2 to validate that a diffusive process is being observed. 

 

2.3 Pulsed field gradient NMR (PFG-NMR) binding assay 

2.3.1 PFG-NMR background 

PFG-NMR is a 2-dimensional NMR spectroscopy technique where a gradient in the magnetic 

field strength is imposed along one axis of the sample to encode spatial information into the excited 

nuclear spins. A common pulse sequence is displayed in Figure 2.4a. The radio frequency channel 

“RF” is responsible for exciting the 1H nuclei. The first 90° pulse is the same excitation that occurs 

in a standard 1H NMR spectroscopy experiment, where the radio frequency pulse perturbs the spins 

from the ground state (nuclear spins aligned with the z-axis) to an excited state (in the x-y plane). 

This is followed by relaxation back to the ground state, which in a magnetic field, occurs at a 

characteristic frequency that is dependent on the chemical environment. As the spins relax, they 

lose their coherence in the x-y plane and the second pulse 180° helps to rephase them prior to 

signal acquisition to limit peak broadening. This type of pulse sequence is called a spin echo.164 
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The magnetic field channel “G” is responsible for encoding spatial information into the excited 

spins. During the first pulse of strength g and duration δ, the phases of spins are aligned according 

to their spatial location within the magnetic field gradient. Next, during the time between magnetic 

field pulses, Δ, the molecules diffuse freely in solution hence Δ is referred to as the diffusion time. 

Then, the second pulse in the magnetic field channel rephases the spins in the x-y plane prior to 

data acquisition. During the diffusion time, any motion parallel to the magnetic field gradient 

(typically the z-axis of the NMR tube) de-phases the excited nuclear spins, thereby preventing total 

rephasing and resulting in a loss of signal intensity. The signal intensity decay scales exponentially 

with pulse sequence parameters and the translational diffusion coefficient according to Equation 

2.7: 

  
I

I0
=exp[-γ2δ

2
g2 (Δ-

δ

3
) Dt]     (Eq. 2.7) 

where I and I0 are the observed intensity at the given magnetic field gradient strength and a strength 

of 0, γ is the gyromagnetic ratio of the nucleus (42.6 MHz/T for a 1H), and g, δ, and Δ are the pulse 

sequence parameters described above.85,87,88,165 Thus, by observing the rate at which a given NMR 

signal decays we can determine the rate of translational diffusion of the molecule(s) contributing 

to the given signal. PFG-NMR has been used to quantify drug solubilization into surfactant 

micelles,166 to estimate drug entrapment into polymer nanoparticles,167 and to quantify the lateral 

diffusion coefficient of several lipid components via solid-state NMR measurements.168 
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Figure 2.4: (a) An example PFG-NMR pulse sequence. Figure taken from Pages et al.165 (b) 

Illustration of the polymer + liposome model system employed to estimate the membrane 

association of a polymer of interest. (c) 2-dimensional NMR dataset illustrating signal decay 

according to Equation 2.7. (d) Analysis of an example PFG-NMR data set corresponding to a 

mixture of 14 μM F127 + 875 μM POPC. The liposomes extruded through a 200 nm diameter 

pore. Figure 2.4d was adapted from Hassler et al.88 and used with permission. 

 

2.3.2 Example PFG-NMR dataset: F127 + POPC liposomes 

PFG-NMR were used to quantify the fraction of polymer chains that adsorb to a liposome. 

Figure 2.4b shows a schematic of the system. A polymer of interest is mixed with liposomes and 

incubated for at least 2 hours, at which point a steady state is reached85 where some fraction of 

chains are bound to the liposomes and some remain free in solution. Since the free linear polymer 

chains are roughly Gaussian coils, the Rh of the free state were estimated from the chain length. 

For poloxamers ranging from 5-20 kDa Rh, free chains ranges from 2−4 nm. As discussed in Sections 

2.1 and 2.2, the smallest liposomes used were extruded through 50 nm diameter pores and had Rh, 

liposome = 44 ± 2 nm via a DLS measurement. Since the length scales of the bound polymer and free 
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polymer differ by an order of magnitude, we can detect two rates of diffusion by analyzing the 

decay of the signal intensity of an NMR peak corresponding to the polymer.  

An example dataset is shown in Figure 2.4c. At low magnetic field gradient strengths, all 

signals are quite strong and then as the magnetic field gradient strength is increased, the signal 

decays until it is barely detectable. To quantify this data, only the PEO peak at ~3.7 ppm is 

integrated because it has the highest signal to noise ratio. The natural logarithm of the ratio of the 

integrals ln(I/I0) is plotted as a function of γ2g2δ2(Δ−δ/3) as shown in Figure 2.4d. By examining 

Equation 2.7, when the data are plotted in this format, the slope of the relationship gives Dt. For 

the polymer-only control dataset (open symbols in Figure 2.4d), the data exhibit a linear 

relationship. This indicates that there is only one rate of signal decay and therefore one species in 

the solution, and the Rh = 3.1 ± 0.5 nm, which is consistent with the estimate of F127 (L-E93P54E93) 

if it were a Gaussian coil. For the polymer + liposome dataset (filled symbols in Figure 2.4d), there 

is clearly curvature which indicates that multiple species are present with distinct rates of diffusion. 

We can apply a sum of exponentials model described by Equation 2.8 to quantify the mol fraction 

of polymer chains in each state and the size of each state: 

ln (
I

I0
) = ln( ∑ f

i
 exp(i -γ2δ

2
G(Δ-

δ

3
)Di)     (Eq. 2.8) 

where all variables and parameters are the same as described in Eq. 2.7 except now fi is the mol 

fraction of chains in state i and Di is the corresponding translational diffusion coefficient. The F127 

+ POPC dataset shown in Figure 2.4d, was fit to a 2-term expansion of Eq. 2.8 “biexponential 

model” and fbound = 2.3 ± 0.9 mol% with an Rh, liposome = 26 ± 6 nm.88 Thus, F127 has a relatively 

low, but reliably quantifiable, membrane affinity under these conditions. 

It is important to note that the Rh estimates from PFG-NMR and DLS are not in agreement. 

For the POPC liposomes used in the experiment reported in Figure 2.4d, the DLS validation 

suggested that Rh, liposomes = 97 nm with Đ = 1.03. There are two reasons for this apparent 

discrepancy. First, light scattering intensity scales with the radius of the scatterer to the 6th power; 

thus, the larger species in the size distribution scatter light much more intensely than the small 
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species, leading DLS to overestimate liposome size. Secondly, in an NMR measurement, the 

constrained motion of polymer adsorbed to the lipid bilayer surface increases the longitudinal 

relaxation time, causing broadening of the signal from polymer bound to larger species in the 

distribution.20 Thus, the true liposome radius is intermediate to the estimates given by PFG-NMR 

and DLS and this was confirmed using cryo-TEM which will be discussed in Chapter 4. 

 

2.3.3 PFG-NMR binding assay protocol and practical considerations 

All PFG-NMR experiments were performed on a Bruker Avance III 500 MHz spectrometer 

with a 5 mm TBP triple-resonance PFG probe. The ledbpg2s pulse sequence was applied for all 

experiments. This pulse sequence minimizes eddy currents that were induced by the magnetic field 

gradient pulses, therefore minimizing the effects of inhomogeneities.169 For all PFG-NMR 

experiments in this thesis, 25 spectra were collected over a range of gradient field strengths varying 

linearly from 2−95%, each with 32 scans, an acquisition time and delay time of 1 s, a gradient 

pulse duration (δ) of 5 ms, and a diffusion time (Δ) of 700 ms. The total experiment time for this 

sequence is ~37 minutes. Polymer and liposomes were incubated for a minimum of 2 hours prior 

to PFG-NMR data acquisition to ensure a steady state was reached. 

It is important to choose these parameters carefully as they are sensitive to the system of 

interest. The number of scans is chosen to by trial and error until a sufficiently high signal to noise 

ratio is achieved to give reliable integration of the NMR signal. As polymer concentration is 

reduced, the number of scans required should be increased to compensate if necessary. It is 

important to note that signal to noise scales with the square root of the number of scans, so 

increasing the number of scans can only yield so much benefit before it becomes prohibitively 

time consuming. The acquisition time (AQ) and relaxation delay (D1) parameters follow the same 

guidelines as for a standard NMR experiment: AQ + D1 > 3T1 where T1 is the transverse relaxation 

time which is dependent on the signal being observed and were measured via an inversion recovery 

experiment.164 The linear ramp of the magnetic field gradient strength from 2−95% is general and 
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should work for any sample. Perhaps the most important parameters to optimize to collect good 

PFG-NMR data are δ and Δ which depend on the sizes of the species in the sample. For an accurate 

fit to the sum of exponentials model, it is critical that there is at least ~90% signal attenuation 

between the 2% and 95% gradient strength spectra. Therefore, prior to running the ledbpg2s 

sequence with a given set of δ and Δ, it is imperative to perform a ledbpg2s1d (same pulse sequence 

but only 1 of the FIDs is collected at the specified value of g) experiment at g = 2% and g = 95%. 

Then overlay the 2% and 95% spectra and if there is less than ~90% signal attenuation, increase δ 

and/ or Δ. An SOP, written by Letitia Yao who was the former director of the NMR lab at the UMN, 

describing this parameter optimization were found in Appendix A. 

Finally, when performing PFG-NMR experiments on mixtures of components that interact, 

such as polymers and liposomes, it is important to perform control experiments on the individual 

components. In the polymer + liposome systems this is important for two reasons. First, the 

polymers can form micelles when above the CMC or CMT. This introduces another rate of 

diffusion, complicating the sum of exponentials model. If two populations differ in Rh by a factor 

of ~2, they were resolved as distinct populations. Therefore, it is possible to fit the PFG-NMR data 

to a 3-term expansion of Eq. 2.8; to account for free chains, micelles, and polymer bound to 

liposomes. In this case, the polymer-only control is valuable because it informs the model choice 

and were used to constrain the diffusion coefficients, thereby reducing the number of free 

parameters from 5 to 3, greatly improving the accuracy of the fitting protocol. More details on this 

fitting procedure will be given in Chapter 4. 

 

2.4 in vitro osmotic stress protection assay 

2.4.1 Motivation 

High-throughput screening techniques have been instrumental in understanding cell-material 

interactions across a range of different materials including proteins and polymers. High-throughput 

is ambiguous, as the magnitude of the number of distinct molecules that were screened varies from 

hundreds to beyond billions depending on the type of molecule being screened and the type of 
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experimental technique employed. For example, a library of millions of distinct proteins were 

expressed on the surface of yeast cells or inside a bacterial host cell, introduced to a target or 

substrate of interest, and then techniques such as flow cytometry,170,171 fluorescence assays,171 or 

depletion assays172,173 were used to evaluate relationships between protein sequence and binding 

affinity, protein stability, or antimicrobial potency respectively. Since synthetic polymers cannot 

be encoded using DNA, instead requiring each variant to be independently synthesized, libraries 

are much smaller. However synthetic polymers do still have an extensive parameter space as 

molecular weight, composition, concentration, end-group, and architecture can influence behavior 

in biological systems. Thus, techniques to rapidly span a given parameter space and then probe the 

desired metric of cell-material interactions are of great value.174,175,176,177 

To screen poloxamers and their architectural variants, Kim and co-workers developed an 

osmotic stress assay that can screen ~100 conditions in a single day.6 A schematic of the assay is 

shown in Figure 2.5, and the specific protocol is described in Section 2.4.2. C2C12 myoblast cells, 

which are mouse muscle stem cells, were chosen because they are a fair proxy for human skeletal 

muscle cells at a pre-clinical stage, and they are relatively easy to culture. These cells adhere to 

the surface of the well, enabling the supernatant to be extracted and replaced. The cells are 

subjected to a cycle of buffers with varying salt content to impose an osmotic stress across the cell 

membrane. During the hypotonic step, the cell expands as water rushes into the cytoplasm to 

equilibrate the osmotic pressure. This stretches the cell membrane, imposing stress. If the 

membrane is damaged during this step, intra-cellular macromolecules such as enzymes and 

proteins leak out into the supernatant. To quantify the membrane permeability, the concentration 

of lactate dehydrogenase (LDH), an enzyme necessary for metabolism, in the supernatant is 

quantified by enzymatic colorimetry. Although the damage to the membrane occurs during the 

hypotonic step, maximal LDH release is observed during the isotonic recovery step because in this 

step the net flow of solution is out of the cell. Therefore, the isotonic recovery step has the highest 

signal-to-noise ratio and is used in all analysis in this thesis. 
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Figure 2.5: (a) Schematic of the in vitro osmotic stress screening assay for the ability of a 

polymer treatment to prevent an increase in membrane permeability. (b) Example dataset for the 

first-in-class control, F68 (L-E87P31E87) and a PEO homopolymer with a similar molecular 

weight (L-E182). Statistical comparisons were made using a one-way ANOVA with Tukey’s post 

hoc test. 

 

2.4.2 Protocol and an example dataset 

C2C12 myoblast cells were seeded into a 96-well plate and cultured in growth media (79% 

Dulbecco’s modified Eagle’s medium, 20% fetal bovine serum, 1% penicillin-streptomycin) to 

~70% confluency. Cell morphology was checked via optical microscopy prior to all experiments 

to ensure cells remained independent, spherical myoblasts. Myoblast to myotube (tubular 

morphology with poorly resolved cell boundaries) differentiation can occur at high confluency and 

would fundamentally change the cellular system under study. Then, the growth media was 

removed and replaced with 100 μL of an isotonic buffer solution that was pH adjusted to pH = 7.2 

(330 mOsm; 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 2 mM MgCl2, and 10 mM HEPES). After 

30 minutes at this initial iso-osmotic condition, the supernatant was collected, stored, and replaced 

with an equal volume of a hypotonic buffer solution (pH = 7.2; 75 mOsm; 20 mM NaCl, 5 mM 

KCl, 2.5 mM CaCl2, 2 mM MgCl2, 10 mM HEPES). The hypotonic step lasts for 50 minutes and 
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then supernatant is collected, stored, and replaced with the same isotonic buffer solution as the 

first step. This isotonic recovery step lasts for 30 minutes, then the supernatant is collected, stored, 

and replaced with a 1% solution of Triton X-100. Cells are treated with the Triton solution for 50 

minutes to ensure complete lysis and therefore total LDH release, prior to collection of the 

supernatant. Since all the LDH is released in every well, we can normalize the LDH release of 

each step to the total LDH release, to account for slight differences in cell number well-to-well. 

After each solution exchange, the cells were returned to a cell culture incubator at 37 °C and 5% 

CO2. During this assay, the polymer is dissolved in both the isotonic and hypotonic buffer 

solutions. Thus, the polymer is present in the first three steps of the assay and notably is introduced 

30 minutes prior to the hypotonic stress. 

The concentration of LDH in each of the four supernatant solutions (initial isosmotic, 

hypotonic, isotonic recover, and Triton X-100) was then quantified using an LDH assay kit (Pointe 

Scientific Inc.). The kit contains solutions of nicotinamide adenine dinucleotide NAD+ and L-

lactate which are combined with a small volume of the supernatant solution. The LDH in the 

supernatant catalyzes the reduction of NAD+ to NADH, which absorbs light at 340 nm. A 

spectrophotometer was used to measure the absorbance over time for 120 minutes. The 

concentration of LDH in the supernatant can then be calculated from the slope of the absorbance 

vs time data. 

An example dataset is shown in Figure 2.5b. Here, the three conditions are 14 μM F68 (L-

E87P31E87; Mn = 9400 g/mol Đ = 1.19) the first-in-class control and most ubiquitous polymer in the 

membrane stabilizing field, 14 μM of a PEO homopolymer with a similar molecular weight (L-

E182; Mn = 8000 g/mol Đ = 1.06), and a positive control that receives the same cycle of buffers 

except no polymer is present. The y-axis is normalized to the average of all replicates of the 

positive control, so the positive control is 100% LDH release by definition. Because of this 

normalization, if any well has more LDH released than the average of all the buffer controls, it 

will have > 100% LDH release. If a polymer has a protective effect, the LDH release will be 



46 
 

significantly lower than the positive control. Based on the data in Figure 2.5b, both F68 and L-E182 

have a substantial protective effect at 14 μM. Furthermore, F68 is significantly more protective 

than L-E182, suggesting that the PPO block leads to improved protection efficacy. This experiment 

were repeated over a series of polymer concentrations to determine the concentration at which the 

polymer treatment no longer leads to significantly less LDH release than the positive control.6,88,178 
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Chapter 3: Synthesis and characterization of bottlebrush 

poloxamers 

This chapter was adapted from Hassler, J.F.; Van Zee, N.J.; Crabtree, A.A.; Bates, F.S.; Hackel, 

B.J.; Lodge, T.P. “Synthesis and Micellization of Bottlebrush Poloxamers.” ACS Macro Letters. 

2022, 11, 460-467.109 

 

3.1 Motivation for developing bottlebrush poloxamers (BBPs) 

Block polymer amphiphiles in aqueous environments assemble into diverse micelle and vesicle 

morphologies,179,180 with applications in numerous fields including pharmaceutical delivery181,182 

and as nanoreactors.183 Additionally, single chains or unimers interact with phospholipid bilayers 

in therapeutically relevant ways, ranging from membrane solubilization to stabilization.6,85,143,184–

187 

Poloxamers are a specific class of linear block polymer amphiphiles containing poly(ethylene 

oxide) (PEO) and poly(propylene oxide) (PPO) blocks that are commercially available (e.g., 

Pluronics®), biocompatible, and have demonstrated efficacy as cell membrane stabilizing agents 

against many types of stresses.6,9,69,126,188 A range of prior studies have focused on the mechanisms 

of poloxamer-lipid interactions; however, a complete picture of the stabilization mechanism is still 

lacking.13,17,146,189–191,66,70,73,80,81,83,86,137 Amphiphilic bottlebrush polymers have potential as a tool 

to yield additional mechanistic insights, through architectural variation. As shown by Figure 1.7, 

bottlebrush polymers have multiple parameters to tune (e.g., backbone length Nbb, side chain length 

Nsc, and spacing between side chains Ng) and aspects of the relationships among these parameters 

and molecular properties such as segmental dynamics,148,192,193 molecular shape,152 and ability to 

share space,149,194–196 are understood. Thus, a synthetic platform that enables bottlebrush block 

polymers with PEO and PPO side chains, “bottlebrush poloxamers (BBPs),” with control over 

molecular parameters could enable pursuit of many structure-function hypotheses across a variety 

of fields. 
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Synthesis of BBPs is challenging due to side reactions that can occur due to the PPO units. 

Controlled radical polymerization can produce grafted PPO polymers; however, these methods 

require low monomer conversion or low grafting density to maintain modest dispersities.182,197–201 

In this chapter, I will disclose a novel synthetic route to PPO-containing BBPs that circumvents 

these challenges and gives more control over parameters such as graft length and graft density. I 

will then examine the micellization behavior of a set of BBPs to understand the relationship 

between the critical micellization concentration (CMC) and the total molecular weight. The 

resulting scaling relationship provides a comparison of the thermodynamic drive towards 

micellization between the bottlebrush and the chemically analogous linear architecture. Finally, I 

will assess how the bottlebrush architecture affects the glass transition and crystallization of the 

PEO block as a function of the side chain length. 

 

3.2 BBP synthesis scheme and validation 

The synthetic route to BBPs is shown in Figure 3.1. Living anionic polymerization followed 

by chain end modification was used to make norbornene (NB)-functionalized macromonomers 

(MMs), which were then polymerized sequentially via ring opening metathesis polymerization 

(ROMP). ROMP has successfully been combined with living polymerization strategies such as 

anionic, RAFT, and ATRP and is compatible with PEO.202–205 This strategy has several 

advantages. First, anionic polymerization can yield low dispersity PEO and PPO polymers of a 

targeted molecular weight with well-defined α-chain ends.6,206,207 Second, ROMP of NB 

macromonomers reaches >99% conversion within min. Third, ROMP avoids chain 

transfer/coupling side reactions that are often observed during radical polymerization, to which 

PPO macromonomers are vulnerable due to the abstractable proton on the tertiary carbon site of 

every repeat unit.155 Together, these advantages enable high-throughput synthesis of high 

molecular weight, high grafting density, low dispersity BBPs, with control over graft length and 

graft end-group. The nomenclature adopted for the BBPs is B-ENbb

Nsc PNbb

Nsc  where B indicates the 
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bottlebrush architecture, E the PEO block, P the PPO block, and Nsc and Nbb are the side chain 

and backbone number average degrees of polymerization, respectively. 

 

 

 

Figure 3.1: Reaction scheme to synthesize bottlebrush poloxamers. (a) Anionic polymerization 

was initiated with potassium tert-butoxide and ran to full conversion at 25 ℃ in the presence of 

18-crown-6 ether. Hydrogenation was achieved over palladium on carbon. Esterification used a 

50% molar excess of norbornene-carboxylic acid and was facilitated by DIC and DMAP. (b) 

Sequential ROMP was performed using Grubbs 3rd generation catalyst. 

 

The black trace in the bottom-half of Figure 3.2a shows matrix-assisted laser desorption/ 

ionization mass spectrometry (MALDI) spectra of the PPO product from anionic polymerization. 

Notably, there are two populations with peak spacings of 58 g/mol, indicating that both are PPO. 

The more intense family of peaks is the desired product, with a tert-butyl α-chain end and an 

alcohol ω-chain end (t-PPO-OH). The family labelled with blue squares is an impurity with an 

alkene α-chain end, arising from chain transfer to monomer or polymer side reactions due to the 

acidity of the PPO methyl groups.156 This assessment is confirmed by 1H nuclear magnetic 

resonance (NMR) spectroscopy, as shown by the red spectrum in Figure 3.2b. We employed 

established methods to limit this side reaction using 18-crown-6 and a relatively low temperature 

(25 °C),156,207 but from NMR roughly 7 mol% of the chains have this impurity. We hypothesized 
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that this alkene impurity would be susceptible to cross-metathesis during ROMP, leading to high 

dispersity polymers with limited control over molecular weight.208 Thus, we performed a post-

polymerization hydrogenation to eliminate this alkene impurity. The MALDI spectra in Figure 

3.2a show a 2 g/mol increase in molecular weight for each of the peaks identified in the alkene 

chain end population, blue squares to green circles, which indicates that 2 hydrogen atoms were 

added across the double bond, hence this chain end modification was successful without changing 

the molecular weight distribution. Furthermore, in the 1H NMR spectrum presented in Figure 3.2b, 

the alkene chain end peaks labeled a, b, and c in the pre-hydrogenation polymer disappear after 

hydrogenation. 
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Figure 3.2: (a) MALDI-ToF data of PPO polymer as synthesized via anionic polymerization 

(black) and post hydrogenation (orange). Mw = 1220 g/mol and Đ = 1.12 for both polymers. The 

most intense family of peaks in both samples is tert-butyl-PPO-OH (t-PPO-OH) and is 

unchanged during hydrogenation. Alkene and alkane α-chain end impurities are labelled 

accordingly. (b) 1H NMR of PPO polymer pre (red) and post (teal) hydrogenation. The alkene 

chain end peaks a, b, and c disappear after hydrogenation. 
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The final step of MM preparation was to convert the ω-alcohol to an NB-ester by modifying 

an existing esterification protocol181,209 for the PPO chemistry. Figure 3.3a shows a close-up of the 

MALDI spectrum to highlight the peak shifting after chain end modification; the full spectrum can 

be found in Fig. 3.8. The blue triangle population, present as the majority in the starting material 

(black spectrum) and a minority in the product (blue spectrum), is t-PPO-OH. After esterification, 

this population shifts by +4 g/mol in m/z (yellow stars). Adjacent peaks do not have the same 

degree of polymerization, thus the expected peak shift after an end-group modification is the 

difference in molecular weight of the end-groups minus an integer multiple of the repeat unit 

molecular weight. For the NB-ester replacing an alcohol endgroup of a PPO polymer, a +4 g/mol 

shift in m/z confirms successful conjugation with the NB functional group. A similar shift, +6 

g/mol, occurs between the blue square and yellow circle populations, which correspond to the 

alkene-PPO-OH and alkane-PPO-NB, respectively. Note the black trace is from the material prior 

to hydrogenation while the blue trace is post-hydrogenation and esterification. Fig. 3.8c shows size 

exclusion chromatography (SEC) traces of the tPPO-OH starting material and the functionalized 

MM, and the molecular weight distributions are identical. 1H NMR spectroscopy was used to 

assess the purity of the resulting polymer and to corroborate successful chain end modification. 

The peak shape and integration of the alkene multiplet at 6.09-6.24 ppm (Figure 3.3b) suggests 

that 95 mol% of the NB is on a polymer chain end.210 Excess NB-carboxylic acid was needed to 

achieve high conversion and was removed by vacuum drying at 50 °C for 7 days. The NB-

carboxylic acid could not be removed using chromatography, precipitation, or dialysis due to 

similar solvent/ stationary phase interactions as PPO and the small molecular weight of the PPO. 

We deemed this level of purity to be acceptable, but there will be some incorporation of NB-

carboxylic acid in the polymer backbone. When accounting for the small molecule (~5 mol%) and 

the alkane ω-end-group (~7 mol%) impurities in the analysis of the integral values of the NB peaks 

(6, 7, 8), which were referenced to the t-butyl peak (1), we conclude that quantitative conversion 

of alcohol to NB at the ω-end-groups was achieved. A similar protocol was used to synthesize a 
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NB-functionalized MM from a commercial methyl ether PEO (Mn = 1970 g/mol, Đ = 1.04). 

MALDI and 1H NMR characterization are shown in Fig. 3.9. 

 

 

Figure 3.3: (a) MALDI of t-PPO-OH and the NB functionalized macromonomer, t-PPO-NB, 

following the hydrogenation and esterification reactions.  Mw = 1210 g/mol and Đ = 1.12 for the 

SM and Mw = 1330 g/mol and Đ = 1.14 for the product. (b) 1H NMR spectrum of the t-PPO-NB 

macromonomer. 

 

After synthesis of the MMs, sequential ROMP afforded a grafted polynorbornene diblock 

polymer, where one block has PEO side chains and the other PPO sidechains. To our knowledge, 

this is the first report of a bottlebrush PEO-b-PPO polymer. The representative SEC traces in Figure 

3.4a show that both the PPO block and the diblock have low dispersities, achieve the target 

molecular weight, and shift systematically to shorter retention times for higher Mn. The 1H NMR 

spectrum in Fig. 3.11b shows complete conversion of the monomeric NB alkene peaks to backbone 

alkene peaks, confirming that the reaction achieved full conversion of monomer. To our 

knowledge, this is the first report of a grafted PPO polymer where the macromonomer was fully 

consumed, making synthesis of multi-blocks possible. SEC traces and 1H NMR spectra for all 

polymers discussed in this chapter are shown in Figs. 3.10-3.12. 
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Finally, the importance of the hydrogenation step of the PPO macromonomer is highlighted by 

Figure 3.4b. As stated above, we hypothesized that the alkene α-chain end impurity would lead to 

cross-metathesis and a poorly controlled polymerization. To test this hypothesis, we reserved a 

small amount of the t-PPO-NB macromonomer and attempted a ROMP reaction. By skipping the 

hydrogenation step, the ~7 mol% alkene chain end impurity was present during the ROMP 

reaction. Figure 3.4b shows an SEC trace of the resulting bottlebrush PPO polymer which has a Đ 

= 2.62 and overshot the targeted molecular weight, confirming that without the hydrogenation step 

the ROMP reaction is not well controlled. 

 

Figure 3.4: (a) SEC traces with differential refractive index detection of a representative 

sequential ROMP polymer B-E21
43P11

15. The macromonomer traces are included for reference. 

From the multi-angle light scattering detector, the BB-PPO aliquot has a Mw = 11,600 g/mol and 

Đ = 1.20 and the BB-diblock has a Mw = 55,300 g/mol and Đ = 1.10, both were within error of 

the targeted molecular weight. The small peak at ~17 min in the BB-PPO chromatogram is likely 

a small molecule impurity in the PPO macromonomer, possibly 18-crown-6, that does not 

impact the subsequent polymerization. (b) SEC trace of the tPPO-NB macromonomer without 

the hydrogenation step and the resulting BB-PPO product from ROMP. 

 

3.3 Effect of bottlebrush architecture on micellization in water 

To understand the effect of the bottlebrush architecture on micellization behavior, we 

synthesized three BBPs with constant side chain lengths and similar compositions (70-80 wt% 
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PEO), with total molecular weights ranging from 26 kDa to 394 kDa. All materials had narrow 

molecular weight distributions (Đ < 1.15), and the characterization data are summarized in Table 

1. Micelle solutions were prepared via direct dissolution in aqueous buffer and were equilibrated 

at 37 °C for at least 24 h. The CMCa and hydrodynamic radius (Rh) were determined via dynamic 

light scattering (DLS). DLS measures the diffusive relaxation of concentration fluctuations in 

dilute solution, which yields the particle size distribution by analyzing the correlation function via 

cumulant analysis or inverse Laplace techniques such as regularized positive exponential 

sum.162,211–213 
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Table 3.1: Materials characterization and micelle data summary  

Polymer Mn
a 

[kDa] 

Đa wt% 

PEOa 

wt% 

NBa 

CMC 

[mg/mL]b 

Rh 

[nm]c 

Rcore [nm]d 

(calc) 

Rcore [nm]e 

(expt) 

L-E455 20.0 1.10 100 0 N/A - - - 

L-E76P29E76 (F68)f 8.4f  80f 0 70 ± 10f    

L-E103P39E103 

(F88)f 

11.4f  80f 0 6 ± 0.9f    

L-E132P50E132 

(F108)f 

14.6f  80f 0 0.4 ± 0.1f    

B-E
10

43

P
5

15

 26.2 1.07 72 8 8 ± 3 17 ± 4 5 6 ± 1 

B-E
21

43

P
11

15

 55.3 1.10 74 8 2 ± 0.5 25 8  

B-E
168

43

P
43

15

 394 1.15 80 7 0.4 ± 0.1 150 30 15 ±8 

B-E
54

10

P
8

15

 40.9 1.09 62 20 1 ± 0.4 18 6  

aSEC with multiangle light scattering detection. bDetermined by DLS. cDLS data reported for 

10 mg/mL solution using the second cumulant model. The error is the standard deviation of 

three independent replicates. dModel described in Figure 3.21: sum of core forming block 

backbone contour length and twice the radius of gyration of its side chains. ecryo-TEM. fData 

from Alexandridis et al. measured via the fluorescent dye method.97 

 

To estimate the CMCa, we analyzed the excess scattering intensity (Iex = I – Isolvent) as a function 

of polymer concentration.112,214 Because Iex scales with the product of the concentration of 

scatterers (c) and the size of the scatters (M), the concentration at which Iex increases relative to 

the control (linear PEO homopolymer with Mn = 20 kDa which cannot form micelles) indicates 

aggregation (Figure 3.5a). To ensure that the aggregates were micelles, we performed cryo-

transmission electron microscopy (TEM) on the smallest and largest BBPs. A representative 

micrograph of the largest polymer is shown in Figure 3.5b, which clearly demonstrates a core-
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corona structure. Micrographs of the smallest polymer clearly show a core, although the corona 

block is too short to be observed. Additional micrographs are shown in Figs. 3.13 and 3.14.  

On qualitative inspection of Figure 3.5a, as Mn increases, the CMCa decreases. Quantitative 

analysis is challenging because micellization is not a phase transition; therefore, a precise CMCa 

is difficult to extract and is sensitive to the method employed.100, 215 A representative CMCa was 

taken as the intersection of two logarithmic fits: one at low polymer concentrations, and one at 

high polymer concentrations, representing the free chain and micelle regimes, respectively. The 

error is estimated as the difference in the CMCa when the number of data points in the micelle 

regime is increased by 1. To ensure these CMCa estimates are representative, we also fit the DLS 

data to a closed association model,100,216 which includes the CMCa as a fitting parameter (Fig. 3.15). 

Consistent trends were observed with both methods.  

The relationship between Mn and CMCa for 80 wt% PEO linear poloxamers97 and 72-80 wt% 

PEO BBPs are shown in Figure 3.5c. The free energy of a micelle is the sum of the core-corona 

interfacial energy, the energy of chain deformation, and the entropy of mixing between solvent and 

corona units. The closed association model asserts that above the CMCa there is an equilibrium 

between unimers ([unimers] = CMCa) and micelles of a constant size. Minimization of the total 

free energy of the system (micelles, unimers, and solvent) yields an exponential scaling between 

the CMCa and Mn.
100,112,217,218 Therefore, the data are fit to an exponential form as shown in Eq. 

3.3.1.  

CMCa = A × e-αMn       (Eq 3.3.1) 

Strikingly, the coefficient in the exponent of the fit (slope in Fig. 3.5c) is two orders of magnitude 

smaller in the bottlebrush case than in the linear case. Because α ~ χ, the Flory-Huggins interaction 

parameter, the reduced scaling coefficient suggests a decreased degree of solvent-core 

incompatibility, and therefore reduced thermodynamic driving force for micellization, in BBPs 

compared to linear poloxamers. One explanation for this is that the PPO units near the hydrophobic 

NB backbone are relatively dehydrated in the unimer state. Thus, some of the entropic gain in the 
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solvent upon dehydrating PPO in going from unimer to micelle is lost. Additionally, a BBP with 

Mn ~ 400 kDa has a comparable CMCa to a linear poloxamer with Mn ~ 14 kDa, which is consistent 

with a recent molecular dynamics result.219 This finding is of practical significance because in 

BBPs the CMCa is less sensitive to molecular weight, enabling synthesis of vastly higher Mn 

materials that will exist as unimers in aqueous solutions.  

This reduction of α for BBPs compared to linear poloxamers cannot be explained by the 

hydrophobic backbone. If the added hydrophobicity of the backbone were a significant contributor 

to micellization, we would observe the opposite effect, namely the BBPs would form micelles at 

lower concentrations compared to linear poloxamers due to the added hydrophobicity. Rather, we 

speculate that the backbone is significantly shielded from the aqueous environment by the side 

chains, which reduces the enthalpic contribution of water-backbone interactions. Similarly, the 5 

mol% carboxylic acid impurity along the backbone is presumably not fully exposed to the aqueous 

environment and likely does not impact the CMCa. Also, the effect of the alkane α-chain end 

impurity on micellization is assumed to be negligible because it represents less than 0.3 wt% of 

the hydrophobic block and has a minimal difference in hydrophobicity compared to either the tert-

butyl end-group or the PPO repeat unit. 
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Figure 3.5: (a) Excess scattering intensity at 37 ℃, as a function of polymer concentration. Linear 

PEO with an Mn = 20 kDa is a negative control for micellization. (b) cryo-TEM micrograph of B-

E
168

43

P
43

15

 at a concentration of 10 mg/mL in aqueous buffer with 40,000x magnification. (c) Trend 

between CMCa and Mn for linear and bottlebrush poloxamers of similar wt% PEO. Data for linear 

poloxamers (40 ℃) are taken from Alexandridis et al.97 Data are fit to the exponential function 

shown on the graph and the correlation coefficients are 0.99 and 0.58 for linear and brush, 

respectively. 

