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ABSTRACT 

Mono- and bis-substituted phosphatidylcholines (PC) containing a polymerizable sorbyl 

ester group at the acyl chain terminus were synthesized. The thermotropic phase behavior, 

two-dimensional polymerizability, and polymerized assemblies stability were investigated. 

The thermotropic phase behavior of mono- and bis-sorbylPCs was examined by 

differential scanning calorimetry. Each SorbPC exhibited a single endotherm which occurred at 

temperatures below the main phase transition (T m) of the corresponding linear saturated PC. 

Variations in the chain length of bis-SorbPC resulted in a pronounced odd/even alternation of 

the T m. The interaction of the sn-2 chain sorbyl ester carbonyl with neighboring methylene 

chains appears to be predominantly intermolecularly or intramolecularly depending on whether 

the chain length is even or odd, respectively. Intermolecular orientation of the sorbyl ester 

carbonyl decreased the T m to a greater extent than intramolecular orientation. The magnitude 

of the odd/even effect diminished as the chain length increased and the van der Waals 

interchain interactions increased. 

Lipid bilayers composed of either mono- or bis-SorbPCs were thermally polymerized 

(60°C) to high conversion with the radical initiator AIBN. Transesterification of poly-(SorbPC), 

resulting in removal of the lipid headgroup, yielded a soluble polymer which was analyzed by 

size exclusion chromatography relative to PMMA standards. The relative number-average 

degree of polymerization (Xn) varied from 50 to nearly 600, and was proportional to [W1. The 

Xn was identical for both mono- and bis-substituted SorbPCs at constant [I]. These results 

suggest that at high conversion the chain termination of the growing polymer occurs by primary 

radical termination, rather than bimolecular chain termination. UV-photopolymerization of 

mono-Sorb PC yielded oligomers. 
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The stability of poly-(SorbPC) vesicles to detergent dissolution was examined by quasi

elastic light scattering. Poly-vesicles consisting of linear polymers having a Xn of 50 did not 

undergo lysis with detergent, whereas UV-polymerized vesicles with Xn of 3-5 were lysed. 

Prolonged UV-irradiation of bis-SorbPC vesicles resulted in stabilization to detergent, a result of 

extensive crosslinking of the short polymer chains. UV-polymerized vesicles of mono- and bis

SorbPC were only stabilized if the mole fraction of bis-SorbPC was ~O.4. 



CHAPTER I 

INTRODUCTION: PART A 

Lipids and Biological Membranes 

1. A GENERAL PERSPECTIVE 
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The chemistry of molecular self-assembly has become an area of intense research in 

recent years. It involves the spontaneous association of molecules under equilibrium 

conditions into stable, structurally well-defined aggregates joined by non-covalent bonds (e.g. 

H-bonds). The resulting structures are often termed 'supramolecular assemblies' or 

'nanostructures'. 1-4 The science of self-assembly is not solely restricted to the laboratory, but 

instead is ubiquitous in biological systems and underlies the formation of a large variety of 

complex biological structures such as DNA, proteins, and Iipid-bilayers.5,6 An understanding of 

molecular self-assembly via noncovalent interactions opens the door to new strategies in 

chemical synthesis capable of generating non biological structures on the nanometer scale 

having molecular weights of up to 1010 daltons. The synthesis of assemblies in this size range 

is not currently possible by conventional synthetic methods. 

The interdisciplinary nature of supramolecular chemistry is schematically illustrated in 

Figure 1-1, and is broadly broken down into 'material science' and 'biological science'. Material 

science has led to the synthesis of both monomeric and polymeric thermotropic and lyotropic 

liquid crystals, while biological science has resulted in the construction and manipulation of 

biologically assemblies such as liposomes and proteins. Furthermore, the melange of both 

branches of science, along with polymer science, has led to the construction of biomaterials 

having liquid crystalline, biological, and polymeric properties.2,3,7,8 

The objective of this work is to examine new materials and characterize them in terms 

of structural, polymeric and biological properties. Chapter I describes the physical properties of 
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Figure 1-1; Supramolecular assembly as an interdisciplinary field. Adapted from Ringsdorf et 

al.2 
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lipids and their assemblies. Chapter II expands the concepts developed to include the new 

area of polymerizable lipid assemblies. The synthesis of several polymerizable lipids is 

described in Chapter III, and their thermotropic behavior in Chapter IV. Characterization of the 
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polymer size, e.g. molecular weight, of polymerizable lipids is discussed in Chapter V. The 

relative stability of polymerized membranes is investigated in Chapter VI. 

2. AMPHIPATHIC MOLECULES - MICELLES, BILAVERS, 

and VESICLES 

Amphipathic molecules are composed of both hydrophilic and hydrophobic moieties. 

Phospholipids represent one such class of molecules due to the presence of both a polar 

headgroup and two nonpolar hydrocarbon chains, e.g. dipalmitoylphosphatidylcholine (OPPC, 

1) (Figure 1-2). A variety of different supramolecular assemblies can be formed based upon the 

chemical/physical nature of the polar and nonpolar moieties; in surfactants, the polar moiety is 

at the surface of the aqueous phase and the hydrocarbon tails sequestered inside. The 

interaction between amphipathic molecules and water is described by the 'hydrophobic effect.9 

Micelles represent one of the simplest supramolecular structures known. Typically, 

they are composed of single chain amphiphiles (surfactants, e.g. sodium dodecyl sulfate) which 

aggregate in aqueous solutions at concentrations above the critical micellar concentration 

(CMC) to form spherical assemblies between 2 and 10 nm in diameter (50 to 100 molecules) 

(Figure 1-3). For micellar systems the CMC for aggregation is 10-2 to 10-4 M.10 At higher 

concentrations the aggregates begin to take the shape of micellar rods which range from 100 to 

300 nm in length. Both spherical and rod-like micelles show a characteristic rate of exchange 

between monomers in solution and those in the micellar aggregate. The ability of amphiphiles 

to form micelles, or other types of assemblies, can be related in part to the overall physical 

shape/geometry of that molecule.11 The concept of molecular shape dictating the type of 

assembly formed will be discussed later in this chapter. 
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Figure 1-2: Amphiphilic nature of the phospholipid dipalmitoylphosphatidylcholine (OPPC, 1): 

comparison of a schematic representation to molecular structure. The hydrophilic headgroup is 

represented by a circle and the hydrocarbon chains by straight or wavy lines. The phospholipid 

hydrocarbons are portrayed in the all·trans crystalline state. 
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Also of interest is the bimolecular (lamellar) (Figure 1-3) arrangement of double chain 

amphiphiles/lipid (e.g. OPPC) into vesicles (Figure 1-4). Vesicles are self-supporting closed 

bilayer assemblies composed of thousands of lipid molecules capable of enclosing an aqueous 

volume. Amphiphiles of this type are poorly solvated in aqueous solution with hydrophobic 

factors strongly favoring the aggregated state; their CMCs are several orders of magnitude 

smaller (e.g. CMC = 10-8 -10-10 M)12 than those of single-chain micelle-forming amphiphiles. 
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Figure '·3: Cross-sectional schematic of spherical micelle formed from charged fatty acids and 

bilayer formed from lipid molecules. 
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While bilayer structures exhibit a high degree of order, they are extremely dynamic due to the 

rapid lateral motion (diffusion) of lipids within the plane of each half of the bilayer; often they are 

viewed as behaving much like a 2-dimensional fluid. The term liposome(s) is frequently used to 

describe vesicles of glycerophospholipids or other naturally occurring lipids. 

As described earlier, the ability of amphiphiles to form bilayer or micelle assemblies 

stems from the amphipathic nature of the molecule involved. While the polar/hydrophilic moiety 

(often referred to as the headgroup) of the molecule is highly solvated by water, the 

hydrophobic chains are surrounded by an array of hydrogen-bonded water molecules locked in 

a cage. These water molecules exhibits little or no translational freedom and are in a low 
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entropic state. Aggregation of the molecule's hydrophobic moiety into assemblies results in a 

significant increase in the translational entropy of water due to a reduction in the number locked 

around the nonpolar tails. Furthermore, aggregation of nonpolar tails in the interior of the 

bilayer results in increased van der Waals attraction forces between neighbors. 13 This 

increase, coupled with the increase in solvent entropy during bilayer formation, is far greater 

than the resulting decrease in phospholipid entropy (hydrophobic effect).9 

Vesicles can be broken down into at least three categories with each having different 

physical/structural properties (Figure 1-4) : 

1. small unilamellar vesicles (SUV) 

2. large unilamellar vesicles (LUV) 

3. multilamellar vesicles (ML V) 

SUVs and LUVs are distinguished by differences in diameter size; vesicles under 100 nm are 

considered small vesicles while those having greater diameters large vesicles. Further 

distinction is seen in the different trapping volumes of these vesicles with LUVs' volume ranging 

from 9 to 15 Umol of lipid and SUVs' ranging from 0.2 to 1.5 Umol of Iipid.14,15 The lamellar 

structure in SUVs is highly curved compared to LUVs, thus resulting in packing defects in the 

bilayer - reflected in increased membrane permeability, among other physical changes.16,17 

Multilamellar vesicles are those consisting of many lamellae inside the outer bilayer of the 

vesicle membrane, much like the layering of onionskins. Vesicles consisting of only a few 

lamellae are termed oligolamellar or paucilamellar.18 MLVs typically range in size greater than 

200 nm in diameter with an aqueous space ranging from 1-10 Umol of lipid. The amount of 

aqueous material that can be encapsulated depends upon several factors: lipid composition, 

method of preparation, and trapping volume of the vesicle type prepared. 

Various methods are available for the formation of unilamellar or multilamellar 

vesicles.15 Bangham demonstrated in the 1960's that hydration of a thin layer of dried lipid 
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with water or buffer results in the spontaneous formation of MLVs.19,20 MLVs can then be 

converted into even larger assemblies, i.e. extended bilayers, by subjecting them to a series of 

freeze-thaw cycles, or into SUVs or LUVs by exposing them to shear forces (sonication, 

extrusion, etc.).14, 15, 17,21-23 Other methods, including detergent dialysis24,25 or hydration 

from organic solvent (reverse-phase evaporation (REV) or ethanol injection)26-30 have also 

been utilized and result in high trapping volume (10 Umol lipid); however, these methods are 

technically complex and residual organic solvent may affect the physical/chemical properties of 

the membrane. In many of the experiments performed here vesicles were made by extruding 

Figure 1-4: Schematic representation of unilamellar and multilamellar vesicles. 
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MLVs through various pore size polycarbonate filters. The method of MLV extrusion allows for 

reasonable control of vesicle size and lamellae as well as results in high trapping efficiency (1-2 

Umollipid).14,31-38 A detailed procedure is described in the experimental sections of relevant 

chapters. 

3. NATURAL LIPIDS 

Lipids are characterized as biological materials which are soluble in organic solvents, 

such as ether or chloroform.5 They are divided into three broad categories: phospholipids, 

glycolipids, and sterols (Figure 1-5). Glycerophospholipids are the most commonly found 

membrane lipid; the 1,2-diacylglycerides/phospholipids are the predominant lipid in most 

eukaryotic and prokaryotic membranes (excluding archaebacteria). They consist of a glycerol 

Table 1-1: Percentages of various phospholipid fatty acid chains found in human plasma.39 

Fa % Total Wei ht 

16:0 26.1 

16:1 

17:0 0.5 

18:0 13.6 

18:1 12.9 

18:2 24.7 

20:0 0.5 

20:3 3.5 

20:4 10.9 

22:6 4.1 

a The code denotes the number of carbons per acyl chain and the number of cis double bonds. 
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Figure '-5: Structure of some common classes of membrane lipids: phospholipid, glycolipid, 

and sterol. 
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linkage, and can vary in length as well as unsaturation; Table 1-1 shows the various 

phospholipid fatty acid chains found in human plasma.39 Phospholipids are typically 

constructed of one saturated and one unsaturated fatty acid; the unsaturated chain in animal 

cells is usually esterified to the sn-2 position of glycerol with the saturated chain on the sn-1 

position. A variety of different alcohols, i.e. choline, ethanolamine, serine, etc., are esterified to 

the phosphate of phosphatidate (Figure 1-6) increasing the diversity of lipids. The diversity of 

phospholipids is further exemplified by their distribution in various organisms.3 9 

Phosphatidylethanolamines (PE) are the predominant component found in bacteria cells with 

phosphatidylcholines (PC) found in animal cells. 

Figure 1·6: Structure of various phospholipid headgroups. At neutral pH, the amino group of 

the ethanolamine and serine moieties will be protonated. 
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Other types of lipids include glycoglyceroJipids, phosphosphingolipids, 

glycosphingolipids, and sterols. Glycoglycerolipids contain a glycosidic link at the sn-3 position 

of glycerol to a carbohydrate such as galactose (or disaccharide, Figure 1-5). While quite rare 

in animal membranes, monogalactosylglycerols are the most abundant polar lipid in nature and 

comprise half of the lipids formed in the chloroplast thylakoid membranes in plants.40 Both 

phosphosphingolipids (sphingomyelin) and glycosphingolipids (gangliosides) are similar to the 

two types of lipids already described, but utilize a sphingosine backbone instead of a glycerol 

backbone (Figure 1-7). Both types are often found in the outer surfaces of animal plasma 

membranes. Sterols comprise the last category of lipids and are found in many plants, 

animals, and microbial membranes. They are structurally rigid and hydrophobic with a polar 

hydroxyl group. Cholesterol, the most common of the sterols, is found in the plasma 

membrane (up to about 30 weight %), Iysosomes, endosomes, and Golgi of animal cells.5 

Other sterols, e.g. sitosterol, are found in higher plants. The major influence of sterols on 

bilayers is reflected in an increase of order of the lipid phase.41 -45 

Figure 1-7: Sphingosine and glycerol backbones in lipids. 
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It can be seen from this brief summary that there is a wide variety of natural lipid 

structures available as models for our studies. Changes in headgroup, backbone, and fatty 

acid structure and linkage result in a wide variety of molecules with different physical and 

chemical properties. The influences of lipid structural changes on membrane properties are 

addressed in various sections. 

4. BIOMEMBRANES 

Biological membranes are composed of many different lipids and proteins (as well as 

carbohydrates attached to both lipids and proteins).6 They are ubiquitous in all living 

organisms, where they playa central role in both the structure and function of all cells, whether 

eukaryotic or prokaryotic. The plasma membrane provides a barrier between internal and 

external compartments, controlling the entry and exit of ions or molecules through specific 

molecular pumps and gates. Membranes are not solely present at the surface of cells, but also 

surround the various organelles within a cell. Here too, they behave as a barrier by regulating 

the movement of substances between the cytoplasm and various compartments. Plant and 

bacteria cells differ from animal cells by the presence of an additional cell wall composed of 

crosslinked polysaccharide chains. Though they lack a polysaccharide cell wall, animal cells 

have a cross-linked array of filaments made up of proteins located on the inner surface of the 

membrane.6 

The function of plasma membranes is much more than that of a barrier between 

internal and external components. Membranes provide a structural framework for the 

attachment of enzymes, and thus ensure that only certain types of chemical reaction can occur 

with the particular organelle in question. Such is the case for enzymes associated with 

oxidative phosphorylation in mitochondria,S i.e. conversion of chemical energy into ATP and 
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other high energy compounds, where the enzyme is oriented to provide maximum interaction. 

A matrix for chemical reactions is also provided in chloroplast membranes which convert light 

energy from the sun into chemical energy (via photosynthesis).5 

Furthermore, the outer surface of the plasma membranes contains specific binding 

sites (i.e. proteins, etc) that function as receptors for hormones and chemical messengers, thus 

allowing communication across cell boundaries. Lipids such as sphingomyelin have also been 

shown to play a role as chemical messengers. Without biological membranes, processes 

characteristic of living organisms such as motility, irratibility, transmission of impulses, and 

recognition and adhesion would not be possible.5 

While lipids provide the basic structural unit for biological membranes, proteins and 

carbohydrates dictate their function and stability. Proteins associated with membranes may be 

classified into three distinct categories: 1) extrinsic (peripheral) proteins, 2) intrinsic (integral) 

proteins, and 3) transmembrane proteins. Extrinsic proteins are weakly associated with the 

surface of the membrane and are easily solubilized with aqueous salt solutions (water soluble), 

while intrinsic proteins cannot be removed without disrupting the lipid components of the 

membrane. Transmembrane proteins, e.g. glycophorin, are exposed to the aqueous 

environment on both sides of the membrane; intrinsic and extrinsic proteins are exposed to 

water only on one side of the bilayer. Proteins in bedded in the bilayer are amphipathic proteins 

and are typically composed of hydrophobic amino acids which associate with the 

nonpolar/hydrocarbon region of the bilayer. Further binding of proteins to the bilayer occurs 

through covalent attachment to fatty acids. Proteins strongly associated with the membrane 

can only be removed by extracting them with strong detergents (e.g. SOS) or solvent. The 

cytoskeleton, the inner surface of the membrane, is composed of a two-dimensional network of 

proteins - actin and spectin. It functions as a static skeleton providing stability as well as 

maintaining shape of animal cell membranes. 
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Carbohydrates can be associated with membranes via covalent linkages to either 

proteins (glycoproteins) or lipids (glycolipids), or as free loosely bound polysaccharides. They 

are typically located on the outer surface, i.e. the glycocalix (combination of proteins and 

carbohydrates), of the membrane. The cell wall of bacteria is composed of polysaccharide 

chains which are cross-linked via oligopeptide chains which play important roles as receptors 

for enzymatic recognition.5 

Early models of biomembranes, in particular that of Dawson-Danielli-Robertson 

(1935),46-49 depicted the outer and inner monolayers with a protein surface-coat and that 

differences existed in the protein present on the two surfaces. While their model was 

consistent with their interpretation of electron microscopy data (1950's), it was not until later 

that it was suggested that the protein probably did not uniformly coat the external surface of the 

lipid bilayer. In 1972, Singer and Nicolson proposed that proteins (intrinsic) are discontinuous 

globular particles that penetrate the interior or span the entire membrane structure (flUid mosaic 

model, Figure 1_8).50 The polar regions of both lipid and protein were in contact with the 

aqueous surroundings while the nonpolar parts were associated with the central core of the 

membrane. The acceptance of the fluid mosaic model does not however preclude the 

existence of other arrangements. In organelles such as mitochondria the lipids may be 

organized into globular microspheres (spherical micelles) rather than a bilayer. 51 Furthermore, 

lateral movement of proteins in the membrane suggests that they exhibit some form of short 

term order for specific functional purposes. 51,52 

The diversity and complexity of biological membranes resulting from their many 

components render them difficult to study. However, a great deal of knowledge concerning 

biomembranes has been derived from experiments using model membrane systems which 

simulate the structural organization of plasma and cellular membranes. Two of the most useful 

systems for studying biomembranes are black lipid membranes (BlM) and vesicles. In contrast 

to the vesicles discussed earlier, BlMs are formed by painting a layer of lipid in organic solvent 
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across a hole which connects two aqueous chambers (note that the term 'black lipid membrane' 

results from the colour observed for the film due to light interference).53 The passage of 

ions/molecules by ionophores or pore-forming proteins can be measured by the difference in 

conductivity between the two sides of the BlM. The simplicity of these model membranes 

makes them useful systems through which to study biological membranes. 

Figure 1-8: Adaptation of Singer and Nicolson's fluid mosaic model.50 
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5. PHYSICAL PROPERTIES OF LIPIDS 

The large variety of lipids, as well as their morphologies, can be distinguished from one 

another via a handful of physical properties: gel/liquid crystalline phase behaviour, membrane 

fluidity, lipid polymorphism (nonlamellarity), and membrane permeability. The following 

sections discuss these properties and how they are affected by lipid structure. 

A. Main Phase Transition. The main lipid-bilayer phase transition, often referred to as 

the gel/liquid-crystalline phase transition, is the equilibrium temperature (T m) between the lipid 

solid-analogous phase (gel phase, Lp) and the liquid-analogous phase (liquid-crystalline, La, 

Figure 1_9).13,52,54 A variety of techniques are used to monitor the phase transition: 2H- and 

31 P-NMR, 55-59 ESR,60-62 FT -I R, 63-65 fluorescence, and differential scanning calorimetry 

(DSC),54,66-69 among others. DSC is the most direct technique, measuring the change in heat 

capacity as the sample undergoes an endothermic (or exothermic) phase transition (described 

in Chapter IV). 