 

Analysis of the correlation functions via the second cumulant model (Eq. 3.5.1) shows that Rh 

increases approximately linearly with molecular weight, suggesting that the chains adopt an 

extended conformation in the micelles. Additionally, for every micellar BBP solution a 

biexponential model (Eq. 3.5.2), accounting for two relaxation rates, yields a superior fit than a 

single exponential model (Figs. 3.16-3.18). Multi-angle DLS on a 3 mg/mL solution of the highest 
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Mn polymer confirmed that both relaxation modes are diffusive, and both have Rh values larger 

than expected for a unimer, suggesting existence of a bimodal micelle size distribution (Fig. 3.19). 

The TEM micrograph in Figure 3.5b also hints at a bimodal population of spherical micelles. This 

could be due to the direct dissolution method not allowing the micelle size distribution to fully 

equilibrate; however, the micelle size distribution does not change when annealed at 37 °C for 35 

days (Fig. 3.20), suggesting that the micelles have reached a steady state. Recent theoretical and 

experimental work has shown that the side chain length asymmetry of the two blocks can impact 

micelle morphology, aggregation number, and surface roughness due to packing frustration at the 

core-corona interface.151,220,221,108 We hypothesize that the additional free energy contribution of 

side chain crowding near the core-corona interface creates at least two local minima in free energy-

micelle size space that are separated by a significant energy barrier; thus leading to a bimodal 

micelle size distribution.  

To test this hypothesis, we synthesized B-E54
10P8

15. For this polymer, since the PEO corona block 

has shorter side chains than the core block, there is minimal overlap of adjacent PEO brush blocks 

at the core-corona interface. Figure 3.6 compares the autocorrelation functions corresponding to 

10 mg/mL solutions of B-E54
10P8

15 and B-E21
43P11

15, two BBPs with comparable Mn and core blocks, 

but with PEO side chain lengths differing by a factor of 4×. Both autocorrelation functions were 

fit to the second cumulant and biexponential models and the residuals are compared in Figure 3.6b 

and 3.6d. When the PEO side chains are longer than the PPO side chains, the biexponential model 

is a significantly better fit as shown by Figure 3.6b, indicating coexistence of two populations. 

However, when the PEO side chains are shorter than the PPO side chains, the two models are 

equivalent, suggesting that a single micelle population exists. Therefore, minimizing steric overlap 

between neighboring PEO corona blocks at the core-corona interface led to a single, stable micelle 

size, which is consistent with our hypothesis. 
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Figure 3.6: Effect of PEO side chain length on the number of micelle populations detected via 

DLS at 10 mg/mL and 37 °C. (a) Autocorrelation function corresponding to B-E21
43P11

15. (b) 

Residuals resulting from the second cumulant and biexponential model fits to the data in panel 

(a). (c) Autocorrelation function corresponding to B-E54
10P8

15. (d) Residuals resulting from the 

second cumulant and biexponential model fits to the data in panel (c). 

 

To estimate the micelle core radius (Rcore), we modelled the core-forming block as a cylinder 

plus a hemisphere, where the cylinder length equals the contour length of the backbone and the 

hemisphere radius is twice the radius of gyration of a PPO side chain, Fig. 3.21. This simplified 

model assumes that the backbone is a rigid rod, the side chains are Gaussian coils, and that there 

is no chain overlap. Comparison of the calculated and experimental Rcore values in Table 3.1 shows 
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that this model agrees reasonably well with TEM data at short core block lengths (Nc,bb ~ 5), but is 

an overestimate for longer chains (Nc,bb ~ 40). This behavior resembles that of the Kratky-Porod 

wormlike chain model, and it suggests that in the micelle core a sufficiently long bottlebrush PPO 

can adopt a flexible conformation despite the high grafting density.222,223 Finally, for 

polynorbornene grafted with 1 kDa PPO side chains, a persistence length estimate of ~10 nm is 

consistent with a transition from rod-like to coil-like behavior occurring within the interval 5 < 

Nc,bb < 40. This estimate is markedly higher than the 0.7 nm persistence length of a linear 

polynorbornene polymer,224 as expected for a densely grafted bottlebrush.150,192 Finally, based on 

the average Rcore determined from cryo-TEM and the density of PPO (1.00 g/cm3),163 the average 

aggregation number of the micelles is 70 ± 40  and 110 ± 50 for B-E10
43P5

15 and B-E160
43 P43

15, 

respectively. 

In conclusion, we report an efficient, high-throughput synthetic strategy to create bottlebrush 

poloxamers for the first time. The combination of living anionic and ROMP polymerization affords 

control over graft length and graft end-group and enables quantitative conversion of 

macromonomer. A series of bottlebrush poloxamers with 72−80 wt% PEO was synthesized over a 

range of molecular weights and the micellization behavior was compared to linear poloxamers. 

Bottlebrush poloxamers exhibited a remarkably reduced driving force for micellization compared 

to linear poloxamers as evidenced by a two order of magnitude smaller scaling exponent between 

Mn and CMCa. 

 

3.4 Effect of bottlebrush architecture on Tg, Tm, and percent crystallinity 

Thermal transitions of polymers in the melt are important to understand because they impact 

polymer mechanical properties and processability. The glass transition occurs for all polymers and 

strongly influences chain mobility. Below the glass transition temperature (Tg), the system is non-

equilibrium and molecular motion is very slow because there is very little free volume between 

chains. The mechanical properties of a glassy polymer are those of a solid; however, the molecular 
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packing is disordered and resembles a liquid.163 Tg can be measured empirically by performing a 

temperature sweep with dynamic mechanical analysis. At the Tg, the loss modulus (G'') is 

maximized.163 Differential scanning calorimetry (DSC) is another common method because the 

heat capacity changes as Tg is traversed. Since the glass transition is not a phase transition in 

practice, the measurement of Tg is sensitive to the thermal path. Because molecular motion is so 

slow below Tg, high Tg polymers can be used to eliminate dynamic effects to simplify experimental 

systems. For example, if micelles are prepared with a high Tg core block, below Tg the aggregation 

number of micelles cannot change, essentially freezing-out chain exchange.225,226 

 Crystallization is another important phenomenon in polymer science that impacts many 

material properties. Because the crystalline state has a lower free energy than the amorphous state 

below the melting temperature (Tm), crystal formation is exothermic and can be readily observed 

via DSC. Two temperatures define crystallization for a given polymer: the temperature of 

crystallization, Tc, is the temperature at which crystals form upon cooling from a melt state, and 

the melting temperature, Tm, is the temperature at which crystals melt upon heating. If a bulk 

polymer is held between Tg and Tm, the chains have a relatively high degree of rotational and 

translational mobility, enabling a crystal to nucleate and then grow into a well-defined lattice. The 

parameters of the unit cell and lamellar spacing can be assessed via x-ray scattering experiments, 

and are well characterized for many polymers.163 Because crystal formation requires regular 

packing of many different chains onto a lattice, irregularities along the backbone suppress crystal 

formation. These irregularities can be branching sites as in low density polyethylene, chain ends, 

or irregular patterns of stereoisomers and regioisomers along the backbone. Thus, most atactic (no 

pattern to the stereochemistry of repeat units along the backbone) polymers cannot form crystals, 

but isotactic (all repeat units have identical stereochemistry) and syndiotactic (alternating 

stereochemistry) polymers do readily form crystals because the stereoregularity enables efficient 

packing.  
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 Linear PEO forms monoclinic crystals with well characterized unit cell parameters and a 

typical Tm value of 66 °C.163 PPO, on the other hand, does not form crystals because the methyl 

group creates a stereocenter in every repeat unit. Since the PPO throughout this thesis was 

synthesized from a racemic mixture of propylene oxide stereoisomers in a non-stereo-specific 

reaction mechanism, it is exclusively atactic. Since the bottlebrush architecture places significant 

configurational constraints on the PEO units, it could affect Tg and change crystal structure and 

crystal growth kinetics. Crystallization of bottlebrush PEO has been studied in densely grafted 

bottlebrush polymers with exclusively PEO side chains,195,227 random copolymers with an 

amorphous diluent,228 and in bottlebrush molecules with diblock sidechains (core-shell 

structures).229,230 Sun et al. found that the configurational constraints of tethering many PEO chains 

to a common backbone slows crystal growth and reduces spherulite size. They also used wide 

angle x-ray scattering and found that the unit cell of bottlebrush PEO is identical to linear PEO.195 

The PEO units distal from the backbone have the flexibility needed to orient into a crystal lattice 

while steric constraints near the backbone creates an amorphous region. This results in spherulites 

where the backbone orients along the radial direction of the spherulite, while PEO sidechains form 

the stems of the lamellae and are, on average, aligned tangentially to the spherulite.195,227,229 

Kripotou et al. studied PEO crystallization in bottlebrush polymers with PEO-PPO diblock 

sidechains resulting in a core-shell structure. Surprisingly, they found that when the PEO block 

was closer to the backbone, the Tm and percent crystallinity were higher than when the PEO block 

was further from the backbone, suggesting that the steric constraints near the backbone facilitate 

packing into a crystalline lattice. In this thesis, we studied the effect of PEO side chain length 

ranging from very short (Nsc = 10 units) to moderate (Nsc = 43 units), to elucidate which portion of 

the side chains occupies the crystalline phase. Furthermore, we explored the effect of molecular 

shape (approximately spherical vs cylindrical) on Tm and percent crystallinity. We used the ROMP 

polymerization scheme described in Section 3.2 to synthesize a set of bottlebrush PEO polymers 

over a range of backbone and side chain lengths and then applied DSC to study thermal transitions 
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in the bulk. Molecular and thermal characterization data for the molecules discussed in this section 

are summarized in Table 3.2. 

 

Table 3.2: Molecular and thermal characterization data summary 

Name Mn [kDa] Đ Nsc Nbb Tg [°C] Tm [°C] %xtal 

L-E455 20.0 1.02 - - −53 57 82 

L-E43 2.0 1.04 - -  53 87 

L-E43-NB 2.1 1.03 - - −41 51 72 

L-E10 0.5 1.07 - - −76 −20 58 

L-E10-NB 0.6 1.07 - - −76 −35 33 

B-E
12

43

 25.0 1.16 43 12 −35 49 61 

B-E
126

43

 260 1.08 43 120 −38 49 63 

B-E
50

10

 30.8 1.09 10 50 −64 - 0 

  

 First, a positive control experiment was performed using linear PEO with Mn = 20 kDa and 

two alcohol chain ends (L-E455), and the DSC thermogram upon cooling and second heating is 

shown in Figure 3.7a. Upon cooling from the melt (blue), there is a sharp, exothermic 

crystallization peak at Tc = 45 °C. All quantitative estimates in this section are reported from 

second heating (red) with a ramp rate of 10 °C/min unless otherwise noted. The glass transition is 

observed as a change in slope due to a change in the heat capacity of the material. As can be seen 

in the inset of Figure 3.7a, this transition occurs over a range of temperatures (−65 to −40 °C). A 

single value is determined by finding the midpoint of two extrapolated lines from the data before 

and after the transition. For PEO-20k this yields a Tg = −52 °C, which is comparable to literature 

values for PEO.163 As the material is heated, the crystalline domains melt at Tm = 57 °C. 
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Furthermore, the area under the curve gives the total enthalpy change during crystal melting, which 

can be compared to the theoretical enthalpy of a 100% crystalline PEO phase (ΔHm = 197 J/g) to 

calculate the crystalline fraction as 82 wt% for linear PEO-20k.230 

Figure 3.7b shows the DSC thermogram for L-E43-NB, a linear PEO homopolymer with Mn = 

2.1 kDa (PEO-2k), one methyl chain end, and one norbornene chain end. Since this is the 

macromonomer used to synthesize the bottlebrush PEO polymers in Figures 3.7c and 3.7d, it is an 

important control. L-E43-NB has a Tm = 51 °C and 72 wt% of the PEO were in crystalline domains. 

The depressed Tm and crystal fraction of L-E43-NB relative to L-E455 is due to both the lower 

molecular weight and the norbornene end-group. The bulky norbornene end-group will 

presumably be excluded from the crystal and at a lower molecular weight the concentration of 

chain ends is higher; both factors lead to thinner lamellae and therefore a lower Tm.  

The inset in Figure 3.7b suggests that Tg ≈ −40 °C; however, the poorly defined slope on the 

high temperature side of the glass transition makes the midpoint method of Tg estimation 

questionable. Another method is to find the inflection point in the data which can be seen by a 

local maximum in a plot of the derivative of heat flow with respect to temperature. Figure 3.8 

demonstrates this analysis and Tg ≈ −41 °C for L-E43-NB, which is consistent with the midpoint 

method. The inflection point method will be applied throughout the rest of this analysis. 
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Figure 3.7: DSC thermograms of linear and bottlebrush PEO polymers. (a) L-E455 with two 

alcohol end-groups (Mn = 20 kDa). (b) L-E43-NB with one methyl and one norbornene end-

group (Mn = 2.1 kDa). (c) Bottlebrush PEO with a short backbone and 2.1 kDa side chains 

resulting in a spherical “star-like” conformation. (d) Bottlebrush PEO with a long backbone and 

2.1 kDa side chains resulting in a cylindrical “rod-like” conformation. (e) Bottlebrush PEO with 

a long backbone and 0.4 kDa side chains resulting in a cylindrical “rod-like” conformation. (f) 

Linear PEO with one methyl and one alcohol end-group (Mn = 0.4 kDa). Endothermic transitions 

are defined as positive. 
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Figure 3.7c and 3.7d present DSC thermograms of two bottlebrush PEO polymers with the 

same side chain length (Nsc = 43) but a factor of 10× difference in backbone length (Nbb = 12 vs 

Nbb = 126). The ratio of side chain to backbone lengths (Nsc/Nbb) determines the molecular shape. 

When the side chains are long relative to the backbone the molecule is approximately spherical, 

and as the backbone length is increased the shape becomes more cylindrical.152 On cooling, B-E126
43  

shows a very sharp crystallization peak at Tc = 26 °C whereas the crystallization peak for B-E12
43 is 

slightly broader and occurs at Tc = 15 °C. This suggests that the cylindrical shape leads to faster 

crystallization kinetics despite having a 10× larger Mn. Possibly, when two cylindrical 

bottlebrushes align with their backbones parallel to each other, many PEO units are brought into 

proximity, facilitating packing. In contrast, for a rotationally symmetrical spherical bottlebrush, 

when two molecules approach, a smaller fraction of the PEO chains can align before the backbone 

must bend. On heating, the melting endotherms of B-E12
43 and B-E126

43  both occur at Tm = 49 °C and 

have nearly identical areas. Therefore, the fraction of PEO chains that occupy crystals and the 

stability of the crystalline phase are independent of the molecular shape.  

The inflection point analysis of the DSC data shown in Figure 3.8 shows that the Tg of B-E12
43 

and B-E126
43  are −35 °C and −38 °C, respectively. Since the corresponding macromonomer (L-E43-

NB; Tg = −41 °C) had a very similar Tg, for bottlebrush PEO with relatively long side chains (Mn 

= 2.1 kDa) the bottlebrush architecture and the shape of the molecule (sphere vs cylinder) has very 

little impact on the glass transition, as expected. 
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Figure 3.8: Inflection point analysis to more accurately determine Tg. 

 

To assess the impact of Nsc, we synthesized a cylindrical bottlebrush with very short side 

chains: B-E50
10, where Nsc is only 10 PEO units. Figure 3.7e clearly demonstrates that this molecule 

does not form a crystalline phase. To verify that this is a consequence of the steric constraints of 

the backbone, a DSC thermogram of the macromonomer L-E10-NB is shown in Figure 3.7f, which 

clearly shows crystal formation. Roughly 33 wt% of the PEO units in the macromonomer occupy 

crystals that melt at roughly −35 °C. Melting occurs over a broad temperature range with two 

peaks, possibly suggesting different lamellar thicknesses. Two crystallization peaks were also 

observed in L-E10, a linear PEO homopolymer with the same molecular weight and an alcohol end-

group in place of the norbornene, so it is likely attributable to the low molecular weight and not 

the norbornene end-group. This experiment was repeated with a cooling/ heating rate of 1 °C/ min 

and multiple crystallization peaks were also observed. The two crystallization peaks are likely a 

kinetic effect resulting from formation of lamellae with two thicknesses. 

Furthermore, the Tg of B-E50
10 was −64 °C, which is significantly lower than the Tg of the 

bottlebrushes with longer side chains likely due to the increased concentration of chain ends. In 
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this case, the glass transition was readily apparent as shown by the inset in Figure 3.7e, so the 

midpoint method was used. Finally, the Tg of B-E50
10 is about 10 °C higher than that of the 

corresponding macromonomer (L-E10-NB; Tg = −76 °C). Thus, for bottlebrush PEO with short side 

chains, the bottlebrush architecture slightly increases Tg compared to a linear homopolymer with 

a molecular weight equal to the side chain molecular weight. This is consistent with the trend 

observed by López-Barrón et al. for atactic poly(propylene) bottlebrush polymers although to a 

significantly reduced extent.194 

To conclude this study, shortening the PEO side chains from 43 units to 10 completely 

suppressed crystal formation in bottlebrush PEO homopolymers; however, the corresponding 

macromonomer, linear PEO homopolymer, does have a significant crystalline fraction, 33%. 

Therefore, we conclude that the configurational constraints created by tethering the side chains to 

the backbone suppress crystallization in the short side chain limit. Therefore, the crystalline 

domains observed when Nsc = 43 must be the segments of the side chain furthest from the 

backbone. Additionally, for both sets of side chain lengths, Tm and the crystalline fraction decrease 

when the linear PEO chain is functionalized with norbornene and then decrease further when the 

macromonomer is polymerized into a bottlebrush (Tm, L-E43 > Tm, L-E43-NB > Tm,  

B-Ex

43). This trend was also observed by Sun et al.195 Finally, spherical (star-like) and cylindrical 

(bottlebrush-like) molecules have similar Tm and reach comparable crystalline fractions, but the 

cylindrical shape has a significantly higher Tc and a sharper crystallization peak, suggesting that 

molecular shape impacts crystallization kinetics. 

 

3.5 Materials and methods for Chapter 3 

Materials: 

All materials were used as received. The following materials were purchased from Sigma: 

propylene oxide, (>99.0%), butyl-magnesium chloride, potassium tert-butoxide, 18-crown-6 ether, 

palladium (10% on activated charcoal), 4-dimethylaminopyridine (>99%), N,N’ 



71 
 

diisopropylcarbodiimide (99%), exo-5-norbornene-2-carboxylic acid (97%), methyl ether 

poly(ethylene glycol) (Mn = 2000 g/mol), poly(ethylene oxide) (Mn = 20,000 g/mol), 

tetrahydrofuran (ACS reagent, 97%, stabilized with 250 ppm BHT), pyridine (>99%), ethyl vinyl 

ether (stabilized with 0.1% KOH, 99%), benzene (ACS reagent, 99%), sodium chloride (99.5%), 

potassium chloride (>99%), calcium chloride (anhydrous, 96%), magnesium chloride (97%), 

HEPES buffer (99.5%), tetrahydrofuran (anhydrous, 99.9%), second generation Grubbs catalyst® 

M204, α-cyano-4-hydroxycinnamic acid, and sodium trifluoroacetic acid (98%). The following 

materials were purchased from Fisher Scientific: methanol (HPLC grade), diatomaceous earth 

(Celite), dichloromethane (ACS reagent, anhydrous, 99.8%), diethyl ether (anhydrous), and 

sodium sulfate (anhydrous). SiliaMetS DMT was purchased from Silicycle. Deuterated chloroform 

(99.8% d) was purchased from Cambridge Isotope Laboratories. Hydrogen gas was purchased 

from Airgas. 

Methods: 

Anionic polymerization of propylene oxide: 

Synthesis of tert-butyl-poly(propylene oxide) (t-PPO-OH) was carried out though anionic 

polymerization. Details of the synthetic procedure can be found in previous publications.206,231 

Briefly, anionic polymerization was carried out in a water- and air-free environment under argon. 

Tetrahydrofuran was dried using an alumina column and used as the solvent. 18-crown-6-ether 

was used in a 2:1 molar ratio relative to potassium ions to reduce unwanted side reactions and 

increase conversion of PPO.207,232 Propylene oxide was purified over butyl-magnesium chloride 

and added to the reactor. Potassium t-butoxide was added to initiate the reaction at 25 ºC and the 

reaction was stirred for 72 h. The polymerization was terminated with acidic methanol. The 

resulting product was then subjected to repeated filtering and rotary evaporation followed by two 

hexane/water liquid-liquid extractions in a separatory funnel to remove crown ether and salts from 

the product. The volume ratio of hexane:water was roughly 1:2 and the hexane phase was 

collected, dried over anhydrous sodium sulfate, and the solvent was removed with a rotary 

evaporator. 
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Hydrogenation of poly(propylene oxide): 

An example hydrogenation protocol is as follows. Poly(propylene oxide) (PPO) polymer, faint 

yellow gel (1.19 g, 1.1 mmol) was put in a round bottom flask with palladium on carbon catalyst 

(0.27 g) at a 5:1 PPO: Pd/C by mass. The flask was gently rotated to coat the polymer with the 

catalyst. 10 mL of methanol was added, and the solution was stirred and bubbled with argon for 

30 min. Hydrogen gas was collected using a balloon and syringe technique and added to the flask 

via a needle. A 25 gauge needle was used to displace argon with hydrogen for 1 min. The reaction 

was stirred at room temperature overnight. The reaction effluent was diluted with methanol and 

filtered with Celite until the filtrate was clear. Solvent was evaporated using a rotary evaporator to 

yield a faint yellow gel (72% yield). 

Esterification of PPO-OH: 

An example esterification protocol is as follows. Hydrogenated PPO (0.83 g, 0.76 mmol) was 

dried using a vacuum line in a 20 mL scintillation vial. Then, 4-dimethylaminopyridine (DMAP) 

(0.019 g, 0.16 mmol) and exo-5-norbornene-2-carboxylic acid (0.16 g, 1.15 mmol) were added to 

the scintillation vial and dissolved in 4.5 mL anhydrous dichloromethane. Meanwhile, N,N’ 

diisopropylcarbodiimide (DIC) (0.14 g, 1.14 mmol) was mixed with 1 mL of anhydrous 

dichloromethane. The DIC solution was then added dropwise to the reaction vial over 3 min while 

stirring. White precipitate formed within 30 min and the reaction was stirred at room temperature 

for 7 days. The reaction solution was filtered with a fine filter to remove the precipitate, and the 

effluent was diluted with hexanes and washed three times with a 0.1 M NaOH solution with 

addition of a small volume ~3 mL of saturated NaCl brine. The organic phase was dried over 

sodium sulfate, concentrated with a rotary evaporator to yield a faint yellow gel with crystals due 

to excess exo-5-norbornene-2-carboxylic acid. This mixture was then dried in a vacuum oven at 

50 ℃ for 7 days where the crystals slowly sublimed to leave a yellow gel (90% yield). 

Esterification of PEO-OH: 

The same reaction protocol as for PPO esterification was performed, except the reaction was 

run for 48 h. The reaction solution was filtered with a fine filter to remove the precipitate and dried 
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on a rotary evaporator. The product was dissolved in tetrahydrofuran and the polymer was purified 

from the excess exo-5-norbornene-2-carboxylic acid by two precipitations in cold diethyl ether to 

yield a white powder (64% yield). 

Grubbs catalyst preparation: 

Second generation Grubbs catalyst (G2) [(H2IMes)(PCy3)Cl2Ru=CHPh] was purchased from 

Millipore sigma and converted to Grubbs third generation catalyst (G3) using an established 

procedure.233 G2 (1.01 g, 1.2 mmol) was mixed with pyridine (3.0 g, 36 mmol) in a 50 mL round 

bottom flask and stirred in air for 10 min. An immediate color change from dark red to dark green 

was observed. 20 mL of pentane was layered on top and the flask was placed in a -20 ℃ freezer 

overnight. The product, green powder, was recovered via vacuum filtration and washed with 

excess pentane (98% yield). 

Sequential Ring Opening Metathesis Polymerization (ROMP): 

All ROMP reactions were done in a glovebox with an argon atmosphere ([O2] < 10 ppm; [H2O] 

< 10 ppm) with a monomer concentration of approximately 0.05 M in anhydrous dichloromethane 

and were stirred at room temperature for 10 min. Fresh G3 stock solution (dark green) and 

monomer stock solutions were prepared with precisely known molar concentrations. To initiate 

polymerization, a precise volume of G3 stock solution was added to the first monomer solution 

via a gas tight syringe such that the molar ratio of monomer to catalyst was equal to the target 

degree of polymerization. The solution quickly fades from dark green to rust brown upon initiation. 

The reaction was stirred for 10 min, then a minimal volume of the reaction was taken as an aliquot 

and quenched with a 1:1 (vol) mixture of ethyl vinyl ether: dichloromethane. The second monomer 

solution was added to the reaction vessel, again such that the molar ratio of monomer to catalyst 

was equal to the target degree of polymerization. The reaction was taken out of the glovebox and 

quenched by stirring with an equal volume of the ethyl vinyl ether: dichloromethane mixture for 

10 min. G3 catalyst was removed by diluting the reaction with ~50 mL dichloromethane and 

stirring with several scoops of SiliaMetS-DMT (silicycle) for ~2 h until the supernatant is clear. 

The silicycle with bound G3 was removed by filtering though a column of Celite. The effluent was 



74 
 

dried with a rotary evaporator, dissolved in benzene and freeze dried to recover the polymer as a 

white powder. Typical yields are ~80%. 

Polymer characterization: 

1H NMR: All NMR samples were prepared in deuterated chloroform at a sample concentration 

between 10 – 20 mg/mL. All spectra were collected using a Bruker Avance III HD-500 MHz 

spectrometer with a 5mm Prodigy TCl cryoprobe. Chemical shifts are reported in parts per million 

and were referenced to the residual chloroform peak at 7.26 ppm. 1H NMR spectroscopy was used 

to quantify conversion, assess purity, and confirm polymer composition. 

Size Exclusion Chomatography (SEC): All SEC samples were prepared in tetrahydrofuran at 

a concentration of 5 mg/mL and filtered with a 0.2 um PTFE filter. An instrument equipped with 

2 phenogel columns and a Wyatt Dawn Heleos II multi-angle light scattering detector was used to 

obtain molecular weights and dispersities. The reported refractive index increment (dn/dc) of PEO 

and PPO in THF are 0.068 mL/g and 0.087 mL/g, respectively.85 The dn/dc of all diblocks was 

taken as the weighted average of these components based on the targeted composition.7  

MALDI-ToF: To prepare MALDI samples, a 30 mg/mL solution of α-cyano-4-

hydroxycinnamic acid (CHCA), a 3 mg/mL polymer solution, and a 1 mg/mL sodium 

trifluoroacetic acid (NaTFA) solution, were all prepared in THF. The CHCA and polymer solutions 

were mixed in a volume ratio of 2:1 and a drop of the NaTFA solution was added. An AB SCIEX 

TOF/TOF 5800 instrument was used in reflector mode. For every MALDI-ToF spectrum collected, 

the laser power of the first shot was deliberately set too low to transfer the polymers into the gas 

phase. The laser power was then ramped in small steps until a clear spectrum was observed. Thus, 

all spectra reported were taken near the minimal laser power required, minimizing likelihood of 

sample degradation. 

Micelle solution preparation: 

Aqueous buffer was prepared according to an established recipe.6 The buffer solution is 140 

mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 2 mM MgCl2, and 10 mM HEPES, which was prepared in 

milliQ water (18 Ω) and pH adjusted to pH = 7.2 with NaOH. Micelle stock solutions were 
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prepared via direct dissolution, and a vortexer was used to facilitate dissolution. To ensure 

complete dissolution, solutions were held at 4 ℃ for 1 hour. Each series of micelle solutions was 

then prepared via serial dilution and annealed at 37 ℃ overnight prior to measurements. 

Dynamic Light Scattering (DLS): 

DLS experiments were performed with a Brookhaven BI-200SM instrument equipped with a 

637 nm laser and an adjustable goniometer. All measurements were done at 37 ℃ in a refractive 

index matching bath. All solutions were filtered with a 0.2 um GHP filter into clean glass test tubes 

(200 mm x 7 mm with 5 mm inner diameter) and sealed with parafilm. All excess scattering 

intensity measurements were performed at a detector angle of 90°, a laser power of 5 mW, and an 

aperture setting of 400 nm. Intensity autocorrelation functions, g2(t) were recorded for a minimum 

of 5 min. 

The Siegert relation was applied to convert g2(t) to the electric field autocorrelation function, 

g1(t). g1(t) was then fit to a second-order cumulant model (Eq. 3.5.1) and a biexponential model 

(Eq. 3.5.2) and the residuals were compared (Figs. S11-S13). 

g
1
(t)=Bexp(-2Γt+k2t2)    (Eq. 3.5.1) 

 g
1
(t)=f

1
exp(-2Γ1t) +f

2
exp(-2Γ2t)   (Eq. 3.5.2) 

The mutual diffusion coefficient, Dm, of a species can be obtained by dividing the decay coefficient 

(Γ in the equations above) by the scattering vector q given by q = (4πn/λ)sin(θ/2) where n is the 

refractive index of the medium, λ is the wavelength of the laser, and θ is the angle of detection. 

For dilute solutions, the mutual diffusion coefficient (Dm) and the tracer diffusion coefficient (Dt) 

are almost equivalent. Dt can then be related to the hydrodynamic radius via the Stokes-Einstein 

equation. 

Cryo-TEM: 

For sample vitrification, 200 mesh lacey carbon copper grids (Ted Pella) were exposed to glow 

discharge to increase their surface energy. They were then transferred to an environmentally 

controlled chamber (FEI Vitrobot Mark III), which was held at 25 °C and 100% humidity. 5 µL of 

a 10 mg/mL polymer solution was then deposited onto the grid and blotted for 7 s. It was then 
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allowed to anneal for 1 s before being plunged into a vat of liquid ethane (T = −89 °C). The samples 

were stored in liquid nitrogen prior to imaging using an FEI Technai Spirit Bio-Twin TEM at an 

accelerating voltage of 120 keV. Samples were kept at −176  1 °C during imaging. Images were 

captured using a magnification of 40000 and an under-focus of approximately −20. Image 

analysis was performed using ImageJ software, and the built-in enhance local contrast filter was 

applied to all images. A minimum of 10 objects were measured in each image, and at least two 

grid locations were included in every analysis. 

Differential Scanning Calorimetry: 

Roughly 5-10 mg of polymer sample was loaded into Tzero aluminum pans and sealed. DSC 

experiments were performed on a TA Instruments Q1000 DSC instrument. Pans were placed into 

the instrument and equilibrated at 40 °C for 10 min, then the pan was heated to 100 °C and held 

for 10 min. This first heating was performed to eliminate the effects of the thermal history of the 

sample. Then, a cooling scan was performed from 100 °C to −100 °C at 10 °C/min followed by a 

second heating cycle between −100 °C to 100 °C at 10 °C/min. All thermal transitions were 

reported based on the second heating scan. 
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3.6 Supporting Information for Chapter 3 
 

Figure 3.8. (a) Full, normalized MALDI spectra of the t-PPO15-R materials shown in Fig. 2. 

Black is the starting material prior to hydrogenation and blue is the product of the esterification 

step (vertically shifted). (b) Comparison of the absolute intensity of the MALDI spectra as a 

function of the ω-end-group. The alcohol (black) and NB (blue) appear to impact the ability of 

the polymer to ionize and/or fly, as the preparation protocol and laser intensity were identical. 

(c) Comparison of the SEC(dRI) traces of the t-PPO-OH prior to hydrogenation and the 

functionalized t-PPO-NB macromonomer post hydrogenation and esterification. The overlap of 

these chromatograms suggests that these reactions did not cause chain coupling or degradation. 
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Figure 3.9: characterization of PEO2k-NB macromonomer (L-E43-NB) and starting 

material (L-E43-OH). (a) 1H NMR spectrum of the purified methyl terminated PEO2k-NB 

macromonomer. The peak shape of peak 2, 2’ indicates that all excess norbornene small 

molecule was removed via the precipitations. The ratio of the norbornene end-group to the 

methyl end-group suggests the conversion of alcohol to norbornene was 94%. (b) MALDI of 

the starting material (mPEO-OH (L-E43-OH): Mn = 1970 g/mol, Đ = 1.04) and the product 

(mPEO-NB (L-E43-NB) - Mn = 2049 g/mol, Đ = 1.03). The shift to higher molecular weight 

suggests successful addition of a norbornene end-group; however, the shift in Mn is less than 

the molecular weight difference between norbornene and alcohol because a fraction of the chains 

(~6%) do not react and the ionizability of these two populations are not the same. Extending the 

mass range recorded in the MALDI to 5500 g/mol indicated that no chain coupling occurred 

(data not shown). (c) Zoom in on the MALDI spectra from 1800-2000 g/mol. Gold circle 

corresponds to unreacted alcohol endgroups (mPEO-OH), black square corresponds to the 

desired mPEO-NB, and blue triangles is a methyl terminated PEO with an undetermined ω chain 

end that does not interfere with ROMP and is a small fraction of the sample. 
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Figure 3.10: Characterization of B-E10
43P5

15. (a) SEC chromatograms for both monomers, the 

BB-PPO block aliquot and the BB-PEO-b-BB-PPO diblock with the refractive index (dashed) 

and light scattering (solid) traces shown. From Zimm analysis Mn = 6,000 g/mol and Đ = 1.31 

for the BB-PPO aliquot and Mn = 26,200 g/mol and Đ = 1.07 for the diblock. The resulting 

composition is 72 wt% PEO. (b) 1H NMR spectrum for the diblock. The ratio of the methyl graft 

chain ends (3) to the backbone alkene peaks (7) gives an estimate of the composition of the 

polymer of 77 wt% PEO, confirming the SEC result. The absence of the monomeric NB peak 

at 6.0-6.2 ppm indicates full conversion of macromonomer. 
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Figure 3.11: Characterization of B-E21
43P11

15. (a) SEC chromatograms for both monomers, the 

BB-PPO block aliquot and the BB-PEO-b-BB-PPO diblock with the refractive index (dashed) 

and light scattering (solid) traces shown. From Zimm analysis Mn = 11,600 g/mol and Đ = 1.20 

for the BB-PPO aliquot and Mn = 55,300 g/mol and Đ = 1.10 for the diblock. The resulting 

composition is 74 wt% PEO. (b) 1H NMR spectrum for the diblock. The ratio of the methyl graft 

chain ends (3) to the backbone alkene peaks (7) gives an estimate of the composition of the 

polymer of 72 wt% PEO, confirming the SEC result. The absence of the monomeric NB peak 

at 6.0-6.2 ppm indicates full conversion of macromonomer. 
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Figure 3.12: Characterization of B-E160
43 P43

15. (a) SEC chromatograms for both monomers, the 

BB-PPO block aliquot and the BB-PEO-b-BB-PPO diblock with the refractive index (dashed) 

and light scattering (solid) traces shown. From Zimm analysis Mn = 46,800 g/mol and Đ = 1.09 

for the BB-PPO aliquot and Mn = 394,000 g/mol and Đ = 1.15 for the diblock. The resulting 

composition is 82 wt% PEO. (b) 1H NMR spectrum for the diblock. The ratio of the methyl graft 

chain ends (3) to the backbone alkene peaks (7) gives an estimate of the composition of the 

polymer of 80 wt% PEO, confirming the SEC result. The small monomeric NB peak at 6.0-6.2 

ppm (a) indicates ~99% conversion of macromonomer. 
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Figure 3.13: additional cryo-TEM micrographs of micelles of B-E160

43 P43
15. (a) Magnification 

of 40,000x and the same spot on the grid as Figure 4b in the main text but with reduced exposure 

time. No beam damage is observable on the grid. (b) Same image as in panel (a) after the enhance 

local contrast filter has been applied. (c) 40,000x magnification on an additional spot on the grid. 

(d) 8,000x magnification of an additional spot on the grid. 
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Figure 3.14: cryo-TEM micrographs of micelles of B-E10

43P5
15. (a) Magnification of 20,000x 

and the same spot on the grid as Figure 4b in the main text but with reduced exposure time. No 

beam damage is observable on the grid. (b) 20,000x magnification on an additional spot on the 

grid. (c) 8,000x magnification of an additional spot on the grid. 
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Figure 3.15: Closed association modelling as an alternative method to assess CMCa. (a) 

Excess scattering intensity of each polymer fit to the closed association model described below. 

(b) The relationship between Mn and CMCa where the CMCa has been defined based on the 

model results. The same trend and scaling exponent as shown in Figure 4c are apparent. 

 

The purpose of this analysis is to apply a model to define the apparent critical micellization 

concentration CMCa; thus, removing all human decision making in the cut-off between the free-

chain and micelle regimes. The details of the model used are shown below. 

From light scattering theory, the excess scattering intensity depends on the product of the size 

and number of scatterers. Thus, for a mixture of unimers and micelles, the excess scattering 

intensity is given by Equation S3 below.163 

Iex=A[unimers]+B[micelles]      (S3) 

The closed association model asserts that for a solution at a concentration above the CMCa, an 

equilibrium between unimers at a concentration equal to the CMCa and micelles of a constant 

number of chains, Nagg. This is expressed by the expressions shown below 

Nagg unimers ↔ micelle      (S4) 

[unimers]= {
[polymer],  [polymer] < CMCa

CMCa,  [polymer] ≥ CMCa
    (S5) 
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From a mol balance on the system, we can express the concentration of micelles as a function of 

the total concentration of polymer, chosen by the experimenter, the concentration of unimers and 

the aggregation number: 

[micelles]=
[polymer]-[unimer]

Nagg
      (S6) 

Now, we can express equation S3 using with a conditional expressing using only experimental 

quantities, [polymer], and model parameters: CMCa, Nagg, A, and B: 

Iex= {
A[polymer],  [polymer]<CMCa

A×CMCa + B×
[polymer]-CMCa

Nagg
,  [polymer]≥CMCa

  (S7) 

When this model was applied to the DLS data to evaluate the CMC, the same trend between 

Mn and CMC was observed as for the analysis method reported in the main text.  
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Figure 3.16: DLS correlation function fitting for micelle solution of B-E10
43P5

15
 at 10 mg/mL 

and 37 ℃. (a) Fitting of the electric field autocorrelation function to the second cumulant model 

(Eq. S1). (b) Residuals between the data and the fit for the second cumulant model. (c) Fitting 

of the electric field autocorrelation function to a biexponential model (Eq. S2). (d) Residuals 

between the data and the fit for the biexponential model. 
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Figure 3.17: DLS correlation function fitting for micelle solution of B-E21
43P11

15at 10 mg/mL 

and 37 ℃. (a) Fitting of the electric field autocorrelation function to the second cumulant model 

(Eq. S1). (b) Residuals between the data and the fit for the second cumulant model. (c) Fitting 

of the electric field autocorrelation function to a biexponential model (Eq. S2). (d) Residuals 

between the data and the fit for the biexponential model. 
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Figure 3.18: DLS correlation function fitting for micelle solution of B-E160
43 P43

15
 at 10 mg/mL 

and 37 ℃. (a) Fitting of the electric field autocorrelation function to the second cumulant model 

(Eq. S1). (b) Residuals between the data and the fit for the second cumulant model. (c) Fitting 

of the electric field autocorrelation function to a biexponential model (Eq. S2). (d) Residuals 

between the data and the fit for the biexponential model. 
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Figure 3.19: Multi-angle DLS data for micelle solution of B-E160
43 P43

15 at 3 mg/mL and 37 ℃. 

(a) Γ found from the second cumulant model (Eq. S1). The slope gives a diffusion coefficient of 

3×10-12 m2/s. Based on the Stokes-Einstein equation this corresponds to a hydrodynamic radius 

of Rh = 110 nm. The near zero intercept and the high R2 value suggests the relaxation process is 

diffusive. (b) Γ1 and Γ2 found from the biexponential model (Eq. S2). Similarly to the description 

of part (a), the slopes in this figure correspond to species with hydrodynamic radii of Rh,1 = 47 

nm and Rh,2 = 160 nm. The linearity and high R2 values suggest that both relaxation processes 

are diffusive. 

 

Table 3.3: summary of biexponential model fitting of DLS data for 10 mg/mL micelle solutions. 

Polymer Mn [g/mol] Đ wt% 

PEO 

wt% 

NB 

Rh, small 

[nm] 

Rh, large 

[nm] 

flarge 

B-E10
43P5

15
 26200 1.07 72 8 12 ± 0.2a 53 ± 2a 0.32 ± 0.04a 

B-E21
43P11

15 55000 1.10 74 8 19 39 0.31 

B-E160
43 P43

15 394000 1.15 80 7 39 170 0.84 

aError is the standard deviation of three independent replicates. 
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Figure 3.20: stability of micelle size distribution over a 35 day anneal at 37 ℃. After the 

day 1 measurement was performed, the sample was recovered and placed in a sealed scintillation 

vial on a hotplate for 35 days. (a) Correlation function and analysis of a micellar solution of B-

E160
43 P43

15 at 10 mg/mL. The data is fit to the biexponential model and the data is summarized in 

Table S2, below. (b) REPES analysis of the same correlation functions shown in panel (a). Both 

size distributions show a bimodal population and the sizes of both populations are within error. 

 

Table 3.4: effect of anneal time on biexponential model fitting parameters 

Time of anneal Rh, small [nm]c Rh, large [nm]c flarge 

1 day 39 170 0.84 

35 days 64 200 0.89 
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Figure 3.21: model of micelle core dimensions. This sketch illustrates the model used to 

estimate the micelle core dimensions from the polymer backbone and side chain degrees of 

polymerization. The model assumes that the backbone is a rigid rod, the side chains are gaussian 

coils, and there is no chain overlap; thus, this model serves as an upper bound of micelle core 

dimensions. Note this is a two-dimensional projection, so the side chain crowding is exaggerated 

because in three dimensions, side chains will have more space to avoid one another. 
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Figure 3.22: SEC characterization of linear PEO20k (L-E455). The refractive index (dashed) 

and light scattering (solid) traces overlap and show a single peak with narrow distribution. From 

Zimm analysis of the light scattering data, the Mn = 20,000 g/mol and Đ = 1.10. 
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Figure 3.23: Characterization data for B-E54
10-P8

15. (a) SEC traces of the PPO macromonomer 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock, 

where * denotes the side chain unit adjacent to the ester. 

 

 

Figure 3.24: Characterization data for L-E10-OH and L-E10-NB. (a) MALDI ToF 

characterization of the starting material (black) and the purified product (blue). For the product, 

Mn = 604.9 g/mol (Nsc ≈ 10) and Đ = 1.07. The family of peaks labelled with red squares is the 

desired product and constitutes 69 mol% of the sample. (b) 1H NMR spectrum of purified 

product. The integration and shape of the peaks at 6.0-6.2 ppm indicate that there is residual 

NB-COOH in the sample. This impurity is difficult to remove and makes up < 20% of the total 

norbornene present so was deemed acceptable. 
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Figure 3.25: Characterization data for B-E12
43. (a) SEC traces of the PEO macromonomer and 

the resulting bottlebrush PEO. Dashed lines are traces from the differential refractive index 

detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the purified 

final product. 

 

 

Figure 3.26: Characterization data for B-E126
43. (a) SEC traces of the PEO macromonomer and 

the resulting bottlebrush PEO. Dashed lines are traces from the differential refractive index 

detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the purified 

final product. The composition of PEO matches the composition of the PEO in the 

macromonomer since this is a brush “homo-polymer.” 
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Figure 3.27: Characterization data for B-E50
10. (a) SEC trace of the bottlebrush PEO. Dashed 

line is dRI and solid line is light scattering detectors, respectively. (b) 1H NMR spectrum of the 

purified bottlebrush PEO. 
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Chapter 4: Effect of bottlebrush poloxamer architecture on 

binding to liposomes and protection of cells against osmotic 

stress 

This chapter was adapted from Hassler, J.F.; Crabtree, A.A.; Liberman, L.; Bates, F.S.; Hackel, 

B.J.; Lodge, T.P. Biomacromolecules. 2023, 1, 449-461. 

 

4.1 Motivation 

Many pathologies are linked to cell membrane damage such as radiation exposure, electric 

shock, ischemia/ reperfusion injuries occurring after heart attacks and strokes, and Duchenne’s 

muscular dystrophy.9,13,123,126,127 This damage prevents the cell from regulating transport of 

nutrients and waste and from maintaining a transmembrane ion gradient, resulting in cell and tissue 

death.12 Poloxamers, a family of commercially available block polymer amphiphiles consisting of 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) blocks, have demonstrated in vitro 

efficacy in protecting cardiomyocyte and neuronal cells from oxidative stress,69,119,122 reduced 

permeability of damaged blood brain barriers,235 proven in vivo efficacy in mouse and pig 

ischemia/ reperfusion models,120,124 and enabled heart and skeletal muscle function of dystrophic 

mice to resemble that of healthy mice.7,131  

Over the past two decades, many reports have used simplified abiotic systems consisting of 

lipid monolayers, bilayers, or liposomes of various lipid compositions to explore the mechanism(s) 

of membrane stabilization. Experiments on lipid monolayers have revealed that poloxamers 

preferentially insert into damaged regions due to the reduced surface pressure.12,66,71,89 

Additionally, longer PPO blocks lead to increased membrane affinity,85 a decrease in lipid 

diffusivity,80 and different bound conformations when longer than the thickness of the acyl region 

of the lipid bilayer.189,190,236 The PEO block also plays an important role because polymers that are 

too hydrophobic accelerate lipid flip-flops141 and disrupt lipid packing,237 while polymers of 

intermediate hydrophilicity protect membranes under stress.6,81 These results can be summarized 

by the anchor and chain hypothesis which asserts that the PPO block drives binding by inserting 
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into the acyl region of the lipid bilayer while the PEO block interacts with the lipid headgroup and 

bound water layer, with both components being necessary for optimal performance.83,143,188,191 

Despite this model of polymer-membrane interactions, a complete understanding of the 

stabilization mechanism is lacking, hindering the engineering of more effective therapeutics. 

Bottlebrush polymers consist of polymeric side chains densely grafted onto a central backbone, 

characterized by the backbone degree of polymerization (Nbb), the side chain degree of 

polymerization (Nsc), and the average degree of polymerization between side chains (Ng).
238 

Compared to linear polymers, the steric repulsions among adjacent side chains leads to larger 

persistence lengths and reduced entanglement densities.149,192,194 Importantly, polymer properties 

and interactions with other macromolecules can be tuned by manipulating bottlebrush architectural 

parameters. For example, the segmental relaxation time (chain mobility) is a function of side chain 

length.148,239,240 Longer side chains decrease steric constraints at the units far from the backbone, 

which enhances interdigitation between chains.153 Therefore, by combining an efficient strategy to 

synthesize bottlebrush polymers with PEO and PPO side chains — denoted bottlebrush 

poloxamers (BBPs)109 — with knowledge of parameter-property relationships, the bottlebrush 

architecture can be used as a tool to inform the stabilization mechanism(s) of block polymers.  

In this study, we compared a conventional, linear poloxamer to an analogous BBP and found 

that the BBP has a higher membrane affinity but similar in vitro protection efficacy. To better 

understand the effect of bottlebrush architectural parameters on membrane affinity, we performed 

systematic molecular variations and applied a pulsed-field-gradient NMR (PFG-NMR) binding 

assay to elucidate the roles of the hydrophobic backbone, overall molecular weight, side chain 

length asymmetry, and statistical versus block architectures. To our knowledge, this is the first 

report of interactions between BBPs and lipid bilayers, and the results should inform engineering 

of more effective membrane binders and elucidate mechanisms of polymer-lipid bilayer 

interactions.  
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4.2 Experimental 

Materials: The following materials were purchased from Sigma Aldrich and used without further 

purification: propylene oxide (>99.0%), 18-crown-6 ether, tetrahydrofuran (ACS reagent, 97%, 

stabilized with 250 ppm butylated hydroxytoluene), butyl-magnesium chloride, potassium tert-

butoxide, poly(ethylene oxide) monomethyl ether (Mn ≈ 2000 g/mol), poly(ethylene oxide) 

monomethyl ether (Mn ≈ 350 g/mol), N,N′ diisopropylcarbodiimide (99%), 4-

dimethylaminopyridine (>99%), exo-5-norbornene-2-carboxylic acid (97%), α-cyano-4-

hydroxycinnamic acid, sodium trifluoroacetate, Grubbs second generation catalyst M204, pyridine 

(>99%), ethyl vinyl ether (stabilized with 0.1% KOH, 99%), benzene (ACS reagent, 99%), sodium 

chloride (99.5%), magnesium chloride (97%), calcium chloride (anhydrous, 96%), potassium 

chloride (>99%), HEPES buffer (99.5%), and Triton X-100. The following materials were 

purchased from Fisher Scientific and used as received: methanol (HPLC grade), dichloromethane 

(DCM; ACS reagent, anhydrous, 99.8%), diethyl ether (anhydrous), chloroform, and diatomaceous 

earth. NMR solvents deuterium oxide and chloroform-d (99.8 atom% d) were purchased from 

Cambridge Isotope Laboratories. 16:0-18:1 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 

(POPC) was purchased from Avanti Polar Lipids and used as received. A lactate dehydrogenase 

(LDH) assay kit was purchased from Pointe Scientific Inc. SiliaMetS DMT was obtained from 

Silicycle. 

Synthesis and characterization of BBPs: Synthesis methods were described in detail in a previous 

publication.109 Briefly, norbornene-functionalized macromonomers (MMs) were synthesized by 

chain-end modification of mono-alcohol functionalized poly(propylene oxide) (PPO) and 

poly(ethylene oxide) (PEO). The PPO polymers were prepared via anionic polymerization.206 The 

PEO polymers were purchased and freeze dried from benzene. For this study, three MMs were 

synthesized: PPO with Mn = 1090 g/mol (PPO-1k), PEO with Mn = 2060 g/mol (PEO-2k), and 

PEO with Mn = 600 g/mol (PEO-0.6k). To install the norbornene functional group, a condensation 

reaction was performed between 1 equiv of mono-alcohol functionalized polymer and 1.5 equiv 

of exo-5-norbornene-2-carboxylic acid in the presence of 0.2 equiv of 4-dimethylaminopyridine 
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and 1.5 equiv of N,N′ diisopropylcarbodiimide at room temperature in anhydrous DCM at a 

polymer concentration of 0.05 M. Condensation reactions of PEO MMs were run for 48 h while 

the PPO MM required 7 d. Note that in the case of PPO, a hydrogenation reaction was performed 

prior to the condensation reaction to eliminate alkene α-chain end impurities.109 Percent 

norbornene functionality was assessed via matrix-assisted laser desorption/ionization time of flight 

(MALDI-ToF) spectrometry and 1H NMR spectroscopy and was found to be quantitative for PPO-

1k,109 94% for PEO-2k,109 and 92% for PEO-0.6k (Figure S4.1). PEO-2k was purified via two 

precipitations in cold diethyl ether and PPO-1k and PEO-0.6k were purified by vacuum drying at 

40 ℃ for 7 d. 

After macromonomer purification, two sequential ring-opening metathesis polymerization 

reactions were performed in a glovebox with an argon atmosphere to yield diblock BBPs. An 

example protocol is: 1 equiv of Grubbs third generation catalyst (prepared by methods reported by 

Love, et al.)233 was added to the reaction vessel containing the PPO-1k MM dissolved in anhydrous 

DCM at 0.05 M. The reaction was stirred for 10 min, and then the second MM was added also at 

0.05 M. After 10 min, the reaction was removed from the glovebox and was diluted by half with a 

1:1 (v:v) mixture of ethyl vinyl ether:DCM to quench the reaction. This mixture was then stirred 

over Silicycle for a minimum of 3 h to chelate the deactivated catalyst, which was then removed 

by filtering through a column of Celite. The solvent was removed via rotary evaporation and the 

product was freeze-dried from benzene. For statistical copolymers, two macromonomers were 

mixed in the desired stoichiometric ratios and then the catalyst was added. 

The conversion and composition of the resulting polymers were characterized by 1H NMR 

spectroscopy on a Bruker Avance III HD-500 MHz spectrometer equipped with a 5 mm Prodigy 

TCI cryoprobe. The molecular weight distributions were characterized by size exclusion 

chromatography equipped with a Wyatt Dawn Heleos II multi-angle light scattering detector. The 

refractive index increment (dn/dc) of the BBPs was taken as the mass fraction weighted average 
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of the dn/dc values of PEO (0.068 mL/g) and PPO (0.087 mL/g) in tetrahydrofuran.85,234,202 

Characterization data for all polymers are shown in Figures S4.11-S4.26. 

Liposome production: POPC powder, typically ~15 mg, was dissolved in a minimal amount of 

chloroform. The chloroform was then evaporated using a gentle, filtered stream of nitrogen (0.4 

μm PTFE filter) to yield a thin film of lipid around the vial walls. This film was then hydrated with 

1 mL of D2O and placed on a vortex plate for 1 h. The resulting disperse mixture of vesicles was 

then extruded 29 times through a membrane with 200 nm diameter pores using an Avanti mini-

extruder apparatus. This was done at room temperature, which was above the melting temperature 

of POPC (Tm = −2 ℃). 

Dynamic Light Scattering: To assess the quality of the liposome preparation, the POPC liposome 

stock solution was diluted to 1750 μM in D2O, filtered with a 0.2 μm GHP filter into a glass test 

tube (200 mm x 7 mm with 5 mm inner diameter) and multi-angle dynamic light scattering (DLS) 

was performed using a Brookhaven BI-200SM instrument with a 637 nm laser and a refractive 

index matching bath. Autocorrelation functions were recorded for 4 min, at angles of 60°, 75°, 90°, 

105°, and 120° over a delay time range of 1 μs – 100 ms. The data were then fit to the second-

order cumulant expansion model and the bi-exponential model, and in all cases the second-order 

cumulant expansion model yielded equally random residuals with fewer fitting parameters, 

indicating a superior fit and therefore a single relaxation mode.109  

Pulsed-field-gradient-NMR (PFG-NMR) binding assay: A 1750 μM POPC liposome stock 

solution and a 28 μM polymer stock solution were prepared in D2O. These stock solutions were 

then combined in a 1:1 volume ratio to yield the PFG-NMR sample with 875 μM POPC and 14 

μM polymer. The polymer and lipid samples were incubated at room temperature for a minimum 

of 4 h to ensure that a steady state was reached.85 Polymer-only control samples were prepared by 

diluting the polymer stock with D2O to a final concentration of 14 μM.  

PFG-NMR experiments were conducted on a Bruker Avance III 500 MHz spectrometer 

equipped with a 5 mm TBO triple resonance PFG probe. The ledbpg2s sequence was performed 
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with 32 scans, an acquisition time and delay time of 1s, a diffusion time of 700 ms, a gradient pulse 

duration of 5 ms, and a gradient strength ranging from 2–95%. All measurements were taken at 27 

℃. The PEO methylene signal was analyzed in all cases because it has the highest signal-to-noise 

ratio. Complete dissolution of all BBP samples was verified by the homogeneous, clear appearance 

of all samples, the existence of only two populations in the polymer-only control samples (free 

chains and micelles), and the ability of the spectrometer to properly lock and shim on the sample 

which would be hindered by any insoluble particulates. 

Cloud point measurements: Cloud point measurements were performed on a home-built apparatus. 

A 10 mW HeNe laser (633 nm) passes through a neutral density filter, the sample chamber, and 

then is focused by a lens onto a photodiode detector. Samples were sealed in glass ampoules and 

placed in the temperature-controlled sample chamber. The samples were heated from room 

temperature to 95 ℃ at a rate of 0.5 ℃/min, then a fan was turned on and the sample cooled by 

convection for another 2 h. The transmitted light was normalized by the maximum intensity during 

each sweep. 

Osmotic stress in vitro protection assay: C2C12 murine myoblasts were cultured using growth 

media (20% fetal bovine serum, 1% penicillin-streptomycin, 79% Dulbecco’s modified Eagle 

medium) in a humidified chamber at 37 ℃. Cells were plated in a 96-well plate with 5000 cells 

per well and grown for 48 h. Isotonic (330 mOsm; 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 2 

mM MgCl2, and 10 mM HEPES) and hypotonic (75 mOsm; 20 mM NaCl, 5 mM KCl, 2.5 mM 

CaCl2, 2 mM MgCl2, and 10 mM HEPES) buffers were prepared and adjusted to pH 7.2 by the 

addition of sodium hydroxide. Polymer solutions in isotonic and hypotonic buffer were prepared 

and diluted as needed. Once grown to approximately 70% confluency, growth media was removed 

from the cells and 100 µL of isotonic buffer solutions, with or without polymer, was added to the 

cells for 30 min. Next, hypotonic buffer solutions replaced the isotonic buffer for 50 min. This was 

followed by an isotonic recovery period where hypotonic buffer was removed, and isotonic buffer 
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solutions were added for 30 min. Lastly, the isotonic buffer was removed, and cells were lysed 

with 0.01% Triton X-100 for 50 min to ensure total lactate dehydrogenase (LDH) release.6 

Supernatants from each step (isotonic, hypotonic, isotonic recovery, and Triton) were retained, 

and the amount of LDH present was quantified using the LDH assay kit. The quantity of LDH in 

the supernatants is indicative of membrane integrity: if the membrane is damaged, LDH will leak 

out of the cell into the solution.6 The assay utilizes the fact that LDH catalyzes the reduction of 

nicotinamide adenine dinucleotide (NAD) to NADH, which absorbs light at 340 nm. Thus, the rate 

of increase in light absorption over 120 min is related to the concentration of LDH present in the 

supernatant. The total amount of LDH released is calculated per well, and the percentage of total 

LDH for each step is then normalized to the corresponding step in the untreated control (no 

polymer). This normalization can result in percent LDH releases above 100%, indicating more 

LDH is released in the treated sample than the untreated control. In this assay, the cell membrane 

is stretched during the hypoosmotic step as the cell swells; however, maximal LDH release occurs 

during isotonic recovery due to the net flow of solution out of the cell. Therefore, data from the 

isotonic recovery step is presented here because it best distinguishes performance differences 

among the polymers. In vitro experiments were carried out on three unique cell passages with three 

technical replicates each for a total of 9 independent replicates. 

Cryo-TEM: Cryo-TEM samples were prepared inside a Vitrobot system (Thermo Fisher Scientific) 

kept at room temperature and 100% humidity. A 3 L drop of sample solution was placed onto a 

perforated carbon support film on a copper TEM grid (lacey Formvar/carbon films on 200 mesh 

Cu grids, Ted Pella, Inc., Redding, CA, U.S.A), held by tweezers inside the Vitrobot, followed by 

blotting the sample with a filter paper into a thin film, and plunging into liquid ethane for 

vitrification. Before sample preparation, the TEM grids were cleaned with glow-discharge air-

plasma (PELCO EasiGlow, Ted Pella, Inc.) to increase the support film hydrophilicity. Imaging 

was performed with a FEI Tecnai G2 F30 field emission gun TEM operated with an acceleration 
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voltage of 300 kV, and using a Gatan 626 cryo-holder, kept at –175 °C. Images were recorded 

digitally using a Gatan UltraScan 4000 4k × 4k CCD camera. 

4.3 Results 

Polymer-lipid bilayer association of linear and bottlebrush poloxamers: Single-component POPC 

liposomes were used as model cell membranes to probe polymer-lipid bilayer binding. This model 

has been applied extensively because POPC is the most abundant lipid in the exterior membrane 

of mammalian cells, so this simplified model best balances the need for efficiency and 

physiological relevance.85,87,241 Scheme 4.1 shows the structures of the molecules used in this 

report. The nomenclature adopted for the BBPs is B-ENbb

Nsc PNbb

Nsc  where B indicates the brush 

architecture, E the PEO block, P the PPO block, and Nsc and Nbb are the average side chain and 

backbone degrees of polymerization, respectively. 

 

 

Scheme 4.1: (a) Traditional poloxamer with a linear architecture, represented by L-EyPxEy 

throughout the text. (b) Bottlebrush poloxamer represented by B-Ep
qPm

n . (c) 16:0-18:1 POPC 

lipid used for all liposomes in this study. 

 

Liposome size and dispersity were assessed via multi-angle DLS. The autocorrelation function 

from each angle was fit to the second-order cumulant expansion model (eqn S.1) and a 

representative Rh and Đ for the liposomes is 97 nm and 1.03, respectively, consistent with the 

extrusion protocol. More details of the DLS analysis can be found in Figure S4.2 of the Supporting 

Information. After verifying liposome quality, we incubated the liposomes with the polymer of 

interest for at least 4 h to allow the system to approach a steady state. We then applied PFG-NMR 

spectroscopy to quantify the fraction of chains bound to the liposomes. In a PFG-NMR experiment, 
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the intensity of all proton echo signals decays exponentially as the magnetic field gradient strength 

(G) increases. The rate of signal attenuation is related to the translational diffusion coefficient 

through eqn 1: 

I

I0
= exp (– γ2δ

2
G

2
D (Δ–

δ

3
))        (4.1) 

where I is the signal intensity at the given gradient strength, I0 is the signal intensity with no 

gradient, G is the magnetic field gradient strength (2–95%), Δ is the diffusion time (700 ms), δ is 

the pulse duration (5 ms), γ is the gyromagnetic ration of a proton (42.6 MHz/T), and D is the 

translational diffusion coefficient of the species contributing to the selected 1H NMR signal. Once 

D is determined, the Stokes-Einstein equation (eqn S.2) can be applied to calculate Rh. In our 

system, we are interested in resolving free polymer and liposome-bound polymer, so it is important 

to note that when multiple populations are present, if the length scales of the different states differ 

by more than a factor of ~2, they can be resolved as separate rates of decay.165 In this case, the 

PFG-NMR data can be described by an expansion of exponentials shown by eqn 2: 

I

I0
= ∑ f

i
exp (– γ2δ

2
G

2
Di (Δ–

δ

3
))

n

i=1

       (4.2) 

where fi and Di are the mole fraction and diffusion coefficient of the ith species.85,86,146,165,242  

Figure 4.1a shows the PFG-NMR results for the commercial poloxamer F127 (L-E93P54E93), 

which a previous study found to be the linear poloxamer with the highest membrane affinity of 

those tested.85 When the natural logarithm of the normalized intensity is plotted against gradient 

strength, the magnitude of the slope of the decay curve gives the diffusion coefficient (D). In Figure 

4.1a, the decay curve for the polymer-only control (open symbols) is linear and can be described 

by a single exponential decay, indicating a single population with Rh = 3.1 ± 0.1 nm, which is 

consistent with the estimate for L-E93P54E93 if it were a Gaussian coil (~2.8 nm).163 Polymer 

binding to the liposomes can be seen by comparing the polymer-only control to the polymer+POPC 

decay curves. In the latter, polymer binding to liposomes results in the onset of a second regime 

with a weaker slope at high values of the x-coordinate.85,87 Fitting the decay curve to a two-term 
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expansion of eqn 2 (bi-exponential model) yields an estimate of 2.3 ± 0.9 mol% of the L-E93P54E93 

chains bound to the liposomes with an Rh = 26 ± 6.1 nm. 

We note that there is a significant discrepancy between the size estimates for the liposomes 

from PFG-NMR and DLS. This has been observed in the past and is attributed to a combination 

of two factors (i) DLS emphasizing large species because they scatter light more intensely, and (ii) 

PFG-NMR underestimating the size of liposomes because NMR signals from the larger liposomes 

in the distribution relax more slowly, leading to signal broadening.20,85,87 Analysis of cryo-TEM 

images of liposomes extruded through a 200 nm diameter membrane yielded an estimate for the 

liposome radius of 63 ± 29 nm, which is intermediate to the estimates from PFG-NMR and DLS. 
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Figure 4.1: PFG-NMR binding assay reveals that a BBP binds with higher affinity than an 

analogous linear poloxamer. (a) Decay curves for L-E93P54E93 polymer-only (14 μM) and 

polymer+POPC (14 μM polymer+875 μM POPC). (b) Decay curves for B-E10
43P5

15 polymer-only 

and polymer+POPC at the same conditions as panel (a). (c) Summary of the number fraction of 

chains in each possible state, determined by the sum of exponentials model (Equation 2). Error 

bars are the standard deviation of three independent measurements. 
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Figure 4.1b shows the PFG-NMR decay curves for B-E10
43P5

15, a BBP with a similar weight 

fraction of PEO and a similar number of PPO units as L-E93P54E93. Note that a direct comparison 

between the linear and bottlebrush architectures where only one variable is changed is impossible, 

due to the backbone chemistry being unique to the bottlebrush architecture. Therefore, we chose 

the number of PPO units as the most appropriate variable to hold constant because the anchor and 

chain model of polymer-lipid interactions asserts that the PPO moiety is the primary driver of 

binding.6,69,143,189 The first impact of the architectural change can be seen by comparing the two 

polymer-only control curves. The decay curve corresponding to B-E10
43P5

15 is non-linear, indicating 

the coexistence of two populations with distinct sizes. Fitting the decay curve to the bi-exponential 

model indicated that the sizes of the populations differ by a factor of two, which is attributed to a 

coexistence of free chains (Rh, free chains = 3.9 ± 0.5 nm) and micelles (Rh, micelles = 8.0 ± 1.5 nm). 

Because bottlebrush molecules adopt extended conformations, micelles are expected to be roughly 

twice as large as free chains (Rh, micelle ~ 2Rh, free chain).
109
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When liposomes are treated with B-E10
43P5

15 the decay curve shows an additional, slower decay 

than the polymer-only control, indicating binding to liposomes. In this case, the polymer+POPC 

sample contains three distinct populations: free chains, micelles, and liposome-bound polymer. To 

reduce the number of fitting parameters without compromising accuracy, the decay curve was fit 

to a constrained three-term expansion of eqn 2 (tri-exponential model). Since Rh, free chains and Rh, 

micelles are independent of liposome presence, the bi-exponential model fitting results from the 

polymer-only control were used to constrain the diffusion coefficients of these populations. The 

resulting fraction of polymer bound to liposomes is 7.3 ± 1.3 mol% and Rh, liposome = 25 ± 11 nm. A 

Welch’s T-test confirmed that the difference in bound fraction between the linear (2.3 ± 0.9 mol%) 

and bottlebrush (7.3 ± 1.3 mol%) poloxamers is statistically significant (p = 0.012) while there is 

no difference in the Rh of the liposomes (p = 0.20). The model fitting procedure described here 

was applied to all BBP+POPC samples. The presence of micelles in the BBP samples necessitated 

the use of relatively large liposomes to increase the difference in size between the micelle and 

bound states, particularly as the backbone degree of polymerization of the BBP is increased. 

Decreasing the liposome radius has been shown to increase the fraction of linear poloxamer that 

binds to the bilayer due to the increase in membrane curvature.86 We expect the same trend to exist 

in BBPs; however, this is experimentally challenging due to the presence of micelles. As the focus 

of this study is to compare the binding ability of bottlebrush to linear poloxamers and to explore 

the bottlebrush parameter space, a single liposome size (extrusion diameter = 200 nm) was chosen. 

Figure 4.1c summarizes the number fraction of chains in each state for all four decay curves. 

The polymer-only control for L-E93P54E93 shows a single exponential decay, confirming no 

micellization at 14 μM. Adding liposomes leads to 2.3 mol% of the linear poloxamer chains 

binding to the bilayer vesicles. In comparison, the polymer-only control for the analogous BBP 

does micellize at 14 μM with 27 mol% of chains forming micelles. The fitting results for the B-

E10
43P5

15+POPC sample suggest 21 mol% of chains exist in micelles and 7.3 mol% are bound to the 
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liposomes. A complete summary of the fitting parameters is given in Table S1 in the Supporting 

Information.  

These results are interesting in two respects. The first is that after the introduction of liposomes, 

the fraction of BBP chains in the micellar state decreases while the fraction of free chains remains 

the same. This suggests that polymer binding to the liposome perturbs the equilibrium between 

free chains and micelles, at which point chain expulsion from existing micelles re-establishes 

equilibrium. The significant population of free chains indicates that the barrier to chain exchange 

is small. Furthermore, chain exchange between micelles formed by linear-b-brush polymers with 

the brush block in the core has been shown to occur relatively rapidly.243 Secondly, the three-fold 

increase in the bound fraction of B-E10
43P5

15 compared to L-E93P54E93 was surprising given the 

relative rigidity and steric bulk of the brush architecture. To better understand what causes this 

increase in membrane affinity, we systematically varied polymer composition, overall molecular 

weight, side chain length asymmetry, and compared statistical and block copolymers. 

Characterization data for all polymers are shown in Figures S4.11-S4.26 and a summary of key 

characteristics is given in Table 4.1. Every polymerization went to complete conversion, yielded 

low dispersity polymer (Đ < 1.10), contained no residual catalyst (absence of an NMR signal at 

~20–21 ppm), and was very close to the targeted composition. 
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Table 4.1: Polymer Characteristics 

Polymer Mn [kDa]a Đ wt% PEOb wt% PPOb NPEO
c NPPO

c 

L-E87P31E87 9.4 1.19 81 19 170 31 

L-E93P54E93 11.3 1.14 73 27 190 54 

B-E10
43P5

15 26.2 1.07 73 19 430 78 

B-E21
43P11

15  55.3 1.10 72* 20* 910 160 

B-E168
43 P43

15 390 1.15 78 15 6900 910 

B-E54
10P8

15 40.9 1.09 62 18 530 120 

B-E11
43P6

15 29.4 1.06 72 20 470 94 

B-E12
43-s-P6

15 32.0 1.06 75 17 530 90 

B-E40
10P7

15 31.5 1.09 59 21 390 100 

B-E40
10-s-P7

15 30.9 1.04 60 20 390 100 

L-E455 20.0 1.10 100 0 460 0 

B-E15
43 30.6 1.06 93 0 640 0 

B-E126
43  260 1.08 93 0 5400 0 

aDetermined from SEC(MALS + dRI). bEstimated from 1H NMR spectra and knowledge of the 

macromonomer molecular weights after functionalization with the norbornene (MALDI-ToF) 

unless otherwise noted. See Figure S4.11 for a description of this calculation. *Composition 

reported from SEC. cMn for both blocks was calculated as the product of the weight fraction of 

that block (including the backbone mass) and the overall molecular weight. The number of grafts 

in both blocks was then estimated by dividing the Mn of each block by the corresponding 

macromonomer molecular weight. Finally, the number of PEO/ PPO units in the chain was 

calculated by the product of the number of grafts and the average number of PEO/ PPO repeat 

units in each graft as determined via MALDI-ToF. 