In the gel phase the hydrophobic lipid chains exist in an ordered state in which all C-C 

bonds have trans configurations, as indicated by 2H-NMR and FT-IR studies,55,63-65 thus 

allowing for maximal extension of the acyl chains. As the temperature increases, the gel phase 

becomes disordered with trans C-C bonds adopting gauche conformations; 'kinking' of the 

hydrocarbon chain resulting in a single gauche rotamer is depicted in Figure 1-10. 'Kinks' are 

defined as any change in direction of the all-trans acyl chain, not only from melting of the 

chains as represented by gauche rotamers, but also due to the presence of cis-double bonds, 

cyclopropyl groups, and other perturbing substituents.5,13 Approximately 3.5 kcal/mole is 

needed to rotate from the all-trans configuration to the gauche form. Schinderler and Seelig 

have estimated 4.3 gauche conformers per acyl chain in DPPC (1) based upon calculations 

from 2H NMR data. 55 Recent FT -IR studies show a similar number of kinks to that reported in 

the NMR study.63-65 
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Figure '-9: Schematic of bilayer lipids undergoing the gel phase to liquid-crystalline phase 

transition with the ripple phase (pretransition) as an intermediate. 
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Furthermore, monolayers of DPPC at lateral surface pressures of 25 dyne/cm exhibit 

an increase in molecular area from 51 A2 below the T m to 63 A2 above it, an increase of 12 

A2/molecule.70 The increase in molecular area coincides with a decrease in bilayer thickness 

of approximately 15% as the chains become more disordered by the presence of gauche 

rotamers.70 Another structural change resulting from the L~-'-<x transition is the loss of chain tilt 

in some lipids. X-ray diffraction has shown that the acyl chains of saturated PCs are tilted 

relative to the bilayer normal when in the gel phase (approximately 20° to 30°).71,72 Due to the 

relative bulkiness of PC headgroups, a parallel arrangement of the acyl chains to the bilayer 

normal would require an increase in repulsive and steric headgroup interactions as the 

hydrocarbon chains came together to minimize the van der Waals interactions between them. 

Only by tilting the molecule can the acyl chains exist in an all-trans conformation and the 

headgroups remain separated. No chain tilting is observed for PEs as a result of the smaller 
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ethanolamine headgroup and the strong interaction between molecules (hydrogen bonding 

between ethanolamine headgroups).13 

In many cases the occurrence of the main bilayer transition is preceded by a 

'pretransition(s)' to a 'subgel' phase.73 DPPC undergoes a pretransition at 34°C to the 'ripple 

phase' (Pl3', observed as ripples in electron micrographs, Figure 1-9) before going on to the 

main transition. The undulation of the bilayer results from increased motion of the phosphate 

headgroup. Note that in the ripple phase the acyl chains still remain tilted with respect to the 

bilayer normal. 

Figure 1·10: The effect of a single gauche rotamer on the all-trans configuration of a lipid. 
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The gel-liquid crystalline phase transition is dependent upon several factors: length of 

acyl chain, extent of unsaturation, and headgroup composition (Table 1_2).39 As the number of 

methylenes is increased by two units/acyl chain there is an approximate increase of 20° in T m 

due to the increased van der Waals interactions between chains. A 2-3 kcal/mol increase in 

enthalpy is also observed. As the headgroup is changed from PC to PE for identical chain 

composition the T m also increases by ::: 20°. The larger T m observed for PE can be explained 

Table 1·2: Effect of headgroup composition, chain length, and chain unsaturation on the main 

bilayer transition.39 

TmeC) 

12:0/12:0 PC -1.1±O.8 2.9±1.6 

14:0/14:0 PC 23.5±O.4 5.9±0.6 

16:0/16:0 PC 41.4±O.5 8.3±O.8 

16:0/18:1 PC -5 c 8.0 c 

16:1/16:1 PC -36±2 9.0±1 

18:0/18:0 PC 55.1±1.5 10.1±O.9 

18:1/18:1 PC -21 c 7.7 c 

16:0/16:0 PE 64.0±2.2 8.5±O.8 

16:0/16:0 PS 55±2 gC 

16:0/16:0 PG 41 c gC 

16:0/16:0 PA 67 c 5 c 

a The code denotes the number of carbons per acyl chain and the number of cis double bonds. 

b Abbreviations are as follows: phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidic acid (PA). c Error not 

available. 
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by the presence of weak and transient hydrogen bonds between ethanolamine and phosphate 

groups.13,74,75 The hydrogen bonding between PEs inhibits the lateral expansion of the lipid 

bilayers thus raising the transition temperature for chain melting. Depression of the T m is 

observed for those lipids containing cis-unsaturation (less so for trans) as well as alkyl 

branches (e.g. methyl). These factors are addressed in detail in Chapter IV. 

Since the main transition can only be examined for pure lipid systems, its relevance to 

biological membranes remains obscure. Because of the complexity of biomembranes and the 

presence of many components, lipids exist predominantly in the liquid-crystalline state. In 

mixed model systems composed of two lipids, ideal mixing is typically observed in the La 

phase, but only under certain conditions in the gel phase?6-82 Calorimetric and ESR studies 

have shown that in two-component mixtures of saturated PCs complete miscibility in the gel 

phase only occurs if the acyl chain lengths of the two lipids differ by less than 4 methylene units 

per chain and the difference in their T mS is less than 20° (e.g. DMPC/DPPC). Regen and co-

workers examined lipid miscibility, as reflected in microdomains formation, on the molecular 

level using the rearrangement of disulfide-based phospholipid dimers (2, Figure 1_11).83-85 

The term 'nearest-neighbor recognition' (NNR) is used to describe the interaction between 

adjacent disulfide-lipid molecules and is represented by a statistical 

homodimer/heterodimer/homodimer ratio of 1 :2:1 for complete mixing of lipids after 

rearrangement. Treatment of a 1:1 molar mixture of two different symmetrical phospholipid 

homodimers with dithiothreitol (DTT) resulted in thiolate-disulfide interchange. Quenching of 

the reaction followed by HPLC analysis of the products indicated that rearrangement of lipids 

resulted in a modest amount of heterodimer formation when both lipids were in the La phase 

and the acyl chains differed by more than eight methylene units per lipid (2.1 and 2.11). 

However, heterodimer formation in the gel phase was severely retarded, indicating that lipids of 

similar chain length were able to recognize one another during rearrangement. Such is the 

situation for lipids existing in domains. Similar experiments both below and above the T m of 
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homodimers (2.IV and 2.V) differing by four methylene units per lipid gave no evidence of NNR 

(homodimer/heterodimer/homodimer ratio of 1 :2:1). 

Figure 1-11: Disulfide-based phospholipid dimers (2) used in nearest-neighbor recognition 

studies by Krisovitch and Regen.84 Treatment of vesicle composed of 2 with 1 eq. of 

dithiothreitol (On) at pH 8.5 resulted in disulfide cleavage; reaction was quenched by lowering 

the pH to 5.0. Insert shows the rearrangement of a heterodimer and two homodimers of 

different chain length pes. 
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Furthermore, the miscibility of different PEIPC mixtures has been examined since they 

more closely represent biomembranes.77,79,86 Based upon ESR and OSC measurements, 

PEIPC mixtures of identical chain composition exhibited limited miscibility in the gel phase and 

complete miscibility in the liquid phase. It has been suggested that the phase separation of 

lipids observed in model membranes may also exist in biomembranes. An increase in the local 

gel-state environment (e.g. domain formation) of biomembranes may effect protein function by 

restricting mobility in the bilayer matrix, as well as result in packing defects which can increase 

membrane permeability. However, there exist two problems with such speculation. The 

presence of gel state lipid-domains at physiological temperatures has only been observed in 

some prokaryotic systems, while eukaryotic cells do not show any evidence of them.42,44 The 

second difficulty is the body's inability to control phase separation of lipids, since it cannot 

regulate fluidity by temperature. Factors which can induce isothermal modulation of the local 

lipid composition have yet to be identified. 

B. Membrane Fluidity. Biological membranes are often viewed as two-dimensional 

fluids. Membrane fluidity can be described in terms of viscosity, which is inversely proportional 

to rotational and lateral diffusion rates of membrane components. The degree of lipid fluidity is 

highly dependent upon the phase of the membrane. Lateral diffusion rates have been 

measured by fluorescence recovery after photobleaching (FRAP) techniques. The diffusion 

coefficient (0) of lipids in the La phase (e.g. lipids in bilayer membranes), as determined from 

FRAP experiments,87 is on the order of 10-8 cm2/sec - the equivalent of an average lipid 

moving a distance of :::: 2 Ilm every second. Lipids in the L~ phase exhibit diffusion coefficients 

approximately 2 orders of magnitude smaller (0::::10-10 cm2/sec) relative to the La phase. 

2H NMR57 and ESR88 measurements have shown that fluidity within the membrane 

varies at different depths of the bilayer. Since the acyl chains are constrained near the glycerol 

backbone of the lipid, an increase in membrane fluidity is observed as one moves towards the 

center of the bilayer. Membrane fluidity can be related in part to the molecular order 
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parameter, Smol, measured by 2H NMR, with decreasing Smol reflecting increasing 

conformational freedom of the acyl chains. Selective deuteration of the acyl chains in DPPC 

allowed for the construction of a profile of membrane disorder based upon Smol. At the main 

phase transition of DPPC (T m 42.4°C) very little change in Sma I was observed for carbons C-1 

through C-10 (carbonyl carbon is denoted C-1), while a SO% reduction was seen between C-10 

and C-1S. At temperatures above the T m, Smol decreased between C-S and C-9, as well as at 

other positions in the chain. In summary: 1) for a given temperature fluidity increases at deeper 

depths of the bilayer, and 2) increases in temperature result in an increase in fluidity at all 

positions of the acyl chain. 

Unlike the rapid lateral and rotational diffusion of lipids in a bilayer, the movement of 

lipids from one leaflet of a membrane to the other, I.e. transmembrane flip-flop, is a very slow 

process occurring only once every several hours.89,90 In order to 'flip-flop' between leaflets, 

the polar headgroup of the lipid, which is solvated with water, must shed its solvation sphere 

and penetrate the hydrocarbon matrix of the bilayer. Furthermore, the ability of lipids to 

exchange between vesicles is an even slower process and depends upon several factors - e.g. 

bilayer contact and increase in free energy due to solvation of the hydrocarbon region. 

C. Lipid Polymorphism. In addition to gel or liquid-crystalline phases, hydrated lipids 

can adopt other structures. However, not all lipids exhibit such 'polymorphic' behaviour and 

remain in a lamellar (bilayer) phase. These 'non lamellar' structures include micelles, hexagonal 

phases (HI and HII), cubic lattices, ribbons, etc. (Figure 1_12).51,91,92 Techniques used to 

characterize lipid polymorphism include X-ray diffraction,93,94 31 P and 2H NMR,95,96 freeze

fracture microscopy97-99 and cryomicroscopy,100,101 DSC,1 02-1 07 and fluorescence 

spectroscopy.106,108-112 It should be noted that with the exception of X-ray diffraction no one 

technique provides absolute proof of lipid morphology, making a combination of techniques 

necessary. Furthermore, fluorescence studies are complicated by the presence of an external 
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probe which has the potential to alter membrane morphology. NMR, on the other hand, is an 

easy and practical tool for identifying polymorphic phases since it relies on the different 

motional averaging mechanisms available to phospholipids.113 

The hexagonal II phase (HII), e.g. inverted micellar rods (tubes), is by far the most 

predominant non lamellar structure with approximately 40% of all hydrated membrane lipids 

adopting it. Their structure consists of a hydrocarbon matrix penetrated by hexagonally packed 

aqueous cylinders with diameters of approximately 20 A.91 Unlike bilayer assemblies, 

hexagonal tubes do not maintain a permeability barrier between internal and external 

compartments. Of particular importance is PE's ability to form non lamellar phases since they 

make up to 30% of all eukaryotic phospholipids (e.g. dioleoylphosphatidylethanolamine (DOPE) 

exhibits a lamellar (La) to hexagonal phase transition (TH) at 8°C).39 Increases in PE's acyl 

chain unsaturation lowers the TH even further (Table 1.3).39 Stabilization of PE bilayers can be 

accomplished by incorporating 30 mol% of PC.114 Bilayers of this composition exhibit ideal 

mixing characteristic of liquid-crystalline systems.86 Even the addition of cholesterol, which 

can induce Hu phase formation in PE bilayers, does not destabilize bilayer mixtures of PE/PC. 

Recently, considerable attention has been devoted to the study of lipids exhibiting 

'cubic' or 'isotropic' morphologies due to their presence during processes of fusion, endo- and 

exocytosis, and the transmembrane movement of large molecules.51 ,91,92,115-117 Frequently 

a phase with isotropic symmetry93 is found between the lamellar and the hexagonal phases.92 

In some cases only by cycling the lipid sample after hydration through the La-HII transition can 

it be observed.118,119 Phospholipids that exhibit inverted cubic (all) phases have 

characteristic cubic X-ray diffraction patterns, isotropic 31 P NMR spectra, 95,117 and lipidic 

particles in freeze-fracture electron microscopy images (appearing as dimples on micrographs; 

:::::10 nm in diameter).96,99,120,121 The observed lipidic particles are believed to correspond to 
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F;gure 1.12: Schematic representation of polymorphic phases and molecular shape of some 

membrane lipids. Adapted from Cullis and Hope.51 
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inverted micellar interbilayer structures (also referred to as inverted micellar intermediates or 

IMI's, Figure 1_13).115,122-125 Recent theoretical calculations have suggested that other 

structures such as interbilayer 'stalks' may exist which are lower in free energy than IMls. 

Unlike the formation of the H" phase, the all phase does not result in disruption (lysis) of the 

bilayer. Instead, lipid membranes that exhibit isotropic structures are capable of fusing with 

neighboring vesicles.126, 127 

The functional role of nonbilayer-forming lipids in fusion as well as membrane lysis has 

been studied extensively with model membranes. 51,128 The influences of divalent cations, pH, 

temperature, ionic strength, and membrane bound proteins have been investigated. In two

component systems, where one lipid prefers a non lamellar morphology and a second lipid a 

lamellar structure, segregation of components into domains (Le. phase separation) can result in 

destabilization of the membrane.107,129-133 Such is the case in PS/PE bilayers where the 

Figure 1·13: Illustration of inverted micellar intermediate (IMI) in a lipid bilayer. 
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stabilizing influence of PS can be phase separated from PE by the addition of Ca2+ ions, thus 

allowing for HI! formation by the PE.131 The addition of Ca2+ to bilayers composed of 

cardiolipin also results in HI! formation. A similar effect is observed on lowering the pH in 

unsaturated PS or PA bilayers. Furthermore, temperature elevations in mixtures of unsaturated 

PEiPC (3:1) vesicles resulted in both leakage and fusion with the coexistence of both HII and 

all nonlamellar structures.126 An understanding of a lipid's ability to adopt nonlamellar 

structures is therefore useful. 

The first models describing lipid polymorphism were based upon the general shape 

properties (i.e. molecular area of the molecule) of Iipids.11 ,95 Although there are shortcomings 

with this approach, they reveal a great deal of qualitative information. Lipid shapes could be 

classified as cones, cylinders, or inverted cones depending upon the relative packing 

requirements of the hydrocarbon chains and the area required by the polar headgroup (Figure 

1_12).51 These models demonstrate that: 

1. bilayer phase lipids have cylindrical geometry compatible with that organization 

2. Hu phase lipids a have cone shape - acyl chains have a larger cross-sectional area 

than the polar headgroup 

3. detergents (e.g. charged fatty acids) as well as lipids such as Iyso-PC or PE (single 

chain) form micellar structures due to their inverted cone geometry 

It is important to note that the 'shape concept' is not an exclusive term only reflecting 

the effects of the size of polar and apolar regions, but includes headgroup hydration and 

charge, hydrogen bonding, and counterion effects.134 A comparison between the headgroup 

of PEs and that of PCs reveals that not only are the former headgroups smaller in size, but also 

less hydrated and capable of intermolecular hydrogen bonding with adjacent PEs reducing the 

area/molecule in the polar region even further.74 Reduction in the TH of PEs is also 
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accomplished by increasing the unsaturation of the acyl chain (Table 1_3).39 The addition of 

detergents (inverted cone shaped molecules) to unsaturated PEs (cone shaped) can result in 

bilayer stabilization which can be attributed to shape complementarity.135 While the shape 

theory appears to explain bilayer and micellar structures, it does not explain the transitions from 

one phase to another (e.g. La-HII) as well as bicontinuous cubic structures, and is therefore 

inherently flawed. 

In the La-HI! phase transition, the average molecular area of the bilayer is uniform in 

cross-sectional area below the transition temperature, and tapered above it. The average 

molecular volume of the system is determined by the phase, and not vice versa as the shape 

theory indicates. Gruner and co-workers propose a more quantitative approach in which the 

shape-dependent free-energy per molecule is partitioned into components arising from the 

elastic bending of lipid mono layers and the hydration and electrostatic potentials.136-138 They 

postulated that nonlamellar phases, e.g. HII phase, result from a competition between the 

tendency for certain lipid surfaces to curl and the resulting hydrocarbon packing strain. The 

tendency to curl is quantitatively represented by the intrinsic radius of curvature (referred to as 

Table 1-3: Effect of chain length and unsaturation in the H" phase transition of 

phosphatidylethanolamines (PE).39 

18:0/18:0 PE 

16:0/18:1cA9 PE 

18:1tA9/18:1tA9 PE 

18:1cA9/18:1 cA9 PE 

18:2cA9,12/18:2cA9,12 PE 

a A gives the position of the double bond; c-cis; t-trans. 

>105 

75 

60-63 

8 

-15 to -25 
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the 'spontaneous radius of curvature'), Ro, which minimizes the bending energy of the lipid 

monolayer. lamellar structures have high curvature energy and low hydration/packing energy, 

while the H" phase characteristics are the opposite. The packing strain that occurs as a result 

of voids in the hydrocarbon region of the H" phase can be reduced via the addition of 

hydrophobic molecules (e.g. dodecane); the net result is observed in a lowering of the la-H" 

transition temperature. 139 A similar analysis was used to explain the occurrence of 

bicontinuous cubic phases - a continuous layer of lipid and water (Figure 1-12) with bilayers 

arranged in geometries having a periodic minimal surface. Calculations of the two energy 

variables, the intrinsic radius of curvature and the packing strain, indicate that they are 

frustrated and cannot be satisfied simultaneously.140 The frustration is less for cubic structures 

than for either lamellar or hexagonal assemblies, thus explaining the appearance of the cubic 

phase in the phase diagram. 

It has been suggested that structural parameters, such as the intrinsic radius of 

curvature, can be homeostatically controlled in living biomembranes.136 Therefore nonbilayer 

(polymorphic) lipid structures might play important roles in membrane-mediated phenomena 

requiring local departure from bilayer organization, e.g. membrane fusion. 

D. Permeability Properties of Lipid Membranes. One of the most important functions 

of biological membranes is their ability to serve as a permeability barrier between external and 

internal environments. The selectivity of this barrier to molecules and ions has been 

extensively investigated in BlMs and vesicles; note that the two different systems often exhibit 

different permeabilities. Unlike ions and small hydrophobic molecules, water is extremely 

membrane permeable (permeability coefficient [P] = 10.2-10.4 cm/sec). Cations such as Na+, 

K+, and Ca2+ on the other hand are membrane impermeable (P=10-12_10-13 cm/sec).141 

However, their movement across the bilayer can be increased via the presence of protein ion 

channels or ionophores, e.g. valinomycin for K+. The permeability of anions, e.g. CI-, is 2 to 3 

orders of magnitude larger than those of Na+ or K+. Furthermore, tetraphenylborate anions 
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(Ph4B-) are more permeable than tetraphenylphosphonium (Ph4P+) or tetraphenylarsonium 

cations (Ph4As+).142,143 The enhanced permeability of anions over cations has been ascribed 

to the positive membrane potential of the lipid bilayer.144 

Both composition and thermotropic state of the bilayer play important roles in 

membrane permeability. At temperatures in the vicinity of the gellliquid-crystalline transition, an 

increase in membrane permeability43,145-150 is typically observed due to packing defects 

between gel and liquid-crystalline domains as well as decreased lateral compressibility of the 

bilayer which may open up spaces between headgroups.149,151 Papahadjopoulos et aJ. 

reported maximum passive transport of Na+ at the T m DPPC. 145 Similar observations were 

seen for other molecules such as sucrose and glucose. However, other substances showed no 

significant change at the transition temperature. The different permeabilities depend 

significantly upon the physical and chemical nature of the molecule.17,149 In general the 

permeability of various molecules through the bilayer occurs in the following order: water> 

small nonelectrolytes > anions> cations. 