 

Effect of the hydrophobic backbone: Linear PEO homopolymers with Mn < 100 kDa do not bind 

to liposomes to a measurable extent, indicating that the PPO block is critical for membrane 
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association (Figure 4.2a). Presumably this is because PEO is too hydrophilic to drive a binding 

event on its own at 27 ℃.85 As shown in Scheme 1, BBPs contain a norbornene backbone, which 

constitutes another source of hydrophobicity that could drive binding. To evaluate this possibility, 

we synthesized B-E15
43, which has the same total backbone degree of polymerization as the diblock 

discussed above (B-E10
43P5

15), but with only PEO side chains. Figure 4.2b compares the PFG-NMR 

data for this PEO bottlebrush homopolymer with the corresponding PEO-PPO bottlebrush diblock 

polymer (B-E10
43P5

15). The superposition of the polymer-only control and the polymer+POPC decay 

curves in the brush PEO homopolymer case is clear evidence that B-E15
43 does not bind to the 

liposomes at a detectable level. Therefore, the hydrophobicity of the backbone alone is not 

sufficient to drive binding, and the relatively hydrophobic PPO brush block is necessary for 

binding to occur. This likely reflects the steric shielding of the backbone by the PEO side chains, 

which could prevent the backbone from entering the acyl region of the bilayer and/or limit solvent-

backbone contact. 
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Figure 4.2: Hydrophobic backbone does not interact with lipid bilayer strongly enough to drive 

binding on its own. (a) Comparison of PFG-NMR decay curves for L-E93P54E93 and a PEO 

homopolymer of similar size. No binding is observed for the PEO homopolymer. (b) 

Comparison of PFG-NMR decay curves for B-E10
43P5

15 and B-E15
43, a bottlebrush PEO 

homopolymer with an identical backbone degree of polymerization. No binding was observed 

for the bottlebrush PEO homopolymer. Error bars are the standard deviation of three 

independent measurements. 

 

To assess the ability of water to access the backbone we measured the cloud point of L-E455 

and B-E15
43 to compare the hydrophilicity of these molecules. In an aqueous buffer at 3 mg/mL, 

neither of these solutions turn cloudy below 100 ℃. We then performed cloud point measurements 

in a 1 M potassium fluoride solution, as this salt is known to depress the cloud point of linear PEO 

to a more convenient temperature range.99,244 We observed that the bottlebrush PEO polymer had 

a cloud point of 48 ℃ and the linear PEO had a cloud point of 60 ℃ (Figure S4.4). This indicates 

that the backbone does slightly increase the hydrophobicity of the bottlebrush polymer; therefore, 

water must be able to access the backbone to some extent. Thus, the steric hindrance of the side 

chains prevents the added hydrophobicity of the backbone from affecting membrane binding, and 

there must be hydrophobicity on the periphery of the molecule for membrane binding to occur. 
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Because the backbone is unable to insert on its own, it cannot explain the increase in membrane 

affinity of the BBP compared to the linear poloxamer. 

 

Molecular weight effect: The BBP discussed above (B-E10
43P5

15) had roughly double the molecular 

weight of L-E93P54E93, the linear poloxamer control in Figure 4.1. Due to the molecular weights of 

the macromonomers (~1 kDa for PPO and ~2 kDa for PEO), synthesizing a diblock BBP at a 

molecular weight equal to L-E93P54E93 would require degrees of polymerization of only 5 and 2 

for the PEO and PPO blocks, respectively, which is impractical. Importantly, these two molecules 

do have similar numbers of total PPO units, 54 for L-E93P54E93 and 78 for B-E10
43P5

15. Since the PPO 

moieties drive binding events, comparing these molecules is meaningful. However, for linear 

poloxamers, increasing the molecular weight increases the extent of binding,85 so the effect of 

overall molecular weight must be explored in the bottlebrush architecture as well. To this end, we 

synthesized B-E10
43P5

15 and B-E21
43P11

15, two BBPs with identical compositions and side chain lengths 

but with molecular weights that differ by a factor of ~2. The PFG-NMR binding assay results for 

these two polymers are shown in Figure 4.3. For the higher molecular weight BBP (black), the 

decay curves of the polymer-only control and the polymer+POPC sample are equivalent within 

uncertainty. Therefore, both decay curves were fit to the bi-exponential model and the Rh of the 

small and large species differ by a factor of two. Thus, the large species detected in the B-

E21
43P11

15+POPC sample is micelles. Finally, since the size of the B-E21
43P11

15 micelles (13 ± 1.3 nm) is 

significantly smaller than the Rh of the liposome-bound species detected in the L-E93P54E93+POPC 

(Rh, liposome = 26 ± 6.1 nm) and B-E10
43P5

15+POPC (Rh, liposome = 25 ± 11 nm) samples, if this polymer 

did bind to the liposomes the PFG-NMR assay would have detected an additional mode of 

relaxation. We conclude that B-E21
43P11

15 chains do not bind to liposomes to a detectable extent. It is 

important to note that when the molecular weight of a BBP is increased, the size of the micelles 

increases. At an Mn ~ 100 kDa, the length scales of the micelles and liposomes are commensurate, 

and therefore the PFG-NMR binding assay cannot discriminate between them. Given the effect of 
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Mn between 26 kDa and 55 kDa, we expect that BBPs with Mn > 55 kDa would also have very low 

membrane affinity. 

 

 

Figure 4.3: Increasing the molecular weight of a BBP leads to a complete loss of binding. PFG-

NMR decay curves for B-E10
43 P5

15 (Mn = 26 kDa) and B-E21
43P11

15 (Mn = 55 kDa). Error bars are the 

standard deviation of at least two replicates. 

 

Role of PEO block side chain length: The side chain length of bottlebrush polymers impacts 

properties such as shape152 and side chain flexibility,240 which could influence polymer-membrane 

interactions. Thus, we evaluated the effect of the PEO block side chain length by comparing the 

binding ability of B-E11
43P6

15 and B-E40
10P7

15, two BBPs where the hydrophobic block is nearly 

identical, but the hydrophilic block side chain and backbone lengths differ by a factor of four. 

Notably, when Nsc, PEO was reduced, Nbb, PEO was increased to maintain a roughly constant number 

of EO units. The PFG-NMR decay curves for B-E11
43P6

15 (green points in Figure 4.4a) clearly show 

a shift to the upper right when liposomes are present, indicating binding. The tri-exponential fit 

reveals that roughly 8 ± 4 mol% of the chains bound while 29 ± 13 mol% existed as micelles; these 

results are consistent with those of B-E10
43P5

15 from Figure 4.1, which is a very similar molecule. 

The PFG-NMR data for B-E40
10P7

15 (blue points in Figure 4.4a) reveal that shortening the PEO block 
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side chains and lengthening the PEO backbone changes the extent of micellization and the 

membrane affinity of the polymer. First, fitting the polymer-only control decay curve to the bi-

exponential model reveals that 80 ± 9 mol% of chains exist as micelles. This is much higher than 

the micelle fraction of the B-E11
43P6

15 polymer-only control, which is only 18 ± 12 mol%. Second, 

the polymer-only control and the polymer+POPC sample for B-E40
10P7

15 (blue points) overlap, 

indicating that no binding was detected despite the increased hydrophobicity of this molecule 

(lower wt% PEO). This result demonstrates that the PEO block does play a role in binding to 

liposomes. As the PEO side chain length is decreased, the units most distal from the backbone 

have less space and are therefore less flexible.153,239,240 A recent study reported that bottlebrush 

molecules with reduced flexibility at the side chain ends formed smaller, looser aggregates due to 

reduced side chain interdigitation.154 We hypothesize that a similar effect occurs in BBP 

interactions with lipid membranes. Specifically, the side chains of the PPO block are the first 

moiety of the BBP to insert into the bilayer. This brings the PEO block close to the lipid bilayer 

surface. If the PEO side chains are sufficiently long and flexible, they can interdigitate between 

lipid molecules, which disrupts the water shell around the ether units,17 enabling the PEO block to 

provide an additional anchoring effect. On the other hand, short PEO side chains are too sterically 

constrained by their neighbors to interact with the lipid headgroups, and therefore steric repulsion 

between the PEO brush block and the lipids leads to rapid desorption. Figure 4.4b shows a sketch 

of this hypothesized mechanistic interpretation of the effect of the PEO side chain length. 
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Figure 4.4: PEO block side chain length plays an important role in liposome binding. (a) PFG-

NMR decay curves of two BBPs with similar molecular weights and compositions, but different 

PEO blocks. B-E11
43P6

15 is star-like with a short backbone and long side chains while B-E40
10P7

15 is 

brush-like with a long backbone and short side chains. (b) Schematic depicting a possible effect 

of side chain length (flexibility) on binding to lipid bilayers that is consistent with the data shown 

in panel (a). 

 

Comparison of statistical vs block BBPs: Previous studies from our group have reported that the 

minimum PPO block length needed for significant membrane insertion of a linear poloxamer is 

~14 units.6,85,143 Since the number-average degree of polymerization of the PPO side chains in the 

BBPs tested meets this threshold, we hypothesized that each PPO side chain could serve as a 

pseudo-independent anchoring site, thereby increasing the membrane affinity. To test this 

hypothesis, we synthesized two pairs of molecules with different PEO side chain lengths, where 
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each pair contains one statistical copolymer and one block copolymer of nearly identical 

composition and molecular weight. 

The PFG-NMR results for the statistical/block pair with long and short PEO side chains are 

shown in Figures 5a and 5b, respectively. The polymer-only control for the block copolymer with 

long PEO side chains (green open symbols in Figure 5a) shows clear curvature indicating 

significant micellization, and the bi-exponential fitting reveals that 18 ± 12 mol% of chains are in 

micelles. In contrast, the decay curve of the polymer-only control corresponding to the statistical 

copolymer with long PEO side chains (orange in Figure 5a) is essentially linear. In this case, the 

bi-exponential model estimates only 5 ± 5 mol% in micelles. The reduction of the micelle 

population is indirect evidence that the copolymerization of the PPO and PEO macromonomers 

was approximately random since the molecules are less able to organize into a core-shell structure. 

Comparing the decay curves of corresponding polymer+POPC and polymer-only samples in 

Figure 4.5a demonstrates that only the block architecture binds to liposomes. The tri-exponential 

model fitting for the decay curve of B-E11
43P6

15+POPC indicates that roughly 8 ± 4 mol% of the 

chains bind to liposomes. This result suggests that when the PEO side chains are roughly three 

times longer than the PPO side chains, a block architecture is needed for binding to occur. At this 

ratio of side chain lengths, the PPO chains are essentially screened by neighboring PEO chains in 

the statistical architecture, but not in the block architecture. Therefore, we synthesized a 

statistical/block pair of copolymers with PPO side chains that are roughly twice the length of the 

PEO side chains to test whether removing the steric constraint allows a statistical copolymer to 

bind. 

Figure 4.5b shows the decay curves of block and statistical copolymers with long PPO side 

chains relative to the PEO side chains. In this case, the statistical and block copolymers both show 

overlap between the polymer-only and polymer+POPC decay curves, indicating that neither 

architecture produced binding to liposomes. Therefore, reducing the steric hindrance of the PPO 

units on the periphery of the molecule did not enable the statistical copolymer to bind. 
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Furthermore, individual PPO side chains when statistically distributed along the entire backbone 

cannot act as independent anchor sites, and both a blocky architecture and a sufficiently long PEO 

side chain are requirements for significant binding to occur. 

 

Figure 4.5: The tested statistical copolymers do not bind to liposomes, indicating that lumping 

hydrophobicity via the block architecture is needed for binding to occur. (a) PFG-NMR decay curves for 

block and statistical copolymers with longer PEO side chains (Nsc, PEO = 43) than PPO side chains (Nsc, 

PPO = 15). (b) PFG-NMR decay curves for block and statistical copolymers with shorter PEO side chains 

(Nsc, PEO = 10) than the PPO side chains (Nsc, PPO = 15). 

 

In vitro protection efficacy against osmotic stress: Lastly, we evaluated the cellular protection 

efficacy of BBPs and compared them to linear analogues using an established osmotic stress 

assay.6,131,143,178 Briefly, this assay subjects C2C12 myoblast cells to a hypoosmotic stress followed 

by isotonic recovery. If the membrane is damaged, macromolecules, such as the protein LDH, leak 

out of the cell and can then be detected via enzymatic colorimetry. A given polymer treatment is 

present throughout the assay, and a reduced LDH release relative to the non-polymer treated 

control indicates a protective effect. 

Figure 4.6a shows a comparison of the linear and bottlebrush architectures, where L-E87P31E87 

(P188) is the most prevalent polymer used as a membrane stabilizing agent,6,120,122,124,245 and was 
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included as a “first-in-class” control. B-E10
43P5

15 (green) exhibits efficacy at sub-μM concentrations, 

indicating that BBPs can have a protective effect. Moreover, B-E10
43P5

15 exhibits significantly greater 

cellular protection than the L-E87P31E87 control (p < 0.01) on a molar basis. To control for the 

difference in PEO mass fraction between B-E10
43P5

15 and L-E87P31E87, we also included L-E93P54E93, 

a linear poloxamer with an identical mass fraction of PEO and a similar number of PPO units to 

B-E10
43P5

15; the protection efficacy of these two molecules is not statistically different at polymer 

concentrations > 0.7 μM.  

A comparison of B-E10
43P5

15 and B-E21
43P11

15 (green and blue curves in Figure 4.6a) indicates that 

doubling the molecular weight of the BBP nominally decreases protection efficacy. On a per-mass 

basis the reduced performance of the higher Mn BBP is even more apparent (Figure S4.5). This 

effect was previously observed for high concentrations of linear poloxamers containing 70 and 80 

wt% PEO, and was attributed to differences in the onset of micellization.6 Micellization cannot 

explain the reduced protection efficacy upon increasing Mn of BBPs, because all of the BBPs tested 

here form micelles over part of the concentration range tested, and no coincident reduction in 

protection efficacy was observed. Furthermore, as BBPs adsorb to the cell membrane, micelles act 

as a reservoir by ejecting single chains to restore the free chain-micelle equilibrium.  

A scaling theory by Hristova and Needham concerning mixtures of lipids and polymer-grafted 

lipids suggests that membrane mechanical properties are a function of both polymer molecular 

weight and concentration in the bilayer.135 Furthermore, their theory suggests that as the molecular 

weight of the chain is increased, the maximum possible membrane incorporation decreases. 

Therefore, a possible explanation for peak protection efficacy occurring at intermediate molecular 

weights (Mn ~10-30 kDa) is that as Mn is increased there are competing effects: less polymer binds, 

but each binding event adds more polymer mass to the membrane, leading to a larger effect on 

mechanical properties per binding event. 
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Figure 4.6: Osmotic stress assay demonstrates that BBPs can protect cell membranes under 

stress. LDH release is taken during the isotonic recovery step and is normalized to the non-

treated (no polymer) control. (a) Comparison between linear and bottlebrush architectures and 

effect of molecular weight in the bottlebrush architecture. (b) Effect of shortening the PEO side 

chain. (c) Effect of BBP architecture (statistical versus block copolymers). (d) Effect of 

bottlebrush PEO homopolymers and their molecular weight. Error bars are the standard error of 

9 independent replicates and statistical significance indicates results from a one-way analysis of 

variance with Tukey’s post hoc test (p < 0.01). 

 

We also explored the effect of BBP architectural parameters on protection efficacy. Figure 4.6b 

shows that shortening the PEO side chains leads to a nominal improvement in protection efficacy. 

This result is interesting because the BBP with shorter PEO side chains (B-E54
10P8

15) did not bind to 

a detectable level in the PFG-NMR assay (Figure S4.6), yet it does have a protective effect (which 

is also true for B-E21
43P11

15 and the statistical BBPs). This could be because the single component 

POPC liposome model neglects the effects of transmembrane proteins, surface receptors, 

glycolipids, and lipid phase coexistence that exist on a physiological membrane which could 

impact polymer-cell membrane interactions.1,3,47 Additionally, as temperature increases one might 

expect binding to increase due to the reduced solvent quality of water for both PPO and PEO, so 

it is possible that by increasing the temperature from 27 ℃ to 37 ℃ in the PFG-NMR assay, 

binding of B-E54
10P8

15 and/or B-E21
43P11

15 to liposomes would be observed. Furthermore, the 
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relationship between abiotic membrane binding and cellular protection is poorly understood, so 

one should interpret the results of the liposomal PFG-NMR and the in vitro osmotic stress assays 

separately. However, we can conclude that this is another example of low-affinity polymers having 

a protective effect.69,87 

Figure 4.6c indicates that protection efficacy is not unique to the block architecture, as 

statistical copolymer bottlebrushes are also significantly more protective than L-E87P31E87 on a 

molar basis. Furthermore, for the pair of molecules with long PEO side chains, the block and 

statistical architectures showed similar protection efficacy (green vs. orange points). However, 

when the PEO side chain length was shortened, the statistical copolymer performed significantly 

better than the corresponding block polymer at very low concentrations (red vs. blue points, p < 

0.01). Interestingly, it remained protective even down to 0.014 μM, which is the lowest protective 

polymer concentration of any polymer tested to date.6,178 All other molecules follow the recently 

reported threshold effect, where polymers lose protective efficacy somewhere between 0.8 – 4 

μM.178 Future experiments will be conducted on a tissue-level protection assay with dystrophic 

mouse muscle fibers, which is a step closer to a physiological situation.131  

Finally, Figure 4.6d shows that bottlebrush PEO polymers can be protective even without the 

PPO block. Additionally, a linear PEO homopolymer and a brush PEO polymer of similar 

molecular weights have the same protection efficacy. At low polymer concentrations, increasing 

the molecular weight of the brush PEO homopolymer from 30 kDa to over 200 kDa significantly 

improves the per molecule protection efficacy (p < 0.01). As discussed above, it is unlikely that 

the backbone alone imparts sufficient hydrophobicity to affect binding; therefore, these results 

suggest that polymers that only weakly associate with POPC liposomes can be protective of 

cellular membranes. 
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4.3 Discussion 

The fraction of chains in micelles and bound to liposomes for all polymer+POPC PFG-NMR 

experiments are summarized in Table 4.2. Using the PFG-NMR results from the BBP architectural 

variants described, we can deduce useful information about the mechanism of BBP-phospholipid 

interactions. First, the hydrophobic norbornene backbone by itself is too sterically hindered to 

insert into the membrane; the hydrophobic PPO block is necessary for binding to occur. This result 

is consistent with the anchor-and-chain hypothesis, although in the bottlebrush architecture the 

conformation of a PPO anchoring block has two distinct limiting possibilities, which are illustrated 

in Figure 4.7a. In the “flagpole” conformation the backbone orients normal to the liposome surface, 

while the PPO block occupies a relatively large cylindrical volume within the bilayer. On the other 

hand, in the “in-plane” conformation the backbone lies largely in the bilayer plane and the side 

chains interdigitate with the lipids parallel to the lipid tails. Understanding whether either 

conformation is preferred is important to further engineer the molecular design, because polymer-

lipid interactions are likely different between these conformations. For example, in the flagpole 

conformation the lateral surface area covered by a single chain is related to the side chain length 

of the PEO block and the insertion depth is dictated by the PPO block contour length. Meanwhile, 

for the in-plane conformation, the surface area coverage can be estimated by projecting a rectangle 

with dimensions proportional to the side chain and backbone lengths and the insertion depth by 

the side chain lengths of both blocks. Based on the side chain lengths and grafting density, we 

expect the BBPs are loose brushes, so the side chains are Gaussian coils while the backbone is 

extended.246 Prior work has shown that the core dimensions of BBP micelles reflect behavior of a 

worm-like chain with a persistence length of ~10 nm, which is significantly higher than the 0.7 

nm persistence length of linear polynorbornene.109 
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Table 4.2: Summary of Micelle and Bound Populations 

Polymer fmicelle [mol%]a fbound [mol%]a 

L-E93P54E93 0b 2.3 ± 0.9b 

B-E10
43P5

15 21 ± 9 7.3 ± 1.3 

B-E21
43P11

15  56 ± 23 0 

B-E11
43P6

15 77 ± 11d 0 

B-E12
43-s-P6

15 0 0 

B-E40
10P7

15 29 ± 13d 8.3 ± 4.1d 

B-E40
10-s-P7

15 5.1 ± 5.1d 0 

L-E455 0c 0c 

B-E15
43 0c 0c 

aCalculated via the constrained tri-exponential fitting procedure described in the methods 

section unless otherwise noted. bUnconstrained bi-exponential model, as the polymer-only 

control showed a single exponential decay. cSingle exponential model applied. Error is the 

standard deviation of 3 independent replicates unless otherwise noted. dError is the standard 

deviation of 2 independent replicates. 
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Figure 4.7: Two possible limiting conformations of membrane-bound BBPs: flagpole and in-

plane. Rh, lipo. is the hydrodynamic radius of liposomes extruded through a 100 nm diameter filter 

(this size was used only in the conformation assessment experiments described in the discussion 

section below and presented in Section 4.5), L is an estimate of the distance the polymer 

protrudes normal to the liposome surface, A is an estimate of the surface area occupied per chain, 

and t is the bilayer thickness. 

 

We suspect that the in-plane conformation is more likely because it would enable the PPO side 

chains to intercalate between lipid molecules parallel to the acyl tails. In contrast, for the BBP to 

occupy the flagpole conformation, the polymer would have to overcome both van der Waals and 

hydrophobic forces12,135 to create the open volume in the lipid bilayer required for the PPO block 

to insert. Therefore, the in-plane conformation likely has a lower free energy than the flag-pole 

conformation. Additionally, the relationships between architectural parameters and membrane 

binding affinity that we have found are more consistent with the in-plane conformation. For 

example, in the flagpole architecture one would not expect the PEO side chain length to have as 

significant of an impact on binding ability as we observed, namely, that shortening the PEO block 

side chain length by a factor of ~4 eliminates binding ability. Furthermore, this effect is consistent 

with the in-plane conformation because as side chain length is increased the flexibility on the 

periphery of the brush would enable the PEO chains to intercalate into the bilayer, while shorter 

PEO chains might be too stiff and therefore would be excluded. Finally, if BBPs adopted the 



125 
 

flagpole conformation, then when the contour length of the PPO block exceeds the bilayer 

thickness, the polymer would likely disrupt the bilayer.184 Cryo-TEM images of POPC liposomes 

incubated with B-E168
43 P43

15, a BBP whose PPO block contour length is ~6 times longer than the acyl 

region of the bilayer, showed no membrane perturbations or open vesicles. Although B-E168
43 P43

15 

likely has very low membrane affinity, due to the relationship between Mn and fbound described 

above, liposome stability in its presence suggests this molecule does not assume the flagpole 

conformation. 

Direct experimental evidence of the conformation of membrane-bound BBPs is difficult to 

obtain due to the dynamic nature of phospholipid bilayers and the relatively low fraction of chains 

bound. We performed PFG-NMR experiments on liposomes treated with B-E11
43P6

15 over a series of 

lipid concentrations to estimate the number of polymers bound to each liposome. Based on 

polymer characterization data, we can calculate the surface area coverage for both conformations 

using simple geometrical approximations. For both conformations, a wide range of surface areal 

coverage (~25%–100%) was observed. DLS experiments conducted at the same concentrations 

revealed that the Rh of the liposomes were independent of polymer treatment and within error of 

the neat liposome control. Because the flagpole conformation protrudes from the liposome surface 

by ~10 nm while the in-plane conformation protrudes by only ~3 nm, this preliminary result is 

consistent with the in-plane conformation. However, this analysis should be viewed cautiously 

because the Rh of polymer-treated liposomes cannot be described simply as the sum of the 

liposome radius and the contour length of the polymer, since it is unknown how an incompletely 

coated brush layer would impact diffusion. Details of this experiment and analysis are shown in 

Figure S4.7. Due to these experimental challenges, it may be that molecular dynamics simulations 

are a more promising route to assess the conformation of bound BBPs. 

In both linear and bottlebrush poloxamers, the block architecture is necessary for binding to 

occur, with a proposed mechanism in which the hydrophobic PPO block acts as an anchor and the 

PEO block interacts with the hydrophilic headgroups and the bound water layer. However, based 
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on the effect of PEO side chain length on BBP-liposome binding, the PEO block likely also plays 

a role in providing additional interpenetration with phospholipids. The enhanced membrane 

affinity of B-E10
43P5

15 relative to an analogous linear poloxamer is attributable to this enhanced 

interdigitation effect. 

All liposome models are distant abstractions from a living membrane, but they are useful 

because their simplicity allows one to ask targeted questions by specifying the desired bilayer 

constituents. In this work, we chose to focus on single component POPC liposomes because we 

were primarily interested in comparing membrane binding ability of bottlebrush and linear 

poloxamers and exploring the effect of bottlebrush architectural parameters. Previous work has 

established mechanisms by which lipid head and tail-group identities affect interactions between 

linear poloxamers and lipid bilayers.82,146 Linear poloxamers have  a higher affinity for POPG 

liposomes than POPC liposomes, likely due to hydrogen bonding between the ether groups of the 

polymer and the alcohol of the POPG.146 We hypothesize that BBPs would also have a higher 

affinity towards a POPG bilayer (or any lipid bilayer with hydrogen bond donors in the headgroup 

region) than a POPC bilayer since BBPs contain many ether groups in close proximity to the lipid 

bilayer. Additionally, linear poloxamers have a higher affinity towards bilayers composed of 

DOPC than POPC because the additional unsaturated tail in DOPC reduces the bending modulus, 

facilitating polymer insertion.82 We anticipate that this effect is independent of polymer 

architecture, and therefore BBPs would show a similar relationship between binding and lipid tail 

unsaturation. 

 

4.4 Conclusion 

We systematically varied molecular structure to explore the effects of several bottlebrush 

polymer architectural parameters including side chain length, overall molecular weight, and 

monomer distribution (statistical vs block). The membrane binding ability of a BBP can be 

significantly modified by adjusting the side chain length and backbone degree of polymerization. 
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The highest affinity BBP found in this study has approximately a three times higher membrane 

affinity than an analogous linear poloxamer, despite a more rigid and crowded architecture. The 

hydrophobic backbone of the bottlebrush does not participate significantly in membrane binding. 

A more likely explanation for the increased binding is the ability for side chains to interdigitate 

between neighboring phospholipids. These results are an important step towards tuning membrane 

affinity of amphiphilic macromolecules by providing mechanistic insight about which parts of the 

molecule drive binding.  

Additionally, we have demonstrated that BBPs can protect cell membranes from osmotic 

stress. The bottlebrush polymers tested in this study ranged in total molecular weight from 26 kDa 

to 260 kDa, and they maintained protective ability throughout this range. Previously, linear block 

copolymer amphiphiles have only demonstrated protection efficacy up to ~20−30 kDa.69,178 The 

dramatic extension in molecular weight of protective BBPs is notable given the well-established 

dependence of renal clearance on molecule size.247 Finally, unlike liposome binding, cell 

membrane protection is not unique to the block architecture as bottlebrush PEO homopolymers 

and statistical copolymers with PEO and PPO side chains do outperform L-E87P31E87 (P188) in an 

osmotic stress assay on a molar basis. This is another example of low affinity polymers being 

protective in vitro,69,87 and re-emphasizes the fact that there remain important differences between 

studies of polymer-liposome binding and in vitro cellular protection. 

 

4.5 Supplementary Materials for Chapter 4 

Characterization of m-PEO(0.6k)-NB macromonomer 

The m-PEO2k-NB and t-PPO1k-NB macromonomers were synthesized and reported in detail in 

a prior publication.109 The same batches as reported in this earlier publication were used in this 

study and thus the characterization data are omitted here. The characterization data for m-PEO0.6k-

NB are shown below. 
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Figure S4.1: Characterization of esterification reaction to functionalize PEO (Mn ≈ 350 g/mol) 

with norbornene. (a) MALDI ToF characterization of the starting material (black) and the 

purified product (blue). For the product, Mn = 604.9 g/mol (Nsc ≈ 10) and Đ = 1.07. The family 

of peaks labelled with red squares is the desired product and constitutes 69 mol% of the sample. 

(b) 1H NMR spectrum of purified product. The integration and shape of the peaks at 6.0-6.2 ppm 

indicate that there is residual NB-COOH in the sample. This impurity is difficult to remove and 

makes up < 20% of the total norbornene present so was deemed acceptable.  
 

Note the red triangle population in the MALDI-ToF spectrum for the product. This family of 

peaks makes up 31% (mol) of the sample and we are uncertain what the chain ends are. We suspect 

that the ω-chain end was successfully functionalized with norbornene because we can hit targeted 

molecular weights without accounting for 31% of dead chains. It is possible that a counterion 

impurity was introduced to the sample resulting in a shifted population in MALDI. 
 

Dynamic light scattering (DLS) confirms liposome quality 
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(a) 

 

(b) 

 

Figure S4.2: Representative multi-angle DLS data confirms that liposome size distribution is 

unimodal with an Rh ≈ 96.9 nm and a dispersity of 1.03. (a) Intensity autocorrelation functions 

at each angle. The data were fit with the second cumulant model and the residuals were small. 

(b) The first cumulant as a function of the scattering vector. The linearity and near zero y-

intercept indicate that the single relaxation process being observed is diffusive. 

 

The measured intensity autocorrelation function (g2(t)) was converted to the electric field 

autocorrelation function (g1(t)) via the Siegert relation. Then, the autocorrelation function was fit 

to the second-order cumulant expansion model described by: 

g
1
(t)=exp(-2Γt+k2t2)         (S.1) 

where t is time, Γ and k2 are the first and second cumulants which capture the mean and width of 

the relaxation rate in g1, respectively. The mutual diffusion coefficient, Dm, can be obtained by 

dividing Γ by the slope of the relationship between Γ and q2 shown in Figure S4.2b. For dilute 

solutions, the mutual diffusion coefficient is approximately equal to the tracer diffusion coefficient, 

Dt, which can then be related to the hydrodynamic radius of the particles via the Stokes-Einstein 

equation given by: 

 Rh=
kT

6πη
s
Dt

          (S.2) 
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where k is Boltzmann’s constant, T is the temperature in Kelvin, and η
s
 is the viscosity of the 

solvent. A representative value for Rh of the liposomes is 97 nm, which is consistent with the pore 

sized used during extrusion. Finally, the dispersity of the liposomes can be estimated by: 

Đ=1+k2/Γ2          (S.3) 

The linearity and y-intercept of zero (within error) of the relationship between the first cumulant 

(Γ) and the scattering vector squared (q2) indicate that a single diffusive process was observed.  
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Summary of PFG-NMR model fitting: 

Table S4.1: Summary of the summation of exponentials model fits 

Polymer fmicelle 

[mol%] 

fbound 

[mol%] 

Rh, free 

[nm] 

Rh, micelle 

[nm] 

Rh, lipo 

[nm] 

CMCa 

[mg/mL] 

L-E93P54E93 0 N/A 3.1 ± 0.1* - N/A 0.5 ± 0.1 

L-E93P54E93 + POPC 0 2.3 ± 0.9 3.2 ± 0.1* - 26± 6*  

B-E10
43P5

15 27 ± 9 N/A 3.9 ± 0.5 8.0 ± 1.5 N/A 8 ± 3 

B-E10
43P5

15 + POPC 21 ± 9 6.8 ± 1.5 3.9 ± 0.5 8.0 ± 1.5 25 ± 11  

B-E21
43P11

15  39 ± 2 N/A 6.3 ± 0.6 13 ± 1 N/A 2 ± 0.5 

B-E21
43P11

15 + POPC 56 ± 23 0 6.4 ± 0.5* 13 ± 1 -  

B-E54
10P8

15 83 N/A 2.5 12 N/A 0.4 ± 0.1 

B-E54
10P8

15 + POPC 84* 0 1.7* 11 -  

B-E11
43P6

15 18 ± 12 N/A 4.4 ± 1.1 11 ± 1 N/A  

B-E11
43P6

15 + POPC 29 ± 13 8.3 ± 4.1 4.4 ± 1.1 11 ± 1 28 ± 12  

B-E12
43-s-P6

15 0 N/A 4.7 - N/A  

B-E12
43-s-P6

15 + POPC 5.1 ± 5.1 0 4.6 ± 0.1* 10* -  

B-E40
10P7

15 80 ± 9 N/A 2.6 ± 0.3 13 ± 1 N/A  

B-E40
10P7

15 + POPC 77 ± 11 0 2.4 ± 1 13 ± 2 -  

B-E40
10-s-P7

15 0 N/A 4.2 ± 0.1 - N/A  

B-E40
10-s-P7

15 + POPC 0 0 4.5 ± 0.1* - -  

L-E455 0 N/A 4.3 - N/A  

L-E455 + POPC 0 0 4.6* - -  

B-E15
43 0 N/A 3.9 - N/A  

B-E15
43 + POPC 0 0 3.7 ± 0.1* - -  

All polymer + liposome fits were done with the constrained tri-exponential model as described 

in the main text unless otherwise noted. All polymer-only fits were done with the biexponential 

model. In several cases, this model collapses to the single exponential model. 

*unconstrained biexponential model 
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Error is the range of two independent replicates for the statistical vs. linear molecules and 

standard deviation of three independent replicates elsewhere. 
aCMC was measured at 37 ℃ via dynamic light scattering. 

 

 

Note the discrepancy in the estimated Rh, liposome between PFG-NMR (~25 nm) and DLS (~95 

nm). We have observed this discrepancy previously and believe it is due to light scattering 

techniques weighting larger species more heavily than smaller species, whereas PFG-NMR is 

known to give an underestimate of vesicle size because the slow relaxation of large vesicles leads 

to signal broadening.20,85,87 

The apparent critical micelle concentration (CMCa) was measured for selected polymers via 

dynamic light scattering. The CMCs are provided for context, but the CMC is a poor predictor of 

membrane affinity because it convolutes the effects of molecular weight and hydrophobicity, its 

value is sensitive to the technique employed, and because micellization is not a phase transition, 

so a single onset concentration does not exist. Furthermore, in all cases where micelles were 

observed via PFG-NMR, they coexisted with free chains, suggesting that a micelle is not in so 

deep a free energy minimum that interactions between free chains and liposomes are prevented.  
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Cryo-TEM of POPC liposomes and POPC liposomes treated with a high Mn BBP 

The cryo-TEM studies reported here had two goals. First, prior literature has reported that 

extrusion leads to a small fraction of multilamellar vesicles.248 This will impact the surface area 

covered by polymer, so the first goal of cryo-TEM was to assess the fraction of the lipid surface 

area that is in the outer leaflet. Second, we wanted to obtain a real-space image of a BBP bound to 

a liposome. The model BBP chosen for this study was B-E168
43-P43

15 because previous results have 

shown that the corona of micelles formed by this polymer clearly shows individual chains.109 

Therefore, we thought that if the flagpole conformation exists, this polymer gives us the best 

chance of observing it. 

To estimate the fraction of surface area in the outer leaflet, we analyzed over 200 objects from 

5 representative TEM micrographs of neat POPC liposomes. We fit each bilayer observed with the 

circle tool in ImageJ and calculated the surface area. From this procedure, we estimate that roughly 

68% of the liposome surface area is on the outer leaflet and exposed to the polymer solution. This 

represents the parameter f in Equation S4 below. 

In the TEM micrographs of liposomes treated with B-E168
43-P43

15 we did not observe any 

protrusions from the membrane. Therefore, no evidence of the flagpole conformation was 

observed. However, given the relationship between overall molecular weight and binding fraction 

reported in the main text, it is possible that this polymer does not bind to the liposomes. We cannot 

analyze PFG-NMR decay curves for liposomes incubated with B-E168
43-P43

15 in a meaningful way 

because the micelles and liposomes are of similar size, as can be seen in Figures S4.3c and S4.3d. 

It is also worth noting that we did not observe any broken or open liposomes, which suggests that 

prolonged exposure to high Mn BBPs is not disruptive to the lipid bilayer structure. If this polymer 

adopted the flagpole conformation, it would almost certainly be disruptive as the contour length 

of the PPO block is ~30 nm, which is roughly six times longer than the thickness of the acyl region 

of the bilayer.249 
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(a) 

 

(b) 

 

(c) (d) 

 

Figure S4.3: Representative cryo-TEM micrographs from (a−b) neat POPC liposomes and 

(c−d) POPC liposomes treated with B-E168
43-P43

15 for 4 hours prior to vitrification. 
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Cloud point measurements 

The norbornene backbone is hydrophobic, so we performed cloud point measurements on 3 

mg/mL solutions of a linear PEO homopolymer, a bottlebrush PEO homopolymer, and a diblock 

bottlebrush poloxamer. Assuming each of these polymers have the same density, these solutions 

were at identical volume concentrations. Since PEO and PPO in water are lower critical solution 

temperature systems, a lower cloud point at a given volumetric concentration indicates a more 

hydrophobic polymer. These studies were initially performed in distilled water; however, no 

clouding was observed below the boiling point. We then performed the cloud point measurements 

in 1 M potassium fluoride solution, which is known to depress the cloud point.99,244 This effect is 

attributed to K+ cations complexing with the ether groups, disrupting the bound water hydration 

shell, rendering the polymer more hydrophobic.99,244 

We defined the cloud point as the temperature at which the normalized transmittance falls 

below 75% on the heating trace. Following this definition, the cloud point in 1 M potassium 

fluoride solution of linear PEO is 60 ℃ while for bottlebrush PEO it drops to 48 ℃. The BBP 

copolymer has a cloud point of 46 ℃. The hydrophobic backbone reduces the cloud point 

temperature, and therefore renders the molecule more hydrophobic. Note that there is a two-step 

reduction in the transmittance for bottlebrush PEO, and this result was reproduced twice. A similar 

widening of the temperature range over which liquid-liquid phase separation occurs was reported 

for densely grafted poly(2-isopropyl-2-oxazoline) polymers in aqueous solutions.250 
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Figure S4.4: Cloud point measurements of solutions of polymer in 1M KF. From left to right: 

linear PEO (Mn = 20 kDa), bottlebrush PEO (Mn = 30.6 kDa), and a bottlebrush poloxamer (Mn 

= 29.4 kDa). 
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Osmotic stress assay results in mass units 

 

 

Figure S4.5: Osmotic stress protection assay displayed in mass units instead of molar units. 

This is the same data as in Figure 4.6 of the main text, but with different units of mg/mL instead 

of μM on the x-axis. LDH release is taken during the isotonic recovery step and is normalized 

to the no-polymer treated control. (a) Comparison between linear and bottlebrush architectures 

and effect of molecular weight in the bottlebrush architecture. (b) Effect of shortening the PEO 

side chain. (c) Effect of BBP architecture (statistical versus block copolymers). (d) Effect of 

bottlebrush PEO homopolymers and their molecular weight. Error bars are the standard error of 

9 independent replicates. 
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PFG-NMR binding assay result for B-E54
10P8

15 

 

Figure S4.6: PFG-NMR decay curves for B-E54
10P8

15. The polymer-only control and the polymer 

+ liposome samples agree within experimental error, indicating that this polymer does not bind 

to a detectable extent. 
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Conformation of bound BBPs via PFG-NMR and DLS 

To obtain experimental insight into the conformation of bound BBPs, we performed PFG-

NMR and dynamic light scattering experiments over a series of POPC concentrations to determine 

if the Rh of the liposomes is a function of polymer surface coverage. If the flagpole conformation 

exists, we hypothesized that at a high surface coverage a BBP with a PEO block contour length of 

~10 nm would impact the Rh of the liposomes in an observable way. 
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Figure S4.7: Conformation assessment suggests that bound BBPs lie flat in the bilayer plane. 

(a) Two hypothesized conformations for bound BBP: “flagpole” and “in-plane.” Rh, lipo. is the 

hydrodynamic radius of liposomes extruded through a 100 nm filter, L is an estimate of the 

distance the polymer protrudes normal to the liposome surface, A is an estimate of the surface 

area occupied per chain, and t is the bilayer thickness. (b) PFG-NMR decay curves over a series 

of liposome concentrations. Each dataset was fit to the sum of exponentials model and showed 

evidence of polymer binding to liposomes. (c) Estimated surface area coverage for both 

conformations based on the number of polymer chains bound to each liposome from the fits to 

the PFG-NMR data in panel (b). Error estimated by propagating the standard deviation in fbound 

through the calculation outlined in the text (Eqs. 3–7). (d) DLS data for liposomes treated with 

B-E11
43-P6

15 under the same conditions as in panel (b). 
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We chose B-E11
43-P6

15 as a model polymer due to its proven membrane affinity. We first 

performed the PFG-NMR binding assay over a range of liposome concentrations. The decay curves 

are shown in Figure S4.7b, and binding was detected in all cases except for the polymer-only 

control. As the liposome concentration decreases there are fewer binding sites, thus the amount of 

polymer bound per liposome was expected to increase. The number of polymers bound to each 

liposome can be calculated based on the PFG-NMR data, lipid and polymer concentrations, the 

fraction of the liposome surface area that is exposed to the solution (estimated via cryo-TEM) and 

an estimate of the number of lipid molecules per liposome.85,87,249,251,252 Then, the surface area per 

chain in the flagpole and in-plane conformations were estimated from BBP characterization data. 

Finally, the fraction of the liposome surface area covered by polymer was calculated for both 

proposed conformations, and the results are shown in Figure S4.7c. Details of this calculation can 

be found in the next section. 

If BBPs adopt the in-plane conformation, then the surface area coverage ranges from complete 

coverage, 144 ± 39%, to only 30 ± 4% at the lowest and highest concentrations of liposomes, 

respectively. If the flagpole conformation predominates, the surface area coverage ranges from 

104 ± 28% to only 22 ± 3%. Thus, for both conformations a wide range of surface area coverages 

was observed. Multi-angle DLS results for POPC liposomes incubated with B-E11
43-P6

15 at the 

same three POPC concentrations and a neat liposome control are shown in Figure S4.7d. The 

slopes of the Γ vs q2 relationships are identical within error, indicating that polymer incubation 

does not change the Rh of the liposomes. Therefore, the Rh of the liposomes is independent of 

polymer surface coverage. This result is more consistent with the in-plane conformation; however, 

it should be treated as inconclusive for two reasons: (i) the Rh of polymer treated liposomes cannot 

be described simply as the sum of the liposome radius and the contour length of the polymer since, 

it is not clear how much an incompletely coated brush layer would impact diffusion, and (ii) the 

difference in polymer dimensions normal to the bilayer between the two conformations is small 

for B-E11
43-P6

15 (~10 nm for flagpole vs. ~3 nm for the in-plane). Due to these experimental 
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challenges, the dynamic nature of phospholipid bilayers, and the low fraction of polymer chains 

that bind to the bilayer, we cannot draw definitive conclusions about conformation.  

Note, the radius of the liposomes used in the PFG-NMR experiment was twice that of those 

used in the DLS experiment. The larger liposomes help discriminate between micelles and 

liposome-bound polymer in the PFG-NMR experiment by increasing the difference in size of these 

two states. Prior work has established that as the curvature of the liposome increases, binding 

increases.86 Thus, the fraction of surface area coverage shown in Figure S4.7c is an underestimate 

of what is occurring in the DLS experiment. The smaller pore size was chosen in the DLS 

experiment to increase the % change in radius expected if the flagpole conformation persists.  
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Calculation of liposome surface area coverage by BBPs in the flagpole and in-plane conformations 

The number of polymers bound to each liposome (Npoly) was calculated by: 

Npoly=
c

Mn
*

f
bound

nlipidf
*Ntot         (S.4) 

where c is the polymer concentration (14 μM), fbound is the mol fraction of chains bound to 

liposomes which was estimated by the triexponential model, Mn is the number average molecular 

weight, nlipid is the concentration of lipid (875 μM), f is the fraction of liposome surface area that 

is on the exterior bilayer and thus available for polymer binding (estimated via cryo-TEM in Figure 

S4.3), and Ntot is the number of lipids per liposome. Ntot was estimated by: 

Ntot=
4πRlipo

2

A
+

4π(Rlipo-t)
2

A
         (S.5) 

where Rlipo is the hydrodynamic radius of the liposomes measured by DLS, A is the surface area 

per lipid (0.683 nm2)251, and t is the bilayer thickness (5.2 nm).249,252 This calculation has been 

employed by our group in the past to calculate the fraction of the liposome surface that is covered 

by polymers.85,87 Knowing the chain dimensions and the number of polymers bound to the surface, 

we can now estimate the surface area coverage for the two hypothesized conformations. For the 

flagpole conformation, we approximated the PEO side chains as Gaussian coils, and projected the 

circle with radius of 2Rg, PEO side chains onto the liposome surface. Thus, the area occupied by a single 

chain in the flagpole conformation was estimated by: 

Aflagpole= 4πNsc,  PEObPEO
2

/6        (S.6) 

where Nsc, PEO is the side chain degree of polymerization for the PEO block and bPEO is the statistical 

segment length of PEO (0.6 nm).163 For the in-plane conformation, we approximated each bound 

polymer by adjoined rectangles and semi-circles. In this model, the rectangle represents the cross 

section of the cylindrical bottlebrush and the semi-circle the terminal side chain, which can 

protrude in the axial direction. Rectangle dimensions were estimated by the contour length of the 

backbone and 4Rg, sc, and the semicircle had a radius of 2Rg, sc described by: 

Ain-plane=4Lbb,PPO (
Nsc,PPObPPO

2

6
)

1

2

+
1

2
π (4

Nsc,PPObPPO
2

6
) +4Lbb,PEO (

Nsc,PEObPEO
2

6
)

1

2

+
1

2
π(4

Nsc,PEObPEO
2

6
)  (S.7) 
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where Lbb is the contour length, Nsc is the side chain degree of polymerization, and b is the 

statistical segment length for the given block. Now, the fraction of the liposome surface that is 

covered by the BBP in each conformation was calculated as: 

θx=
NpolyAx

4πRlipo
2           (S.8) 

where Ax represents the area occupied by a chain in the conformation of interest. Figure S4.7c 

shows the relationship between the lipid concentration and surface area coverage for both 

conformations.  
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Multiangle DLS data for liposomes treated with high Mn BBP 

(a) 

 

(b) 

 

Figure S4.8: (a) Multi-angle DLS data for POPC liposomes and POPC liposomes treated with 

B-E168
43-P43

15. (b) REPES analysis of the correlation function collected at 90°. A 100 nm 

diameter membrane was used to prepare the liposomes in this experiment. 

 

To further assess the bound BBP conformation, we repeated the DLS experiment described in 

the sections above with B-E168
43-P43

15 which has a contour length of roughly 120 nm which is ten 

times longer than that of B-E11
43-P6

15. Thus, if this polymer adopts the flagpole conformation, it 

will protrude much further from the liposome surface and be more likely to affect diffusion. Due 

to the high Mn of B-E168
43-P43

15, we had to reduce the polymer concentration to minimize scattering 

from unimers. Figure S4.8a shows the multi-angle DLS data for three conditions of POPC 

liposomes treated with B-E168
43-P43

15, and the Rh of all conditions are within error; thus, there is 

no evidence of a flagpole conformation. Furthermore, REPES analysis shown in Figure S4.8b 

shows that B-E168
43-P43

15 treatment does not change the liposome size distribution. This 

corroborates the TEM result that B-E168
43-P43

15 is not disruptive to lipid bilayers. 
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Effect of extending PEO block backbone on binding affinity and protection efficacy 

(a) 

(b) (c) 

 

(d) 

 

Figure S4.9: Extending the PEO brush block reduces protection efficacy at high concentrations, 

while improving protection at low concentrations. (a) Sketch of how extending the backbone of 

the PEO block changes the molecular shape.152 (b) Representative PFG-NMR decay curves for 

B-E10
43-P5

15 and liposomes treated with B-E10
43-P5

15. (c) Representative PFG-NMR decay curves 

for B-E57
43-P5

15 and liposomes treated with B-E57
43-P5

15. (d) Osmotic stress protection data over 

a series of polymer concentrations. 
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Extending the backbone of the hydrophilic block causes a shape change of the molecule. When 

the side chain length is longer than the backbone, the molecule occupies a roughly spherical 

conformation, and this is called the star-like regime. When the backbone is extended and becomes 

longer than the side chains, the molecule is cylindrical and this is the bottlebrush regime.152  

Unfortunately, when we extend the backbone past the star-to-brush transition, the size of 

micelles (Rh ~ 20 nm) approaches that of the liposomes (Rh ~ 30 nm); therefore, the PFG-NMR 

binding assay is unable to distinguish polymers between these two states. In other words, the 

overlap between the polymer-only control and the polymer + liposome samples for B-E57
43-P5

15 in 

Figure S4.9c is not evidence that no polymer binds because chains in the micelle state and liposome 

state are indistinguishable. However, given the relationship between molecular weight and binding 

discussed in the main text, we suspect that no detectable binding occurred for B-E57
43-P5

15. 

The osmotic stress protection assay data in Figure S4.9d clearly demonstrate that the protective 

ability is not lost when the PEO block backbone is extended. In fact, the polymer with the longest 

PEO backbone (B-E117
44-P5

17) is significantly more protective than the shortest backbone polymer 

at a polymer concentration of 0.2 μM. It is interesting that the protective efficacy of B-E117
43-P5

15 

and B-E57
43-P5

15 decreases relative to the linear controls and B-E10
43-P5

15 at higher concentrations. 

As there is little correlation between binding affinity in the PFG-NMR assay and protection in the 

osmotic stress assay, a decrease in membrane affinity is unlikely the explanation and other factors 

must be in play.87 

Finally, this dataset is interesting because it highlights the difference between plotting the 

osmotic stress protection data in mass vs molar units. Figure S4.9 below shows the same data as 

in Figure S4.8d but in mass units. When the data are plotted this way, the higher molecular weight 

BBPs are less protective than the smaller ones. This may suggest that distributing PEO/PPO mass 

among more chains is beneficial because it leads to more binding sites across the membrane 

surface. This could allow the polymer to manipulate the mechanical properties of the membrane 

in more locations and therefore more uniformly. 
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Figure S4.10: Effect of extending the PEO brush block on in vitro protection efficacy in mass 

units. Data are identical to Figure S4.9d, but now plotted in mass units on the x-axis. 
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Polymer characterization data 

 

Figure S4.11: Characterization data for B-E10
44-P5

17. (a) SEC traces of both macromonomers 

“MM”, an aliquot of the PPO block, and the resulting diblock copolymer. Dashed lines are traces 

from the differential refractive index detector and solid lines from the light scattering detector. 

(b) 1H NMR spectrum of the purified final product. Peaks 1 and 4* were used to estimate the 

composition of the diblock, where * denotes the side chain unit adjacent to the ester. This figure 

was reproduced with permission from a prior publication.109
 

 

All wt% PEO and wt% PPO reported exclude the mass of norbornene backbone from the 

numerator of the mass fraction, and thus are exclusively the mass fraction of EO/ PO units 

respectively. For SEC, the mass fraction of PEO was calculated by:  

 wt% PEO= (1-
Mn,PPO

Mn,diblock

) × (
Mn,PEO-OH

Mn,PEO-NB
)

MALDI

      (S.9) 

To estimate the composition of the polymer from the 1H NMR spectrum either the PEO methyl 

side chain terminus or the PPO t-butyl side chain terminus was used as the integration basis, 

depending on which had better resolution from the baseline. Then, the ratio of PEO to PPO units 

with the bottlebrush was calculated by comparing the intensities of the PPO t-butyl peak (1) and 

the PEO methylene adjacent to the ester of the backbone (4*). The fraction of PPO macromonomer 
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without the t-butyl α-chain end was accounted for. This calculation is shown in Equation S.10 

below: 

 
NPEO

NPPO
=

(
I4*
2

)

I1
9

*
1

1-α

           (S.10) 

where Ix indicates the integral of the corresponding NMR peak, and α is the mol fraction of PPO 

chains without the t-butyl α-chain end (0.07). Finally, the mass fraction of PEO and PPO can be 

estimated from the product of the ratio of PEO to PPO units and the molecular weights of both 

macromonomers as determined by MALDI-ToF spectrometry. 

wt% PEO = 

NPEO
NPPO

Mn,PEO-NB

NPEO
NPPO

Mn,PEO-NB+Mn,PPO-NB

×
Mn,PEO-OH

Mn,PEO-NB
       (S.11) 

 wt% PPO = (1-

NPEO
NPPO

Mn,PEO-NB

NPEO
NPPO

Mn,PEO-NB+Mn,PPO-NB

)×
Mn,PPO-OH

Mn,PPO-NB
       (S.12) 

where Mn, PEO-OH and Mn, PPO-OH are the number-averaged molecular weights of the MM starting 

materials prior to functionalization with norbornene while Mn, PEO-NB and Mn, PPO-NB are the number-

averaged molecular weight of the functionalized MMs. 
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Figure S4.12: Characterization data for B-E21
43-P11

15. (a) SEC traces of both macromonomers 

“MM”, an aliquot of the PPO block, and the resulting diblock copolymer. (b) 1H NMR spectrum 

of the purified final product. Peaks 3 and 7 were used to estimate the composition of the diblock. 

This figure was reproduced with permission from a prior publication.109 
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Figure S4.13: Characterization data for B-E168
43-P43

15. (a) SEC traces of both macromonomers 

“MM”, an aliquot of the PPO block, and the resulting diblock copolymer. Dashed lines are traces 

from the differential refractive index detector and solid lines from the light scattering detector. 

(b) 1H NMR spectrum of the purified final product. Peaks 1 and 4* were used to estimate the 

composition of the diblock, where * denotes the side chain unit adjacent to the ester. This figure 

was reproduced with permission from a prior publication.109
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Figure S4.14: Characterization data for B-E54
10-P8

15. (a) SEC traces of the PPO macromonomer 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock, 

where * denotes the side chain unit adjacent to the ester. 
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Figure S4.15: Characterization data for B-E11
43-P6

15. (a) SEC traces of the PPO 

macromonomer, an aliquot of the PPO block, and the resulting diblock copolymer. Dashed lines 

are traces from the differential refractive index detector and the solid line is the light scattering 

detector. (b) 1H NMR spectrum of the purified final product. Peaks 1 and 4* were used to 

estimate the composition of the diblock, where * denotes the side chain unit adjacent to the ester. 
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Figure S4.16: Characterization data for B-E12
43-s-P6

15. (a) SEC traces of both macromonomers 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock, 

where * denotes the side chain unit adjacent to the ester. 
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Figure S4.17: Characterization data for B-E40
10-P7

15. (a) SEC traces of both macromonomers 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock, 

where * denotes the side chain unit adjacent to the ester. 
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Figure S4.18: Characterization data for B-E40
10-s-P7

15. (a) SEC traces of both macromonomers 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock, 

where * denotes the side chain unit adjacent to the ester. 
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Figure S4.19: Characterization data for B-E15
43. (a) SEC traces of the PEO macromonomer and 

the resulting bottlebrush PEO. Dashed lines are traces from the differential refractive index 

detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the purified 

final product. The composition of PEO matches the composition of the PEO in the 

macromonomer since this is a brush “homo-polymer.” 
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Figure S4.20: Characterization data for B-E126
43. (a) SEC traces of the PEO macromonomer 

and the resulting bottlebrush PEO. Dashed lines are traces from the differential refractive index 

detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the purified 

final product. The composition of PEO matches the composition of the PEO in the 

macromonomer since this is a brush “homo-polymer.” 
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Figure S4.21: Characterization data for L-E455. (a) SEC trace of the commercially available 

PEO-20k as received. Dashed lines are traces from the differential refractive index detector and 

the solid line is the light scattering detector. (b) 1H NMR spectrum of the received material. 
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Figure S4.22: Characterization data for L-E93-P54-E93 (F127). (a) SEC trace of the 

commercially available material as received. Dashed lines are traces from the differential 

refractive index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum 

of the received material. 
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Figure S4.23: Characterization data for L-E87-P31-E87 (P188). (a) SEC trace of the 

commercially available material as received. Dashed lines are traces from the differential 

refractive index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum 

of the received material. 
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Figure S4.24: Characterization data for B-E57
43-P7

15. (a) SEC traces of both macromonomers 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock. 
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Figure S4.25: Characterization data for B-E117
43-P7

15. (a) SEC traces of both macromonomers 

and the resulting diblock copolymer. Dashed lines are traces from the differential refractive 

index detector and the solid line is the light scattering detector. (b) 1H NMR spectrum of the 

purified final product. Peaks 1 and 4* were used to estimate the composition of the diblock. 
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Figure S4.26: Characterization data for L-E118-P45-E118 (F98). (a) SEC trace. Dashed lines are 

traces from the differential refractive index detector and the solid line is the light scattering 

detector. (b) 1H NMR spectrum of the received material. 
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Assessment of BBP stability in D2O 

 

Figure S4.27: PFG-NMR decay curves of a 1 mg/mL solution of B-E11
43-P6

15 in D2O. 2 hours 

after dissolution (black circles) and 14 days after dissolution (blue triangles). The decay curves 

and fittings to the biexponential model are within error, indicating that the same two populations 

are present: free chains and micelles. Additionally, when the 14-day decay curve was fit to the 

unconstrained triexponential model only two of the populations had non-zero coefficients, again 

indicating two populations: free chains and micelles. 
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 Chapter 5: Discovery of kinetic trapping of poloxamers 

inside liposomes via thermal treatment 

This chapter was reproduced from Hassler, J.F.; Lawson, M.; Cerna Arroyo, E.; Bates, F.S.; 

Hackel, B.J.; Lodge, T.P. “Discovery of kinetic trapping of poloxamers inside liposomes via 

thermal treatment.” Submitted. 

5.1 Motivation 

Fundamental understanding of interactions between amphiphilic block copolymers (ABPs) 

and phospholipids is important for a range of fields including cosmetics,253 food,254 nano-

reactors,255 and drug delivery.256–259 Due to the amphiphilic nature of both ABPs and 

phospholipids, ABPs can self-assemble with phospholipids to make hybrid polymer-lipid 

bilayers190,260,261 or can bind to vesicle surfaces after fabrication.69,80,85,89,185 In both cases, ABPs 

have a profound impact on the structure and dynamics of lipid packing,261,236,80,81,83 manipulate 

mechanical properties such as the bending and stretching moduli,69,94,185 and can alter the vesicle 

morphology.185 Therefore, ABPs can be used to tailor the mechanical and surface properties of 

lipid and polymer-lipid vesicles for the specific application. Understanding how polymer 

parameters such as chemistry, composition, and architecture as well as environmental variables 

such as temperature impact ABP-vesicle interactions is essential to optimize these systems. 

Many amphiphilic polymers such as PEO-PPO, poly(N-isopropylacrylamide), and 

glycopolymers contain moieties that form hydrogen bonds with water. Due to the entropic cost of 

constraining translation of water molecules bonded to the polymer, as temperature increases the 

hydrogen bonded water shell dehydrates, making aqueous solutions of these materials 

thermoresponsive, lower critical solution temperature systems.88,262–268,97 One consequence of this 

effect is the decreasing critical micelle concentration (CMC) with increasing temperature.97 

Poloxamers are non-ionic ABPs consisting of PEO-PPO-PEO that are commercially available over 

a range of molecular weights and compositions and are biocompatible.269,270 Poloxamer binding to 

phospholipid bilayers is endothermic,81 driven by entropically dominated hydrophobic 

forces.143,188 Since the hydrophobic effect and the hydrogen-bonded water shell of PEO and PPO 
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are sensitive to temperature, it is important to understand how temperature and thermal history 

affects poloxamer-lipid bilayer interactions. However, many mechanistic studies of polymer-lipid 

bilayer interactions have been conducted at a single temperature, often room temperature, for 

experimental convenience or because the effects of other variables were the 

focus.17,69,273,71,73,81,83,141,145,271,272,87,88,146 

Some previous studies have explored the role of temperature in poloxamer-lipid bilayer 

systems. Small-angle X-ray scattering (SAXS) experiments performed by Firestone and co-

workers found that increasing the temperature of concentrated lipid-polymer mixtures (diblocks 

and triblocks) led to broadening of the Bragg peaks associated with a lamellar morphology and a 

contraction of the lamellar spacing.189,190 These experiments were conducted using samples 

prepared by mixing the solid components prior to solvation with water, bypassing any binding-

unbinding equilibrium and potentially altering the membrane-bound configuration. Wu and co-

workers observed that insertion of a triblock poloxamer into lipid monolayers was very sensitive 

to temperature due to the gel-fluid transition of the acyl tails;89 however the impact of the changing 

solvent quality of the polymer was not isolated. Finally, Wang et al. reported an increase in the 

equilibrium association coefficient, Keq, and a decrease in lipid lateral diffusivity with increasing 

temperature upon exposing two triblock poloxamers (over a range of Mn) to a POPC lipid bilayer 

supported on a silicon dioxide substrate.80 They concluded that higher temperatures led to deeper 

insertion of the PPO block into the membrane; however, because there was only one free surface, 

diffusion of the polymer through the bilayer was not possible, constraining the bound polymer to 

hairpin conformations where both PEO blocks remain on the exterior leaflet. Finally, Chandaroy 

et al. demonstrated that temperature impacts the amount of F127 (Mn  12,600 g/mol and 70 wt% 

PEO) that adheres to the surface of multilamellar vesicles and noted that some chains remain 

associated with the lipid bilayer when the sample is cooled. Furthermore, incubating F127 with 

liposomes at high concentrations and elevated temperature limited liposome adhesion to cell 
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surfaces, demonstrating the potential for using poloxamers to modify liposome surface properties 

to reduce the immune response.274 

In this study, we explore the impact of temperature and thermal history on PEO-PPO block 

copolymer interactions with POPC liposomes, which do not undergo any phase transitions over 

the temperature range studied (Tm = −2 °C) or place any constraints on bound-polymer 

configuration. Our results reveal a surprising effect of thermal history on polymer binding to 

liposomes. A short incubation at 50 °C or 37 °C leads to a kinetically trapped state upon lowering 

the temperature, with remarkably slow expulsion from the liposome, occurring on a timescale of 

weeks. Identification and quantification of this phenomenon could have ramifications for liposome 

mechanical and surface properties and for the cellular distribution of ABPs. 

 

5.2 Materials and Methods 

Materials: Poloxamers P188 and P407 (also known as Pluronics F68 and F127, respectively) were 

generously provided by BASF. 16:0-18:1 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) 

and cholesterol were purchased from Avanti Polar Lipids. Deuterium oxide and deuterated 

chloroform were purchased from Cambridge Isotope Laboratories. SiliaMetS DMT was purchased 

from Silicycle. The following materials were obtained from Fisher Scientific and used without 

further purification: methanol (HPLC grade), diatomaceous earth, diethyl ether (anhydrous), 

sodium sulfate (anhydrous), and dichloromethane (ACS reagent, anhydrous, 99.8%). The 

following materials were obtained from Sigma and used without further purification unless 

otherwise noted: propylene oxide (>99.0%), potassium tert-butoxide, 18-crown-6, butyl-

magnesium chloride, palladium (10% on activated charcoal), exo-5-norbornene-2-carboxylic acid 

(97%), N,N’ diisopropylcarbodiimide (99%), tetrahydrofuran (ACS reagent, 97%), methyl ether 

poly(ethylene glycol) (Mn = 2000 g/mol), ethyl vinyl ether (99%), benzene (ACS reagent, 99%), 

α-cyano-4-hydroxycinnamic acid, sodium trifluoroacetate, pyridine (>99%), and second 

generation Grubbs Catalyst® M204. Propylene oxide was distilled twice over butyl magnesium 

chloride and tetrahydrofuran was dried using an alumina column prior to use in anionic 
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polymerization. Methyl ether poly(ethylene glycol) was freeze dried from benzene prior to any 

reactions. Hydrogen gas was obtained from Airgas. P14E118 was synthesized via anionic 

polymerization as reported in a prior publication.178 

Liposome production: POPC and cholesterol solutions in chloroform were mixed to achieve the 

desired molar ratio, then the chloroform was gently evaporated using a stream of filtered nitrogen 

(0.2 μm PTFE filter) to leave a film on the vial walls. Residual chloroform was removed by placing 

the film under high vacuum for 1 h. The film was then hydrated with deuterium oxide on a vortex 

plate for 1 h. Finally, liposomes were obtained by extruding the lipid suspension 29 times through 

an Avanti mini-extruder setup with 50 nm pore diameter. The hydrodynamic radius and dispersity 

of the liposomes were assessed using multi-angle dynamic light scattering (DLS). The liposome 

stock solution was diluted to ~1.5 mg/mL and filtered through a 0.2 μm wwPTFE filter into a glass 

test tube (200 mm × 7 mm with 5 mm inner diameter). DLS experiments were performed using a 

Brookhaven BI-200SM instrument equipped with a refractive index matching bath and a 637 nm 

laser. The autocorrelation functions collected at 60°, 75°, 90°, 105°, and 120° were analyzed using 

the second-order cumulant model (Eq. S1). For all samples the first cumulant scaled linearly with 

q2, where q is the scattering vector, and the scaling relationship passed through the origin, 

consistent with a single diffusive process. Representative DLS data and analysis are shown in 

Figure S5.1. 

Pulsed-field gradient NMR binding assay: PFG-NMR experiments were performed on a Bruker 

Avance III 500 MHz spectrometer equipped with a 5 mm TBO triple-resonance PFG probe. The 

ledbpg2s pulse sequence was applied with a 700 ms diffusion time (Δ), 5 ms gradient pulse 

duration (δ), a gradient strength that varied linearly from 2−95%, an acquisition time and relaxation 

delay of 1 s, and 32 scans at each gradient strength. For all data analysis, the integral of the PEO 

peak at ~3.70 ppm was selected because it has the highest signal-to-noise ratio. All samples were 

mixed at the desired concentrations and allowed to equilibrate at 25 °C for a minimum of 2 h prior 
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to any thermal treatment or measurement. Previous work has determined that this is sufficiently 

long to reach a steady state.85  

All PFG-NMR experiments where data acquisition was performed at 10 °C, 37 °C, or 50 °C 

were done at 1 mg/mL polymer and 10 mM POPC. A Shigemi tube was used to minimize the 

effects of convection currents, which we do not expect to be significant over the experimental 

temperature range (10−50 °C). Samples were held in the probe at the specified temperature for a 

minimum of 30 min, then locked, tuned, and shimmed prior to data collection. 

For kinetic trapping experiments, the samples were prepared at 1 mg/mL polymer and 1.25 

mM POPC. Polymer and liposomes were mixed, incubated on a hotplate at the specified 

temperature for 2 h, and then brought to 25 °C. All PFG-NMR measurements for the kinetic studies 

were done at 27 °C, which is the standby temperature of the probe and enables automation of the 

experiments. Within each timepoint, the 3 datasets (50 °C, 37 °C, and 25 °C incubations) were fit 

to a global two-term expansion of Equation 5.2 where the diffusion coefficients of free and bound 

polymer were shared among all fits. 

PFG-NMR is a 2-dimensional NMR technique where each experiment consists of many (~15-

25) 1-D NMR spectra. In each spectrum there is a magnetic field gradient along the z-axis of the 

sample, which encodes spatial information into the excited nuclei. This leads to decay of all NMR 

signals as a function of the magnetic field gradient strength and the diffusion coefficient of the 

species, according to Equation 5.1:85,165 

ln (
I

I0
) = -γ2δ

2
G

2
(Δ-

δ

3
)D         (5.1) 

where I and I0 are the integral of a chosen NMR signal at the given gradient strength and a gradient 

strength of 0 respectively, δ is the duration of the magnetic field gradient pulse, Δ is the time 

between magnetic field gradient pulses (diffusion time), G is the magnetic field gradient strength, 

γ is the gyromagnetic ratio of a proton (42.6 MHz/T), and D is the translational diffusion coefficient 

of the species associated with the chosen NMR signal. Previous studies have demonstrated that 

PFG-NMR is a robust technique for measuring the fraction of polymer chains that bind to a 
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liposome.85–88 When multiple populations are present, as long as their characteristic sizes differ by 

at least a factor of ~2, multiple rates of diffusion can be extracted by fitting the signal decay to a 

sum of exponentials given by Equation 5.2: 

ln (
I

I0
) = ln( ∑ f

i
 exp(i -γ2δ

2
G

2
(Δ-

δ

3
)Di)       (5.2) 

where fi is the mol fraction of chains in state i (i.e. solvated free chain, in a micelle, or bound to a 

liposome) and Di is the corresponding translational diffusion coefficient. 

SAXS: X-ray scattering experiments were performed on beamline 5-ID-D at the Advanced Photon 

Source, Argonne National Lab. The incident wavelength was λ = 0.7293 Å and two detectors were 

used at distances of 1.0 m and 8.5 m, affording a q-range of 0.0025−0.195 Å-1. Samples were 

loaded into quartz capillaries and sealed with epoxy resin. Temperature was controlled using a 

custom-built multi-capillary stage to obtain SAXS patterns along the following thermal sequence: 

25 °C, 10 °C, 37 °C, 50 °C, 25 °C with a 10 min equilibration period between changes in setpoint. 

Three 1 s beam exposures were performed at different locations along the capillary. The 2-D 

scattering vector was calibrated using a Au-coated silicon chip with a 7200 lines/mm grating. 2-D 

patterns were azimuthally integrated to give 1-D traces of scattering intensity, I(q), as a function 

of the scattering vector q = 4–1sin(/2), where  is the scattering angle. 

Bottlebrush synthesis: The synthesis of the bottlebrush poloxamers (BBPs) has been reported 

elsewhere.109 Briefly, PPO with a single terminal alcohol group was synthesized by anionic 

polymerization in tetrahydrofuran at 25 °C, with the addition of 18-crown-6 (2 eqv). The resulting 

PPO had Mn = 1090 g/mol, Đ = 1.12, and 7% of the α-chain ends were an alkene impurity which 

was removed via a hydrogenation reaction catalyzed by palladium on carbon. Mono-alcohol 

functionalized PPO and methyl ether poly(ethylene oxide) (Mn ~ 2000 g/mol) were then 

functionalized with norbornene using an established esterification protocol.109,181 PPO 

macromonomer was purified by vacuum drying at 50 °C, and PEO macromonomer was purified 

via precipitation into cold diethyl ether. Ring opening metathesis polymerization reactions were 
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carried out with Grubbs 3rd generation catalyst to yield the diblock BBP (Mn = 29,400 g/mol, Đ = 

1.06, wt% PEO = 72%). Catalyst was removed by chelation with SiliaMetS DMT and then the 

effluent was passed through a column of diatomaceous earth. Grubbs 3rd generation catalyst was 

prepared from Grubbs 2nd generation catalyst by reaction with pyridine.233 

Polymer characterization: All polymers were characterized by 1H NMR spectroscopy with CDCl3 

as the solvent to estimate the composition. Size exclusion chromatography (SEC) with multi-angle 

light scattering detection was used to assess the molecular weight distribution. SEC samples were 

prepared at 5 mg/mL in THF and were filtered through a 0.2 μm PTFE filter. The instrument was 

equipped with a Wyatt Dawn Heleos II multiangle light scattering detector. The differential 

refractive index (dn/dc) of all block copolymers was calculated as the weighted average of the 

dn/dc values of PEO (0.068 mL/g) and PPO (0.087 mL/g) in THF.202 MALDI-ToF spectrometry 

was performed using α-cyano-4-hydroxycinnamic acid as the matrix (30 mg/mL in THF) and 

sodium trifluoroacetate as the counterion source (1 mg/mL in THF), which were mixed with 

polymer (3 mg/mL in THF) at a matrix:polymer:counterion volume ratio of 3:1:0.1. 