Increased bilayer permeability has also been reported for SUVs compared to 

LUVs.16,152,153 Due to the increase in bilayer curvature of SUVs, large packing defects occur 

which enhance the movement of molecules across the bilayer. A decrease in permeability is 

also achieved by increasing the order of the hydrocarbon region; cholesterol, which has a 

condensing effect on the bilayer, increases the order of the hydrocarbon matrix and reduces 

membrane permeability.43 

6. SYNTHETIC LIPIDS 

In the mid-1960's Bangham and Horne demonstrated that hydration of a dry lipid film 

results in the spontaneous formation of bilayer assemblies.19 Their discovery led to the 
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opening of an entire new field of research which focused on biomembranes/vesicles and their 

components, even though the bilayer-forming ability of phospholipids was not well understood. 

Tanford suggested that bilayer structures could be accounted for based on purely geometrical 

considerations, which was later on supported by Israelachvili and co-workers (see previous 

section on Lipid Polymorphism). 9, 11 It was from an emphasis on geometrical shape as a 

variable in bilayer formation that researchers began to address the possibility of synthetically 

constructing molecules capable of mimicking bilayers. 

Kunitake and co-workers in 1977 showed that a simple synthetic double-chain 

amphiphile, e.g. didodecyldimethylammonium bromide (3), forms a translucent aqueous 

dispersion upon hydration and sonication.154 Electron microscopy indicated both uni- and 

multilamellar vesicles with a bilayer thickness of 30-40 A. Furthermore, the CMC of 3 was 

characteristic of natural-occurring lipids. Thus, the study of synthetic vesicle forming 

amp hip hiles commenced. 

Br -

H3C, + /CH2---(CH2)1O ---CH3 

/N, 
H3C CH2---(CH2ho ---CH3 

3 

A great number of bilayer- and nonbilayer-forming amphiphiles have been reported in 

the past 15 years. While it is not the objective of this section to describe the many synthetic 

amphiphiles made - reviews by Fendler,155,156 Kunitake,157,158 O'Brien? Fuhrhop and 

Mathieu,159 and Ringsdorf et al.2,160 provide an extensive list of these synthetic amphiphiles 

and their morphological structure(s) - some general features are examined. 
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Synthetic amphiphilic molecules, like naturally-occurring lipids, can be broken down 

and described in terms of polar and nonpolar parts as well as spacer links. Bilayer structures 

have been reported not only for double chain amphiphiles, but also for those consisting of 

single, triple, and quadruple alkyl chains of varying lengths. In many cases a rigid segment 

(termed mesogen), e.g. biphenyl or azobenzene, is incorporated into the middle of the 

amphiphile's chain and affects the aggregate morphology through its dipolar property and 

conformation. 157,158 Such molecules are capable of not only lamellar structures, but also 

disks, rods, and tubules. In addition to variations in the nonpolar hydrocarbon region, a variety 

of different polar headgroups have also been examined (Figure 1-14). Amphiphiles having 

cationic (ammonium), anionic (sulfonate, phosphate, and carboxylate), neutral (oxyethylene 

oligomers), and zwitterionic (taurines) polar headgroups have been synthesized.2,7 

Furthermore, a number of different spacer groups have been incorporated into the lipid in order 

to decouple the headgroup from the hydrophobic chains.2 

Of the many synthetic lipids made, those having photoresponsive properties are some 

of the most interesting (Figure 1_15).7,161-172 The ability to trigger vesicles by a light stimulus, 

resulting in release of their aqueous contents, enhances their potential usage as carriers for 

therapeutic agents. Photochemical modification of bilayer membrane properties has been 

achieved in a number of ways: trans-cis isomerization of azobenzene-PCs (4),162,163,167 

photoinduced cleavage or rearrangement of some or all of the lipids in the 

bilayer,161,164, 171,172 photoinduced change in the association of polymers with the bilayer 

(photomodulated binding of polyelectrolytes, see Chapter 11.4.B-L),173 and the 

photo polymerized phase separation of monomeric and nonpolymerizable lipids from one 

another (see Chapter 1I.4.B_iL).3,7,8,165,174,175 In each of these examples photomodulation of 

the lipid membrane results in vesicle destabilization with leakage (enhanced permeability) of 

encapsulated material or fusion of vesicles. 
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Bilayer destabilization resulting from photoinduced rearrangement or cleavage has 

been accomplished by a variety of interesting strategies. Haubs and Ringsdorf171 reported 

that the photoinduced rearrangement of a hydrophilic 1-imino-pyridinium ylide lipid (5) 

headgroup to a hydrophobic 1 ,2-diazepine causes destabilization of the bilayer. In a different 

photoreaction, monolayers and vesicles composed of a quaternary benzylammonium 

Figure 1·14: Synthetic headgroups capable of bilayer formation. 
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Figure 1·15: Photoresponsive synthetic-bilayer forming amphiphiles: azobenzenePC (4), 

dialkyl-1-iminopyridinium ylide amphiphile (5), dialkyl-quaternary benzylammonium amphiphile 

(6), dinitrobenzylPC (7), and plasmalogen (8). 

5 6 

8 

headgroup lipid (6) were irradiated with UV-light.172 Conversion of the hydrophilic headgroup 

to the hydrophobic toluene derivative resulted in collapse of the ordered membranes and the 

formation of crystals. Other examples of photodestabilization involve the photolytic cleavage of 
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segments of the acyl chain. Kusumi et al.164 described the cleavage of a photo labile 

nitrobenzyl ester in the acyl chain terminus of PCs (7), while Anderson and Thompson 161 

reported the photosensitized cleavage of plasmalogen lipids (8) in vesicles. Examples of 

photodestabilization involving polymers are described in the forthcoming chapter. 

Synthetic amphiphiles of unique structure are the bolaamphiphiles (9 and 10,176,177 

consisting of two polar headgroups separated by a long hydrocarbon segment) and fluoroalkyl 

chain-containing molecules (11,158 Figure 1-16). The structure and behaviour of 

bolaamphiphiles is similar to that of naturally-occurring archeobacteria lipids which span the 

bilayer thickness. Fluoroalkyl amphiphiles on the other hand are capable of forming bilayer 

structures in organic media due to the immiscibility of the chains in organic solvent. 

The number of both natural and synthetic lipids is indeed immense. Their ability to 

adopt different morphologies increases their utility as potential biomaterials. The incorporation 

of polymerizable moieties into amphiphilic molecules and the formation of polymeric 

membranes/vesicles in the early 1980's presented new methods of bilayer modification, e.g. 

stabilization or destabilization, and domain formation. Polymerizable lipids are the subject of 

Chapter II: Part B. 
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Figure 1-16: Synthetic bolaamphiphiles (9 and 10) and fluoroalkyl amphiphile (11). 
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CHAPTER II 

INTRODUCTION: PART B 

Polymerizable Lipids and Membranes 

1. BRIDGING BETWEEN BIOLOGICAL and POLYMER SCIENCE 

65 

In recent years the search for new biomaterials has resulted in the convergence of 

biological and chemical sciences (Figure 1-1) with both of them relying upon similar building 

blocks -liquid crystals.3,7,8,157,158,178,179 Chapter I illustrated the large diversity of natural 

and synthetic lipids and their ability to self-organize into supramolecular assemblies. While the 

concept of self-assembly is an old idea in the life sciences, e.g. lipids behaving as lyotropic 

liquid crystals, material science has adopted the same approach in the synthesis of new 

materials. The incorporation of polymerizable group~ into liquid crystals combines the self

assembly properties observed in liquid-crystalline phases with the 'stabilizing' properties of 

polymeric systems.2, 180 Their utility as new materials has been rigorously investigated from a 

material science standpoint, but it was not until the late 1970's that they began to appear as 

potential mimics for biomembranes. With the advent of synthetic lipids, e.g. dialkyldimethyl 

ammonium (3),154 and the demonstration of the polymerization capabilities of fatty acid 

monolayers, 181,182 it soon become clear that polymerizable lipids would be the next step. 

In the early 1980's, Regen demonstrated the vesicle formation of a polymerizable 

dialkyl ammonium salt containing a methacrylate group in the end of one of the hydrocarbon 

chains (12).183 Shortly afterwards the synthesis and polymerization of diacetylenic lipids (13 

and 14) in bilayer membranes appeared.184-186 The following year saw the synthesis of 

dienoyl and methacyloyl PC lipids (15 and 16),187-189 other diacetylenic lipids, and styryl 

ammonium lipids (17, see Figure 11_1).21 Polymerization of reactive lipids in vesicles results in 
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the formation of a polymeric network throughout the membrane, termed polymerized vesicle or 

polyvesicle, with the size of the polymer depending upon multiple of factors - reactive group, 

initiator type and concentration, temperature, etc. It has been shown that the size of the 

polymer domains plays an important role in the stabilization or destabilization of bilayer 

membranes (see Chapter II.4). To date there are very few reports addressing the parameters 

governing polymer growth in vesicles. 190, 191 

Unlike monolayers and bilayers, polymerization of single-chain amphiphiles in micelles 

is extremely difficult due to the rapid exchange of free monomer in solution with the micellar 

assembly.192 The rapid exchange of monomers in micelles competes with the rate of 

polymerization, while in bilayers the exchange rate is too slow and does not affect the 

polymerization reaction. The 'spontaneous' polymerization of a single-chain phosphate with a 

methacrylate in the tail has been reported in micelles. However the mechanism is not well 

understood.193 
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Figure 11·1; Polymerizable amphiphiles containing methacyloyl, diacetylene, dienoyl, and 

styrene groups. 
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2. METHODOLOGY FOR POL YMERIZABLE LIPIDS 

The 1980's saw a variety of approaches in the formation of polymerizable 

supramolecular assemblies {reviewed by O'Brien and Ramaswami, and Ringsdorf et al.).2,7 

The different strategies used in the assembly of polymeric· lipid membranes, as well as the 

molecular architecture of lipid monomers, are highlighted below. 

A. Strategies. The two major approaches used for the preparation of polymeric 

membranes are illustrated in Figure 11-2. The first approach involves ordering monomeric lipids 

into monolayers or bilayers (vesicles), followed by chain or step polymerization of the lipid 

assembly (Method A). An alternative and opposite approach involves the polymerization of 

monomeric lipids in isotropic solution followed by their ordering into supramolecular assemblies 

(Method B). Condensation polymerization of lipids has only been reported by Method A, 

indicating the need for close apposition of the reactive amide and carboxy groups. 194,195 A 

second difficulty of self-assembly from prepolymerized lipids results from disorder of the 

polymer chain since they can entangle the ordered lipid chains. This is alleviated by the use of 

spacer groups to decouple the motions of the polymer from the lipid chain.28 

A third and quite different approach involves the association of monomers or polymers 

with preformed vesicles (Figure 11-3). Polymerizable gegenions can be electrostatically 

associated with amphiphiles either prior to or after self-assembly formation and 

polymerization.179,196-199 Other examples involve the adsorption or anchoring of oligomers 

and polymers onto the surface of membranes.200 Sumamoto and co-workers demonstrated 

that O-palmitoyl or cholesterol derivatives of polysaccharide (pullan or amylpectin) can be 

anchored in the membrane via hydrophobic residues.201-203 The driving force for their 

anchoring is the increase in free energy due to the hydrophobic effect. The importance of 

polymer-coated vesicles is discussed later in this chapter. 



Figure 11·2: Strategies used in the preparation of polymeric membranes. 
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Figure 11-3: Association of polymer with vesicle surface: A) polymer absorption, B) anchoring 

of polymers by hydrophobic residues, and C) polymer association with gegenions. 
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B. Molecular Architecture. Variations in the structure of polymerizable amphiphiles 

can be achieved in two ways: 1) the location of polymerizable moiety in the amphiphile, and 2) 

the type of reactive moiety utilized. Figure 11-4 illustrates the different locations where 

polymerizable groups have been incorporated into amp hip hiles. The polymerizable group, X, 

can be positioned either in the hydrophobic or hydrophilic region of the amphiphile. Types A 

and B have the polymerizable groups located at the tail-end and middle of the hydrocarbon 

Figure 11·4: Location of polymerizable moieties in amphiphilic molecules. X denotes the 

polymerizable group. 
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chain respectively; the reactive group has also been incorporated at the hydrocarbon-water 

interface (not shown) as well as in the middle of the chain of some bolaamphiphiles (type e). 

Positioning of the polymerizable moiety in the hydrophilic region, types 0 and E, has been 

accomplished by covalent or electrostatic (gegenions) c;tttachment of groups to the headgroup 

(see Figure 11-3). Polymerizations of types A, B, and e significantly decrease the mobility of the 

hydrocarbon chains, producing gelation of the bilayer in the case of bis-substituted amphiphiles 

(crosslinked network). Types 0 and E show little or no effect on bilayer mobility, but instead 

change the properties of the membrane-water interface (see Chapter 11.4). Note that the 

polymerizable amphiphiles schematically depicted in Figure 11-4 contain only one polymerizable 

group, and thus only form linear polymer chains (depicted as branched linear polymers as a 

result of the reactive group being attached to the hydrophobic chains (types A-e)). The 

incorporation of a second polymerizable moiety into the amphiphile allows for crosslinking of 

the polymer chain (Figure 11-5). 

Figure 11-5: Linear and crosslinked polymer chains. 
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A variety of reactive groups have been incorporated into amphiphiles rendering them 

polymerizable. These moieties include acryloyl, methacryloyl, itaconyl, dienoyl, muconyl, styryl, 

vinyl, diacetylene, thiol, lipoyl, and chain-terminal isocyanide (Figure 11_6).2,7 Polymerization of 

the reactive groups has been achieved photochemically, thermally, or with redox initiators. 

Figure 11·6: Reactive groups incorporated into amphiphiles rendering them polymerizable. 
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3. POL YMERIZABLE LIPIDS 

General physical properties of several polymerizable lipids are described below. 

Particular attention is given to acryloyl, methacryloyl, and dienoyl lipids. For discussion on 

vesicle stabilization and destabilization (Chapter 2.4 and 6), as well as rate and degree of 

polymerization (Chapter 5), see the individual sections. 

A. Diaeety/ene, Styrene, and Lipoy/ Lipids. Oiacetylene lipids (e.g. 13 and 14) have 

been one of the most actively studied polymerizable Iipids.184-186,204-212 They are unique 

molecules due to their polymorphism, forming not only bilayer structures but also tubules and 

helices. Oiacetylene lipids absorb weakly at 256 nm and can only be polymerized below the 

lipid's T m with a low pressure Hg lamp; the diacetylenic moieties are polymerized in a 

topochemical fashion. The insoluble polydiacetylenes are either red, orange, or blue 

depending upon the size and packing of the polymer chains. 

Styrene amphiphiles, both PC and ammonium headgroups (e.g. 17), exhibit weak 

absorbances at 290,282, and 273 nm (E 15-18) and can be polymerized by a high pressure 

Hg-Iamp or quadrupoled NO-YAG laser. The number-average degree of polymerization of UV 

polymerized styrene-PC was approximately 400 {see Chapter 5).213 The polymerization 

kinetics of styrene-ammonium amphiphiles in vesicles have been examined by Fendler et 

a1.21 4-217 

An alternative to the dieneitriene type lipids are those having either a lipoic acid or 

disulfide group in the acyl chain.218-220 These lipids can be polymerized with the aid of a 

reducing agent, e.g. dithiothreitol (On). Vesicles composed of these moieties are of particular 

interest due to their potential biodegradability. The stability of linear and crosslinked 

polymerized vesicles are discussed in subsequent chapters (Chapters 2.4 and 6). 

B. Aery/oy/ and Methaery/oy/ Lipids. Amphiphiles containing acryloyl and methacryloyl 

groups have been frequently used in vesicle polymerization. These reactive groups have been 
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attached at either the acyl chain terminus (12 and 19), adjacent to the glycerol backbone, or to 

the hydrophilic headgroup (18), as well as electrostatically associated to the bilayer surface as 

a gegenion (20, see Figure 11-7). Due to their absorbance at short wavelength (210 nm, E 

3000), direct irradiation of the chromophore is difficult by conventional means. They can be 

more readily polymerized with radicals generated from the thermal decomposition of initiators 

such as peroxides, azobis-isobutyronitrile (AIBN), and water soluble azocyanovaleric acid 

(ACVA). 

Dialkylammonium mono-methacryloyl lipids (18 and 19) were some of the first lipids 

characterized after their polymerization in vesicles. Dorn et al. estimated the degree of 

polymerization (number of monomer units/polymer chain, Xn) for the thermal AIBN 

polymerization of 18 and 19 to be approximately 500.221 Regen and Bolikal reported a similar 

value for another methacryloyl-containing amphiphile (12).222 

The effect of monomer and initiator concentration on the Xn of polymerizable 

amphiphiles has not been examined until recently. Using a substituted mono-acryloyl- (22) and 

mono-methacryloylPC (21), Sells and O'Brien varied both monomer ([M]) and AIBN ([I]) 

concentration in vesicles to determine their relationship to Xn. They observed that Xn was 

proportional to the inverse of the initiator concentration and proportional to the square of the 

monomer concentration.190,223 The mechanistic implications of these findings for bilayer 

polymerization will be addressed in Chapter 5. 



Figure 11·7: Polymerizable methacyloyl- and acryloyl- containing amphiphiles. 
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C. Dienoate Lipids and Related Molecules. Like diacetylene amphiphiles, dienoate

containing amphiphiles have been rigorously investigated by several 

groups.165, 175, 187, 191,224-232 A detailed description of these lipids, as well as related 

molecules, is given since they will be the main focus of the work presented here. 

The dienoate moiety exhibits a strong absorbance between 256 and 260 nm (E 23 000 

to 27 000) in organic solvent (e.g. MeOH), as well as H20, and can be easily polymerized 

above or below the lipid's T m with a low pressure Hg-Iamp. The resulting polymer has an 

absorbance between 200-210 nm. Polymerization of the dienoate has also been accomplished 

with radical initiators (e.g. AIBN), redox initiators (e.g. Na2HS03l'K2S208), peroxides, and by "(

irradiation (reviewed by Tsuchida et al.).191 Recently the photosensitized polymerization of 

dienoate-PC lipids using aqueous dyes has been demonstrated.233 Dienes have been 

incorporated at the acyl chain terminus, e.g. sorbyl moiety, as well as near the lipid backbone, 

e.g. dienoyl moiety. Ammonium (24 and 25), glutamate (28), taurine (23), as well as naturally 

occurring PC (15, 26, and 27) dienoates have been synthesized (Figure 11_8).7 The absorption 

properties of dienoate amphiphiles indicate a strong dependence upon acyl chain packing and 

media polarity. For example, at temperatures below the main lipid phase transition, i.e. gel 

phase, bis-sorbylPC exhibits a hypsochromic shift to shorter wavelengths (e.g. 242 nm for bis

SorbPC having dodecyl spacer) with a diminished extinction coefficient, indicating aggregation 

of the terminal sorbyl groups in the gel phase.230 A similar observation was reported for 

dienoylPCs.234,235 Besides bilayer-forming dienoate lipids, monolayers composed of dienoate 

fatty aCids/aicohols224,227,228,236 and crystals of a variety of 2,4-hexadienoic acid derivatives 

have been examined.227,237-240 
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Figure 11·8: Polymerizable dienoate and sorbate lipids having different headgroups: taurine 

(23). ammonium (24 and 25). phosphatidylcholine (26 and 27). and glutamate (28). 
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i) 1,4-Disubstituted-trans,trans-2,4-hexadienoic derivatives. Early attempts at 

photopolymerization of 1,4-disubstituted-trans,trans-butadienes (Le. sorbate analogues) in the 

solid state resulted in the formation of cyclobutanes via a 2+2 cyclodimerization mechanism, as 

well as 0Iigomers.237,241 

Scheme 11·1: Cyclodimerization of 1 ,4-disubstituted dienes. 
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Tieke and co-workers demonstrated the solid-state photopolymerization (UV and 1" 

irradiation) of similar 1,4-disubstituted trans,trans-butadienes in Perovskite-type layer 

structures.237-240 'Perovskite-type layer structures' are complex crystals of ammonium halides 

(R-NH3+X-) and divalent transition metal chlorides and bromides (MX2) combined in a (R

NH3+)2M><4,2- stoichiometry. The single layers in the crystal are aligned in an alternating 

fashion with corner-sharing X6 octahedra with the metal ions in the center. The R-NH3+ 

cations are arranged in a head-head/tail-tail manner resembling that of a bilayer structure 

(Figure 11-9). The inorganic layering of the these molecules into a pseudo matrix allows the 

reactive groups to participate in a solid state reaction. Photopolymerization of disubstituted 

trans,trans-butadienes 32 with 60Co-y-rays occurs by a 1 A-mechanism giving erythro-diisotatic 