Characterization data are summarized in Table 5.1 and all data can be found in Figures S5.18-

S5.22. The expected chain hydrodynamic radius (Rh) was estimated assuming the chains are 

Gaussian coils and by applying Equation 5.3 below: 

 Rh,o = 
2

3
Rg = 

2

3
 (

Nb
2

6
)

1

2

         (5.3) 

where Rg is the radius of gyration, N is the number averaged degree of polymerization, and b is the 

statistical segment length which is 6.0  Å for PEO and 5.9 Å for PPO.163 
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Table 5.1: Polymer Characteristics 

Polymer Commercial Name M
n
 [kDa]

a

 Đ
a

 wt% PEO
b

 R
h,o 

[nm]
c

 

L-E93P54E93 F127 11.3 1.14 73 2.5 

B-E
11

43

P
6

15

 - 29.4 1.06 72 5.5d 

L-E455 - 20.0 1.10 100 3.5 

L-E87P31E87 P188 9.4 1.19 81 2.3 

L-P14E118 - 6.2e 1.02e 84 1.9 

aSEC(MALS + dRI) 
bNMR 
cEstimated assuming polymer is a Gaussian coil using Eq. 3  
dEstimated as half the contour length 
eMALDI-ToF spectrometry 

Polymer nomenclature: The first letter denotes architecture (L = linear and B = bottlebrush). E 

and P indicate PEO and PPO, respectively. For the bottlebrush architecture, the subscript and 

superscript give the number averaged degree of polymerization of the backbone and sidechain, 

respectively. 
 

5.3 Results and Discussion 

Impact of thermal history on F127 binding to liposomes: We employed an established liposome 

binding assay based on PFG-NMR82,85,87,88,146  to assess the impact of thermal history on F127 

binding to POPC liposomes. Figure 5.1a shows the thermal history of two otherwise identical F127 

+ POPC samples at 1 mg/mL polymer and 10 mM POPC. Figure 5.1b shows the PFG-NMR data 

for these two samples and a 1 mg/mL F127 solution without liposomes (negative control). Both 

F127 + POPC samples (solid symbols) show two rates of relaxation, indicating co-existence of 

free chains and polymer bound to the liposomes; meanwhile, the F127 solution control (open 

symbols) shows a single rate of decay. Clearly, the two F127 + POPC samples have distinct PFG-
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NMR decay curves and fitting the data to a two-term expansion of Equation 5.2 reveals that the 

sample with thermal history (red) has 29 ± 3 mol% of chains bound to liposomes (corresponding 

to 220 ± 10 chains per liposome), whereas the sample that was held exclusively at 25 °C prior to 

the measurement (grey) only has 4 ± 1 mol% bound chains (30 ± 10 chains per liposome). 

DLS performed before and after incubation at 50 °C for 2 h confirmed that the Rh and Đ of the 

liposomes does not change during this protocol (Figure S5.2). Furthermore, SAXS experiments 

performed in situ with a similar thermal protocol found no qualitative change to the scattering 

patterns (Figure S5.3). Thus, we conclude that the bilayer form factor, which is dependent on the 

electron density and width of the headgroup and tailgroup regions averaged over the entire 

liposome surface, and over all liposomes in the sample, did not change.16 Therefore, the liposomes 

are stable during the thermal treatment, and the difference between the thermal history and control 

samples is not due to liposome damage. 

 

Figure 5.1: (a) Thermal history imposed on two F127 + POPC samples to assess the impact of 

thermal history. Shaded regions indicate the duration of the PFG-NMR data acquisition. (b) 

PFG-NMR result of F127 in solution at 1 mg/mL (open) and two F127 + POPC samples both at 

1 mg/mL F127 and 10 mM POPC (filled). All PFG-NMR data were acquired at 27 °C. 
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To understand the effect of temperature on the liposome binding affinity of F127, we also 

performed PFG-NMR measurements at each of the temperatures shown in Figure 5.1a. We found 

that chains desorb completely within 30 min upon cooling to 10 °C following a 25 °C incubation 

period. Then, as temperature increases to 37 °C, fb reaches a maximum at 45 ± 2 mol%. Based on 

the PFG-NMR measurements performed on F127 + POPC at 37 °C (fb = 45 ± 2 mol%) and the 

control sample in Figure 5.1b (gray solid: fb = 4 ± 1 mol%), the binding affinity of F127 towards 

liposomes increases by a factor of 11 ± 3 over a temperature increase of only 10 °C. This striking 

effect is particularly notable as the higher temperature corresponds to physiological conditions. 

Upon further heating to 50 °C formation of copolymer micelles becomes favorable, and at the 

elevated temperature chains can desorb to occupy micelles, leading to a decrease in binding to fb 

= 13 ± 3 mol%, but still well above the 25 °C result. The variable temperature PFG-NMR data are 

presented in Figure S5.4 and the fits to Equation 5.2 are summarized in Table S5.1 and Figure 

S5.5. Based on the increase in binding observed at elevated temperatures and the thermal path 

dependence shown in Figure 5.1, we conclude that a significant fraction of the chains that bind at 

elevated temperatures remain attached to the membrane after the system is cooled. 

Relaxation kinetics of thermally treated F127 + POPC samples: To assess whether this remarkable 

difference in binding between the thermal history and control samples decays over time, we mixed 

F127 and POPC liposomes, incubated them at 50 °C, 37 °C, or 25 °C for 2 h, then allowed the 

samples to recover at 25 °C, and performed PFG-NMR measurements at 27 °C as a function of 

time following the incubation, which we call the recovery time (trec). This protocol is summarized 

schematically in Figure 5.2a. 

Figures 5.2b-e display representative timepoints of this experiment, and a full dataset is shown 

in Figure S5.7. Figure 5.2b shows that 24 h into the recovery period there are still significantly 

more chains bound to the liposomes in the 50 °C and 37 °C incubated samples (fb = 9.0 ± 0.9 mol% 

and fb = 12.6 ± 1.3 mol%, respectively) than in the control sample maintained at 25 °C (fb = 2.5 ± 
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0.3 mol%). Importantly, this confirms that the onset of thermal history dependence does occur near 

37 °C, emphasizing that this phenomenon is physiologically relevant. 

Figure 5.2e shows that after 768 h of recovery at 25 °C the PFG-NMR decay curves of all 

thermal histories overlap, and at this time point fb is within 1 mol% for all datasets. Since the 

excess bound polymers in the samples incubated at 50 °C and 37 °C do eventually desorb, we 

conclude that the bound state accessed at the elevated temperature is not lower in free energy at 

25 °C than the bound state reached with a 25 °C incubation. The extremely slow desorption kinetics 

after thermal treatment (t1/2 ~ O(100 h)) are surprising because lipid bilayers are dynamic systems 

with facile lateral diffusion of lipid molecules (DL ~ 10-13 m2/s),18 and the polymer is associated 

with the bilayer by relatively weak hydrophobic forces. Therefore, we conclude that at elevated 

temperatures the chains access a liposome-bound state that is inaccessible at 25 °C, and then upon 

cooling the system chains in this state become kinetically trapped. 
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Figure 5.2: (a) Schematic of the incubation and PFG-NMR measurement protocol used for the 

kinetic trapping experiment. (b-e) Representative PFG-NMR data of F127 + POPC samples (1 

mg/mL F127 + 1.25 mM POPC) with different incubation temperatures as a function of recovery 

time, trec. All PFG-NMR data were collected at 27 °C. 
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We can quantify the rate of F127 desorption from the kinetically trapped state by modelling 

the process as a first order reaction. We performed three independent replicates of the experiment 

outlined in Figure 5.2a. The resulting fb vs trec curves are shown in Figure 3 and the data were fit 

to Equation 5.4, which was derived from a first order rate law.  

f
b
(trec, Tinc)= f

b,0
exp[-krectrec] + f

b
̅(Tinc=25 °C)       (5.4) 

Here, fb,0 and krec are fitting parameters that represent the amount of polymer in the trapped state 

and the rate constant of desorption from the trapped state, respectively. fb(trec, Tinc) is the measured 

amount of bound polymer resulting from the fit to the PFG-NMR data, and  f
b

̅(Tinc=25 °C) is the 

amount of bound polymer in the sample that was maintained at 25 °C averaged over all time points. 

This term was included to satisfy the long-time limit where the samples incubated at 50 °C and 37 

°C reach the same steady state as the sample maintained at 25 °C. 

 

 

Figure 5.3: Kinetic analysis of the desorption reaction monitored by PFG-NMR as a function 

of recovery time. Each data point is an independent replicate and error bars are the 95% 

confidence interval on the fit to the PFG-NMR data. 

 

Notably, the 25 °C control shows a flat line within experimental uncertainty, and fb,0 = 0. This 

is consistent with previous results showing that a steady state is reached within 2 h of mixing 

polymer and liposomes.85 On the other hand, fb,0 and krec for the samples incubated at 50 °C and 

37 °C are significantly different from 0, indicating that the elevated temperatures have a 
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measurable effect on the fraction of bound chains, and that this method yields a quantitative 

measurement of the desorption kinetics. The fitting parameters are summarized in Table 5.2. Based 

on the 95% confidence intervals, we do not observe a significant difference in either fb,0 or krec 

between the 50 °C and 37 °C datasets. Thus, both incubation temperatures lead to equal prevalence 

of the same non-equilibrium, kinetically trapped state. 

 

Table 5.2: Fit Parameters for Data in Figure 5.3 

Incubation Temp. [°C] krec × 10-3 [h-1] fb,0 [mol%] 

50 3.5 (1.6 – 5.4) 7.4 (5.6 – 9.1) 

37 5.9 (2.1 – 10.1) 7.7 (5.3 – 10.1) 

25 - 0 (0 – 0.4) 

Parentheses are 95% confidence intervals 

 

Figure 5.4a shows a sketch of a proposed mechanism for this kinetic trapping effect. First it is 

important to understand that poloxamer insertion into phospholipid bilayers is endothermic and 

therefore is an entropically dominated process.81 As a polymer contacts the liposome, hydrogen 

bonds between the ether units and water are broken, and the resulting translational freedom of the 

water molecules leads to an overall increase in entropy. Because the methyl units of PPO result in 

weaker hydrogen bonds with water, the PPO block primarily drives binding by inserting into the 

acyl region.85,188,191 During a 25 °C incubation, we believe the adsorbed polymer occupies a 

“hairpin” conformation where the PPO adsorbs and inserts into the acyl region, and both PEO 

blocks remain solvated on the exterior side of the lipid bilayer. When the system is cooled to 10 

°C, more water molecules surround the exposed PEO units and the increased solvent quality 

creates an enthalpic driving force for desorption, and the hairpin state can be pulled out of the 

bilayer, leading to complete desorption of the polymer (Fig. S4).  
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However, if the system is heated above a critical temperature, Tcrit, between 27−37 °C, we have 

observed that F127 becomes kinetically trapped upon cooling the system to 25 °C. As temperature 

increases, the hydrogen-bonded water shell surrounding both PEO and PPO units is dehydrated. 

Dehydrating the PEO units lowers the free energy barrier associated with this block traversing the 

hydrophobic acyl region of the bilayer. This enables a triblock PEO-PPO-PEO copolymer to access 

the transbilayer conformation where the PEO blocks are in solution on opposite sides of the bilayer, 

with the PPO block spanning the acyl region as shown in the upper-left of Figure 5.4a. Monte 

Carlo simulations performed by Rabbel et al. found that as the PPO block fraction of triblock 

copolymers increases, the transmembrane conformation can have a lower free energy than the 

hairpin conformation.184 Furthermore, neutron reflectivity measurements by Kim et al. found that 

a PEO homopolymer can insert into the acyl region at sufficiently high concentrations.17 If one of 

the PEO blocks can traverse the bilayer, it is reasonable to assume that the second one could as 

well; therefore, a triblock could also adopt a hairpin conformation on the interior leaflet. Then, 

because bound polymer is in equilibrium with free polymer, chains in the interior leaflet hairpin 

state could desorb into the liposome. Thus, the elevated temperature leads to 3 new states: 

transmembrane, interior leaflet hairpin, and freely diffusing in the intraliposomal space.  

When the system is cooled to 25 °C following an incubation above Tcrit, we hypothesize that 

all three of these non-equilibrium states are kinetically trapped. The osmotic pressure difference 

across the membrane due to internalized polymer (~3 kPa) provides a driving force for polymer 

expulsion. Expulsion of intra-liposomal polymer is likely a step wise process proceeding 

sequentially through the interior leaflet hairpin, to the transmembrane, to the exterior leaflet hairpin 

to dissociated from the liposome (Figure 5.4b). At 25 °C the PEO blocks are hydrated, leading to 

unfavorable enthalpic interactions as the PEO block traverses the acyl region. This creates two 

large free energy barriers in this reaction pathway: in going from the interior leaflet hair pin to the 

transbilayer and then from the transbilayer to the exterior leaflet hairpin configurations. These 

steps are likely very slow, explaining why it takes weeks for the system to re-equilibrate following 
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a thermal incubation above Tcrit. At equilibrium the polymer concentration will be equal on both 

sides of the liposomal membrane. Based on the lipid concentration, liposome size, and the number 

of lipids per liposome, an internalized polymer concentration of 1 mg/mL corresponds to 0.3 mol% 

of the chains. This is below the resolution of the PFG-NMR assay, therefore after a recovery period 

of several weeks, the samples incubated above Tcrit fully relax to the non-thermally treated sample. 
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Figure 5.4: Proposed mechanism for kinetic trapping effect upon thermal treatment of a triblock 

poloxamer with liposomes. (a) Schematic describing the effect of temperature on polymer 

binding and the bound configuration. (b) Sketch of the hypothesized reaction pathway of a single 

polymer from inside the liposome to completely dissociated at 25 °C. 

 

Effect of thermal cycling between 10 °C and 37 °C: To test this hypothesized mechanism, we 

performed a PFG-NMR experiment with in situ thermal cycling. If the transition state to polymer 
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desorbing from the kinetically trapped state involves the PEO block traversing the acyl region of 

the bilayer, then we further hypothesized that the polymer will not desorb if the system is cooled 

to 10 °C following incubation at 37 °C. Therefore, we investigated the effect of repeated cycles 

between 10 °C and 37 °C as shown by the thermal pathway in Figure 5.5a. 

As the F127 + POPC system is incubated at 25 °C, an observable number of chains adsorb to 

the bilayer (~4 mol% based on Figure 5.1b). However, the PFG-NMR data for step 1 at 10 °C 

(dark blue) shows a single rate of decay with Rh = 4.5 ± 1 nm, consistent with exclusively free 

chains. Therefore, when the system is cooled to 10 °C following incubation at 25 °C, all polymer 

chains desorb within 30 min. Thus, as the temperature decreases and the solvent quality of water 

towards both PEO and PPO increases, there is an enthalpic driving force for desorption and the 

PPO block is pulled out of the bilayer as the chains enter the solution. The first measurement done 

at 37 °C (step 2 – pink diamonds), shows fb = 37 ± 4 mol%. Both the step 1 and step 2 results are 

consistent with the variable temperature PFG-NMR results presented in Figure S5.4. Then, when 

the system is cooled to 10 °C following incubation at 37 °C (steps 3, 5, and 7 – light blue, green, 

and purple squares, respectively), there remains a substantial amount of polymer bound to the 

liposomes, fb = 32 ± 4 mol%. This result provides indirect support of the proposed mechanism in 

Figure 5.4, because significant binding was observed at 10 °C following the 37 °C treatment, 

despite the thermodynamic driving force for desorption. The fit parameters for each step of this 

experiment are shown in Table 5.3. An identical thermal cycling experiment was performed using 

DLS to confirm that the Rh of the liposomes does not change substantially as a function of 

temperature (Figure S5.8).  
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Figure 5.5: (a) Thermal pathway for the thermal cycling PFG-NMR experiment. We performed a 

room temperature incubation of 1 mg/mL F127 with 10 mM POPC, followed by an initial 

measurement at 10 °C followed by cycles of 37 °C to 10 °C. (b) PFG-NMR data from sequential 

steps in the experiment sequence. Squares in cool colors are data collected at 10 °C while diamonds 

in warm colors are data collected at 37 °C. All 37 °C data sets were fit to a two-term expansion of 

Equation 5.2 with Dfree and Dbound shared as global parameters. Step 1 was fit to a single exponential 

decay while the remaining 10 °C datasets were fit to a two-term expansion of Equation 5.2 with 

Dfree and Dbound shared as global parameters. 
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Table 5.3: Summary of Fit Parameters for the PFG-NMR Thermal 

Cycling Experiment. 

Step # Temperature [°C] fb [mol%]a 

1 10 0b 

2 37 37 ± 4 

3 10 27 ± 1 

4 37 22 ± 2 

5 10 34 ± 1 

6 37 19 ± 2 

7 10 36 ± 1 

aBiexponential fit with Dfree and Dliposome as global parameters 
bSingle exponential fit 

Rh, liposome(T=10 °C) = 44 ± 1 nm 

Rh, liposome(T=37 °C) = 41 ± 1 nm 

Error is 95% confidence interval on the fitting parameter. 

 

Impact of cholesterol incorporation on the kinetics of desorption from trapped state: Since the 

hypothesized free energy barrier to desorption from the kinetically trapped state involves passage 

of a PEO block through the acyl region of the bilayer, we hypothesized that the bending and 

stretching moduli of the bilayer will impact the rate of desorption from the trapped state and/ or 

the ability of the chains to access it. Since cholesterol has a known rigidification and thickening 

effect on lipid bilayers,18,35,40,275,276 we investigated the impact of cholesterol content on the 

kinetics of polymer desorption over a range of cholesterol incorporation from 0−14 mol%. Above 

this level of cholesterol content, binding of F127 to the liposomes was not observed.  

Figure 5.6a shows the fb vs trec curves of F127 + liposomes with 5, 9, and 14 mol% cholesterol, 

and the corresponding PFG-NMR decay curves are shown in Figures S5.9-11. As with the 100% 

POPC results presented in Figure 5.3, at early times the samples incubated at 50 °C and 37 °C 
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show elevated fb compared to the 25 °C control. Then, the excess bound polymer in the samples 

incubated at elevated temperatures decays over time as the samples rest at 25 °C. For 5 and 9 mol% 

cholesterol liposomes, fb in the thermally treated samples decays to the same steady state that was 

achieved in the 25 °C control; however, for 14 mol% cholesterol, the decay was incomplete even 

after 2000 h. Comparing the 25 °C datasets (black) across the three panels of Figure 5.6a, 

demonstrates that increasing cholesterol content from 5 to 14 mol%, leads to a decrease in 

f
b
̅(Tinc=25 °C) from 1.7 ± 0.3 mol% to 0 mol%, respectively. This effect has been observed before 

and was attributed to cholesterol stiffening the bilayer, therefore making insertion more difficult.86 

Because of the similarities between the 100% POPC and POPC/chol datasets, we conclude that 

the same kinetic trapping mechanism is likely occurring in both systems. 
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Figure 5.6: Effect of cholesterol incorporation on the rate of F127 desorption from POPC/ chol 

mixed bilayers after thermal treatment. (a) fb vs recovery time for 5 mol%, 9 mol% and 14 mol% 

cholesterol. Error bars indicate the 95% confidence interval on fb from fitting the PFG-NMR 

decay curves to a two-term expansion of Equation 5.2. (b and c) Summary of the fitting 

parameters from Equation 5.4 to the data in panel (a). Error bars indicate the 95% confidence 

interval of the fit. 

 

Figures 5.6b and 5.6c summarize the results from fitting the kinetic relaxation data in Figure 

5.6a to Equation 5.4. Figure 5.6b shows that for the 25 °C control, the excess bound polymer due 

to the incubation (fb,0) is within error of 0 for all levels of cholesterol content. By the definition of 

the model in Equation 5.4, this parameter must be 0 if the sample incubated at 25 °C is at steady 

state. Additionally, Figures 5.6b and 5.6c suggest that for the samples incubated at elevated 

temperatures, fb,0 and krec decrease as cholesterol content increases. Figure S5.12 shows a linear fit 

to the relationships between these fitting parameters and cholesterol content. For the 50 °C dataset, 

the slopes are significantly less than zero (p = 0.049 and p = 0.029 for fb,0 and krec, respectively 

using ANOVA). This indicates that cholesterol inhibits the polymer from entering the trapped state 
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and slows the kinetics of desorption. As cholesterol content increases over this range of 

incorporation into POPC bilayers, molecular dynamics simulations have shown a 14% increase in 

the bilayer thickness40 and neutron spin echo experiments have shown that the bending modulus 

increases by ~20%.35 Thus, the observed reduction in fb,0 and krec with increasing cholesterol 

content is consistent with a mechanism where the PEO block must pass through the bilayer since 

it should take longer for a chain to pass through a thicker, stiffer membrane. 

Effect of polymer composition and architecture on thermal trapping: We investigated the effect of 

removing the PPO block by repeating the kinetic trapping experiment outlined in Figure 5.2a with 

a PEO homopolymer (Mn = 20.0 kDa). Figure 5.7a shows the PFG-NMR decay curves 2 h after 

incubation at 50 °C and a control sample maintained at 25 °C. The single rate of decay and nearly 

perfect superposition of the polymer control and polymer + POPC samples subjected to both 

treatments indicates that no binding occurred. Therefore, a PPO block is necessary for detectable 

binding in the PFG-NMR assay, even at elevated temperatures. Thus, a linear PEO homopolymer 

by itself does not traverse the bilayer. 

We also explored the effect of composition (wt% PEO) and the diblock architecture on fb,0 and 

krec. The PFG-NMR data for P188 and P14E118 (~80 wt% PEO triblock and diblock respectively) 

show no evidence of binding following incubation at 25 °C and 37 °C, but both polymers show 

observable binding after incubation at 50 °C, and this outcome persisted for at least 360 h into the 

recovery period at 25 °C. (Figures S5.13 and S5.14, respectively). Because fb is so low (fb < 0.5 

mol%) we could not perform any quantitative kinetic analysis for P188 or P14E118.  
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Figure 5.7: (a) Effect of removing the PPO block. PFG-NMR decay curves of L-E455, a PEO 

homopolymer with Mn = 20.0 kDa. (b) Effect of bottlebrush poloxamer architecture on kinetic 

trapping effect. Representative PFG-NMR data of B-E11
43P6

15 + POPC samples (1 mg/mL B-

E11
43P6

15 + 1.25 mM POPC) with different incubation temperatures. All data were collected at 27 

°C. The data were fit to a constrained 3-component expansion of Equation 5.2, and fb = 11 ± 3 

mol%, 6 ± 2 mol%, and 9 ± 3 mol% for 50 °C, 37 °C, and 25 °C incubations, respectively. Rh, 

bound = 37 ± 2 nm was a global parameter for all three conditions. 

 

The effects of polymer composition within the linear triblock and diblock architectures are 

consistent with the proposed mechanism. Without the PPO block, the extent of dehydration of the 

PEO units with increasing temperature is insufficient to drive binding to a detectable level. 

However, the presence of even a small PPO block (NPPO = 14 in the case of P14E118) leads to a 

kinetic trapping effect (Figure S5.16). The PPO block dehydrates to a greater extent and therefore 

is likely the first part of the chain to adsorb to the bilayer. Thus, the PPO block brings the PEO 

block(s) into closer proximity to the bilayer, facilitating further dehydration as the chain samples 

configurations that draw the PEO units into the membrane. While a diblock cannot form a 

transbilayer configuration, the PEO block can traverse the acyl region, providing access to the 

interior leaflet hairpin state and then desorbing into the intraliposomal space; hence a diblock 

polymer also can exhibit the thermal trapping effect. 
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Finally, we hypothesized that a bulky PEO-PPO bottlebrush block copolymer, would not 

traverse the lipid bilayer, which would eliminate the effects of thermal history on fb. Therefore, we 

synthesized B-E11
43P6

15, a bottlebrush analogue to F127 with a comparable wt% PEO and a similar 

number of PPO units using previously established methods.88,109 This bottlebrush poloxamer 

contains an average of 43 PEO units for each of 11 backbone norbornene units and 15 PPO units 

for each of 6 backbone norbornene units. As shown in Figure 5.7b, B-E11
43P6

15 does bind to POPC 

liposomes; however, samples incubated at 50 °C and 37 °C do not show excess binding compared 

to the 25 °C control 24 h into the recovery period at 25 °C. Figure S5.15 shows that there is also 

no difference in fb between the samples incubated at 37 °C and 25 °C 2 h into the recovery period. 

Thus, bottlebrush poloxamers do not exhibit the same thermal path dependence exhibited by linear 

poloxamers, and we conclude that the kinetic trapping effect is not operative with a bottlebrush 

architecture. We believe this is due to a significantly stiffer and bulkier molecular structure of the 

bottlebrush poloxamer versus flexible linear poloxamers, leaving bottlebrush poloxamers unable 

to traverse the bilayer and shutting off the thermal trapping effect.   

PFG-NMR measurements were also performed at 10 °C, 37 °C, 50 °C, and 27 °C with B-

E11
43P6

15 treated POPC liposomes (Figure S5.16). Compared to F127, fb for B-E11
43P6

15 was much less 

sensitive to temperature, only ranging from 14 ± 2 to 19 ± 2 mol% over 10−37 °C. Furthermore, 

B-E11
43P6

15did not desorb from the bilayer at 10 °C, irrespective of the thermal history (Figure 

S5.17). This is likely because the bottlebrush occupies a bound conformation where the backbone 

lies parallel to the bilayer plane, enabling multiple PPO and PEO side chains to intercalate into the 

acyl region.88 Thus, for desorption to occur every side chain must simultaneously pull out of the 

bilayer, an unlikely event that would also result in significant steric crowding. 

 

5.4 Conclusion 

We report that poloxamers can traverse lipid bilayers at or above 37 °C, but not at 25 °C. This 

results in chains that are kinetically trapped onto (and into) liposomes. Furthermore, we developed 

an experimental method for quantifying the rate constant of desorption from the kinetically trapped 
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states (krec) and found that krec  3 × 10-3 h-1, which is remarkably slow given the relatively weak 

forces that drive polymer binding and the dynamic nature of lipid bilayers. The ability to access 

the trapped states, and the rate of desorption from them, are sensitive to polymer architecture and 

bilayer cholesterol content. We propose that at elevated temperatures, the PEO block(s) can 

traverse the hydrophobic acyl region of the bilayer, enabling a linear triblock copolymer to access 

the transmembrane configuration, the interior leaflet hairpin state, and the intra-liposomal space. 

The rate limiting step to escaping from these states is the PEO block(s) re-traversing the acyl 

region, which has a high free energy barrier upon cooling the system to room temperature due to 

the hydrogen bonded water shell. 

This mechanistic investigation is of practical importance because there are conflicting reports 

of whether poloxamers enter the intracellular space. Prior studies have documented that 

poloxamers and PEO homopolymers are internalized by both stressed and non-stressed living cells, 

116,117 and internalization was believed to occur by endocytosis.116 On the other hand, a recent study 

by Bez Batti Angulski et al. employed confocal microscopy and showed that P188 localizes at the 

exterior membrane of cardiomyocytes and skeletal muscle cells.158 The thermal trapping effect we 

observed, and the proposed mechanism reported here suggests that poloxamers can traverse lipid 

bilayers via a passive transport mechanism at the physiological temperature. It is possible that in 

some cellular systems, additional membrane components (e.g. the dense glycocalyx and/or actin 

cytoskeleton) could slow passive diffusion of ABPs across the cell membrane. This could have 

caused the accumulation of P188 at the exterior membrane observed by Bez Batti Angulski et al. 

and led to an internalized concentration of P188 that was below the detection threshold in their 

confocal microscopy experiment. Passive diffusion of poloxamers across a lipid bilayer has 

important ramifications for the cellular distribution of poloxamers. It is possible that intracellular 

membranes, organelles, or processes are impacted by poloxamer presence and play a role in 

protecting cells from stress. We speculate that this thermal trapping effect and passive lipid bilayer 
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diffusion could take place in any polymer system with thermoresponsive character due to a 

hydrogen bonded water shell. 

We also systematically studied the effect of temperature on the affinity of poloxamers towards 

POPC bilayers and observed that increasing temperature leads to 11 ± 3× more polymer chains 

bound to the bilayer at 37 °C compared to 27 °C. These results will help the community compare 

the results of previous mechanistic studies of polymer-lipid bilayer interactions that may have been 

done at different temperatures. Additionally, in designing future experiments involving 

thermoresponsive block polymers and lipid bilayers one should carefully consider the desired 

temperature, and for physiological applications we suggest including 37 °C wherever 

experimentally possible. 

Finally, we have demonstrated that it is possible to achieve a wide range of PEO surface 

coverage post liposome fabrication via addition of commercially available poloxamers and heat. 

This could present a facile and scalable method to manipulate liposome mechanical and surface 

properties without needing to change the formulation or compromise on encapsulation 

efficiency.256 Furthermore, we hypothesize that the significant amount of triblock polymers in the 

transbilayer conformation will increase interleaflet friction,32 and this could have beneficial 

implications for applications where lipid bilayers are subjected to shear stresses. 
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5.5 Supporting Information for Chapter 5 
Dynamic light scattering assessment of liposome preparations: 

 
 

Figure S5.1: Representative multi-angle dynamic light scattering data and analysis. (a) 

Correlation functions collected over a series of 5 angles. Data is fit to the second cumulant model 

described by equation S5.1. (b) Residual (data−fit) for the 90° dataset. (c) Relationship between 

the first cumulant (Γ) and the scattering vector squared (q2). The best fit line was forced through 

the origin, and the slope gives the diffusion coefficient and the corresponding Rh value is given. 

The linearity and y-intercept of zero indicate a diffusive relaxation process. 

 

All DLS data were fit to the second-order cumulant model shown below: 

g
1
2 = B exp(-2Γt+k2t2)         (S5.1) 

where g1 is the autocorrelation function which is calculated from the fluctuations in the observed 

scattering intensity, Γ is the first cumulant which in dilute solutions is related to the translational 

diffusion coefficient, k2 is the second cumulant which accounts for dispersity in the sample, and t 

is time. 
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Dynamic light scattering assessment of liposome stability upon 50 °C incubation 

 

 

Figure S5.2: Multi-angle DLS data of POPC liposomes pre (black) and post (red) a 2 h 

incubation at 50 °C. The dispersity before and after the incubation were both 1.01 as estimated 

by the ratio of the second cumulant to the square of the first cumulant resulting from the fit to 

the 90° data. 
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Small angle X-ray scattering assessment of bilayer form factor during thermal incubation 

 

 

Figure S5.3: (a) Thermal sequence for the experiment. SAXS data was collected at the end of 

every temperature. Liposomes were prepared roughly 7 hours prior to the start of the experiment. 

(b) Scattering profiles of the first 25 °C scan, the 50 °C scan, and the 25 ° C scan following the 

thermal protocol. The curves overlap within error, indicating qualitatively that there is no change 

to the bilayer. 

 

We deem this system to have too low of an electron density contrast, and therefore too low of a 

signal-to-noise ratio, to quantitatively fit the SAXS data to a bilayer form factor model, as these 

models have at least 6 fitting parameters.16  
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Variable temperature PFG-NMR measurements: 

The anchor-and-chain model, which describes poloxamer lipid bilayer interactions, asserts that 

entropically dominated hydrophobic forces are the primary driving force for polymer binding to 

lipid bilayers.6,85,143,144 Therefore, we hypothesized that as PPO-water interactions become less 

favorable with increasing temperature,  fb would increase. We evaluated this hypothesis using the 

thermal pathway described by Figure S5.4a. We mixed F127 with POPC liposomes, and incubated 

the solution at 25 °C for 2 hours to establish a steady state.85 We then inserted the sample into the 

NMR probe, set to 10 °C, and allowed the sample to incubate for 30 minutes prior to starting the 

PFG-NMR data acquisition, which takes 37 minutes. After each temperature change, the sample 

asymptotically approaches a new steady state during the incubation period. We performed an 

experiment with a 3 h incubation period and periodic PFG-NMR measurements at 37 °C (Figure 

S5.6) and found that the 30-minute period is sufficient to reach at least 75% of the steady state. 

This 30-minute incubation and 37-minute acquisition cycle was repeated at 37 °C, 50 °C, and 

finally 27 °C. The same thermal pathway was followed for the F127 solution without liposomes 

control experiment (open symbols). 
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Figure S5.4: (a) Summary of thermal pathway. Shading indicates timing of PFG-NMR data 

acquisition. (b-e) Variable temperature PFG-NMR data of 1 mg/mL F127 (open) and 1 mg/mL 



199 
 

F127 + 10 mM POPC (closed). Error bars indicate the standard deviation of 3 independent 

experiments. 

Based on the linearity and close superposition of the F127 solution without POPC and F127 + 

POPC sample at 10 °C shown in Figure S5.4b, we conclude that F127 chains do not adsorb to the 

liposomes at this temperature. At 10 °C, both blocks are solvated, thus it is thermodynamically 

favorable for the chains to exist as unimers diffusing freely in solution; the diffusion coefficient 

from the fit gives Rh = 4 ± 1 nm (based on the Stokes-Einstein relationship), consistent with free 

chains. All fitting parameters are summarized in Table S5.1 and are presented graphically in Figure 

S5.5. The results shown in Figures 1b (gray) and S5.4a conclusively demonstrate that F127 chains 

adsorbed to liposomes at 27 °C completely desorb within 30 minutes after being cooled to 10 °C. 

 

Table S5.1: Summary of fitting parameters for the PFG-NMR experiments with F127 and F127 

+ POPC solutions at various temperatures. 

Temp. 

[°C] 

Sample fmicelle 

[mol%] 

fbound 

[mol%] 

Rh, free 

chain [nm] 

Rh, micelle 

[nm] 

Rh, bound 

[nm] 

Npoly/ 

liposome 

10 F127 0 - 4 ± 1 - - - 

F127 + POPC 0 0 4 ± 1 - - 0 

37 F127 7 ± 5 - 5 ± 1 13 ± 3 - - 

F127 + POPC 0 45 ± 2 5 ± 1 - 40 ± 2 340 ± 10 

50 F127 11 ± 2 - 3 ± 1 14 ± 1 - - 

F127 + POPC 47 ± 2 13 ± 3 3 ± 1 14 ± 1 41 ± 2 100 ± 20 

27 F127 0 - 3 ± 1 - - - 

F127 + POPC 0 37 ± 1 3 ± 1 - 36 ± 1 280 ± 10 

Npoly/liposome is an estimate for the number of polymers bound to each liposome. The calculation 

is based on literature relationships between liposome size and the number of lipids per 

liposome.85,87 
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Increasing the temperature to 37 °C demonstrates the thermoresponsive nature of F127. In 

Figure S5.4c, the curve corresponding to the F127 solution without liposomes (open symbols) is 

non-linear which indicates the existence of more than one population of chains, assumed to be 

unimers and micelles based on a wealth of prior characterization of poloxamer solutions.97,101 

Fitting this data to a sum of two exponentials indicates a relatively small fraction of chains are 

present in micelles, fmicelles = 7 ± 5 mol%, and the hydrodynamic radii of the two populations are 

Rh, free chains = 5 ± 1 nm and Rh, micelles = 13 ± 1 nm, consistent with the assignment of free chains and 

micelles. Comparing the F127 and the F127 + POPC decay curves at 37 °C (Figure S5.4c) shows 

that there is a substantial amount of polymer bound to the liposomes. To reduce the number of 

fitting parameters in a three-term expansion of Equation 2, we assumed that the free chains and 

micelles do not change in size in the presence of liposomes; Dfree chain and Dmicelle were assigned 

values obtained from the F127 solution without POPC. This protocol results in fbound = 45 ± 2 

mol% and fmicelles = 0 mol% based on the fit shown in Figure S5.4c. As temperature increases from 

10 °C to 37 °C, the critical micelle concentration (CMC) decreases as the chains become more 

amphiphilic.97 In the F127 sample without liposomes, the poloxamer concentration is greater than 

the CMC, resulting in micelle formation. However, when liposomes are present, no micelles were 

detected. We conclude that the relatively high affinity of F127 chains to liposomes at this 

temperature reduces the concentration of free chains below the CMC, thus eliminating micelle 

formation.  

Increasing the temperature to 50 °C leads to stronger micellization in the F127 control solution, 

with 11 ± 2 mol% of the chains now present in micelles (Figure S5.4d). Following the same fitting 

protocol described above indicates a co-existence of unimers, micelles, and liposome-bound 

polymer with ffree chains = 40 ± 5 mol%, fmicelles = 47 ± 2 mol%, and fbound = 13 ± 3 mol%. The 

reduction in fbound at 50 °C compared to 37 °C suggests that the associated reduction in PEO and 

PPO miscibility energetically favors micelles over liposome bound polymer, leading to rapid 

desorption of chains from the liposome surface to form micelles at 50 °C. Curiously, the fraction 
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of polymer chains in micelles is higher in the F127 + POPC sample than the F127 control solution 

at 50 °C. Micellization is not a phase transition and micelle creation is a multi-molecular process 

that can be slow.104,277 Therefore, it may be possible that as chains desorb from the liposomes at 

50 °C there is a boundary layer region near the liposome surface with a higher local concentration 

of chains than far from the liposomes, increasing the probability of a micelle formation event. 

When the sample is cooled to 27 °C following the 50 °C data acquisition, no micelles are 

detected in the F127 or F127 + POPC samples, indicating that the concentration of polymer is 

below the CMC and the timescale of micelle dissolution at 27 °C is shorter than 30 minutes. 

Surprisingly, fbound = 37 ± 1 mol% at 27 °C after cooling from 50 °C, which is remarkably higher 

than the 4 ± 1 mol% binding observed at 27 °C without prior heating (Figure 1b). 

 

Figure S5.5: Summary of the fitting parameters for the PFG-NMR data presented in Figure 2. 
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Impact of incubation time in variable temperature PFG-NMR experiments 

 

 

Figure S5.6: (a) Thermal sequence for the experiment. Shading indicates data acquisition 

period. (b) PFG-NMR data collected during the first 3 steps of the experiment which were done 

at 37 °C. Data were fit to a three-term expansion of Equation 2 with all diffusion coefficients as 

global parameters. (c) PFG-NMR data collected during the final 3 steps of the experiment which 

were done at 10 °C. Data were fit to a two-term expansion of Equation 2 with both diffusion 

coefficients as global parameters. 

 

Table S5.2: Summary of fitting parameters for PFG-NMR data in Figure S5.6. 

Temperature [°C] Incubation time [min] fmicelle [mol%] fb [mol%] 

37 30 46 ± 2 22 ± 3a 

37 90 44 ± 3 26 ± 4a 

37 150 40 ± 3 29 ± 4a 

10 30 - 35 ± 1b 

10 90 - 33 ± 1b 

10 150 - 32 ± 1b 

aTriexponential fit with Dfree, Dmicelle, and Dliposome as global parameters. 
bBiexponential fit with Dfree and Dliposome as global parameters.  

Error is 95% confidence interval on the fitting parameter. 
 

During each change in temperature, the polymer + liposome system asymptotically approaches 

a new steady state. We were interested in how quickly it reaches the new steady state to determine 

an efficient incubationing time for variable temperature PFG-NMR experiments. The data in Table 

S5.2 shows that there is roughly a 25% increase in fb at 37 °C between the 30 minute and 150 

minute incubations. Since the variable temperature NMR protocol involves 4 changes in the set 

point each requiring an incubation period and a data acquisition period, we decided that reaching 
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~75% of the steady state is sufficient to observe the trends between fb and temperature. Therefore, 

a 30 minute incubation time was chosen. 

Notice, the Rh of the liposomes reported in Figure S5.6b and S5.6c appears to change as a 

function of temperature. We hypothesize that this is an artifact of fitting the PFG-NMR data to a 

multiparameter model and is not significant. Therefore, we performed a similar thermal cycling 

experiment and observed the Rh of liposomes alone via DLS (Fig S8). 
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Representative dataset for kinetic trapping of F127 onto 100−0 POPC−Chol (mol%) liposomes 

 
 

Figure S5.7: All timepoints for a single representative kinetic trapping PFG-NMR experiment 

of F127 onto pure POPC liposomes (100−0 POPC−Chol (mol%)). 
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Thermal cycling DLS experiment to assess Rh of liposomes as a function of temperature 

 

 

Figure S5.8: (a) Thermal sequence for the experiment. Shading indicates data acquisition 

period. Sample is 1 mg/mL F127 + 10 mM POPC liposomes. (b) Multi-angle DLS data for each 

step of the experiment. The linearity and near-zero intercept indicate that a diffusive process is 

being observed. The overlap between the curves corresponding to the same temperatures 

indicates that the liposome size is stable to thermal perturbations over this temperature range. 

The Rh and dispersity are summarized in Table S5.3. 

 

Table S5.3: Summary of DLS results from Figure S5.8b. 

Step # Temperature [°C] Rh [nm]a Db 

1 10 41 1.02 

2 37 46 1.01 

3 10 42 1.02 

4 37 46 1.01 
aCalculated by applying the Stokes-Einstein equation using the slope of best fit to Γ vs q2 as 

the translational diffusion coefficient, Dt. Error is ~10%. bCalculated as 1+k2/k1
2 from the 

second-cumulant fit (Eq. S1) to the 90° data. 

 

The DLS results reported in Table S5.3 suggest that the Rh of the liposomes changes by ~10% 

as the temperature is increased from 10 °C to 37 °C. This is very close to a typical error in a DLS 

measurement. Notably, DLS shows that Rh of the liposomes increases as a function of temperature 

while PFG-NMR suggests the opposite. As temperature increases, the area per lipid increases, so 

we trust the trend observed in the DLS data; however, any change that does occur is small and 

reversible.  
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Kinetic trapping of F127 onto 86:14 (POPC:Chol mol%) liposomes 

 

 

Figure S5.9: Kinetic trapping PFG-NMR experiment of F127 onto 86:14 (POPC:Chol mol%) 

liposomes. Note the onset of a second mode of relaxation in the 25 °C dataset at 1056 hr post 

incubation. This appears to be a very small fraction of chains bound to the liposomes (fbound ~ 

0.1 mol%) which is the lower limit of detection in this assay. It is likely that this level of 

adsorption was occurring in every dataset, but due to fluctuations in noise at this low of a s:n 

(99.99% signal decay) it cannot be consistently observed. Data corresponds to the right panel in 

Figure 5.6a of the main text. 
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Kinetic trapping of F127 onto 91:9 (POPC:Chol mol%) liposomes 

 

 

Figure S5.10: Kinetic trapping PFG-NMR experiment of F127 onto 91:9 (POPC:Chol mol%) 

liposomes. Data corresponds to the middle panel in Figure 5.6a of the main text. 
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Kinetic trapping of F127 onto 95:5 (POPC:Chol mol%) liposomes 

 

 

Figure S5.11: Kinetic trapping PFG-NMR experiment of F127 onto 95:5 (POPC:Chol mol%) 

liposomes. Data corresponds to the left panel in Figure 5.6a of the main text. 
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Statistical analysis of the effect of cholesterol on fbound,0 and koff, incubation 

 

Figure S5.12: Statistical analysis of the effect of cholesterol incorporation on fitting parameters 

to Equation 4; error is the 95% confidence interval. (a) Effect of cholesterol content on fbound,0, 

the amount of excess polymer bound due to the incubation. The slope of the linear best fit to the 

50 °C dataset is significantly different from 0 (p = 0.049 via ANOVA). For the 37 °C dataset, 

the slope is not significantly different from 0 (p = 0.097 via ANOVA); although the same trend 

exists. (b) Effect of cholesterol content on koff,incubation, the rate constant of desorption from the 

trapped state. For the 50 °C dataset, the slope is significantly different from 0 (p = 0.029 via 

ANOVA) while for the 37 °C dataset, it is not (p = 0.076); although the same trend exists. 
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Kinetic trapping of P188 onto 100:0 POPC:Chol liposomes 

 

 

Figure S5.13: Kinetic trapping of P188 onto pure POPC liposomes. The kinetic trapping effect 

occurs only at 50 °C, indicating that the critical temperature for the effect to occur is dependent 

on copolymer composition. Since the affinity of this polymer is so low, it is impossible to 

quantify the rate constant of desorption; however, desorption does occur very slowly as no 

change in fbound was observed over 192 hours in the 50 °C incubation dataset. 
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Kinetic trapping of P14E118 onto 100:0 POPC: Chol bilayers 

 

 

Figure S5.14: Kinetic trapping of P14E118 onto pure POPC liposomes. The kinetic trapping effect 

occurs only at 50 °C, indicating that the critical temperature for the effect to occur is dependent 

on copolymer composition. Since the affinity of this polymer is so low, it is impossible to 

quantify the rate constant of desorption; however, desorption does occur very slowly as no 

change in fbound was observed over 360 hours in the 50 °C incubation dataset. 
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Kinetic trapping of B-E11
43P6

15 2 h after incubation 

 

 

Figure S5.15: Kinetic trapping PFG-NMR experiment of POPC liposomes treated with B-

E11
43P6

15, 2 h post incubation. All PFG-NMR data acquisition were done at 27 °C. Decay curves 

corresponding to 37 °C and 25 °C incubations (yellow and black, respectively) overlap 

indicating that over this temperature range the incubation does not affect fbound. The decay curve 

of the 50 °C incubation is significantly different and does not show any binding to the liposomes. 

Thus, for a bottlebrush poloxamer, a 50 °C incubation leads to desorption. In all cases, thermal 

incubating did not lead to a bottlebrush polymer in the kinetically trapped state. 

 

Table S5.4: Summary of the fits to data in Figure S5.15 to Equation 2 

Incubation Condition fmicelle 

[mol%] 

fbound 

[mol%] 

Rh, free chain 

[nm] 
Rh, micelle [nm] Rh, bound[nm] 

50 °C - B-E11
43P6

15+ POPC 10 ± 5 0 4 ± 1 10 ± 2 - 

37 °C - B-E11
43P6

15+ POPC 0 16 ± 3 6 ± 1 - 25 ± 4 

25 °C - B-E11
43P6

15+ POPC 0 15 ± 3 6 ± 1 - 25 ± 4 

B-E11
43P6

15 30 ± 5 - 5 ± 1 10 ± 1 - 
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Variable temperature PFG-NMR of B-E11
43P6

15 treated POPC liposomes 

 

 

Figure S5.16: Variable temperature PFG-NMR experiment performed on POPC liposomes 

treated with B-E11
43P6

15. (a) Thermal path which is identical to that performed for F127. (b-e) 

PFG-NMR data collected at 10 °C (b), 37 °C (c), 50 °C (d), and 27 °C (e) open symbols is 

polymer only control and filled is polymer + liposome. 
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Table S5.5: Summary of fitting the PFG-NMR data in Figure S5.16 to Equation 2. 

Temp. 

[°C] 
Sample 

fmicelle 

[mol%] 

fbound 

[mol%] 

Rh, free chain 

[nm] 

Rh, micelle 

[nm] 

Rh, 

bound[nm] 

10 

B-E
11

43

P
6

15
a 9 ± 5 - 5 ± 1 13 ± 3 - 

B-E
11

43

P
6

15

+ POPCa - 19 ± 1 5 ± 1 - 30 ± 1 

37 

B-E
11

43

P
6

15
a 8 ± 8 - 4 ± 2 10 ± 4 - 

B-E
11

43

P
6

15

+ POPCb 44 ± 2 14 ± 2 4 10 26 ± 1 

50 

B-E
11

43

P
6

15
c 0 - 5 ± 1 - - 

B-E
11

43

P
6

15

+ POPCd 0 0 4 ± 1 - - 

27 

B-E
11

43

P
6

15
a 2 ± 1 - 5 ± 1 16 ± 5 - 

B-E
11

43

P
6

15

+ POPCb 22 ± 2 19 ± 2 5 16 47 ± 2 

a2-term expansion of Equation 2 
bConstrained 3-term expansion of Equation 2 
cEquation 1 
d2-term expansion of Equation 2 yielded an unphysically slow diffusion for the bound state. The flat 

region in Figure S5.16d is an artifact. 
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Effect of thermal path on B-E11
43P6

15 binding to POPC liposomes 

 

Figure S5.17: (a) Thermal path for 2 samples of POPC liposomes treated with B-E11
43P6

15: thermal 

history and a control sample. (b) PFG-NMR data for the two highlighted timepoints from panel 

(a). The decay curves are within error, indicating that there is no thermal path dependence for 

the bottlebrush architecture. (c) Thermal path for a single sample of POPC liposomes treated 

with B-E11
43P6

15. (d) PFG-NMR decay curves collected at the corresponding shaded regions of 

panel (c). The decay curves are within error and both show significant binding, indicating that 

B-E11
43P6

15 does not desorb at 10 °C nor does it exhibit path dependence. 
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F127 characterization data 

 
 

Figure S5.18: Characterization of F127. (a) SEC data; Mn and Đ was determined using multi-

angle light scattering and differential refractometer detectors. (b) 1H NMR spectroscopy of F127 

in CDCl3. The ratio of PEO to PPO signals was used to estimate the composition. Data used 

with permission from Hassler et al.88 
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P188 characterization data 

 

Figure S5.19: Characterization of P188. (a) SEC data; Mn and Đ was determined using multi-

angle light scattering and differential refractometer detectors. (b) 1H NMR spectroscopy of P188 

in CDCl3. The ratio of PEO to PPO signals was used to estimate the composition. Data used 

with permission from Hassler et al.88 
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Characterization of bottlebrush poloxamer that is analogous to F127 

 

Figure S5.20: Characterization of B-E11
43P6

15. (a) SEC data; Mn and Đ was determined using 

multi-angle light scattering and differential refractometer detectors. (b) 1H NMR spectroscopy 

of B-E11
43P6

15  in CDCl3. The ratio of PEO to PPO signals was used to estimate the composition. 

Data used with permission from Hassler et al.88 
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Characterization of L-E455 (PEO-20k) 

 

 

Figure S5.21: Characterization of L-E455. (a) SEC data; Mn and Đ was determined using multi-

angle light scattering and differential refractometer detectors. (b) 1H NMR spectroscopy of L-

E455 in CDCl3. The ratio of PEO to PPO signals was used to estimate the composition. Data used 

with permission from Hassler et al.88 
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Characterization of L-P14E118 

 
Figure S5.22: Characterization of P14E118. (a) MALDI-ToF spectrometry data. (b) 1H NMR 

spectroscopy in CDCl3. The ratio of PEO to PPO signals was used to estimate the composition. 

The number average degree of polymerization of the PEO and PPO blocks was then calculated 

using the composition from NMR and Mn
 from MALDI-ToF (NPEO = 118 and NPPO = 14). 
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Chapter 6: Impact of lipid phase behavior on polymer 

binding to liposomes 

6.1 Motivation 

The cell membrane of living cells is a non-equilibrium mixture of up to thousands of lipid 

species, proteins, and cholesterol.53,278 Lipids with distinct tail and headgroup structures have 

different interaction energies with each other and with cholesterol, leading to phase separation into 

liquid-ordered (Lo), liquid disordered (Ld), and solid ordered (So) phases.45–47,53 The phase behavior 

is sensitive to both temperature and membrane composition, and for many abiotic membranes the 

phase space is well mapped.47 In the Ld phase, lipid molecules have a high degree of translational 

and rotational freedom; in the Lo phase, translation is slower and rotation is hindered; in the So 

phase, both translation and rotation are restricted.52 This leads to different mechanical, structural, 

and dynamic properties. Although these properties are sensitive to temperature and composition, 

representative literature values for each phase are summarized in Table 6.1. The Lo phase is 

enriched in saturated lipids and cholesterol, has more organized packing, a smaller area per lipid, 

a higher bending modulus, and has slower lateral diffusion of lipid species relative to the Ld 

phase.2,15,40,41 The differences in mechanical properties between the Lo domains, often referred to 

as lipid rafts, and the Ld matrix can alter protein conformation and therefore have implications for 

cell motility,49 cell signalling,2,279 and transport across the membrane.280  In living cells, lipid rafts 

have diameters on the order of 10 nm and exist on short timescales, rapidly dissolve into the 

surrounding matrix and then re-form in a different location.52 Because of the critical roles of lipid 

rafts, it is important for cells to have control over the distribution between Lo and Ld phases. 
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Table 6.1: Summary of differences in structural and mechanical properties between liquid 

disordered (Ld), liquid ordered (Lo), and solid ordered (So) phases. 

  Ld Lo So 

Bending modulus κ [kBT] 20a 25d 300a 

Stretching modulus κA [mN/m] 780c 1720c  

Thickness t [nm] 3.8e 5.1e 5.6a 

Lipid lateral diffusivity Dlipid ×10-12 [m2/s]  12b 4b  

Area per lipid A [nm2/lipid] 0.68b 0.53b 0.40f 

aWoodka et al. Phys. Rev. Lett. 2012.15 
bLindblom G. and Oradd G. Biochimica et Biophysica Acta. 2009.41  
cNeedham D. and Nunn R.S. Biophy. J. 1990.42  
dBaumgart et al. Nature. 2003.134 
eVan der Paal et al. Chem. Sci. 2016.40 Garcia-Saez et al. J Bio. Chem. 2007.281 
fFilippov et al. Biophys. J. 2007.282 

 

Interfacial energy is high at the Lo-Ld borders due to the height mismatch between the two 

phases and the high surface tension, creating a driving force for two Lo domains to coalesce, while 

entropy and electrostatic forces oppose it.134,281 Garcia-Saez et al. used confocal microscopy to 

measure domain size and raft formation kinetics in 3-component supported lipid bilayers and found 

that as the height mismatch between the ordered and disordered phases increases, raft domains 

form more quickly upon cooling from above the miscibility temperature and are more circular.281 

A cell has mechanisms to manipulate its membrane composition, enabling cells to adjust surface 

tension and control the distribution between the Lo and Ld phases.283 When a cell is exposed to 

stresses such as pore-forming toxins,284,285 oxidative stress,121,125 or a transmembrane gradient in 

osmotic pressure,286 the distribution between Lo and Ld phases is disrupted and the cell loses its 

ability to control the lipid raft fraction and size, affecting cell signaling and having detrimental 

implications for many cell processes. 
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As described in Section 1.4.2, many studies have reported that the presence of PEO-PPO block 

copolymers during stress attenuates changes in cell signaling across many diverse pathways 

governing processes such as cytoskeleton reorganization and apoptosis.118,121,128 Since these block 

copolymers are flexible, non-polar, molecules with a gaussian coil conformation, they are unlikely 

to have specific interactions with proteins. However, upon polymer insertion into the cell 

membrane, the surface tension decreases137,136 and the area per lipid must decrease due to the 

occupied volume of the polymer. By manipulating surface tension, polymer insertion could affect 

the balance between Lo and Ld phases, which could non-specifically alter cell signaling. Therefore, 

it is important to understand how lipid phases affect polymer-liposome interactions and how 

polymer binding affects lipid phase behavior in the presence and absence of stress. In this chapter, 

I utilize 3-component liposomes to determine how lipid phase coexistence affects the fraction of 

F127 chains that bind to the liposome surface. To my knowledge, this is the first study of 

poloxamer-lipid bilayer interactions using 3-component membrane models and therefore is the 

first to incorporate the effects of lipid phase coexistence. 

 

6.2 Liposome model to study effect of lipid phase behavior 

Co-existing liquid phases require a saturated lipid (high melting temperature - Tm), an 

unsaturated lipid (low Tm), and cholesterol. Therefore, throughout this chapter, liposomes were 

prepared from different ratios of 3 components: 16:0-18:1 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC: Tm = −2 °C), sphingomyelin (PSM: Tm = 40 °C), and cholesterol. The 

nomenclature used to describe the membrane composition is X/Y/Z where X, Y, and Z represent 

the mol% of POPC, PSM, and cholesterol in the liposomes, respectively. This model system was 

chosen because the composition-temperature space has been studied extensively using techniques 

such as fluorescence microscopy, confocal microscopy, Förster resonance energy transfer, and 

differential scanning calorimetry.46–48,58,287,288 As shown by Figure 6.1, at both room temperature 

(23 °C) and physiological temperature (37 °C) there are windows of Lo/Ld coexistence (solid 
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circles) which can serve as models for lipid rafts.47 Additionally, the headgroup identity and tail 

group lengths of POPC and PSM are identical, eliminating potential confounding effects. Zhang 

et al. reported the effect of adding cholesterol to POPC liposomes on poloxamer binding using 

pulsed field gradient NMR (PFG-NMR), exploring the left edge of the phase diagram in Figure 

6.1.86 PSM is an important saturated lipid that plays a role in cell signaling, makes up ~5−20 mol% 

of all lipids in mammalian cells, is enriched in the outer leaflet, and is particularly important in the 

myelin sheath of axons in the nervous system and the sarcolemma of muscle tissue.289,290 

Therefore, choosing PSM as the third component is a natural and biologically relevant extension 

of the POPC/Chol system which can be used to assess how lipid phase behavior affects polymer-

liposome interactions. 
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Figure 6.1: Ternary phase diagram for lipid vesicles prepared from POPC-PSM-Chol at 37 °C 

(top) 23 °C (bottom). Figure adapted from Keller and Veatch. Phys. Rev. Lett. 2005.47 

  

Throughout this chapter, liposomes were prepared using the extrusion technique described in 

Chapter 2. Due to the high melting temperature of PSM (Tm = 40 °C), the lipid film was maintained 

at 50 °C throughout the hydration and extrusion steps. During the hydration step, the vial was 

placed in a 50 °C water bath for 30 s, then placed on a vortex plate for 30 s, and this cycle was 

repeated for a total of 1 h. Then, the extrusion step was performed at 50 °C using the heating block 

provided with the Avanti mini-extruder setup. It is critical to ensure that all lipid components are 

in the fluid phase during these steps to ensure incorporation of all components and to minimize 

liposome-to-liposome variation in composition, which is thought to be ~2 mol% deviation of each 
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component.291 After preparation, liposomes were cooled to room temperature and the 

hydrodynamic radius and dispersity were measured via DLS. For all liposome preparations, the 

size distribution had a single peak, and the dispersity was narrow (Đ ≤ 1.02). DLS data for all 

compositions are summarized in Table 6.2. Cholesterol incorporation leads to roughly a 10% 

increase in Rh, relative to the pure POPC liposomes, due to the membrane-stiffening effect of 

cholesterol.86 Otherwise, the Rh of all liposome preparations are within error, thus liposome size is 

independent of composition along the isocholesterol slice. Pure PSM liposomes have higher 

bending and stretching moduli than POPC, so the stiffening effect of cholesterol is less 

pronounced, leading to no difference in the Rh of 0/86/14 and 0/100/0 liposomes. 
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Table 6.2: Summary of DLS characterization of liposomes 

Membrane composition (POPC/PSM/Chol) [mol%] Rh [nm]a Đb 

100/0/0 43 ± 1 1.01 ± 0.01 

86/0/14 52 1.01 

60/26/14 56 ± 1 1.02 ± 0.01 

36/50/14 46 1.01 

21/65/14 47 ± 4 1.01 ± 0.01 

0/86/14 52 1.02 

0/100/0 51 ± 2* 1.01 ± 0.01* 

aMutliangle DLS measurement. Slope of relationship between the first cumulant (Γ) and the 

scattering vector squared (q2). 
bDetermined via the ratio of the first and second cumulants from the fit to the DLS data acquired 

at a scattering angle of 90°. 

Error is the standard deviation of at least 3 independent replicates unless otherwise noted. 
*Range of 2 independent replicates 

 

This chapter will focus exclusively on F127 (Mn = 11.3 kDa; Đ = 1.14; 73 wt% PEO) binding 

to liposomes. Zhang et al. observed that cholesterol incorporation significantly reduced the 

fraction of chains that bind to the liposome.86 Therefore, we chose F127 for this study because it 

has the highest membrane affinity of any linear poloxamer tested.85 Furthermore, we chose to 

extrude the liposomes through the smallest pore diameter possible, 50 nm, because the increased 

membrane curvature increases the amount of binding; thus, the smallest liposomes maximizes the 

signal.86 All experiments in this chapter were performed at 1 mg/mL F127 and 10 mM total lipid 

concentration with at least a 2 h incubation period at room temperature prior to PFG-NMR 

acquisition. All PFG-NMR data were acquired at 27 °C. 
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6.3 Single component liposome control experiments 

Before we can explore the effects of lipid phase coexistence, it is first important to understand 

if there are any differences in F127 binding to pure POPC compared to pure PSM liposomes. Based 

on the Tm of POPC and PSM, at 27 °C, POPC liposomes will be exclusively in the Ld state (T > 

Tm, POPC) while PSM will be in the So state (T < Tm, PSM). Previous studies using lipid monolayers 

and Langmuir trough experiments have shown that poloxamers preferentially insert into 

monolayers at low surface pressures, corresponding to a large area per lipid.66,71 Furthermore, Ka 

Yee Lee and co-workers performed isothermal titration calorimetry experiments on liposomes 

prepared with dimyristoylphosphocholine (DMPC: Tm = 24 °C) and showed that P338, a 

hydrophilic poloxamer with Mn = 14,600 g/mol and 80 wt% PEO, bound to the liposomes at T > 

Tm (fluid phase – Ld) but not at T < Tm (gel phase – So).
89 Based on this result and because the So 

state has a higher bending modulus, tighter lipid packing, and reduced lateral mobility of lipid 

molecules, we hypothesized that F127 binding would be significantly lower towards PSM 

compared to POPC liposomes at 27 °C. 

Figure 6.2a shows the PFG-NMR decay curves of POPC liposomes treated with F127. The 

open symbols are the F127 solution control containing no liposomes, which shows a single rate of 

decay corresponding to free chains. Upon adding POPC liposomes, there is a second, slower decay 

which dominates at large values of the x-axis. The slower mode of relaxation corresponds to 

polymer adsorbed to the liposome surface, and the fraction of chains that bind to the liposomes 

can be quantified by fitting this data to a 2-term expansion of the sum of exponentials model (Eq. 

6.2). This suggests that the fraction of chains bound to the POPC liposomes is fb = 9 ± 3 mol%. 

Since the temperature of incubation and data acquisition (27 °C) is greater than the melting 

temperature of POPC (Tm = −2 °C), the liposomes will be in the Ld phase. The bilayers have a 

relatively low bending modulus, so there will be spontaneous fluctuations in bilayer height, 

neighboring lipid molecules can translate and rotate with a high degree of freedom, and the area 

per lipid is relatively high. Based on the anchor and chain mechanism and previous literature 

results, these factors facilitate binding and lead to the relatively high bound fraction observed. 
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Figure 6.2: (a) PFG-NMR data for POPC liposomes treated with F127. (b) PFG-NMR data for 

PSM liposomes treated with F127. Error bars are the range of two independent replicates and 

the error reported is from the 95% confidence interval from the biexponential model. 

  

For PSM liposomes on the other hand, the measurement was performed below the melting 

temperature (Tm = 40 °C); therefore, the PSM liposomes will be in the gel phase (So). As shown 

by the schematic in Figure 6.2b, the So phase has fewer spontaneous fluctuations in height, 

translation and rotation of lipids is more restricted, there is less area per lipid, and the bilayer is 

thicker. Figure 6.2b shows the PFG-NMR decay curve of F127 solution (open symbols) and F127 

+ PSM liposomes (closed symbols). This data is the average of two independent experiments. The 

F127 solution decay curve shows a single rate of relaxation that is consistent with the F127 solution 

in Figure 6.2a. When the PSM liposomes are added, a slow mode of relaxation appears and fitting 

this data to a 2-term expansion of Equation 6.2 suggests that fb = 17 ± 1 mol%. Surprisingly, we 

found that F127 binds to pure PSM liposomes at T < Tm with considerably high affinity. 

Furthermore, F127 has a higher affinity towards gel-phase PSM liposomes than towards fluid-

phase POPC liposomes at the same temperature.  
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A possible explanation for the increased affinity of F127 towards PSM compared to POPC 

liposomes is faceting of the surface as the PSM liposomes are cooled past Tm. The PSM liposomes 

were prepared above Tm, existing as homogeneous Ld, then they were cooled to room temperature. 

As Tm is traversed, the So phase will nucleate at many sites along the liposome surface, then grow 

into each other resulting in a faceted surface due to grain boundaries. Figure 6.3a shows a cryo-

TEM image of faceted DMPC liposomes (Tm = 24 °) that were prepared via extrusion above their 

Tm, then cooled to 4 °C.89 At the facets, neighboring lipid headgroups are not aligned, resulting in 

an open volume for polymer insertion, as shown in Figure 6.3b. We speculate that the facets are 

attractive binding sites; since the acyl tails are exposed at the grain boundaries, the polymer does 

not need to push neighboring lipids apart to access the hydrophobic region, perhaps explaining 

why F127 has a higher fb towards So phase PSM than for Ld phase POPC. It is curious that Ka Yee 

Lee and co-workers observed substantial binding of P338 to DMPC liposomes above Tm (Ld) but 

not below Tm (So), despite faceting of the DMPC liposome surface (Figure 6.3a), using ITC 

experiments.89 The most likely explanation of this result is competing effects between temperature 

and lipid phase behavior. As temperature is reduced, the solvent quality of water towards PEO-

PPO increases, dramatically reducing the binding affinity of poloxamers (Chapter 5). Therefore, 

comparing poloxamer binding to liposomes composed of lipids with dramatically different Tm at 

the same temperature, as was done in this Chapter, is a more direct comparison of how lipid phase 

affects poloxamer binding. Furthermore, F127 has a significantly higher membrane affinity than 

P338. Zhang et al. found that F127 had a 14× higher fraction bound than P338.85 It is possible that 

PFG-NMR can more sensitively measure binding of low affinity polymers than ITC. Finally, in 

the PFG-NMR experiments reported here, polymer and liposome were mixed and incubated for 2 

h to achieve a steady state, whereas an ITC experiment consists of a series of injections where the 

endotherm associated with adsorption occurs over a span of minutes. Therefore, kinetic effects 

could also contribute to the different results observed here and in Ka Yee Lee’s work.89 
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Figure 6.3: (a) cryo-TEM image of DMPC liposomes prepared above Tm then cooled into the 

gel phase. The scale bar is 100 nm. This figure was taken from Wu et al. Soft Matter. 2009.89 

(b) Schematic of a faceted gel phase lipid bilayer and the poloxamer preferentially inserting at 

the grain boundaries due to the exposed acyl tails and the available volume.  

 

6.4 Results for isothermal-isocholesterol slice of the phase space 

The phase space of POPC/PSM/Chol shown in Figure 6.1 is expansive, so we chose a single 

isocholesterol slice to probe the effects of lipid phase behavior on fb of F127 at a single temperature 

(27 °C). Based on the phase diagram and previous results on how F127 binding changes with 

cholesterol content, we chose 14 mol% cholesterol. This level of cholesterol content was chosen 

for two reasons. First, based on previous PFG-NMR results, at 14 mol% cholesterol F127 will still 

exhibit observable binding (2 % < fb < 10 %), depending on the concentrations of polymer and 

lipid employed.86 Second, as shown by Figure 6.4a, there is diverse phase behavior along the 14 

mol% cholesterol slice, i.e. regions of Ld, Ld/Lo, Ld/Lo/So, and Lo are present in traversing the phase 

diagram from left to right at 23 °C. Note, the literature phase diagram was constructed at 23 °C, 

and the PFG-NMR experiments performed here were done at 27 °C; thus, the phase boundaries 

will be similar, but not identical, to the phase boundaries shown in Figure 6.4a. It is important to 

note that the tie lines in the coexisting region of the ternary phase diagram are roughly parallel to 

the x-axis. Therefore, although the composition of the Ld and Lo phases in each sample will be 

similar, they will not be identical. Because of the dramatic effect of cholesterol content on 

binding,86 we elected to study an isocholesterol slice of the phase diagram instead of a tie line. 
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On the far-left side of the isocholesterol slice, 86/0/14, the liposomes are exclusively in the Ld 

phase. As the saturated lipid component is added, Lo and So appear and occupy a larger and larger 

fraction of the surface area. Since the ordered phases have a higher cholesterol content, less space 

per lipid, and a higher bending modulus, we hypothesize that fb will monotonically decrease in 

going from left to right on the phase diagram as the ordered phases occupy more and more surface 

area. 

 



233 
 

 

Figure 6.4: (a) Phase diagram for the POPC/PSM/Chol system with the experimental membrane 

compositions indicated with stars along the chosen isocholesterol slice. Figure adapted from 

Keller and Veatch. Phys. Rev. Lett. 2005.47 (b-f) PFG-NMR decay curves of F127 solutions 

(open symbols) and F127 + liposomes (closed symbols) of various compositions. Compositions 

are given as POPC/PSM/Chol in mol%. Error bars are the standard deviation of 3 independent 

replicates. Absence of error bars indicates that a single replicate was performed at that membrane 

composition. Error is the 95% confidence interval from the fit to a 2-term expansion of Eq. 6.2. 
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Figures 6.4b−6.4f show PFG-NMR data corresponding to different points along the 

isocholesterol slice. In all cases, the F127 solution without liposomes (open symbols) shows a 

single rate of decay (Rh is consistent with free chains) while all the F127 + liposomes (closed 

symbols) show two rates of decay, indicating that F127 does bind to a detectable extent to 

liposomes of all compositions across the chosen slice of the phase space. All datasets were fit to 

an unconstrained 2-term expansion of Eq. 6.2.  