1,4-polybutadiene structures (determined by spectroscopic and X-ray analyses).238 Gel 
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permeation chromatography (GPC) of the polymer indicated a polydispersed distribution of 

molecular weight with a maximum in the region of 35 000 daltons (Xn == 350).238 The 

molecular weight was shown to be independent of the extent of conversion, but decreased with 

increasing doses of y-rays ([I]). While no detailed kinetic analysis of the rate of polymerization 

or size of the polymer has appeared, Wegner et a!. observed that the polymerization proceeds 

with a characteristic induction period followed by rapid conversion, and that a considerable part 

of the polymer is formed by a postpolymerization.237 A similar observation was reported by 

Tieke.240 
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UV-irradiation of Perovskite-type crystals of 32 resulted in low molecular weight 

material which was water soluble. Augenstein and Wegner reported that photolysis of the 

monomeric crystal resulted in stereoselective (2+2)-cycloaddition to a cyclobutanoic-dimer as 

the main product and oligomers after prolonged irradiation (Scheme 11_1).237 In apparent 

contradiction to these findings, Tieke reported no cycloaddition of the identical molecule, but 

instead formation of the 1,4-photoproduct.240 The reactivity of the monomeric moiety is highly 

dependent upon the metal halide used to form the crystal as well as the positioning of reactive 

groups. X-ray diffraction of crystals composed of 32 indicated that cycloaddition of the dienes 

is unfavorable due to the large distance between C(4) (note - C(1) is adjacent to the amine) and 

C(4') carbons, or C(2) and C(2') carbons, of adjacent molecules. Carbons C(4) and C(1') are in 

position to allow close contact and 1,4-polymerization.239 

Photopolymerization of 2,4-substituted-trans,trans-butadiene can proceed by 

monoradicals, diradicals, or ionic intermediates. Irradiation of the crystal can result in the 

generation of primary radicals such as H* or CI*. Reaction of primary radicals with the diene 

moiety generates monoradicals of the type R-CH2-CH=H-CHR'*. Singlet or triplet activation of 

the diene followed by reaction with adjacent units can result in the generation of diradicals as 

well as ionic species (Scheme 11_2).239,240 

ESR studies of dienoic (32) crystals irradiated with UV-Iight show that monoradicals are 

indeed formed.240,242 These radicals are observed in both reactive and inactive 

monomers/polymers, and are long-lived. However, the lack of post-polymerization of 

monomers after UV-exposure suggests that the reactive species have short lifetimes. A more 

comprehensive study is necessary to answer these questions. 
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Scheme 11-2: Photoactivation of 1 A-substituted diene. Generation of diradicals and ionic 

species. 
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ii) Dienoy/ fatty acid mono/ayers. The UV-photopolymerization of single chain dienes 

(Figure 11-10) in Langmuir-Blodgett multilayers has been investigated by a number of 

groups.224,227,228,236 Ringsdorf et a!. examined the polymerization of octadiene and 

docosadiene alcohols (33), aldehydes (34), and fatty acids (35) in mono- and multilayers; only 

the alcohols and fatty acids were capable of forming LB films.224,236 UV polymerization of the 

films appeared to be a two-step process: irradiation of films with long-wavelength UV light (230 

nm < ')., <410 nm) yielded soluble polymers (1400 Mn and 3200 Mw), while additional irradiation 

with short wavelength light produced insoluble (crosslinked) polymers. 1 H NMR and UV 

spectroscopy indicate that the first polymerization step occurs by a 1 ,4-mechanism of the diene 

moiety.236 Further irradiation with short wavelength UV light eliminates the resulting 

absorbance from the initial polymerization, suggesting that the isolated double bond is reacting 



83 

in a crosslin king manner. The diene-aldehyde (34) polymerizes by a 3,4-mechanism as a 

result of the different type of monolayer formed; UV spectroscopy indicated the existence of an 

acryloyl moiety. Polymerization of butadienes via a 3,4-m!3chanism has been observed for 

pentadienoates and muconates.243 

UV photopolymerization of related diene amphiphile (36) mono layers also resulted in 

the 1,4-photoproduct. 13C NMR of the polymer showed loss of monomer peaks and the 

appearance of new olefinic signals at 137.1 and 126.8 ppm corresponding to the 1,4-

polymer.227 Photopolymerization of monolayers composed of 2,4-pentadienoate amphiphiles 

(37) occurred via a 2+2 cyclodimerization of the butadiene units.227 As in the previous 

experiments, no oxidative products were observed even though the polymerization was carried 

out under an oxygen atmosphere.227,236 

Figure 11·10: Polymerizable single-chain dienoyl-containing amphiphiles. 
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The effect of monolayer packing on the polymerizability of 2,4-octadecadienoic acid 

was examined by both Ringsdorf and Fukuda.224,228 Monolayers were polymerized in either 

the expanded or the condensed phase. It was suggested that the photopolymerization of 

dienoates in the expanded phase occurred predominately by a 1 A-mechanism,224 while in the 

condensed phase it proceeded either by a 1,1- and 4,4-mechanism, or by a 1,2- or 3,4-

mechanism (Figure 11_11).228 Differentiation of the photopolymerization mechanism by FT-IR 

and UV spectroscopy showed only subtle differences between expanded and condensed 

phases; there appears to be much speculation about the reaction mechanisms for the two 

different phases. Comparisons of the rate of polymerization between the expanded and 

condensed phases indicate the later to be slower, while photopolymerization of a highly 

condensed phase was retarded.228 These results indicate that the polymerization rate of the 

diene is influenced by the orientation and packing of the amphiphile in the monolayer. 

iii) Dienoyl and sorbyllipids in vesicles. A variety of bilayer-forming diene-containing 

amphiphiles have been made and are shown in Figure 11-8. The advantage of diene lipids over 

diacetylene lipids is reflected in their ease of polymerization both above and below the lipid's 

T m. Since polymerization of diacetylene lipids requires a topochemical arrangement of 

chromophores they can only be polymerized in the gel state. Diene lipids have been used in 

both bilayer stabilization as well as destabilization (see Chapters 11.4 and VI). Furthermore, 

reconstitution of the transmembrane protein rhodopsin (Rh) into vesicles composed of a 1:1 

mixture of DOPC/poly-15 (poly-Den PC) was demonstrated, with Rh inserting preferentially into 

the nonpolymerized domains (e.g. DOPC). Incorporation of the protein into vesicles composed 

solely of poly-Den PC was unsuccessful - a result of the inability of the transmembrane protein 

to penetrate through the crosslinked bilayer matrix.231 ,244 
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Figure 11-11; Suggested reaction schemes for the photopolymerization of 2,4-octadecadienoic 

acid in monolayer; expanded phase amphiphiles proceed by 1,4-polymerization, condensed 

phases amphiphiles by either 1,1- and 4,4-polymerization, 1,2-polymerization, or 3,4-

polymerization. 
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The polymerization of mono- and bis-substituted dienoylPCs (e.g. DenPC) vesicles has 

been accomplished by a variety of techniques: UV and y-irradiation, redox initiation, 

peroxidation, radical initiation, and photosensitization (Figure 11_12).191,233 Selective 

polymerization of only one alkyl chain, either the sn-1 or sn-2 chain, was accomplished utilizing 

the appropriate radical initiator (Figure 11-13). Radicals were generated either by the thermal or 

Figure 11-12: Methods used to polymerize dienoyl-type amphiphiles in lipid bilayer vesicles. 
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photochemical decomposition of AIBN or water-soluble azobis-(2-amidinopropane) 

dihydrochloride (AAPD). Thermal polymerization of DenPC (15) LUVs with either AIBN or 

AAPD gave only 50-60% conversion of monomer to polymer, with complete polymerization 

occurring only if both initiators were used simultaneously. It was postulated that the diene on 

the sn-1 chain is located predominantly in the hydrophobic region of the bilayer while the diene 

on the sn-2 chain is at the aqueous/hydrocarbon interface. Thus, the addition of water-soluble 

AAPD to LUVs initiates polymerization only at the sn-2 chain; polymerization of the sn-1 chain 

is accomplished using the hydrophobic initiator AIBN. In each case polymerization results in 

the formation of a linear polymer. Reaction of the unpolymerized chain with the appropriate 

initiator or UV irradiation results in crosslinking of the bilayer.245-247 

Polymerization of DenPC LUVs with the water-soluble AAPD was shown to be 

dependent upon the phase transition of the lipid. Below the lipid's T m, 25-28% of monomer is 

lost while at higher temperature there is a 50-60% loss of monomer.246 The authors 

postulated that at temperatures above the lipid's T m AAPD is able to penetrate the bilayer and 

initiate polymerization of the sn-2 acyl chain located on the inner leaflet. 

A loss in polymerization selectivity of the chains was observed for SUVs. The small 

radius of vesicle curvature of SUVs allowed water to penetrate deeper into the hydrocarbon 

regions of the outer half of the bilayer membrane, resulting in 70% conversion of monomer.248 

A vesicle diameter <30 nm was necessary for selective polymerization of the sn-2 chain. The 

chemical and colloidal stabilities of polyvesicles composed of DenPC are described in the next 

section. 

While the diene-containing lipids described to this point all contain the naturally-

occurring phosphatidylcholine headgroup, novel diene-type lipids with taurine, ammonium, and • 
glutamate headgroups have been synthesized (Figure 11-8). Ihara et al. synthesized a sorbyl-
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Figure 11-13: Suggested mechanism for the selective radical polymerization of DenPC (15) 

with AIBN and AAPD. 
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containing glutamate lipid (28) which formed helical supramolecular assemblies at 

temperatures below and above the phase transition (Tm = 51°C by DSC).249 UV 

photopolymerization of 28 occurs 25 times faster below the T m (stacked chromophores) than 

above it. The photoreaction results in a change of the lamellar morphology from helical to 

tubular aggregates at temperatures below the T m to twisted fibrous aggregates above. 

4. STABILIZATION VERSUS DESTABILIZATION of 
POL YMERIZABLE LIPID MEMBRANES 

The introduction of polymerizable groups into lipids can cause large changes in 

membrane permeability. Depending upon the chemistries employed, lipids have been utilized 

to either stabilize or destabilize the resulting bilayer structures. Increasing the chemical and 

colloidal stabilities of vesicles increases their usefulness as potential drug-delivery carriers 

since they are less likely to rupture and leak their aqueous contents. Polymer-coated vesicles 

have been used to mask vesicles from the mononuclear phagocytic system (MPS), thus 

increasing the lifetime of vesicles in the body. Other chemistries have been utilized to disrupt 

the bilayer structure resulting in leakage of encapsulated material. Examples of both types of 

chemistry are described. 

A. Bilayer Stabilization. In devising synthetic membranes with enhanced stability 

(defined as an increase in chemical and colloidal properties) it is only necessary to examine 

those systems found in nature. Biomembranes employ naturally-occurring polymers (e.g. 

polysaccharides) to stabilize cell membranes. Plant and bacteria cells are coated on the outer 

surface with crosslinked polysaccharides which act as a closed wall (glycocalix). In animal 

cells, membrane stabilization is achieved through a cytoskeleton - a crosslinked network of 

proteins (e.g. actin and spectin). Model membranes have extended the idea of surface-coated 
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bilayer stabilization to include a number of synthetic polymers (Figure 11-3). Furthermore, 

bilayer stabilization through the covalent linkage of lipids into polymeric domains has been 

achieved (Figure 11-4, types A-C). 

i. Covalent linkage of lipids. Vesicle stabilization via polymerization of reactive groups 

in the lipid bilayer has been examined by a number of groups. Dorn et al. reported that 

polymerized vesicles of methacryloyl amphiphiles 18 or 19 resulted in a 0.3 - 0.5 reduction of 

glucose permeability compared to unpolymerized control vesicles.229 A much larger reduction 

in glucose permeability (==2 orders of magnitude) was observed for the photopolymerization of 

DenPC (15);229 similar observations were reported for the release of entrapped 

carboxyfluorescein (CF).246 The formation of linear polymers, as in the case of 18 and 19, only 

marginally reduces permeability, whereas a more robust polymer network such as that formed 

by crosslinked poly-DenPC exhibits a more significant effect. 

The decrease in membrane permeability is typically accompanied by a parallel 

increase in the chemical stability of vesicles (e.g. retention of vesicle integrity). Vesicle stability 

can be measured by the ease of vesicle disruption (lysis) by detergent or organic solvents. 

Polyvesicles composed of mono-methacryloylPC (22) exhibited only a moderate change in 

stability towards dissolution with ethanol while those composed of bis-methacryloylPC were 

significantly stabilized; similar observations were reported for mono- and bis-thioPCs.189,219 

The stabilities of methacryloylPC lipids are as follows: unpolym. PC < poly-mono PC < poly

bisPC. The increase in vesicle stability of bis-substituted PCs appears to result from a 

crosslinking of polymer chains. This was reflected in the inability of detergents (e.g. 2 mM 

sodium dodecyl sulfate) to solubilized poly-DenPC vesicles.225 Furthermore, the extensive 

crosslinked network of poly-DenPC allowed vesicles to maintain their spherical shape in the 

vacuum chamber of a scanning electron microscope. 7 
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ii. Surface coated vesicles. A number of methods have been employed in mimicking 

the surface coat of biomembranes (e.g. glycocalix and cytoskeleton, see Figure 11-3). These 

include the electrostatic association of polymerizable counterions (gegenions) to ionic lipids 

followed by their polymerization,179 association of water soluble polymers to neutral or charged 

membrane surfaces via hydrophilic or ionic interactions,250-253 and the anchoring of water

soluble polymers to the bilayer by hydrophobic groups. 201-203,254 Unlike the polymerization 

of reactive groups in the hydrophobic region of the amphiphile, vesicles composed of surface

associated polymers do not exhibit any significant alteration of the hydrophobic region of the 

bilayer. 

Vesicles composed of naturally-occurring phosphatidic acid (PA) or synthetic ionic 

lipids, e.g. dihexadecyl phosphate (DHP), have been used to electrostatically associate 

polymerizable gegenions (e.g. choline methacrylate) with the membrane.179 Polymerization of 

reactive gegenions resulted in a polymer coating the vesicle surface. Depending upon the 

methodology employed, gegenions can be located on either the inner or outer surface, or on 

both sides of the vesicle.179 Vesicles containing both an inner and outer polymer on the 

bilayer surface decreased the permeability of glucose by a factor of 4.6 compared to 

unpolymerized vesicles. Polyvesicles having an unsymmetric distribution of the polymer, i.e. 

either an inner or an outer polymer, displayed different glucose permeabilities. While no 

significant change in glucose permeability was observed for inner polymer-coated vesicles, the 

permeability of outer polymer-coated vesicles decreased by a factor of 3.4.179 A similar 

reduction in glucose permeability was described earlier for linear methacryloyl polymers formed 

by 18.229 The authors suggested that vesicle permeability is primarily controlled by the outer 

leaflet of the bilayer.179 

An alternate approach in the formation of surface-coated vesicles involves the 

adsorption of pre-existing aqueous soluble polymers. The adsorption of pre-formed polymers 
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onto vesicles may serve to stabilize vesicles in the manner already described. However, much 

of the research involving polymer adsorption onto vesicles involves membrane destabilization 

rather than stabilization (see next section for Bilayer Destabilization). To date the interaction of 

only two different cationic polymers, polyionene-6,6 and poly(l-Iysine), have been examined 

with anionic-containing bilayers (e.g. PG, PA).250-253 

X-ray diffraction experiments indicate that the addition of polyionene-6,6 to 

dipalmitoylPG (DPPG) membranes induces interdigitation of the Iipids.250,251 It is speculated 

that the electrostatic interaction of the cationic polymer with the anionic headgroups forces the 

headgroups apart and allows for interdigitation of the acyl chains. Interdigitation was not 

observed for poly(l-Iysine) interactions with DPPG or PA containing vesicles.252,253 Instead, 

PA and DPPG membranes induce a conformational change of poly(l-Iysine) from a random 

coil to an IX-helical structure. The addition of poly(l-Iysine) to vesicles composed of PC/PS 

(9:1) induces fusion between vesicles. 

iii. Hydrophobic anchoring of polymers. Water-soluble polymers containing 

hydrophobic groups have been successfully bound to vesicles via insertion of the residues into 

the hydrophobic region of the bilayer (Figure 11_3).201,203,250,254 The resulting vesicles have a 

polymeric coat only on the outer surface of the membrane. Early studies showed that 0-

stearoyl-substituted dextrans are capable of inserting into cell membranes.255 Sunamoto et al. 

extended the concept to include polysaccharides (e.g. pullulan and amyl pectin) containing 

palmitoyl or cholesterol residues; these pendant groups were sufficiently hydrophobic to allow 

insertion into the lipid bilayer.201-203 The permeability of CF through polysaccharide-coated 

vesicles was reduced by a factor of ;:: 4. Furthermore, the polysaccharide coat decreased the 

sensitivity of vesicles to enzymatic hydrolysis by phospholipases, as well as extended the 

lifetime of BlMs from 1 h to 2 days without any significant modification of the transport 

properties of the membrane.203 
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A comparison of in vivo studies of surface-coated polysaccharide vesicles and 

uncoated vesicles demonstrated a significant difference in their distribution in the body after 

uptake by various organs. O-Palmitoyl amyl pectin-coated vesicles containing an encapsulated 

label exhibit a lung uptake 5 times greater than that of uncoated vesicles. The attachment of 

monoclonal antibody fragments to polysaccharide-coated vesicles allowed binding to specific 

cells with even a higher frequency than antibody-free coated vesicles.254 The targetability of 

polysaccharide vesicles increases their potential utility as drug delivery systems. 

A second approach to anchoring polymer molecules into lipid bilayer surfaces involves 

the covalent linkage of polymers directly to phospholipids. Recently, a great deal of research 

has been invested in vesicles incorporated with lipids derivatized with the hydrophilic polymer 

polyethylene glycol (PEG, Figure 11-14). Vesicles coated with PEG do not exhibit rapid uptake 

in vivo by cells of the mononuclear phagocytic system (MPS, reviewed by Woodle and Lasic; 

see references therein), hence having increased circulation in the blood stream as opposed to 

uncoated vesicles.256 The prolonged blood circulation time of PEG-PE vesicles has been 

attributed to 'steric stabilization' of the membrane. The PEG surface coat provides a steric 

barrier which not only reduces particle-particle interaction (e.g. cell interactions), but also the 

adsorption of various macromolecules onto its surface and limits loss of encapsulated 

materials. The ability to mask membrane surfaces with polymers, e.g. PEG-PEs from the MPS, 

further enhances the therapeutic value of vesicle drug delivery systems. 



94 

Figure 11·14: Phosphatidylethanolamines (PEs) derivatized with polyethylene glycol (MW 1000 

to 5000) - PEG-PEs. 
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B. Bilayer Destabilization. A number of monomeric synthetic lipids have been utilized 

in the destabilization of lipid bilayer vesicles resulting in release of their aqueous contents 

(reviewed in Chapter 1-6). The use of polymer chemistry in bilayer destabilization has been 

accomplished by two different strategies: 1) conformational change of polyelectrolytes 

absorbed onto vesicles 173,250,257-260 and 2) photopolymerized phase separation of vesicle 

components resulting in the formation of nonbilayer structures (see Chapter 1-5.c for a 

description of nonbilayer structures).165, 174, 175,232 
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i. pH Sensitive polymer-coated vesicles. The conformational change of the 

polyelectrolyte poly(<x-ethylacrylic acid, PEAA) was utilized in the disruption (lysis) of lipid 

bilayer vesicles.85,91-95 PEAA is ionized at pH 7 or greater and exists in an extended random 

coil conformation in aqueous solution. Acidification of the polymer converts it to a compact 

globular shape with hydrophobic character. The range of pH sensitivity is a function of both 

polymer structure and tacticity. Vesicle suspensions containing PEAA in solution, or PEAA 

anchored by covalent linkage to PEs, show no loss of vesicle properties at pH 7.0 or higher. 

When the pH was decreased to 6.0-6.5 a significant decrease in vesicle turbidity, increased 

permeability of encapsulated calcein, and a broadening of the lipid phase transition were 

observed.257 These observations suggest that the pH-induced conformational change of 

PEAA to a hydrophobic globular structure solubilizes the lipid causing lysis of the vesicle with 

release of aqueous contents. Disruption of PEAA-vesicles was also achieved photochemically 

by the irradiation of a water-soluble photosensitive proton source (3,3'

dicarboxydiphenyliodonium salt). Photogeneration of H+ resulted in conversion of lipids from 

vesicular to micellar form with release of vesicle contents.173 

ii. Polymerization-induced nonbilayer structures. Polymerization of lipid bilayer 

vesicles has typically been used in enhancing the long-term colloidal and chemical stabilities of 

vesicle suspensions (see previous section). The use of similar polymerizable lipid molecules 

plus a second nonpolymerizable lipid have been employed in the polymerization-induced 

destabilization of vesicles.165, 174,175,232 Partial polymerization of vesicles containing only the 

reactive lipid results in both monomeric and polymeric domain formation. Similarly, 

polymerization of two-component vesicles, where only one lipid is polymerizable, results in 

phase separation of components into domains.229,244,261,262 As the reaction proceeds, the 

polymerizable lipids form covalently-linked domains which in turn produce domains of the 

nonpolymerizable lipid. If both nonpolYlllerizable and polymerizable lipids prefer lamellar 
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structures, the photopolymerized phase separation proceeds with retention of vesicle integrity 

and without release of encapsulated aqueous contents. However, if the nonpolymerizable lipid 

is capable of adopting a non lamellar structure, the polymerization-induced phase separation 

results in vesicle destabilization with leakage of entrapped aqueous contents. The 

polymerization-induced destabilization has been demonstrated with vesicles composed of the 

photopolymerizable lipid bis-SorbPC (26) and nonpolymerizable phosphatidylethanolamines 

(e.g. dioleoylPE, 42).165,174,175,232 

DOPE 
(42) 

Phosphatidylethanolamines can form non lamellar structures under physiological 

conditions and are important in membrane processes such as fusion (see Chapter I-S.c: Lipid 

Polymorphism).115 Vesicles composed from PEs are not stable at physiological pH, unless 

they are combined with a second component such as PC.114 Processes which lead to the 

phase separation of PEs from PCs have been shown to result in destabilization of vesicles by 

triggering the PEs' lamellar to non lamellar transition. 1 07,129,131,132,263 

The photopolymerization-induced destabilization of DOPE/bis-SorbPC (3:1) vesicles 

resulting in leakage was demonstrated via the self-quenched calcein assay.264 Leakage of 

calcein from vesicles resulted in an increase in fluorescence due to the relief of the self-

quenched dye. Vesicles of DOPElbis-SorbPC (3/1) become permeable to entrapped calcein 

after 30-50% loss of monomer, whereas insufficient leakage occurred for photolyzed control 
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vesicles of DOPClbis-SorbPC (3:1) - a result of PC's inability to adopt nonlamellar 

structures. 165,175 Phase separation of components alone is insufficient to release the 

aqueous contents as indicated by DOPClbis-SorbPC vesicles. 

Furthermore, dilute suspensions of DOPElbis-SorbPC LUVs did not exhibit release of 

entrapped dye while ML Vs of the same concentration become leaky after 

photopolymerization.165,174 These observations indicated the need for bilayer contact if 

leakage is to occur. At dilute concentrations bilayer contact from vesicle-vesicle interactions is 

significantly reduced. However, in MLV suspensions of identical concentrations, bilayer contact 

can occur within a single vesicle as a result of several lamellae being present. Phase 

separation of lipids into enriched domains of unpolymerizable PEs and polymeric SorbPC 

decreases the repulsive forces in the region of the PEs thus facilitating bilayer contact; strong 

hydration forces prevent bilayers of randomly distributed PEIPC from coming together.75,265 

The bringing together of apposing MLV bilayers enriched in PE can lead to the formation of 

inverted micellar intermediates (1M Is, see Figure 1-13) which can go on to form interlamellar 

attachments (ILAs).123,124 ILAs are hourglass-shaped bilayer attachments between two 

original lamellae and provide a permeability pathway between the fused bilayers (membrane 

pore). Both X-ray diffraction and 31 P NMR indicate that the nonbilayer structure formed from 

the photodestabilization of DOPElbis-SorbPC is a precursor to the inverted cubic phase (see 

Figure 1_12).232,266 These results imply that these intermediate lipid structures mediate the 

photoinduced release of calcein from oligo lamellar vesicles. Recently, the photoinduced fusion 

of LUVs composed of DOPElbis-SorbPC (3/1) was shown to occur by a similar mechanism.267 
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SYNTHESIS OF POLYMERIZABLE SORBATE-CONTAINING 

PHOSPHATIDYLCHOLINES AND RELATED MOLECULES 

1. OBJECTIVE and LIPID CHOICE 
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Increased interest in mimicking biological membranes has resulted in the synthesis of a 

large number of amphiphiles.2,7 In designing lipids for human applications, one would like to 

make them as biocompatible as possible. It is for this reason that many of the lipid molecules 

synthesized resemble those found in nature, in particular phospholipids. To date a large variety 

of phospholipids containing reactive groups, e.g. polymerizable groups, have been made.2,7 

The focus of this study was the synthesis and characterization of polymerizable 

dienoate-containing (sorbate) phospholipids (Figure 111-1). While a number of dienoate 

amphiphiles have previously been synthesized (Figure 11_8),191,204 the lipids synthesized here 

contain a naturally-occurring phosphatidylcholine headgroup which increases their 

biocompatibility. These lipids will be referred to as SorbPC; sorbate-containing 

phosphatidylethanolamines are termed SorbPE. The positioning of the dienoyl group in the 

chain terminus, as opposed to the glycerol backbone (e.g. 15), not only greatly facilitates lipid 

synthesis but allows for direct comparison to previous made acryloyl and methacryloyl terminal 

chain-substituted phosphatidylcholines. Both mono- and bis-substituted SorbPCs were 

examined; mono-SorbPC results in linear polymer formation while bis-SorbPC forms a 

crosslinked polymer network. The polymerizable SorbPC lipids were characterized in terms of 

their phase behaviour, degree of polymerization (e.g. size of the polymer), and bilayer 

stabilization capabilities. 

While a great number of polymerizable lipids had been made, there did not exist a 

good understanding of the factors governing their phase behaviour. An understanding of the 



99 

perturbation caused by these reactive groups on bilayer packing would be useful since it would 

then be possible to predict not only the main phase transition but potentially non lamellar 

transitions. The phase behaviour of a series of five different chain length (variation in spacer 

group length) bis-SorbPC (44) and two mono-SorbPCs (43) were determined by calorimetry. 

Coupled with existing calorimetric data of mono- and bis-substituted acryloyl and 

methacryloylPC, as well as saturated analogues of these lipids, the influence of polymerizable 

groups on the main phase transition was addressed. 

Figure 111·1: Mono- and bis-substituted sorbyl phospholipid synthesized for examining factors 

governing the main lipid phase transition, as well as for use in studies involving the 

polymerization of supramolecuJar assemblies. 
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The second issue addressed here involved the kinetics for the polymerization of 

SorbPC in two-dimensional assemblies (e.g. vesicles). The ability to control the size of the 

polymer (i.e. degree of polymerization, Xn) by varying either the monomer concentration ([M]) 

or initiator concentration ([I]) was examined. To date only a handful of studies have 

investigated the fundamental principles that underlie this new class of polymerization 

reactions. 190, 191,268,269 

Lastly, the ability of polymeric lipids to stabilize bilayer assemblies was 

investigated.189, 191,229 The covalent linking of lipid molecules to one another should make it 

more difficult to disrupt the supramolecular assembly formed. The size of the polymer chain as 

well as the amount of crosslin king necessary to prevent dissolution of bilayer vesicles were 

examined for mono- and bis-SorbPC. 

2. EXPERIMENTAL - SYNTHESIS of POLYMERIZABLE LIPIDS 

Materials. 4-(N,N-Dimethylamino)pyridine (DMAP) was obtained from Aldrich 

Chemical Co. (Milwaukee, WI) and was purified by recrystallization from chloroform/diethyl 

ether (1:1, v/v) three times. Pyrrolidinopyridine (PyPy, Aldrich Co.) was purified by repeated 

recrystallization from petroleum ether. Propionyl chloride (Aldrich Co.) was vacuum distilled 

prior to use. Ion exchange resin AG S01-X8 was obtained from Bio-Rad (Richmond, CA). 

Flash chromatography silica gel (200-42S mesh) was obtained from Fischer Scientific. 

Synthesized phospholipids were purified using silicic acid specifically treated for lipid 

chromatography (Biosil-A 200-400 mesh; Biorad). Tetrahydrofuran (THF) and benzene were 

freshly distilled from sodium/benzophenone. Acetonitrile and chloroform were distilled from 

P20S. N,N-Dimethylformamide (OMF) was vacuum distilled and stored over molecular sieves 
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(SA). Distilled de-ionized water was obtained from a Milli-Q System (Millipore; Millford, MA.). 

All other reagents were used as received or purified by standard methods. 

L-Glycerophosphatidylcholine-cadmium chloride (GPC-CdCI2, Sigma Chem. Co., 

St.Louis, MO) was dried by repeated evaporation of benzene followed by drying at high 

vacuum for 12 hrs. L-a-Lysopalmitoylphosphatidylcholine and L-a-Iysomyrisitoylphosphatidyl

choline were obtained from Avanti Polar Lipids (Birmingham, AI.) and dried as previously 

described. Phospholipase 0 (cabbage extract) was purchased from Sigma and used as 

received. 

Synthesis. Since the synthesis of all polymerizable sorbyl-containing and saturated 

propanoate fatty acids, and phospholipids derived from them, follow the same general route 

(Figures 111-2 and 111-3), only one example will be given here. Isolated yields and melting points 

for each step and for each lipid are recorded in Tables 111-1 and 111-2 (melting points are not 

reported for phospholipids). All compounds were characterized by 1 H NMR, as well as UV

spectroscopy in various cases; 1 H NMR of sorbyl intermediates and lipids of different chain 

length are almost identical, varying only in the absorption intensity of methylene groups present 

in the hydrocarbon chain (6 to 14 protons/chain). All reactions were carried out in the presence 

of yellow safe lights (or in the dark) to protect against UV radiation. 

A. Sorbyl Chloride. Oxalyl chloride (100 g , 0.79 moles) was added dropwise to 2,4-

hexadienoic acid (71.6 g , 0.64 moles) over 1 hr. and stirred at room temperature overnight. 

The resulting pale yellow solution was concentrated on a rotary evaporator followed by vacuum 

distillation at SOoC (1 Torr) to give a clear solution. Yield 78.8 g (94%). 1 H-NMR (CDCI3) B 

1.S0-1.90 ppm (d, 3H, C!:!3), S.70-S.S0 ppm (d, 1 H, CH=CH C02), 6.10-6.40 ppm (m, 2H, 

=CHCH=), 7.1S-7.30 ppm (m, 1H, =C.!:!.CH3). 

B. 10-(Sorbyloxy)decan-1-ol. Freshly distilled sorbyl chloride (31.0 g, 0.24 moles) was 

taken up in THF (100 mL) and added dropwise over 2 hrs. to a mixture of 1,1 O-decanediol 

(1S1.6 g, 0.S7 moles) and pyridine (SO g, 1.01 moles) in THF (1.S L) followed by stirring 
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overnight. The pyridine-HCI salt was filtered off and the yellow filtrate concentrated by rotary 

evaporation. Upon addition of CCI4 (400 mL) and cooling to -100C for 3 hrs. excess 1,10-

decanediol precipitated and was filtered off. The filtrate was evaporated to an oil and the crude 

product extracted by boiling in hexane (4x300 mL) and decanting from the sludge. After adding 

Celite (50 g), the hexane solution was boiled for several minutes and filtered hot. Precipitation 

of the desired compound occurred after two days at 40C. The product was further purified by 

flash silica gel chromatography (eluent CH2CI2). Yield 36.7 g (56%): mp 33-340C. TLC Af= 

0.80-0.75 (CHCI3/CH30H, 99:1). 1 H-NMA (CDCI3) 0 1.20-1.40 ppm (br s, 12H, CH2), 1.45-

1.65 ppm (m, 4H, CH2CH2A), 1.70 ppm (s, 1H, OH), 1.76-1.85 ppm (d, 3H, C=CHC1:!3), 3.52-

3.65 ppm (t, 2H, CH20H), 4.04-4.13 ppm (t, 2H, C02CH2), 5.68-5.79 ppm (d, 1H, C=CHC02), 

6.05-6.22 ppm (m, 2H, =CH-CH=), 7.12-7.27 ppm (m, 1H, CH=C.!:!CH3). UV (Amax=258 nm, 

CH30H) £=25,500. 

c. 12-(Propionyloxy)-dodecan-1-ol. Propionyl chloride (4.0 g, 43 mmole) was freshly 

distilled and dissolved in THF (15 mL). An excess of 1,12-dodecanediol (20.3 g, 0.10 mole) 

was dissolved in THF (250 mL) along with 6 mL of pyridine. The acid chloride was added 

dropwise to the diol over 1.5 hr, followed by stirring overnight. The pyridine-HCI salt was 

filtered off and the filtrate reduced to a small bulk. After the addition of CCI4 (150 mL) and 

overnight cooling to -100C, the excess 1, 12-dodecanediol precipitated and was filtered off; the 

excess diol was washed with cold CCI4 (=100 mL). The filtrate was evaporated to an oil and 

chromatographed by flash silica gel chromatography (column: 5x15 cm) using CH2CI2 as the 

eluent. The alcohol was slightly impure and chromatographed a second time under identical 

conditions. The alcohol was precipitated out by suspending it in hot petroleum ether and 

cooling at -10°C for 24 hrs. Yield 7.2 g (64%) : mp n.d.oC. TLC Af= 0.30-0.50 

(CHCI3/CH30H,99:1). 1H-NMA (CDCI3) 0 1.00-1.10 ppm (t, 3H, CH3CH2C02), 1.12-1.35 

ppm (m, 16H, CH2), 1.40-1.60 ppm (br m 4H, CH2CH2A), 1.95-2.05 ppm (br s, 1H, OH), 2.20-
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2.31 ppm (q, 2H, CH3C.I::I2C02) , 3.50-3.60 ppm (t, 2H, C!i20H), 3.95-4.05 ppm (t, 2H, 

C02C.I::I2). 

D. 10-(SorbyJoxy)decanoic Acid. 10-(Sorbyloxy)decan-1-01 (20.1 g, 0.075 moles) in 

DMF (75 mL) was added dropwise to pyridinium dichromate (80.4 g, 0.21 moles) in DMF (75 

mL) over 2 hrs. at 40C. The reaction mixture was warmed slowly to room temperature and 

stirred for 24 hrs. The dark red suspension was poured into water (500 mL) and extracted with 

diethyl ether (6)(150 mL). The organic solutions were combined and washed with 5% HCI 

(3x150 mL), saturated sodium chloride (3x150 mL), and dried over sodium sulfate. The filtrate 

was reduced to a small bulk after which silica gel (100 g, Aldrich) was added and the slurry left 

to stand for 1 hr. with periodic stirring. The silica gel was filtered off and the crude product 

extracted by boiling in petroleum ether (2x500 mL). Fatty acid precipitated after letting the 

filtrate stand at -100C for 3 days. The product was further purified by flash silica gel 

chromatography (eluent CH2CI2/CH30H, 98:2). An alternate elution solvent - hexane/ethyl 

acetate/formic acid (90%), 100:20:1 - produced less streaking on TLC plates in comparison to 

the CHClsiMeOH mixture and gave a superior separation of components. The difficulty of this 

solvent system is the limited solubility of the fatty acid. Yield 11.1 g (52%); mp 54-550C. TLC: 

Rf = 0.30-0.05 (CHCI3/CH30H, 95:5); Rf = 0.25 (HexiEtOAC/formic acid (95%),100:20:1). 1H

NMR (CDCI3) B 1.20-1.40 ppm (brs, 10H, CJ:l2), 1.52-1.70 ppm (m, 4H, C.I::I2CH2R), 1.78-1.86 

ppm (d, 3H, C=CHCJ:l3), 2.28-2.37 ppm (t, 2H, C.!i2C02H), 4.05-4.15 ppm (t, 2H, C02C.!i2), 

5.70-5.79 ppm (d, 1H, C=C1:iC02), 6.05-6.22 ppm (m, 2H, =C1:i-C1:i=), 7.15-7.27 ppm (m, 1H, 

CH=C./:iCH3). UV (Amax=258 nm, CH30H) £=25,100. 

E. 12-(PropionyJoxy)dodecanoic acid. 12-(Propionyloxy)-1 -dodecanol (3.0 g, 11.6 

mmoles) in anhydrous DMF (15 mL) was added dropwise to pyridinium dichromate (14.0 g, 

37.2 mmoles) in DMF (30 mL) over 1 hr. at 40C. The reaction mixture was warmed slowly to 

room temperature and stirred for 36 hrs. The dark red suspension was poured into water (150 

mL) and extracted with diethyl ether (3x100 mL). The ether layer was dried over M92S04, 
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filtered, and concentrated by rotary evaporation to a chalky oil. The oil was purified by flash 

silica gel chromatography (column::: 3.5 x 10 cm): eluent - 200 mL CH2CI2, followed by 

developing with CH2CI2/MeOH (98:2). The fatty acid was precipitated with petroleum ether (50 

mL). Yield 2.4 g (76%) : mp 43-44oC. TLC Rt: 0.20-0.40 (CHCI3/CH30H, 95:5). 1 H-NMR 

(CDCI3) 01.00-1.10 ppm (t, 3H, CH3CH2C02), 1.12-1.35 ppm (m, 16H, CJ:i2), 1.40-1.60 ppm 

(br m 4H, CJ:i2CH2R), 2.20-2.31 ppm (2 q, 4H, CH3CJ:i2C02, CH2CJ::fgC02), 4.05-4.15 ppm (t, 

2H, C02CJ:i2). 

F. 1-Palmitoyl-2-[10-(sorbyloxy)decanoy/j-sn-glycero-3-phosphatidylcholine. L-(X-Lyso

palmitoylphosphatidylcholine (Isyo-PPC; 1.037 g, 2.1 mmole) was dried by repeated (4x) 

evaporation from a benzene suspension (5 mL), followed by drying at high vacuum overnight; 

the sorbyl fatty acid and dimethylaminopyridine were dried overnight under high vacuum. To 

Iyso-PPC were added sorbyl fatty acid (1.320 g, 4.6 mmoles), 4-(dimethylamino)pyridine (260 

mg, 2.1 mmoles), and 1,3-dicyclohexylcarbodiimide (956 mg, 4.6 mmoles). The mixture was 

suspended in 8 mL of chloroform and stirred at room temperature for 2 days in the dark under 

nitrogen. The white suspension was filtered to remove urea, washed with CHCI3 (2 x 15 mL), 

and concentrated on the rotary evaporator. Methanol (15 mL) was added to the residue, the 

mixture filtered, and the preCipitate washed with methanol (2 x 15 mL). Bio-Rad AG 501-X8 ion 

exchange resin (7 g) was added to the filtrate and the mixture stirred for 2 hrs., then filtered to 

remove the resin and washed with CHCI3/CH30H, 1:1 (2 x 20 mL). The filtrate was reduced to 

a small volume and placed on a flash silica gel column (2.5 x 35 cm; solid support: silicic acid 

(Biosil A 200-400 meSh)). Eluting solvents consisted of various mixtures of dichloromethane 

and methanol: 250 mL, 90% CH2CI2; 2S0 mL, 80% CH2CI2; SOO mL, 60% CH2CI2; developed 

with SO% CH2CI2. The lipid fractions were azeotroped with benzene until a thick film formed 

on the walls of the flask. The film was dissolved in :::10 mL of benzene, filtered through a 0.4S 

Ilm Metricel filter (Acrodisc-CR, Gelman Sciences), and reduced to a thin film which was 

lyophilized with benzene (5 mL); mono-SorbPC was stored in freshly distilled benzene as an 
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amorphous ice ( -100 C) after bubbling with argon for 30 minutes. Yield 1.164 g (72% based on 

Iyso-PPC). TLC showed one spot after development with either iodine or phosphomolybdic 

acid, Rf= 0.45-0.40 (65:25:4, CHCI3/CH30HIH20). 1 H-NMR a 0.80-0.90 ppm (t, 3H, 

C.!:::t3CH2-), 1.20-1.40 ppm (br s, 36 H, C.!:::t2), 1.48-1.70 ppm (m, 6H, C.!:::t2CH2R), 1.80-1.88 

ppm (d, 3H, =CHC.!:::t3), 2.20-2.32 ppm (q, 4H,C.!:::t2C02R), 3.30-3.40 ppm (s, 9H, NC.!:::t3), 3.75-

3.83 ppm (br s, 2H, NC.!:::t2CH2), 3.88-4.00 ppm (br s, 2H, NCH2C.!:::t2), 4.05-4.10 ppm (t, 2H, 

=CHC02C.!:::t2), 4.14-4.42 ppm (br m, 4H, POC.!::f2CH and CHCH2C02), 5.14-5.25 ppm (br s, 

1H, POCH2C.!:::t), 5.72-5.80 ppm (d, 1H, 02CC1:i=), 6.05-6.24 ppm (m, 2H, =CHC1:i=), 7.16-7.28 

ppm (m, 1 H, =C1:iCH3). UV (Amax=257 nm, CH30H) £=23,200. 