Fitting the F127 + 86/0/14 liposome decay curve (maroon) results in fb = 1.5 ± 0.3 mol% and 

Rh, lipo = 30 ± 5 nm. Adding 14 mol% cholesterol dramatically reduced fb compared to the 100% 

POPC control experiment shown in Figure 6.2a (fb = 9 ± 3 mol%). This is consistent with previous 

results and is due to cholesterol stiffening the bilayer.82,86 When some PSM is added to create 

liposomes with a 60/26/14 composition (yellow), the phase behavior is still, likely, exclusively Ld 

at 27 °C. The PFG-NMR data for this composition is shown in Figure 6.4c and the fitting result 

suggests that fb = 2.5 ± 0.7 mol%, which is nominally higher than the result for 86/0/14. The green 

and blue points (36/50/14 and 21/65/14, respectively) are in regions where the liposome surface 

will phase separate into coexisting domains. For 36/50/14 (green), there are coexisting Ld and Lo 

domains. Since both domains are liquid, neighboring lipids can rotate and translate unhindered 

compared to the So domains that appear in 21/65/14 liposomes (blue). Interestingly, the fit to the 

PFG-NMR data for F127 + 36/50/14, shows a local maximum in fb at fb = 3.8 ± 0.4 mol% which 

is significantly higher than all other membrane compositions tested along this isocholesterol slice. 

As the boundary between Ld/Lo coexistence and Ld/Lo/So is crossed, fb significantly decreases to fb 

= 0.8 ± 0.4 mol%, possibly because the So domains are too stiff for the polymer to insert, effectively 

reducing the number of binding sites available. Finally, F127 binding to 0/86/14 liposomes (purple) 

was barely detected, fb = 0.3 ± 0.4 mol%, equivalent to 0 within the 95% confidence interval for 

this membrane composition. At a membrane composition of 0/86/14, the membrane is exclusively 

in the Lo phase. Since the membrane is in a homogeneous liquid phase, there are no grain 

boundaries as depicted for the pure So phase in Figure 6.3. Since minimal to no binding occurred 
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at this membrane composition, we assert that polymer binding into a Lo matrix is unfavorable, 

likely due to the high bending and stretching moduli, the small area per lipid, and the ordered lipid 

packing. 

Figure 6.5a summarizes the fb results for all membrane compositions along the 14 mol% 

cholesterol slice. Clearly, there is a non-monotonic relationship between the PSM fraction and fb, 

indicating that our original hypothesis was incorrect. Instead, fb is maximized at intermediate 

compositions where there are coexisting liquid domains, decreases as a solid phase nucleates, and 

then approaches zero when there are exclusively Lo domains in the 0/86/14 membrane.  

 

Figure 6.5: (a) Relationship between fb and the percent incorporation of the saturated lipid 

component (PSM). Error bars are the 95% confidence interval on fitting the PFG-NMR data 

averaged over all replicates. (b) Sketch of the hypothesized mechanism behind the effect of lipid 

phase behavior on F127 binding. 

 

Figure 6.5b shows a sketch of a possible explanation for this observation. We hypothesize that 

fb is maximized in the region with coexisting liquid domains because the borders between the Ld 

and Lo domains are attractive binding sites. At the Ld − Lo border, there is a mismatch in bilayer 

thickness, leading to a high interfacial energy.40,292 This thickness difference is particularly 
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dramatic in sphingomyelin containing bilayers, and in POPC/PSM/Chol bilayers atomic force 

microscopy measurements revealed a height difference of 1.3 nm between the Lo and Ld phases.281 

This is significant, as it is roughly a 30% difference in bilayer thickness and is commensurate with 

the Rg of the PPO block of F127 (Rg, PPO = 1.8 nm). The height mismatch minimizes the distance 

that the chain must push neighboring lipids apart before it can access the acyl region. Furthermore, 

given the surfactancy of poloxamers, they will likely accumulate at the Ld − Lo interface to 

minimize the interfacial energy. Thus, in POPC/PSM/Chol liposomes with phase coexistence, the 

Ld − Lo borders play a similar role to the facets in a So phase PSM liposomes. Therefore, the results 

presented in Sections 6.3 and 6.4 share a common mechanism. 

 

6.5 Conclusion and next steps 

In this chapter, we have begun to explore the effects of lipid phase behavior on polymer affinity 

towards liposomes. We studied F127 (Mn = 11.3 kDa, 72 wt% PEO) as the model polymer and 

various mixtures of POPC/PSM/Chol as model membranes. We employed PFG-NMR to measure 

fb as a function of PSM content along an isocholesterol slice of the ternary phase diagram mapped 

by Keller et al.47 

Surprisingly, F127 binds to So phase PSM liposomes with higher affinity than it does towards 

Ld phase POPC liposomes. Previous studies have shown that an 80 wt% PEO poloxamer was 

excluded from the gel phase due to the high bending modulus and small area per lipid.66,71 However 

this study compared poloxamer binding to DMPC liposomes over a wide temperature range, 

confounding effects of changing solvent quality of water towards PEO-PPO polymers and 

membrane phase transitions.89 As a single component liposome is cooled through its Tm, the 

surface facets as So domains from different nucleation sites grow into each other. We propose that 

these facets could be attractive binding sites and therefore explain why F127 has a higher affinity 

towards So phase PSM than for Ld phase POPC at the same temperature.  
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In 3-component POPC/PSM/Chol liposomes, we found that there is a non-monotonic 

relationship between fb and the percent of the saturated lipid component, PSM, in the bilayer. 

Furthermore, the local maximum in binding affinity coincides very closely with the region of Ld – 

Lo phase coexistence. We assert that this is indirect evidence of poloxamer localization to the 

borders between these domains which could be caused by the height mismatch and high interfacial 

energy. Poloxamer localization at the interface between Ld – Lo domains could attenuate changes 

to the lipid raft fraction and domain size upon osmotic swelling or oxidative stress, providing a 

non-specific mechanism for poloxamers minimizing changes in cell signaling upon membrane 

damage. However, direct evidence of this hypothesized mechanism is needed. 

Confocal and fluorescence microscopy have been successfully used to image phase 

coexistence in ternary lipid vesicles.48,55,134,286,291,293,58,292 These techniques require a small fraction 

(0.1−1 mol%) of a fluorescently labelled lipid dye. Based on the tail group of the dye labelled 

lipid, the dye will prefer either the Lo or Ld phase, and the partitioning coefficient has been recently 

reviewed by Baumgart et al for a variety of dyes.55 Figure 6.6 shows an example fluorescence 

microscopy study from the literature which obtained clear evidence of macroscopic lipid phase 

separation in 3-component vesicles.292 Here, the dye selectively partitions into the Ld phase; hence 

Ld is bright and Lo or So is dark. As the content of the saturated component (DPPC) increases from 

~15−55 mol%, the matrix transitions from light to dark as the ordered phases become the major 

component. By conjugating a fluorophore to the chain ends of F127, we could employ fluorescence 

microscopy to directly visualize the spatial distribution of F127 across the liposome surface 

relative to the Lo and Ld domains. Bez Batti et al. recently reported a synthetic scheme to 

functionalize poloxamer chain ends with a fluorophore.158 It is important that the dye label and the 

lipid label emit at different wavelengths, so their signals can be distinguishable. I propose to use 

18:1 lissamine rhodamine PE which selectively partitions into the Ld phase and emits at 583 nm 

(red) as the label for the lipid phase behavior and carboxyfluorescein as the polymer label because 

it emits at 515 nm (green) and has a been shown to have minimal interactions with lipid bilayers.294 
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Figure 6.6: Fluorescence microscopy images along a tie line of the phase diagram, showing 

coexisting phases. 0.8 mol% of Texas Red DHPE was incorporated into the vesicles which 

selectively partitions into the Ld phase. Scale bar is 20 μm. Figure adapted from Cornell et al.292 

 

There are several challenges that must be overcome to perform this experiment successfully. 

First, all the PFG-NMR results were done with liposomes prepared by direct dissolution followed 

by extrusion through 50 nm diameter pores at 50 °C. The preparation method has been observed 

to impact the lipid ratio in the resulting liposomes,292 so it will be important to prepare all 

liposomes using the direct dissolution + extrusion method. Second, it is imperative to hydrate and 

extrude above the highest Tm in the system. This ensures that the lipid film is homogeneous as it 

hydrates, leading to as little variation in lipid composition liposome-to-liposome as possible (~2 

mol% deviation of each component).48 As the liposomes are cooled past the miscibility 

temperature, the Lo/Ld domains form and coarsen over time to minimize interfacial energy. Thus, 

the cooling rate and timing of imaging relative to vesicle preparation will affect the domain size 

and distribution, so these experimental details should be controlled for and consistent across all 
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datasets. Third, the 50 nm pore size was needed to induce an observable level of binding in the 

PFG-NMR assay at 14 mol% cholesterol, 1 mg/mL F127 and 10 mM total lipid. The high 

membrane curvature leads to an increase in binding which offsets the stiffening effect of 

cholesterol.86 Due to the diffraction limit and the wavelength of visible light, obtaining quantitative 

images of lipid phase coexistence on the surface of 50 nm liposomes is not possible. Fortunately, 

vesicles with diameters of 1−10 μm can be prepared using the same direct dissolution + extrusion 

method.295 However, the fraction of chains that will bind to micron scale vesicles will be 

dramatically lower than that observed for the liposomes reported in Figure 6.5. To increase the 

number of polymers bound to each vesicle, high polymer: lipid ratios may need to be employed.94 

Furthermore, since PEO-PBO polymers are thought to follow the anchor and chain mechanism, 

we speculate that these higher affinity polymers would also localize to the borders of Lo and Ld 

domains. Thus, due to their higher binding affinity,87 this proposed fluorescence microscopy 

experiment could also be done with a dye-labelled PEO-PBO polymer.  

 

6.6 Materials and Methods 

Materials: Pluronic F127 (also known as Poloxamer 407) was provided by BASF. 16:0-18:1 1-

palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), porcine brain sphingomyelin (PSM), and 

cholesterol were purchased from Avanti Polar Lipids. Deuterium oxide was purchased from 

Cambridge Isotope Laboratories. All materials were used as received. 

Liposome fabrication: Stock solutions of each lipid component in chloroform were prepared with 

known concentrations ([lipid] ~ 0.1 M) and were mixed to yield a chloroform solution with the 

desired molar ratio of POPC/PSM/Chol. Then, the chloroform was evaporated using a gentle 

stream of N2 to yield a lipid film on the walls of a glass vial. To ensure all residual chloroform was 

removed, the vial was placed under vacuum for > 1 h. For all lipid mixtures containing PSM (Tm 

= 40 °C), the lipid film and D2O were heated to 50 °C prior to hydration. Then, the film was 

hydrated by placing the vial on a vortex plate for 30 s then in a 50 °C bath for 30 s to ensure the 
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hydration step was done above the highest Tm in the system. This cycle was repeated for 1 h. After 

hydration, the lipid suspension was extruded 29× through a membrane with 50 nm diameter pores 

using the Avanti mini-extruder on a heating block at 50 °C. For lipid preparations without PSM, 

the hydration and extrusion were done at room temperature. 

Dynamic light scattering: The hydrodynamic radius and dispersity of all liposome preparations 

were assessed using dynamic light scattering. The liposome stock solution after extrusion was 

diluted to ~1.5 mg/mL in D2O, filtered with a 0.2 μm wwPTFE filter to remove dust, and placed 

in a glass test tube (200 mm × 7 mm with 5 mm inner diameter). All DLS experiments were 

performed at room temperature on a Brookhaven BI-200SM instrument equipped with a 637 nm 

laser. Data were collected at incident-to-detector angles of 60°, 75°, 90°, 105°, and 120°, and the 

autocorrelation functions were analyzed using the second-order cumulant model (Eq. 2.3). For all 

samples, the size distribution has a single peak, and the size dispersity is low (Đ ≤ 1.02). 

Furthermore, the first cumulant scales linearly with the scattering vector squared (Γ ~ q2), and the 

relationship passes through the origin, consistent with a diffusive process. 

Pulsed-field gradient NMR: All PFG-NMR experiments were performed at 1 mg/mL polymer and 

10 mM total lipid concentration. Polymer and liposomes were incubated together at room 

temperature for a minimum of 2 h prior to data acquisition. Data was acquired using a Bruker 

Avance III 500 MHz spectrometer which was equipped with a 5 mm TBO triple-resonance PFG 

probe. The probe temperature was set to 300 K to enable automation of experiments. The ledbpg2s 

pulse sequence was employed with a 5 ms gradient pulse duration (δ), a 700 ms diffusion time (Δ), 

a gradient strength that varied linearly from 2−95% with 25 distinct gradient strengths, a relaxation 

delay and acquisition time of 1 s, and 32 scans were recorded at each gradient strength. 

In a PFG-NMR experiment, the magnetic field gradient along the z-axis of the sample encodes 

spatial information into the phase of the excited spins. This leads to signal decay according to 

Equation 6.1: 

 ln (
I

I0
) = -γ2δ

2
G

2
(Δ-

δ

3
)D        (6.1) 
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where I and I0 are the integrals of the chosen NMR peak (PEO at ~ 3.70 ppm) at the given gradient 

strength and a gradient strength of 0, respectively, γ is the gyromagnetic ratio of the nucleus (42.6 

MHz/T for a proton), δ is the duration of the magnetic field gradient pulse, G is the strength of the 

magnetic field gradient, Δ is the diffusion time, and D is the translational diffusion coefficient of 

the species associated with the chosen NMR signal.85,87,88,165 Since the signal decay is a function 

of D, if multiple populations are present with distinct sizes (difference of at least a factor of 2), 

then the fraction of the material in each state can be resolved by fitting the data to a sum of 

exponentials model given by Equation 6.2: 

 ln (
I

I0
) = ln( ∑ f

i
 exp(i -γ2δ

2
G

2
(Δ-

δ

3
)Di)      (6.2) 

where fi and Di are the mol fraction of material in state i and the translational diffusion coefficient 

of state i, respectively. The translational diffusion coefficient can then be related to the 

hydrodynamic radius using the Stokes-Einstein equation: 

 Rh=
kBT

6πη
s
D
          (6.3) 

where kB is Boltzmann’s constant, T is absolute temperature, ηs is the viscosity of the solvent at 

the given temperature,296 and D is the translational diffusion coefficient resulting from the fit to 

the PFG-NMR data. All PFG-NMR data in this chapter were fit to an unconstrained 2-term 

expansion of Equation 6.2. 
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Chapter 7: Summary and future directions 

7.1 Summary 

The research presented in this thesis has advanced understanding of interactions between 

amphiphilic block polymers and phospholipid bilayers. The cell membrane, including how the 

structures of its constituent molecules lead to its mechanical and structural properties and its role 

in maintaining homeostasis, was introduced in Chapter 1. Furthermore, I discussed poloxamers 

and related their amphiphilic nature and membrane interacting capabilities to the structure of the 

repeat units. Namely, due to hydrogen bonding between the oxygen atoms in PEO and PPO to 

water, these polymers are surrounded by a water shell. As temperature increases, the strength of 

these hydrogen bonds decreases, leading to thermoresponsive behavior in aqueous PEO-PPO 

systems. 

Chapter 2 discusses the fundamentals and practical considerations of techniques that are used 

throughout this thesis, and that may not be common knowledge for some polymer scientists. 

Liposomes are useful as model cell membranes because they expand the set of characterization 

techniques that can be employed and reduce the complexity of the system to enable fundamental 

studies. Throughout this thesis liposomes of various sizes and compositions were prepared by 

extrusion as described in Section 2.1. Dynamic light scattering is a solution characterization 

technique that relates temporal fluctuations in scattered light intensity to the rate of translational 

diffusion of particles in solution. Sample preparation and careful comparison of different models 

are required for meaningful results, as described in Section 2.2. I employed PFG-NMR 

spectroscopy throughout Chapters 4-6 of this thesis, so the fundamentals of this technique, a 

description of how to qualitatively and quantitatively interpret a dataset for polymer + liposome 

samples, and details on the parameter optimization protocol to enable the reader to choose 

appropriate parameters for their system of interest were also discussed in Chapter 2. Finally, an in 

vitro assay that imposes osmotic stress to cells and measures the release of an enzyme as a marker 

for membrane permeability was introduced. This assay uses a cell line that is relevant to human 
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muscle cells, is intermediate throughput (~100 conditions/ day), and can be used as a first-pass 

biological assessment of the protective ability of a polymer treatment. 

In Chapter 3, a novel synthetic strategy to efficiently make bottlebrush poloxamers (BBPs) 

was outlined. Anionic polymerization yielded mono-alcohol functionalized PPO and PEO 

materials with narrow dispersity and control over the molecular weight and α-chain end. Then, for 

PPO, a hydrogenation step must be performed to eliminate an alkene α-chain end impurity arising 

during the anionic synthesis. The final step of macromonomer preparation was to convert the 

alcohol ω-chain end to a norbornene via an esterification reaction. Finally, ring opening metathesis 

polymerization (ROMP) reactions were performed with the desired macromonomer(s) and a 

Grubbs 3rd generation catalyst. This strategy avoids side reactions associated with radical 

polymerization of PPO, enabling a bottlebrush PPO polymer with high grafting density and 

complete conversion of monomer for the first time. Furthermore, because ROMP reaches full 

conversion in ~10 min and purification is relatively easy, this strategy enables the experimentalist 

to efficiently span a given parameter space. Once a set of macromonomers has been prepared, they 

can be combined in different ratios and combinations to create BBPs with varying molecular 

weights, side chain lengths, and arrangement of side chains, making this strategy a versatile 

synthetic platform for the preparation of BBPs.109 

In Chapter 4, I employed this synthetic strategy to create a set of BBPs over a range of 

molecular weight, with two PEO block side chain lengths, and with block and statistical 

architectures. I then used the PFG-NMR assay to elucidate relationships between these parameters 

and the polymer affinity for POPC liposomes. This study culminated in understanding that the 

backbone of membrane-bound BBPs likely lies in the bilayer plane with the PPO and PEO side 

chains intercalating between neighboring lipids. This creates multiple anchoring units on the same 

molecule, explaining the increase in membrane affinity of a BBP relative to an analogous linear 

poloxamer. Additionally, I used an in vitro assay to screen this set of BBPs for their ability to 

protect cells against osmotic stress. All BBPs tested exhibited a protective effect, and surprisingly, 
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a statistical BBP showed a protective effect at concentrations as low as 20 nM, the lowest 

efficacious concentration observed to date using this assay.88 

Chapter 5 explored the role of temperature and thermal history on polymer-liposome binding. 

I presented data demonstrating that the thermal history of a polymer-liposome sample has a 

remarkable effect on the amount of polymer bound to the liposome. During an incubation at an 

elevated temperature, the activation energy of a PEO block traversing the acyl region is relatively 

low, leading to polymer entering the intra-liposomal space. This leads to polymer kinetically 

trapped within the liposome and in new configurations on the liposome surface. I employed PFG-

NMR to measure the extent of polymer in these kinetically trapped states (fb,0) and the rate of 

expulsion from them (krec). These parameters are functions of the cholesterol content and polymer 

architecture, providing indirect support for the hypothesized mechanism. This fundamental insight 

suggests that poloxamers passively enter the cell, and it could be exploited to manipulate the 

surface and mechanical properties of liposomes. Furthermore, I showed that temperature has a 

dramatic effect on the fraction of chains bound to the liposome (fb), with fb increasing by a factor 

of 11 (± 3) in raising the temperature from 27 °C to 37 °C. This is particularly notable because 

much of the poloxamer-lipid bilayer literature has been performed at room temperature (near 27 

°C) while 37 °C is close to body temperature. This information may help put previous mechanistic 

studies in context with each other wherever temperature is not the same. 

Finally, in Chapter 6 I studied the role of lipid phase coexistence in poloxamer-liposome 

binding events. Living cell membranes are heterogeneous with liquid ordered domains (Lo - rafts) 

amongst a matrix of liquid disordered domains (Ld). Here, I employed 3-component liposomes 

consisting of POPC/PSM/Chol which has a well-mapped phase space as a model for cell 

membranes with lipid rafts. PFG-NMR results across an isocholesterol slice of the phase space 

showed that binding of a model poloxamer is maximized in the window of phase space with Lo-Ld 

coexistence. Then, when the So phase nucleates in a mixed liposome, binding decreases and when 

there is a homogenous Lo phase, binding is minimized. I hypothesize that the maximum binding in 
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the Lo-Ld coexistence region is because the border between the two liquid phases is an attractive 

binding site. The thickness mismatch between the two domains leads to a high line tension which 

the surfactant-like poloxamer will bind to minimize total surface energy. If the poloxamer localizes 

to the interface of Lo-Ld domains, then I speculate that poloxamer treatment will regulate the 

surface area fraction and domain shape of lipid rafts, thereby providing a non-specific mechanism 

by which poloxamers impact protein conformation and cell signaling pathways. 

 

7.2 Continued exploration of bottlebrush poloxamer architecture 

The initial exploration of the BBP parameter space presented in Chapter 4 yielded mechanistic 

insight into BBP-lipid bilayer interactions and a molecule with superior protection efficacy against 

osmotic stress.88 To realize more efficacious treatments for DMD and heart attack patients, it is 

important to continue assessing the performance of these molecules in more physiologically 

relevant systems such as an ex vivo sarcomere length kinetics assay and in vivo models 

interrogating protection efficacy against isoproterenol insult.131,158 Additionally, as shown by 

Figure 7.1, there are three bottlebrush parameters that could be explored using the synthetic 

platform described in Chapter 3 and the assays described in this thesis: multiblock BBPs, PPO side 

chain length (Nsc, PPO), and the spacing between grafts (Ng). 

 

Figure 7.1: Schematic of the BBP architecture. In this section, I will propose future experiments 

to assess the impact of extending the chain to a multiblock architecture, varying the side chain 

length of the PPO block (Nsc,PPO), and increasing the spacing between side chains (Ng). 
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7.2.1 Multiblock bottlebrush poloxamers 

Crabtree, et al. showed that the inverted linear poloxamer architecture led to minor 

improvements to protection efficacy against osmotic stress, possibly because of having two 

anchoring blocks on the ends of a single chain. In Chapter 4, I demonstrated that diblocks of a 

bottlebrush poloxamer architecture also had improved protection efficacy at low polymer 

concentrations. Therefore, I hypothesize that multiblock BBPs could combine the effects of 

multiple anchoring blocks and the bottlebrush architecture, leading to even greater protection 

efficacy than either of the aforementioned variants. 

Previously, Miyamoto et al. and Rahman et al. have synthesized tetra- and pentablock 

copolymers using ROMP with a single mode in the molecular weight distributions and relatively 

small dispersities.297,298 Furthermore, ROMP of the PEO-NB and PPO-NB macromonomers 

described in Chapter 3 achieves full conversion within minutes, making synthesis of a pentablock 

BBP with a monomodal molecular weight distribution achievable and relatively straightforward. 

Since the minimum degree of polymerization that can be achieved in any block synthesis is N ~ 5 

and the macromonomers are large relative to monomers used in linear polymerizations, a 

pentablock BBP will necessarily have a relatively high molecular weight. This could make 

differentiating free and liposome bound polymer in the PFG-NMR assay challenging and lead to 

a lack of observable binding.88 Importantly, the loss in binding affinity with increasing Mn of BBPs 

was not associated with a loss of performance in the osmotic stress assay. Additionally, by 

synthesizing PEO and PPO macromonomers with low molecular weights (Nsc ~ 10 for both blocks, 

Mn, PEO-NB ~ 600 and Mn, PPO-NB ~ 700 g/mol), one could prepare a pentablock with a molecular 

weight within the range of the molecules tested in Chapter 4. I propose B-P5
10E20

10P5
10E20

10P5
10 as a 

promising starting point because it has telechelic PPO anchor blocks, an Mn ~ 30 kDa which is 

comparable to BBPs tested previously, and it is 52 wt% PEO and 26 wt% PPO. 
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7.2.2 PPO side chain length 

The methyl group of PPO leads to fewer, and longer, hydrogen bonds with water than a PEO 

polymer. This makes the PPO block(s) less hydrophilic than PEO. Based on the anchor and chain 

hypothesis, the PPO block(s) are primarily responsible for driving binding. Furthermore, 

membrane-bound BBPs likely lie with their backbone tangent to the bilayer with the side chains 

intercalating between lipids.88 Therefore, I hypothesize that the length of the PPO side chains (Nsc, 

PPO) will have a significant impact on binding affinity and protection efficacy.  

A critical length scale to consider in designing a set of BBPs with variable Nsc, PPO is the 

thickness of the lipid bilayer or cell membrane. This depends on the lipids used in the model 

membrane and on the lipid phase behavior as described in Chapter 6; however, the bilayer is 

roughly 50 nm in thickness, and the thickness of the acyl region is ~30−40 nm.299 In the limit of 

high grafting density and short side chains (Nsc < 5), the bottlebrush will resemble a linear polymer 

with a higher persistence length. This regime is not very interesting, and it will be difficult to 

synthesize a PPO macromonomer with this small degree of polymerization. For intermediate and 

long Nsc, PPO, we can approximate the side chain dimensions by assuming that the chain will occupy 

a Gaussian conformation. This will underestimate the coil dimensions because near the backbone 

chains will extend due to steric repulsions between neighboring chains; however, for Nsc, PPO = 17, 

the distal units are assumed to be Gaussian because BBPs of this length have considerable binding 

affinity towards POPC liposomes, which would likely have been prevented if the side chains were 

extended and stiff.88  

I hypothesize that at intermediate PPO side chain lengths (10 < Nsc, PPO < 50) increasing Nsc, 

PPO will allow the polymer to insert more deeply into the bilayer, increasing membrane affinity. 

The effect of deeper insertion of a bottlebrush PPO block on protection efficacy is difficult to 

predict. It may be disruptive to lipid packing, leading to a detrimental effect, or it may reduce 

membrane permeability through pores or damage sites. However, as the length of the PPO block 

exceeds the length of the acyl region of the bilayer (Nsc, PPO > 50), I hypothesize that the polymer 

will associate too strongly and the ability of individual side chains to span the membrane will lead 
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to pore formation,184 potentially leading to liposome rupture and therefore detrimental to cell 

health. 

 

7.2.3 Grafting density 

Grafting density (z) is inversely related to the spacing between grafts, z ~ 1/Ng. The proximity 

of neighboring side chains affects steric interactions, and therefore has implications for the 

persistence length, side chain conformation, entanglement molecular weight, and rheological 

properties.150,192 Specifically, at low grafting densities the side chains do not affect one another 

much, therefore they adopt Gaussian conformations and the backbone conformation is almost 

unaffected. At intermediate grafting densities, loose comb and dense comb regimes exist where 

the conformations of the side chains and the backbone begin to extend. Finally, at high grafting 

densities the chain adopts an extended conformation with a significantly longer persistence 

length.246,300 Scaling relationships between the grafting density and persistence length and plateau 

modulus have been developed for these regimes. 246,300 Experimentally, Haugen et al. showed that 

the transition between these regimes depends on the ratio of the side chain diameter to the average 

distance between grafts (Ng).
150 

In Chapter 4, I compared the liposome binding affinity and cell membrane protection efficacy 

of flexible, linear poloxamers to more rigid bottlebrush poloxamers with 100% grafting density 

(Ng = 1). By synthesizing BBPs with reduced grafting densities, one could achieve loose comb and 

dense comb architectures that have intermediate flexibilities to the linear and bottlebrush 

poloxamers tested thus far. Spacing PPO side chains further apart along the backbone will increase 

side chain and backbone flexibility, which could facilitate intercalation into the lipid bilayer. Lin, 

et al. demonstrated that copolymerizing a norbornene-macromonomer with a norbornene-small 

molecule diluent via ROMP can be used to synthesize bottlebrush polymers with controlled 

grafting density.301 As with any copolymerization, the relative reaction rates of the two monomers, 

the reactivity ratios, dictate monomer incorporation into the growing chain. To ensure a controlled 
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and constant grafting density, the PEO/PPO side chains should be randomly distributed within 

their respective blocks, favoring macromonomer-diluent pairs with reactivity ratios close to 1.0.163 

Thus, the first step in this proposed direction would be assessing copolymerization reaction 

kinetics to find a norbornene-small molecule diluent partner that yields reactivity ratios close to 

1.0 with all of the desired PEO/PPO macromonomers. Lin, et al. showed that the chemistry of the 

polymer appended to the norbornene and its length affects the propagation rate constant301 and 

Radzinski, et al. showed that the anchor group of the norbornene, the functional group forming the 

linkage between the norbornene and the polymer chain, lead to different propagation rates with the 

same macromonomer chemistry and molecular weights.302 Therefore, these are important 

considerations when designing the set of macromonomers. Fortunately, PPO and PEO are similar 

chemistries, and an identical anchor group can be used for all macromonomers, so I expect that a 

single small molecule norbornene diluent could be used for all desired macromonomers. The 

PPO/PEO macromonomers have very rapid propagation kinetics, making kinetic experiments 

challenging. Pyridine competes with the macromonomer for the active site of the Grubbs catalyst, 

hence slowing the propagation reaction.303 Therefore, adding an excess of pyridine to the ROMP 

can slow the kinetics to an observable level for the purposes of assessing reactivity ratios. 

A second consideration with this proposed study is the increasing exposure of the backbone to 

the aqueous environment and the lipid bilayer as the grafting density is decreased. The norbornene 

backbone is relatively hydrophobic so it will likely depress the cloud point and could lead to 

insolubility in water at low grafting density. In Chapter 4, I showed that a bottlebrush PEO 

homopolymer with 100% grafting density did not bind to the liposomes despite the hydrophobicity 

of the backbone.88 This is because the densely grafted PEO side chains prevent the backbone from 

contacting the acyl region of the bilayer; however, this may not be the case as the side chains are 

spaced further apart. 
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7.3 Effect of diblock architecture on thermal trapping effect 

In Chapter 5, I reported the effect of thermal history on the fraction of poloxamer chains bound 

to liposomes and proposed a mechanism behind this effect. At elevated temperatures, the PEO 

blocks are more dehydrated and therefore the free energy associated with traversing the bilayer is 

reduced, enabling chains to enter the intraliposomal space. Then, when the system is returned to 

25 °C the PEO blocks are re-hydrated, presenting a high kinetic barrier for chain expulsion. Figure 

7.2a shows a schematic of this proposed molecular mechanism for a triblock poloxamer being 

expelled from the intraliposomal space. Notably, there are two high energy intermediates: one for 

each of the hydrated PEO blocks being pulled through the bilayer. Additionally, when a triblock is 

in the transmembrane state, it is equally likely to enter the hairpin state on the exterior (towards 

expulsion) or interior (towards intraliposomal) leaflet. On the other hand, because a diblock only 

has one PEO block, it cannot occupy the transmembrane conformation, eliminating one of the high 

free energy intermediates and minimizing the likelihood of the chain returning to the 

intraliposomal space after it passes the single maximum in free energy (Figure 7.2b). Therefore, I 

hypothesize that liposomes incubated with a diblock PEO-PPO polymer at elevated temperatures 

will have a substantially greater recovery rate at 25 °C, krec, than liposomes incubated with a 

comparable triblock. 
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Figure 7.2: Comparison of the hypothesized mechanism of escape from the intraliposomal 

space of (a) a triblock poloxamer and (b) a diblock PEO-PPO polymer. 

 

 The choice of PEO-PPO diblock is very important to the success of this study. One must 

choose a diblock that has a substantial amount of binding to the model liposome with just a 25 °C 

incubation. Furthermore, it should be analogous to F127 for comparison to the dataset in Chapter 

5. Hence, I propose tP54E186, where t indicates a tert-butyl endgroup on the PPO block. This 

molecule has an identical molecular weight, composition, and number of each repeat unit as F127 
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(Mn = 11.3 kDa, 70 wt% PEO). This molecule could be synthesized via anionic polymerization 

with potassium tert-butoxide as the initiator in the presence of 18-crown-6 as previously 

reported.6,109,132 Based on established relationships between Mn and PPO content on binding 

affinity, I expect this diblock will have substantial binding with a 25 °C incubation,85 enabling an 

identical thermal incubation kinetic recovery experiment as detailed in Chapter 5. 

 

7.4 Effect of polymer on lipid phase behavior under osmotic stress 

When vesicles, or cells, are placed in a hypotonic environment, they swell due to the difference 

in osmotic pressure across the lipid bilayer. This increases the membrane tension, which can lead 

to pore formation if the areal strain exceeds a critical value.304,305 Once the pore forms, solute and 

solvent leak out via convective transport, shrinking the vesicle and reducing the osmotic gradient 

across the membrane. As the membrane tension is relaxed as the vesicle shrinks, the pore closes, 

typically well before the osmotic pressure gradient is fully dissipated. Then the vesicle begins to 

swell again, restarting the swelling/pore formation/shrinking cycle. These cycles have been 

observed with periods between 50−500 s that increase in duration with cycle number as the osmotic 

gradient is reduced, ultimately eliminating the osmotic pressure gradient across the membrane on 

the time scale of 10−60 min.306  

As described in Chapter 6.1, surface tension influences the coexistence of Ld and Lo domains 

and domain size, therefore the swell/pore formation/burst cycles also impact lipid phase behavior. 

Oglęcka, et al. used time-lapse fluorescence microscopy with a phase-sensitive fluorophore to 

image lipid phase coexistence in 33.3/33.3/33.3 POPC/PSM/Chol vesicles in isotonic and 

hypotonic environments. At 25 °C under isotonic conditions the dye partitions uniformly into the 

vesicles, indicating a homogeneous Ld phase. This is consistent with the phase diagram shown in 

Figure 6.1, as this composition is in the Ld region very near the Lo-Ld coexistence window.48 When 

the vesicles were placed in a hypotonic bath, the phase behavior oscillates between a well-mixed, 

Ld phase and Ld−Lo coexistence, coinciding with the swelling/pore formation/shrinking cycles as 
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shown by Figure 7.3.286 Since poloxamers reduce the stretching modulus of lipid bilayers,94 I 

hypothesize that poloxamer presence will increase the critical strain at which pore formation 

occurs. Therefore, the swell-pore-shrink cycles and cycles of phase separation will have a longer 

period in the presence of F127 or other poloxamers with a documented protective effect. This could 

explain why poloxamers limit diffusion of enzymes across the cell membrane of cells exposed to 

a hypotonic shock and serve as a non-specific mechanism by which polymers could affect cell 

signaling. 

 

Figure 7.3: (a) Schematic of the cyclic phase behavior associated with swell-burst cycles in 

vesicles placed in a hypotonic environment. (b) Decay of osmotic pressure gradient due to pore 

formation in swell-burst cycles. (c) Membrane tension associated with the swell-burst cycles. 

Figure adapted from Oglęcka et al. eLife. 2014.286 

 

Preliminary work has been performed to image co-existing Ld/Lo domains using confocal and 

fluorescence microscopy with two phase selective dyes: 18:1 lissamine rhodamine 
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phosphoethanolamine for the Ld phase (λex/ λem = 560/583 nm) and 16:0 nitro-benzoxadiazol 

phosphoethanolamine for the Lo phase (λex/ λem = 460/535 nm). Preparing the vesicles via extrusion 

or electroformation in a 100 mM sucrose solution then dropping them into either a 100 mM glucose 

solution (isotonic) or distilled water (hypotonic) will cause the vesicles to sink, enabling imaging 

via microscopy.94 Once a reliable method to observe lipid phase coexistence is established, the 

same experimental methodology could be applied to observe the lipid phase behavior and vesicle 

radius as a function of time after imposing the osmotic stress. The periods of the swell-burst and 

phase separation, and domain size and shape could then be quantified and compared across various 

poloxamer treatments and concentrations. 
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