G. 1-Pa/mitoy/-2-[12-(propiony/oxy)dodecanoy/]-sn-g/ycero-3-phosphatidy/choline. 

The lipid was prepared in an identical manner to that of the mono-Sorb PC. The reagent 

amounts were: L-a-Iysopalmitoylphosphatidylcholine (102 mg, 0.21 mmole), propionyl fatty 

acid (124 mg, 0.46 mmoles), 4-(dimethylamino)pyridine (32 mg, 0.26 mmoles), and 1,3-

dicyclohexylcarbodiimide (86 mg, 0.41 mmoles). Yield 132 mg (86% based on Iyso-PPC). TLC 

showed one spot after development with either iodine or phosphomolybdic acid, Rf = 0.35 

(65:25:4, CHCI3/CH30H/H20). 1H-NMR a 0.83-0.75 ppm (t, 3H, C1:l3CH2-), 1.01-1.10 ppm 

(t, 3H, C1:l3CH2C02), 1.15-1.35 ppm (br s, 36 H, C.!::f2), 1.48-1.60 ppm (br s, 6H, C1:i2CH2R), 

2.20-2.31 ppm (q, 6H,C.!:::t2C02R), 3.30-3.40 ppm (s, 9H, NC1:i3) , 3.90-3.72 ppm (br s, 4H, 

NC.!:::t2C.!:::t2), 4.00-3,85 ppm (t, 2H, CH3CH2C02C1:i2), 4.14-4.42 (br m, 4H, POC1:i2CH and 

CHC.!:::t2C02), 5.14-5.25 (br s, 1 H, POCH2C.!:::t). 

H. 1,2-8is[1 O-(sorby/oxy)decanoy/]-sn-g/ycero-3-phosphatidy/cho/ine. L-Glycero

phosphorylcholine-cadmium chloride complex (460 mg, 1.04 mmoles) was dried by repeated 

(4x) evaporation from a benzene suspension (5 mL), followed by drying at high vacuum 

overnight. The residue was mixed with sorbyl fatty acid (1.102 g, 3.90 mmoles) and 4-

(dimethylamino)pyridine (265 mg, 2.17 mmoles) and suspended in 8 mL of chloroform. 1,3-

Dicyclohexylcarbodiimide (700 mg, 3.39 mmoles) was added and the mixture stirred at room 
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temperature for 5 days in the dark under nitrogen. The white suspension was filtered to remove 

urea, washed with CHCI3 (2 x 15 mL), and concentrated on the rotary evaporator. Methanol 

(15 mL) was added to the residue, the mixture filtered, and the precipitate washed with 

methanol (2 x 15 mL). Bio-Rad AG 501-X8 ion exchange resin (7 g) was added to the filtrate 

and the mixture stirred for 2 hrs., filtered to remove the resin, and washed with CHCI3ICH30H, 

1:1 (2 x 20 mL). The filtrate was reduced to a small volume and placed on a flash silica gel 

column (2.5 x 35 cm; solid support: silicic acid (Biosil A 200-400 mesh)). Eluting solvents 

consisted of various mixtures of dichloromethane and methanol: 200 mL, 100% CH2CI2; 250 

mL, 90% CH2CI2; 500 mL, 80% CH2CI2; 250 mL, 60% CH2CI2; 500 mL, 50% CH2CI2; 500 

mL, 40% CH2CI2; and 750 mL, 20% CH2CI2. The lipid fraction was purified a second time by 

flash silica gel chromatography (1.0 x 25 cm; solid support: silicic acid (Biosil A 200-400 mesh)) 

using the following solvent gradient: 150 mL, 100% CH2CI2; 150 mL, 90% CH2CI2; 200mL, 

80% CH2CI2; 300 mL, 50% CH2CI2; and 400 mL, 20% CH2CI2. Fractions containing the lipid 

were rotovaped at room temperature to approximately 25 mL after which benzene (50 mL) was 

added. The solvent mixture was re-evaporated to 25 mL and the procedure repeated a further 

two times. In an alternate approach, the lipid was chromatographed, eluting with ",,200 mL of 

CH2CI2/MeOH (7:3) followed by CH2CI2/MeOH/H20 (65:25:2). The lipid fractions were 

azeotroped with benzene until a thick film formed on the walls of the flask; water caused the 

lipid to form an emulsion (milky suspension). The film was dissolved in ",,15 mL of benzene, 

filtered through a 0.45 11m Metricel filter (Acrodisc-CR, Gelman Sciences), and reduced to a thin 

film which was lyophilized with benzene (5 mL); bis-SorbPC was stored in freshly distilled 

benzene as an amorphous ice ( -100 C) after bubbling with argon for 30 minutes. Yield 545 mg 

(66% based on GPC). TLC showed one spot after development with either iodine or 

phosphomolybdic acid, Rf= 0.48-0.40 (65:25:4, CHCI3/CH30H/H20). 1 H-NMR 0 1.20-1.40 

ppm (br s, 20 H, C1:!2), 1.48-1.70 ppm (m, 8H, C1:!2CH2R), 1.80-1.88 ppm (d, 6H, =CHCt!3), 

2.20-2.32 ppm (m, 4H, C!:i2C02R), 3.30-3.40 ppm (s, 9H, NCH3), 3.75-3.83 ppm (br s, 2H, 
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NC.l:i2CH2), 3.88-4.00 ppm (br 5, 2H, NCH2CJ:!2), 4.05-4.12 ppm (t, 4H, =CHC02CJ:!2), 4.14-

4.42 ppm (br m, 4H, POCJ:!2CH and CHCJ:!2C02), 5.14-5.25 ppm (br 5, 1H, POCH2C.I:i), 5.72-

5.80 ppm (d, 2H, 02 CCJ::I.=) , 6.05-6.24 ppm (m, 4H, =C.t!.C.t!.=), 7.16-7.28 ppm (m, 2H, 

=C.l:iCH3). UV (Amax=258 nm, CH30H) £=47,100. 

I. 1 ,2-Bis[12-(propionyJoxy)dodecanoy/}-sn-g/ycero-3-phosphatidy/choline. The lipid 

was prepared in an identical manner to that of the bis-SorbPC; reagent amounts: L

Glycerophosphorylcholine-cadmium chloride complex (122 mg, 0.25 mmole), propionyl fatty 

acid (295 mg, 1.1 mmoles), 4-(dimethylamino)pyridine (72 mg, 0.59 mmoles), and 1,3-

dicyclohexylcarbodiimide (182 mg, 0.88 mmoles). Yield 141 mg (75% based on GPC-CdCI2). 

TLC showed one spot after development with either iodine or phosphomolybdic acid, Rf = 0.35 

(65:25:4, CHCI3/CH30H/H20). 1H-NMR 01.01-1.10 ppm (t, 6H, C.l:i3CH2C02), 1.15-1.35 

ppm (br s, 32 H, CJ:!2), 1.48-1.60 ppm (br s, 8H, C!:f.2CH2R), 2.20-2.31 ppm (2 m, 

8H,CJ:i2C02R), 3.30-3.40 ppm (5, 9H, NCJ::I.3), 3.90-3.72 ppm (br s, 4H, NCJ:!2CJ:!2), 4.00-3,85 

ppm (t, 4H, CH3CH2C02CJ:!2), 4.14-4.42 (br m, 4H, POC.l:i2CH and CHC.I:i2C02), 5.14-5.25 

(br s, 1 H, POCH2CJ::I.). 

J. 1 ,2-Bis[1 O-(sorby/oxy)decanoylj-sn-glycero-3-phosphatidylethano/amine. The 

corresponding bis-SorbPC above (110 mg, 0.14 mmole) was lyophilized from a benzene stock 

solution. The sample was hydrated with buffer (::::20 mL of - 50 mM acetic acid, 20 mM CaCI2, 

4% ethanolamine, pH 5.4) and vortexed/sonicated (bath sonicator) to uniformity along with 4.4 

mg (1000 units) of phospholipase D (Sigma). Diethyl ether (10 mL) was added to initiate the 

reaction which was carried out at 37-40°C with constant stirring. After::::4 hrs. an additional 10 

mL of diethyl ether was added and the reaction stirred for a further 18 hrs. The conversion of 

bis-SorbPC to bis-SorbPE was monitored by TLC; the PC spot at Rf = 0.35 (developing 

solvent: CH2CI2/MeOH/H20 65:25:4) disappeared within 1 hr. with a new spot corresponding 

to the PE appearing at Rf = 0.70. The reaction was quenched by adding a saturated aqueous 

solution of EDTA (40 mL). The product was extracted using CHCI3/MeOH (2/1; 3x100 mL), 
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followed by a second extraction of the organic phase with H20/MeOH (112; 3x75 mL). The 

organic phase was dried over Na2S04, filtered, and concentrated by rotary evaporation (an 

insoluble precipitate, likely residual phospholipase 0, was observed when the lipid film was 

taken up in CHCI3). The sample was purified immediately by flash silica gel chromatography 

(solid support - Biosil A silicic acid, 200-400 mesh) with the following solvent gradient: 100 mL 

CH2CI2, 200 mL CH2CI2/MeOH (9:1), 600 mL CH2CI2/MeOH/H20 (65/25/2). The product 

was chromatographed a second time in a similar manner. Yield 54 mg (51 %). TLC showed 

one spot after development with either iodine or phosphomolybdic acid, Rf= 0.65-0.70 (65:25:4, 

CHCI3/CH30H/H20). 1 H-NMR 5 1.20-1.40 ppm (br s, 20 H, CH2), 1.48-1.70 ppm (m, 8H, 

CH2CH2R), 1.80-1.88 ppm (d, 6H, =CHC1:l3), 2.20-2.32 ppm (m, 4H, Cl:i2C02R), 3.10-3.20 

ppm H20, 3.75-3.83 ppm (br s, 2H, NC.!:i2CH2), 3.88-4.00 ppm (br s, 2H, NCH2CH2), 4.05-

4.12 ppm (t, 4H, =CHC02CH2), 4.14-4.42 ppm (br m, 4H, POC!:I2CH and CHCH2C02), 5.14-

5.25 ppm (br s, 1 H, POCH2C.l:I.), 5.72-5.80 ppm (d, 2H, 02CCJ:[=), 6.05-6.24 ppm (m, 4H, 

=CJ:[C.I:i=), 7.16-7.28 ppm (m, 2H, =CJ:[CH3), 8.25-8.55 ppm (br s, 3H, NH3). UV (Amax=258 

nm, CH30H) £=45,300. 

3. RESULTS and DISCUSSION 

The polymerizable lipids described in this work were made by using various methods 

found in the Iiterature.209,270-278 While many methods for the total synthesis of lipids have 

been achieved, the syntheses described here are partial rather than total since the hydrophilic 

headgroup is derived from a natural product. Polymerizable fatty acids were made by 

esterification and oxidation. The synthesis of symmetrical phosphatidylcholines (PCs), e.g. sn-

1 and sn-2 acyl chains of identical composition, involved the acylation of 

glycerophosphorylcholine (GPC-CdCI2) with an activated fatty acid. Asymmetric PCs, i.e. with 
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different sn-1 an sn-2 acyl chains, were synthesized by acylating lyso-phosphatidylcholine with 

the fatty acid. Furthermore, phosphatidylcholines were converted to 

phosphatidylethanolamines (PEs) by utilizing phospholipase O. These reactions are described 

in greater detail below. 

A. Synthesis of Polymerizable Fatty Acids. Polymerizable 2,4-hexadienoic (sorbyl) 

fatty acids of varying chain length, and analogues, were synthesized as shown in Figure 111-2 

(yields and melting points for reactions are displayed in Tables 111-1 and 111-2). 2,4-Hexadienoic 

acid (sorbic acid, 45) was converted to the acid chloride (46) with oxalyl chloride in nearly 

quantitative yield (>90%). To a three- to four-fold excess of diol, varying from 8 to 12 carbons 

in chain length (octanediol to dodecanediol), the acid chloride was added dropwise over a 

minimum of 1 hr. and stirred overnight (18 hrs.) to form 47 in moderate yield. If the reaction 

was worked up several hours (3-4 hrs.) after complete addition of the acid chloride, the yield 

decreased to =25-30%. Hence, longer reactions times were necessary to achieve better yields. 

Excess diol was removed by precipitation in CCl4 where approximately 60% was recovered; 

repeated recrystallization of the diol with acetone/water was unable to remove all impurities 

(recovered 40-45%). The long chain hydroxy-ester was purified by flash chromatography 

followed by precipitating from hexane; TLC showed the presence of unreacted diol and the 

symmetric diester (as determined by 1 H NMR). Roughly 5-10% of the diester was recovered 

from the reaction mixture. 

The hydroxy-ester (47) was oxidized to the corresponding fatty acid (48) with 

pyridinium dichromate (POC) in poor to moderate yields. The yield was dependent upon the 

anhydrous conditions of the solvent, dimethylformamide (OMF), and the reaction time. Best 

yields were obtained when a new bottle of anhydrous OMF, or freshly distilled OMF, was used 

as well as reaction times that ranged from 24-36 hrs. The addition of silica gel to the extracted 

reaction mixture aided in the removal of any POC that remained with the product. TLC of the 

reaction mixture showed the presence of unreacted starting material (47), long chain aldehyde, 
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and a coupling product of two fatty acid chains (49); the long chain aldehyde and 49 were 

characterized by 1 H NMR as well as by comparing their Rf to that of similar molecules.279 The 

reaction mixture was purified by flash silica gel chromatography and precipitated out of 

Figure 111-2: Synthesis of polymerizable sorbyl fatty acid. The spacer (i.e. diol) chain length 

varied from 8 to 12 carbons. Saturated propionyl fatty acid was synthesized by the same 

reaction scheme; propionyl chloride was used instead of sorbyl chloride. 

o 
~OH 

45 I oxalyl chloride 

o 
~CI 

46 

HO- (CH2)n-OH 
(n = 8--->12) 

PyrJTHF 

~O--(CH2)n""'--OH 
47 

j 3 eq. POC, OMF 

~o (CH2In•1-C02H 

48 
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petroleum ether. A comparison of chromatography elution solvents, CH2CI2/MeOH (96:4) and 

HexlEtOAc/formic acid (90%) (100:20:1), showed the latter to give a cleaner separation of 

components. Mixtures of CH2CI2/MeOH have a tendency to cause the product(s) to streak on 

TLC, which results in the overlap of spots, while HexlEtOAc mixtures do not. Furthermore, 

POC is completely insoluble in HexlEtOAc and provides an effective way of eliminating trace 

amounts from the dissolved compound. The difficulty of using HexlEtOAc as an eluent is a 

result of the limited solubility of the fatty acid, thus making it necessary to use multiple columns. 

Table 111-1: Percent yield for the synthesis of sorbyl and propionyl alcohols, fatty acids and 

lipids of different spacer lengths. 

% YIELD a 

lENGTH OF DIOl ALCOHOL FATTY ACID MONO-PC b Bis-PC 

SORBVl 

8 53 39 93 80 

9 47 40 52 

10 56 52 72 66 

11 48 68 80 

12 46 26 63 

PROPIONVl 

12 64 76 86 75 

a maximum yields obtained; b for Sorbyl-C8 the sn-1 chain of the PC was myrisitoyl (C14), for 

Sorbyl-C10 and Propionyl-C12 the sn-1 chain of the PC was palmitoyl (C12) 
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Table 111-2: Melting points of long chain alcohols and fatty acid. 

lENGTH OF DlOl 

SORBYl 

8 

9 

10 

11 

12 

PROPIONYl 

12 

n.d. not determined 

MELTING POINTS (OC) 

ALCOHOL FATTY ACID 

16 67-68.5 

43-44 71-73 

33-34 54-55 

53-54 67-69 

43-44 54-56 

n.d. 44-45 
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B. Synthesis of Mono- and Bis-sorbyl-phosphatidylcholines. Mono- and bis-substituted 

phosphatidylcholines were synthesized by the method of Khorana and coworkers, which is 

depicted in Figure 111_3.270,271 Bis-substituted SorbPC was synthesized by reacting four 

equivalents of fatty acid (48) with L-glycerophosphorylcholine-cadmium chloride (GPC-CdCI2). 

The fatty acid was converted to the anhydride in situ with dicyclohexylcarbodiimide (DCC) 

followed by base catalysis with 4-(dimethylamino)pyridine (DMAP); the acylation catalysis 4-

pyrrolidinopyridine (PyPy) was also successfully used. Purification of DMAP (by repeated 

crystallization from chloroform/diethyl ether)273 as well as the elimination of moisture was 
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crucial to the success of the reaction. Hence, all starting materials were dried under high 

vacuum, the CHCI3 freshly distilled, and the reaction kept under an argon atmosphere in the 

Figure 111·3: Synthesis of mono- and bis-SorbPCs (43 and 44). 

GPC-CdCI2, 2 eq. DMAP 
3.2 eq DCC, 4 eq. fatty acid 

5 days, CHCI3 

'I 

bis-substituted 

44 

lyso-PalmitoyIPC,1 eq. DMAP 
1.6 eq DCC, 2 eq. fatty acid 

1 1/2 days, CHCI3 

o , 
'I 

n=7,9 
m=12,14 

CH 3 

mono-substituted 
43 
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dark. The lengthy reaction time, 4-5 days, was a result of the difficulty of completely acylating 

the 2° alcohol of GPC-CdCI2, as well as the heterogeneity of the reaction suspension. TLC of 

the reaction mixture showed that the reaction was more than 90% complete after four to five 

days, i.e. no change was observed in TLC corresponding to the disubstituted PC. The reaction 

mixture was filtered to remove the urea formed and stirred in an ion exchange resin AG 501-X8 

(BioRad). The ion exchange resin serves two purposes: 1) removal of the CdCI2 ion 

associated with GPC, 2) elimination of most of the acylation catalyst DMAP. The residue was 

then purified by flash chromatography. The synthesis of asymmetric mono-SorbPC was 

accomplished in a similar manner except that Iyso-palmitoylphosphatidylcholine was used 

instead of GPC-CdCI2 and the reaction time was cut down to 36-48 hrs. Shorter reaction times 

were utilized to limit the potential for migration of the sn-1 saturated acyl chain to the sn-2 

position. All final lipids were filtered through 0.45 (lm organic filters to remove residual silicic 

acid particles. 

The majority of problems associated with the synthesis of mono- and bis-SorbPC (43 

and 44) occurred during purification of the lipid. Both 2,3-acyl migration and hydrolysis of the 

lipid occurred during column chromatography on silica gel.174 The 2,3-diacyl migration to a 

1,3-diacylPC was previously reported by Lammers et al. and Ali and Bittman.275,280 The use 

of a shorter flash column rather than larger gravity columns decreased the chromatography 

time from 12-15 hrs. to 1 hr., and provided a cleaner separation of lipid products with a 

corresponding reduction in the amount of acyl chain migration on the column (observed by 

TLC: 1,3-diacyIPC, Rf 0.47-0.50; 1,2-diacyIPC, Rf 0.40-0.45 (CHCI3/MeOH/H20, 65:25:4). 

Furthermore, the use of Biosil A silicic acid (200-400 mesh: BioRad) specially treated for lipid 

purification, instead of regular flash silica gel (200-425 mesh; Fischer Scientific), greatly 

enhanced the separation of the reaction components. The use of flash chromatography, 

CH2CI2 opposed to CHCI3, and a silicic acid solid-support coupled with azeotroping the 

chromatography eluent with benzene eliminated any hydrolysis/methanolysis of the lipid during 
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workup. In earlier experiments, concentration of the chromatography fractions by rotary 

evaporation resulted in methanolysis of the PC.174 Since unstabilized chloroform contains 

small amounts of HCI and phosgene, the process of concentrating the chromatography eluent 

increased the concentration of acid. Litmus paper showed that the concentrated eluent was 

extremely acidic (pH 1-2), which is a good medium for acid hydrolysis/methanolysis of the lipid. 

Hence, a great deal of care was taken in working up the lipid fractions after chromatography. 

C. Synthesis of Bis-sorbyl-phosphatidylethanolamine. The synthesis of bis-SorbPE 

(50) was accomplished by the methods described by Thurmond and other researchers.281-283 

While phosphatidylethanolamines can be constructed via total synthesis, a more direct 

approach involving transphosphorylation of the choline to an ethanolamine moiety with 

phospholipase D was used since the PC was already in hand. 

Phospholipase D was obtained from Sigma Chemicals as a solid, as well as extracted 

from fresh Savoy cabbage (gift from R. Thurmond). The identical procedure was utilized 

regardless of how the enzyme was obtained. The PC was lyophilized from benzene to a fine 

powder to which an acidic buffer solution (pH 5.4) containing 4% ethanolamine was added 

along with the enzyme. The suspension was vortexed to uniformity, ether was added to initiate 

the reaction, which was then heated at 37°C with constant stirring. The progress of the 

reaction was monitored by TLC every hour; the PC spot (Rf 0.40-0.45) disappeared with the 

appearance of the PE spot (Rf 0.70, developing solvent CHCI3/MeOH/H20, 65:25:4); 

additional amounts of ether were added as needed. After 6 hrs. the reaction was roughly 70% 

complete and left to stand overnight. The reaction was quenched by adding EDTA and the 

crude material extracted from the aqueous mixture with CHCI3/MeOH. Purification by flash 

silica gel chromatography was similar to that already described for phosphatidylcholines. 



Figure 111·4: Conversion of bis-SorbPC (44) to bis-SorbPE (50) using phospholipase D. 
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CHAPTER IV 

THERMOTROPIC PHASE BEHAVIOR OF POL YMERIZABLE SORBYL 

PHOSPHATIDYLCHOLINES AND RELATED LIPIDS 

1. INTRODUCTION 

117 

Hydrated supramolecular assemblies of lipids possess a variety of interesting 

properties, among them the ability to undergo important structural changes with temperature. 

These include the well known gel-to-Iiquid crystalline phase transition of lipid bilayers (as 

described in Chapter I: Introduction), as well as the transition(s) from bilayer to nonbilayer 

(non lamellar) phases, e.g. inverted hexagonal (HII) or inverted cubic (QII). These processes 

are highly cooperative in nature and therefore occur at well defined temperatures. The 

observed thermal events result from changes in molecular packing in the nonpolar lipid chains 

and polar headgroup region.284.288 

Differential scanning calorimetry (DSC) has become a primary tool for the 

characterization of lipid bilayers since its inception in the late 1960's by Chapman.52,68,289,290 

The nonperturbing nature of DSC provides important advantages over other probe-based 

methods, especially for the study of lipid-lipid and lipid-protein mixtures. Furthermore, the 

advent of high sensitivity DSC in the mid-1970's by Sturtevant permitted the direct study of 

lipids at sample concentrations that are comparable to those used in many vesicle studies, as 

well as allow for an accurate determination of lipid purity.67,291,292 The thermotropic 

transitions are observed as maxima in the excess heat capacity vs. temperature endotherms 

(e.g. measurement of the heat absorbed (or released) by a sample as it undergoes an 

endothermic (or exothermic) phase transition). The main phase transition, T m, for the gel-to-

liquid crystalline transition is readily detected in addition to a) the total enthalpy (calorimetric 
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enthalpy) associated with the transition, ~Hcal; b) the van't Hoff enthalpy, ~HvH; and c) the 

cooperativity unit (CU). The van't Hoff enthalpy assumes that the lipid transition behaves as a 

two-state process, and is represented by the following equation: 

(d InKldT)p = AHvHIRr2 (IV-1 ) 

where K is the equilibrium constant.39 ~HvH can be obtained from equation IV-2 where ~Cp is 

the excess heat capacity and T the maximum temperature of the endotherm: 

AHvH = «ACp»max 4Rr2) 0. 5 (IV-2) 

The cooperative unit (CU) for the transition, defined as the number of lipid molecules 

undergoing the transition simultaneously, is represented by the ratio of the van't Hoff and 

calorimetric enthalpies (eq. IV-3): 

CU = AHvHIAHcal (IV-3) 

Perturbations by small molecules, peptides or proteins, and impurities resulting from lipid 

degradation cause lowering of the CU. Other perturbations of the lipid bilayer may also arise 

from a decrease in bilayer curvature (i.e. increase in vesicle size), which results in a parallel 

increase in both the van't Hoff and calorimetric enthalpies until a maximum value is reached. A 

much broader and lower T m (approximately 4-5°) is observed for SUVs due to packing 

constraints imposed by acyl chains and the chain disorder resulting from the high radius of 

curvature of small vesicles. It is for this reason that extended biiayers/MLVs are used for DSC. 

It has previously been shown that small changes in lipid structure, e.g. headgroup or 

acyl chain, can dramatically alter the T m and enthalpy of transition. Menger et al. reported a 
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systematic study of bilayer perturbation by the substitution of methyl and carbonyl groups in 

various positions on the (X and p chain (sn-1 and sn-2) of distearoylphosphatidylcholine (DSPC, 

51}.293-295 Both T m and ~Hcal are diminished by chain methyl substitution, with the largest 

decrease occurring when the methyl group is positioned near the midpoint of the hydrocarbon 

chain. Lewis and McElhaney examined the effect of acyl chain length on T m for a variety of 

terminally alkyl-branched phospholipids.296-300 The main transition for methyl iso- and 

anteiso-branched as well as ro-t-butyl and ro-cyclohexyl-containing PCs are depressed to 

Figure IV-1: Positions of methyl substitution on distearoylphosphatidylcholine (51). 
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differing extents relative to their unbranched analogues. Furthermore, short-chained methyl 

iso-branched, ro-cyclohexyl-, and ro-t-butyl-branched PC's exhibit odd/even alternation of the 

T m as the hydrocarbon chain length is sequentially increased by one carbon.296,299,300 PCs 

with unbranched acyl chains, i.e. straight chain PCs, do not show an odd/even alternation of 

the Tm. 

This chapter focuses on the phase behavior of lipids synthesized in Chapter III as well 

as those of co-workers. An understanding of the phase behavior of bilayers composed of 

polymerizable lipids is crucial to the design of new molecules and the supramolecular 

assemblies formed from these molecules. Although most studies of polymerizable lipids 

include calorimetric data,301 there is little systematic information and discussion of the effect of 

polymerizable groups on the thermotropic properties of hydrated bilayers. An examination of 

the thermotropic effect resulting from the incorporation of sorbyl, acryloyl, and methacyloyl 

polymerizable groups into the terminal-end of the lipid hydrocarbon chain(s) of ester PCs will 

be discussed. The direct comparison of lipids synthesized and purified by the same methods 

and analyzed with the same instrumentation permits new insights into the behavior of these 

interesting new bilayer assemblies. 

The lipids characterized in this study include mono-substituted PCs, i.e. PCs with a 

saturated hydrocarbon sn-1 chain and the polymerizable group in the sn-2 chain, and bis

substituted PCs, which have polymerizable groups in both the sn-1 and sn-2 chains. In 

shorthand notation, acryloyl, methacryloyl, and sorbyl functionalities are abbreviated 'Acryl., 

'Meth', and 'Sorb' respectively, followed by PC for phosphatidylcholine. The abbreviated name 

is followed by the appropriate prefix mono- or bis-. The total number of atoms in each main 

chain minus the hydrogens is represented by a subscript at the end of the abbreviated name 

(note: each carbonyl is counted as one atom). The two chains may differ in length and the 

subscripts represent the sn-1 and sn-2 chain length, respectively. Saturated (reduced) 

analogues of polymerizable PCs are propionate for the acryloyl, and hexanoate for the sorbyl, 
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which are abbreviated 'Prop' and 'Hex', respectively. The structure below illustrates this 

notation.* 

~o 
o 

o 

mono-SorbPC 16,17 

* This notation will only be used in this chapter. In Chapters V and VI, mono-SorbPC16,17 

and bis-SorbPC17,17 will be referred to as mono-Sorb PC and bis-SorbPC respectively, unless 

noted otherwise. 

2. EXPERIMENTAL 

All mono- and bis-SorbPC's, as well as the saturated analogues mono- and bis-

PropPC16,16, were synthesized as described in Chapter III. Mono- and bis-MethPC16, 16 and 

-AcryIPC16,16 were synthesized and analyzed by Todd Sells.223 Saturated bis-HexPC17,17 

was synthesized and analyzed by Youn-Sik Lee. 166 

A. Differential Scanning Calorimetry. The lipids were lyophilized from benzene to a 

floculent powder and hydrated to a concentration of either 1 or 1.5 mg/mL with degassed buffer 

(10 mM Na2HP04/150 mM NaCI at pH 7.4). Concentrations were determined by accurately 

weighing out known amounts of lipid (typically 5-10 mg) and adding the appropriate volume of 

buffer; in mixed lipid systems of DPPClbis-SorbPC17,17 each lipid was weighed out 



122 

individually. Lipid suspensions were vortexed at temperatures greater than the T m for 3-5 

minutes until uniformity was observed, followed by ten freeze-thaw cycles (isopropanol/dry ice 

temp to RT). High-sensitivity calorimetric thermograms were obtained on aqueous buffer 

aliquots (1.2631 mL cell volume) of lipids having endotherms at temperatures above O°C with a 

Microcal model MC-2 differential scanning calorimetry. A scan rate between 10 and 15°/hr was 

employed for all high-sensitivity measurements. 

Extended bilayers of bis-SorbPE17,17 were prepared in a similar manner to that 

described above (conc. 1.5 mg/mL). The sample was extensively vortexed and freeze-thawed 

until it became homogeneous. The suspension was then incubated at 45ClC for 1 hr, cooled 

slowly to room temperature, and incubated at 4°C for =15 hrs. After the third DSC scan, the 

sample was cooled to 4°C and incubated for a further 18 hrs. 

B. 31p NMR Spectroscopy. Approximately 25 mg of bis-SorbPC17,17 was hydrated 

with buffer (2 mM TES, 2 mM imidazole, and 150 mM NaCI at pH 7.4) to a concentration of 

about 100 mg/mL , and vortexed. In order to ensure that small, unilamellar vesicles were not 

present, the sample was freeze-thawed at least 10 times in 2-propanol/dry ice and allowed to 

warm from the last freeze at 4°C for 20-30 min. 

The hydrated suspension was sealed in an 8-mm tube which was placed in a 10-mm 

NMR tube containing ethylene glycol. This provided good thermal contact between the sample 

and the probe and a uniform distribution of temperature in the sample. The temperature was 

controlled to ±O.2°C with the variable temperature unit of the NMR instrument. In order to 

maintain constant hydration, a reservoir of water was placed in the NMR tube above the 

sample. Proton-decoupled 31 P NMR spectra were acquired on a General Electric GN-500 

spectrophotometer operating at 202.5 MHz (11.7 T) using the phase-cycled pulse sequence 

(900-t1-1800-t2-acquisition) n. The number of acquisitions ranged from 4500 to 6000, the 90° 

pulse length was 25 Ils, the delay t1 was 13 Ils, the time before acquisition t2 was 10 IlS, and 

the cycle between sequences was 2 s. A line broadening of 80 Hz was used by applying an 
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exponential multiplication function to the free induction decay before Fourier Transformation. A 

series of spectra was acquired over the temperature range 25-62°C, with the sample 

equilibrating thermally for at least 30 min. 

C. UV Spectroscopy. Lipid samples of mono-SorbPC16,17 and bis-SorbPC17,17 were 

dried down as described previously, followed by hydrating with Milli-Q water to a final 

concentration of 5 ~mole/mL. The samples were vortexed to uniformity, freeze-thawed 10 

times, and extruded 10 times through 2 stacked Nuclepore polycarbonate 0.1 ~m pore size 

filters (Costar; Cambridge, MA; see Chapters V and VI for detail procedure). 

The filtered vesicles were diluted in Milli-Q water to a final concentration of about 10-5 

M and the UV absorbance measured on a Varian DMS-200 UVNis Spectrophotometer 

(Victoria, Australia). The temperature of the sample was controlled to ±0.5°C by a 

thermostated cell holder connected to a refrigerated constant temperature circulator (VWR, 

model 1165). A series of spectra was acquired for each sample over the temperature range 

10-50 °C, with the sample thermally equilibrating for 15 min. between scans. 

D. UV Polymerization of mono-SorbPC. Extended bilayers of mono-SorbPC14,15 

were prepared in a manner identical to that described for DSC samples. The lipid suspension 

was placed in a 3 mL quartz cuvette and photopolymerized for 75 min. by exposure to 254 nm 

light from a low pressure Hg-Iamp located 1 cm away. The sample was agitated by bubbling 

argonthrough the cuvette. The loss of monomeric mono-SorbPC14,15 was monitored by the 

decrease in the sorbyl chromophore at 256 nm.165,230 A description of the polymerization of 

SorbylPC's is given in Chapter V. 
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3. RESULTS 

DSC heating curves were obtained on each of the Sorbyl polymerizable PCs and the 

Acryloyl saturated analogues (See Appendix C for individual scans and calorimetric data for all 

scans). The thermodynamic parameters reported are the average of two different samples, 

each of which was scanned three times (Table IV-1). The main phase transition temperature 

(T m), calorimetric enthalpy (.1Hcal), and the cooperative unit (number of lipids undergoing the 

phase transition at the same time, as defined in equation IV-3) of all lipids to be discussed are 

reported in Tables IV-1 and IV-2, including lipids synthesized and analyzed by both Sells and 

Lee.166,223 

A. Barby/ pes. Aqueous dispersions of five bis-substituted and two mono-substituted 

SorbPCs of different chain lengths were studied (Table IV-1). Representative endotherms are 

shown in Appendix C. Each SorbPC lipid exhibited a single sharp transition. Pretransitions 

were not observed in these samples. In some cases repetitive calorimetric scans produced 

thermograms, which were progressively broader, with slightly depressed T m and smaller lipid 

cooperativity. This unusual behavior could possibly be due to the formation of small amounts 

of fatty acids due to hydrolysis of the PC during the heating scans to 65°C,296 as well as low 

conversion of lipid to polymer. However, in our experiences the SorbPCs do not polymerize on 

heating in the absence of initiator. Low levels of impurities « 1%) which are not readily 

detected by TLC or 1 H-NMR will cause broadening of the main transition with a decrease in the 

lipid cooperative unit. 296 Samples of both bis-SorbPC15,15 and bis-SorbPC19,19 exhibited 

broad main transition endotherms indicating poor lipid cooperativity. This broadening of the 

endotherm could either be a function of the lipid phase behavior, or due to the presence of 

undetected impurities. Greater lipid cooperativity was evident for the hydrated bilayers of bis

SorbPC16,16, bis-SorbPC17,17 and bis-SorbPC18,18. 
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The T mat 28.80 C observed by DSC for bis-SorbPC17,17 was substantiated by X-ray 

diffraction and 31 P NMR spectrometry. The X-ray diffraction revealed a transition from a well 

ordered gel state to a disordered liquid-crystalline state as the sample was thermally cycled 

from temperatures below to above 29°C.302 The 31 P NMR spectrum of the sample in the 

same temperature region showed a decrease in the basal line width above the T m as expected 

for the increased motion and axial symmetry of the phosphate headgroup on the 31 P NMR 

time scale (Figure IV-2).58 

Table IV-1: Thermodynamic characteristics of the heating endotherms of mono-and bis-sorbyl 

phosphatidylcholines and the bis-hexanoate analogues. 

PC Tm (OC) a AH (keal mol-1) b CUe 

bis-SorbPC15,15 18.5 9.98±O.85 63±2 

bis-SorbPC16,16 6.9 6.77±O.14 140±14 

bis-SorbPC17,17 28.8 7.48±O.16 167±9 

bis-SorbPC18,18 30.3 10.83±O.14 210±6 

bis-SorbPC19,19 42.5 10.83±O.14 75±7 

mono-SorbPC14,15 11.0 6.99±0.62 166±32 

mono-SorbPC16,17 36.1 10.5±O.29 202±22 

bis-HexPC17,17 d,f -5.0 (-7.5)e 10.7±O.2e nd g 

a The T m values varied by less than ±0.1 ° between successive runs; except for the bis

HexPC17,17. b The AH values quoted are the average of the total enthalpy for successive 

runs. c The CU values are the average for successive runs. d Samples exhibiting T m below 

O°C were hydrated in aqueous ethylene glycol: 35% ethylene glycol/aqueous buffer for 

Microcal MC-2 DSC; and 44% ethylene glycol/aqueous buffer for Perkin Elmer DSC-7. e 

Measured by Perklin Elmer DSC-7. f Determined by Youn-Sik Lee. g nd-Not determined. 
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Figure IV-2; 31 P NMR spectra of extended bi/ayers of bis-SorbPC 17, 17 below (2SDC) and 

above (30DC) the main phase transition. 
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Besides changes in 31 P NMR and X·ray diHraction, LUVs composed of SorbPC exhibit 

different UV absorption below and above their T m's. Figures IV-3 and IV-4 depict a series of 

absorption spectra for mono·SorbPC16,17 and bis·SorbPC17,17 as the LUVs are heated from 
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the gel to liquid-crystalline state, respectively. In the case of mono-SorbPC16,17, warming the 

LUVs through their T m shifts the absorption from 244 to 253 nm with an increase in the 

extinction coefficient (Figure IV-3). Vesicles of bis-SorbPC17,17 show a similar absorption shift 

from 233 to 254 nm with an increase in the extinction coefficient as the sample is warmed from 

10°C to 30°C (Figure IV-4). The change in the absorption spectrum for bis-SorBPC17,17 is 

further characterized by a clean isosbestic point at 237 nm. 

Figure IV-3: UV absorption spectra of mono-SorbPC16,17 LUVs as they are heated from 

below to above their T m. 
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Figure IV-4: UV absorption spectra of bis-SorbPC17,17 LUVs as they are heated from below 

to above their T m. 
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The melting temperature of the sorbyl alcohols and fatty acids, as well as the T m of the 

bis-SorbPCs, are plotted as a function of acyl chain length in Figures IV-5 and IV-G, 

respectively. The sorbyl alcohol shows a distinctive odd/even alternation of the melting point 

with increasing hydrocarbon chain length; the melting paint of alcohols with an even number 

chain length is greater than the average of the melting paints of the two nearest odd number 

chain length alcohols. The melting point behavior of the sorbyl fatty acids shows a similar 

odd/even alternation. Odd/even melting point behavior is characteristic of saturated 

alkanes,303 as well as some alkyl substituted fatty aCids.296,297,299,300 The T m of the bis-

SorbPCs is also dependent on the lipid chain length in alternating even-odd manner. Figure 
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IV-6 shows that the T m of lipids with even number chains is lower than the average T m of the 

two adjacent odd number chain lipids in the series. In the case of the three lipids with chain 

lengths 15, 16, and 17, the bis-SorbPC16,16 has a lower Tm than each of the other two. 

Comparison of lipids with chain length 17, 18, and 19 shows that the T m for bi&SorbPC18, 18 is 

lower than the average of the other two, but still greater than that of bi&SorbPC17,17. These 

data indicate that the apparent odd/even effect is attenuated as the chain length is increased. 

Figure IV-5: Chain length dependence of the melting point of long chain sorbyl alcohols and 

fatty acids. 
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Fjgure IV-6: Chain length dependence of the gel/liquid-crystalline phase transition 

temperature, T m, of bis-SorbPCs. 
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A comparison of T m values for bis-SorbPCs and the corresponding saturated chain 

acylPCs of the same chain length reveals a notable depression in T m for all of the SorbPCs 

(Figure IV-6). This effect is especially pronounced when lipids of even number chain length are 

compared, e.g. bis-SorbPC16,16 has a T m of 6.goC compared to 41.4°C for 

dipalmitoylphosphatidylcholine (OPPC, PC16,16), because the saturated PCs do not exhibit an 

odd/even alternation in T m values. 

Two mono-substituted SorbPCs were examined and each showed a single endotherm 

(Table IV-1), as was the case for the bis-SorbPCs, which presumably corresponds to the 

gel/liquid-crystalline phase transition. The longer chain mono-SorbPC16,17 (sn-1, palmitoyl 
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chain; sn-2, sorbyl fatty acid 17 atoms in length) showed a higher T m, enthalpy, and 

cooperative unit than the shorter mono-SorbPC14,15. Comparison of the T m for the mono

SorbPCs to that of unbranched saturated PCs is complicated by the unequal length of the sn-1 

and sn-2 chains in the mono-SorbPCs. An estimate of the expected T m for a PC with a 14-

carbon sn-1 chain and 15-carbon sn-2 chain can be obtained by averaging the values for 

PC14,14 and PC14,16, which are 23.60 and 350C,292 respectively. This suggests that the T m 

of PC 14, 15 should be about 2g0C. A similar analysis for PC16, 17 predicts tho T m value to be 

near 450C (based on the reported T m of 41.40 for PC 16, 16 and 4g0 for PC 16,18292). These 

estimated values indicate that the T m of the shorter chain mono-SorbPC14,15 is depressed by 

180, whereas the incorporation of the reactive sorbyl ester into the longer chain mono

SorbPC16,17 reduces its T m by gO from that expected for a saturated PC16, 17. The apparent 

effect of chain length on the magnitude of the perturbation of T m will be considered further in 

the Discussion. 

Photopolymerization by UV-light of extended bilayers of mono-SorbPC14,15, followed 

by DSC analysis, resulted in total disappearance of the lipid's phase transition (Figure IV-7). 

The loss of the thermotropic transition from the gel/liquid-crystalline phase indicates 

entanglement and/or a steric arrangement of the linear polymer chains formed during 

photolysis, which in turn prevents a cooperative lipid phase transition. The disappearance of 

phase behaviour by photopolymerization has been previously reported by Buschl et al. for 

diacetylenic amphiphiles.304 Polymerization of mono-AcrylPC16,16 by AIBN initiation also 

resulted in disappearance of the gel/liquid-crystalline phase transition, as observed by DSC 

and fluorescence photobleaching recovery experiments.223,305 
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Figure IV-7: High-sensitivity DSC heating thermogram of polymerized mono-SorbPC14,15. 

Thermograms were obtained at a scan rate between 10 and 12°/hr. Polymerization was 

accomplished by exposing the suspension to a UV low pressure Hg-Iamp. The extent of 

polymerization was monitored by UV spectroscopy. 
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8. Saturated ester lipid models for aeryloyl and sorbyl pes. Saturated ester-

substituted lipids, which are identical in acyl chain length and carbonyl location to the mono-

and bis-AcryIPC16.16, were prepared as model lipids to distinguish between the effect of the 

ester chain substitution and the presence of double bond(s) in the lipid tail on the lipid phase 

behavior; the synthesis and analysis of the saturated analog of bis-SorbPC17,17 has previously 

been reported by Youn-Sik Lee and is included.166 Each of these saturated ester PCs 
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exhibited a single main transition (Tables IV-1 and IV-2) with even lower T m values than the 

corresponding AcrylPC and SorbPC lipids. The T m of mono-PropPC16,16 at 26.1°C is 5.7° 

lower than that of mono- AcrylPC16,16, while the T m of bis-PropPC16,16 at 20.7°C is 9.3° 

below that of the bis-AcryIPC16,16. The effect of each saturated ester group appears to be 

additive. A greater effect was observed for bis-HexPC17,17, which showed a T mat -5.0°C 

(-7.5°C when measured by low-sensitivity DSC). This was a 32° decrease in T m compared to 

parent bis-SorbPC17,17 and a 54° decrease from that of the completely saturated 

dimargonylPC (PC17,17, Tm=49°C). The difference in Tm between bis-PropPC16,16 and 

PC16,16 was 210. In the latter case the carbonyl group is closer to the lipid chain terminus. 

Table IY-2: Thermodynamic characteristics of the heating endotherms of mono- and bis

acryloyl and methacryloyl phosphatidylcholines and the saturated mono - and bis-propionate 

analogues. 

PC Tm (OC) a LlH (kcal mole-1) b CUe 

mono-AcrylPC16,16 e 31.8 8.90±0.42 72±10 

bis-AcrylPC16,16 e 30.0 6.90±0.59 118±20 

mono-MethPC16,16 e 11.4 10.50±0.25 38.0±0 

bis-MethPC16,16 d,e -4.4 5.30±0.26 96±6 

mono-PropPC16,16 26.1 12.77±O.85 71.4±4 

bis-PropPC16,16 20.7 12.31±1.01 115±14 

a The T m values varied by less than ±O.1 ° between successive runs. b The LlH values quoted 

are the average of the total enthalpy for successive runs. c The CU values are the average for 

successive runs. d Sample was hydrated in 35% ethylene glycol/aqueous buffer. e Data was 

obtained from Sells.223 
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C. Lipid Mixtures - mono-SorbPC16,17IDPPC. Aqueous dispersions of mono-

SorbPC16,17 containing different molar amounts of OPPC were examined to see if and where 

homogeneous mixing between lipids in the liquid-crystalline phase occurred. Heating 

endotherms of the different mixtures are depicted in Appendix C. The calorimetric data, which 

includes the temperatures for the onset and end of the transition as well as the enthalpy of the 

transition, are displayed in Table IV-3. A phase diagram describing the thermotropic behaviour 

of the mixture was constructed from the onset and end of the transition temperature (Figure IV-

8). The observed pre- and main transition for OPPC, 35.1 and 41. 7°C respectively, correspond 

well with those reported in the Iiterature.39 The addition of mono-SorbPC16,17 to OPPC lowers 

Figure IV-8: Phase diagram for OPPC and mono-SorbPC16,17 constructed from the onset and 

completion temperature of the thermotropic transition of the indicated hydrated lipid mixtures. 

The data was fitted with a polynomial of order 5. 
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Table 1V-3: Thermodynamic characteristics of the heating endotherms of a mixture of DPPC and mono-SorbPC16,17. 

Mole % mono- I Tm (OC) I Onset (OC) I End (OC) ~Hcal CU 
SorbPC16,17 (kcallmol) 

MAIN mANSITION 

0 41.7±O.1 41.2±O.1 41.9±0.1 7.43±O.76 711±86 

16.6 40.1±0.1 38.8±O.1 41.6±0.3 9.10±O.28 61±14 

25.3 39.2±0.1 37.2±O.O 40.2±O.O 10.38±O.47 55±1 

34.3 38.4±0.O 36.8±O.1 39.1±O.O 9.09±O.88 144±36 

51.1 38.0±0.0 36.0±O.1 38.9±O.1 10.97±O.61 105±5 

62.2 37.1±O.0 35.7±O.1 38.4±0.O 14.99±1.59 64±12 

86.0 36.9±0.O 34.4±O.O 37.4±O.O 10.90±O.75 69±8 

100 35.6±0.1 33.2±O.1 36.3±0.1 12.27±O.O8 82±6 

PREmANSITION 

0 35.1±0.1 34.1±O.0 36.HO.O 1.34±O.10 302±52 

16.6 38.2±0.2 37.6±O.1 38.8±0.1 O.41±O.27 142.8±39.0 
~ 

Ul 
01 
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the main transition while increasing the pre-transition, with the pre-transition disappearing when 

25 mole % of the polymerizable lipid was added. In the La region of Figure IV-8 both lipids are 

assumed to be mixed homogeneously since they are of similar chain length and their individual 

transition temperatures do not vary by more than 20° (see Chapter 1-5.A). However, 

homogenous mixing of lipids in the Lp phase probably does not occur.83,84 

The disappearance of the pretransition is also observed for scans 2 and 3 of mono

SorbPC16,17/DPPC containing 16.6% of the pol~'merizable lipid (see Appendix C). This is 

most likely the result of insufficient incubation of the sample at low temperature. In the initial 

DSC scan the sample was incubated at 4°C for a minimum of 2 days, while subsequent scans 

are incubated in the calorimeter for approximately one hour. Similar dependences on 

incubation time and pretransitions have been reported for other Iipids.296,297 These results 

are further discussed in Chapter V where mixtures of these two lipids are thermally 

polymerized at 60°C (La phase) with the radical initiator AIBN. 

D. Bis-SorbyIPE. The effect of headgroup type, phosphatidylcholine versus 

phosphatidylethanolamine, on the main phase transition was examined in a preliminary manner 

with bis-SorbPE17,17 (Figure IV-9). Formation of a homogenous hydrated sample (conc. 1.5 

mg/mL) involved extensive vortexing and freeze-thaw cycles of the PE, which was then 

incubated at low temperatures for 15 hrs.86,290 The initial DSC scan of the PE exhibited a 

single broad main transition at 36.1 °C, while subsequent scans 2 and 3 were preceded by first 

an exothermic, then endothermic peak, with slightly lower T mS of 35.6 and 35.0°C, respectively 

(Figure IV-9; scan 2 is not shown). The broadening of the main transition of the PE appears to 

be a result of the difficulty in completely hydrating the phosphatidylethanolamine headgroup. 

Incubating the PE sample at 4°C in the DSC for 18 hrs, as opposed to ===1 hr for scans 2 and 3, 

eliminated the appearance of any exothermic peaks. The resulting main transition endotherm 

was broader and slightly lower at 34.7°C. An examination of the ilHo of the first and last DSC 
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Figure IV-9: High-sensitivity DSC heating thermogram of bis-SorbPE17,17. Thermograms 

were obtained at a scan rate between 10 and 12°/hr. Scans #2 (not shown) and #3 were 

equilibrated for =1 hr. in the DSC after scanning (instrument cooled from 90 to 4°C). Scan #4 

was incubated in the DSC at 4°C for 18 hrs. 
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scans shows the latter decreasing from 11.32 to 10.10 kcal mol-l, a difference of 1.22 kcal 

mol-1. These data could not be compared to scans taken in between, e.g. scans 2 and 3, 

since the appearance of the exothermic peak adjacent to the endothermic transition did not 

permit the accurate drawing of a baseline necessary for analysis. 

A comparison of the T m values of bis-SorbPE17, 17, 36. PC, and that corresponding to 

bis-SorbPC 17, 17, 28.8"C, shows the latter being lower by 7.3~. Furthermore, a smaller ~W 
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was measured for the PC at 7.48 kcal mol-1, compared to 11.32 kcal mol-1 for the PE. The 

higher thermotropic properties of the PE are discussed further in this chapter. 

4. DISCUSSION 

The thermotropic effects caused by the incorporation of polymerizable substituents into 

the terminal ends of the lipid chains are consistent with previous studies of branched chain 

lipids and reveal important aspects of these hydrated lipid assemblies. In all cases the 

incorporation of an ester functionality, whether containing a polymerizable moiety or its 

saturated analogue, into the hydrocarbon chain resulted in a depression of the main phase 

transition, T m, compared to that of saturated unbranched PCs of similar chain length. These 

results are consistent with the previous studies of Lewis and McElhaney on methyl iso- and 

anteiso-branched, ro-cyclohexyl-, and root-butyl-substituted PCs.296-300 Methyl sUbstituents at 

various positions on the sn-2 chain of PCs decrease T m to different extents depending upon 

the location of the methyl group on the chain.293 In order to account for the decreases in both 

T m and enthalpy it is necessary to examine the energetics of the transition process. The gel 

phase is characterized by fully extended hydrocarbon chains having all-trans conformations. 

At the phase transition there is a reduction in van der Waals interchain interactions and an 

increase in the number of gauche C-C linkages. Schindler and Seelig calculated a value of 4.3 

gauche conformers/chain based on 2H NMR.55 Recent FT-IR studies reported that there are 

between 3.6 and 4.2 gauche conformers/chain for deuterated-DPPC analogues,64 and 3.7 

gauche conformers/chain in DPPC.63 This results in an increase in the molecular area by 6 

A2/molecule and a decrease in the bilayer thickness by 20%.13 Nagle has shown that van der 

Waals interchain interactions contribute 4.1, 5.5, and 7.3 kcallmol to the enthalpy of transition 

for PC14,14 (DMPC), PC16,16 (DPPC), and PC18,18 (DSPC), respectively.13,306 The 
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introduction of a methyl group or other branching substituent reduces the attractive van der 

Waals interactions and significantly decreases the T m and enthalpy of transition. McFarland 

and McConnell suggested that the lipid chains are endowed with a critical bend near their 

center which divides the chains into two segments of comparable length.307 The segment 

associated with the headgroup lies at a 30° angle from the membrane surface, while the lower 

segment lies perpendicular to the surface thus creating more space for the chain to maneuver. 

Substituents near the center of the chain stabilize the critical bend that develops when the gel 

phase reorganizes into a liquid crystalline phase, thereby appreciably lowering the T m and 

aHcal relative to that of an unbranched lipid. Since the chain segment between the central 

bend and the terminal methyl permits the segments to rotate along the locus of a cone with the 

bend at its apex, there is more interaction space available near the chain terminus for the 

accommodation of branching or kinking. Therefore a substituent near the end of the chain 

causes far less packing distortion than a mid-chain substituent. The effects observed in this 

study of polymerizable PCs will be considered in light of these previously observed trends. 

One of the main features of the present results is the pronounced odd/even alternation 

in the T m observed for the bis-SorbPCs (Figure IV-S). Somewhat similar behavior was 

reported for ro-cyclohexyl-, ro-t-butyl-, and short chain methyl iso-branched PCs.296,299,300 

Lewis and McElhaney reported that the odd-even effect is enhanced in compounds that contain 

bulky substituents such as a t-butyl or cyclohexyl at the ro-position and a polar component at 

the a_position.299,300 While the sorbyl moiety is not as bulky as a cyclohexane ring, the 

protruding ester carbonyl and relative stiffness of the trans-diene appear to be sufficient to alter 

the packing in the crystal lattice between odd and even length chains. Odd/even 

discontinuities are also often observed in the solid-state behavior of several long chain 

paraffins as well as in the melting points of a variety of fatty acids.296,300,303,308,309 The odd 

and even chain length sorbyl alcohols and fatty acids also exhibit alternating melting points with 

chain length (Figure IV-S). The observed solid-state phenomenon results from different end-
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group interactions which in tum affect the tilting of odd and even length chains during formation 

of the crystalline lattice. 

Consideration of the preferred conformation of glycerol ester lipids suggested by the 

crystal structure of dimyristoylPC (PC14,14) dihydrate71 ,310 provides a basis for understanding 

the odd/even alternation observed in certain substituted PCs. Groups attached near the 00-

terminus of the sn-1 and/or sn-2 acyl chain of a PC are nonequivalent since the sn-1 chain 

penetrates further into the bilayer. If the SorbPC acyl chains have similar orientations to those 

of PC14,14, then the mode of interaction between substituents on the sn-1 and sn-2 chains will 

depend on whether there is an odd or even number of atoms in the chain. Figure IV-10 shows 

the preferred conformation of bis-SorbPC16,16 and bis-SorbPC 17,17, respectively, which were 

derived from the structure of PC14,1471,310 by extending and modifying the two acyl chains to 

incorporate the terminal sorbyl ester groups. In each drawing the sorbyl ester carbonyl on the 

sn-1 chain points towards a neighboring lipid which would be located either in front of the plane 

of the page or behind the plane of the page. The energetic contribution of this carbonyl should 

be similar in each compound. The sorbyl ester carbonyl on the sn-2 chain of these lipids is 

oriented in the plane of the page. In the case of the even chain bis-SorbPC16,16 the sorbyl 

carbonyl is directed towards a neighboring lipid chain, whereas in the odd chain lipid (bis

SorbPC17,17) it is directed towards the second chain of the same lipid. The carbonyl-

methylene interaction of the sn-2 chain sorbyl ester carbonyl appears to be predominantly 

intermolecular or intramolecular depending on whether the chain length is even or odd, 

respectively. Energetic differences between intramolecular and intermolecular interactions are 

expected to exist regardless of the lipid chain tilt to the bilayer normal. Therefore PCs with 

either even or odd numbered chains may have similar crystallographic structures yet differ in 

their energetics. A similar explanation was used to describe the odd/even alternation exhibited 
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Figure IV-l0: Drawings of the all-trans extended conformation of bis-SorbPC16,16 (left) and 

bis-SorbPC17,17 (right). 

Bis-SorbPC16•16 Bis-SorbPC17.17 
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by co-t-butyl PCs,300 whereas differences in acyl chain tilt were proposed to account for the 

odd/even behavior in ro-cyclohexyl300 and short chain methyl iso-branched PCs.296 Note that 

the odd/even effects observed for short chain methyl iso-branched PCs can also be explained 

by intra- or intermolecular interactions between methyl groups and nearest neighbor 

methylenes, e.g. methyl iso-branched PCs of odd number chain length have their methyl 

groups directed inward in the same manner as the carbonyl of odd length SorbPCs. Both 

types of substituents influence the T m in a similar fashion. In other words, PCs with either alkyl 

or carbonyl substituents oriented in a manner that gives preferential intramolecular interaction 

have higher T m values than PCs where the orientation of the substituents favors intermolecular 

interaction. In the latter case the substituents perturb the bilayer to a greater extent with a 

consequent destabilization of the gel phase and stabilization of the liquid-crystalline phase. 

The increased molecular area per molecule due to the formation of kinks in the lipid chain at 

temperatures above the T m will be stabilized by substituents which point away from the lipid. 

On the other hand substituents directed towards the other chain of the same lipid will have a 

smaller stabilizing effect on the liquid-crystalline phase. 

The significant difference in thermotropic behavior between bis-SorbPC15,15 and bis

SorbPC16,16 signals the presence of either a more stable gel phase in the former lipid, or a 

more disordered liquid-crystalline phase in the latter lipid. This is reflected in the transition 

entropy (~S), which was 34 cal mol-1 K-1 for bis-SorbPC15,15 and 24 cal mol-1 K-1 for bis

SorbPC16,16' Since both odd and even SorbPCs should have a similar degree of disorder in 

the liquid-crystalline phase, the larger ~S for bis-SorbPC15, 15 points to the formation of a more 

stable gel phase. The studies of McElhaney and coworkers296,299,300 indicate that PCs with 

branched terminal groups can form different types of gel phases depending on whether the 

chain has an even or odd number of atoms. Although there is no spectroscopic evidence for 
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the existence of different types of gel phases for the SorbPCs, this possibilty will be explored in 

future work. 

It can be seen in Figure IV-S and Table IV-1 that the decrease in T m for the longer 

even chain length bis-SorbPC18,18 is less than that of the shorter chain bis-SorbPC16,16. If 

the phase transition temperatures of all bis-SorbPCs were linearly dependent on acyl chain 

length over the range investigated, the even length PCs of 16 and 18 atoms would have 

predicted T mS of 23.2 and 3S.7°C (computed from the midpoint of adjacent odd length 

SorbPCs). However the differences between the predicted and the experimental T mS were 

16.3 and S.4°, respectively. This probably a consequence of the free energy stabilization 

contributed by van der Waals interchain interactions, which increase with the acyl chain length. 

Eventually the van der Waals interactions are sufficiently greater than the energy associated 

with the steric effects of the carbonyl oxygen that they dominate bilayer stabilization. The 

odd/even discontinuities in T m observed in Figure IV-S should eventually disappear for long 

enough acyl chains. 

The phase behavior observed for mono-substituted SorbPCs, mono-SorbPC14,15 and 

mono-SorbPC16,17, resembles that of the corresponding odd chain length bis-substituted PCs, 

because the sorbyl ester carbonyl on the sn-2 chain is oriented to primarily favor intramolecular 

interactions. Comparison of the T m values for these two lipids to those of the corresponding 

unbranched saturated chain pes indicates that the ester carbonyl in mono-SorbPC14,15 

reduces the T m by 180C and in the mono-SorbPC16,17 the T m is reduced only gO. These data 

may be interpreted in the same manner as proposed for the bis-SorbPCs, i.e. the van der 

Waals chain interactions become relatively more important as the chain length increases and 

the ester carbonyl is displaced further from the lipid backbone. 

Examination of the absorption spectra for either mono-SorbPC16,17 or bis

SorbPC17,17 indicates different bilayer packing of the lipids below and above the lipids' T mS. 

Tyminski et al. reported a hypsochromic absorption shift for sorbyl-containing amphiphiles.230 
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They describe the absorption sensitivity of dlenoate/diene amphiphiles towards solvent polarity 

as well as to chromophore aggregation. In the liquid-crystalline state, both mono-SorbPC16,17 

and bis-SorbPC17,17 exhibit similar absorptions to that observed in isotropic media (e.g. 

methanol), where the amphiphile's conformation minimizes the ground-state interactions 

between chromophores. Decreasing the temperature below the T m resulted in a hypsochromic 

shift with a diminished extinction coefficient (Figures IV-3 and IV-4), indicating that the sorbyl 

group is aggregated in the bilayer solid-like phase. A similar spectral shift is observed upon the 

formation of dimers and higher aggregates of dye molecules in monolayers and absorbed on 

sUrfaces.311 A comparison of mono-SorbPC16,17 and bis-SorbPC17,17 shows the latter to 

strongly favor bilayer-induced aggregation. The larger spectral shift for bis-SorbPC17,17 is 

expected since the concentration of sorbyl groups in the bilayer is doubled over that of mono

SorbPC16, 17, increasing the probability of dimers or larger aggregates in the solid phase. 

Previously, mono- and bis-substituted PCs containing either acryloyl or methacryloyl 

substituents (Table IV-2) in the hydrocarbon chain terminus have been examined.223 It is 

helpful to recall the effect of simple methyl substitution at various positions of the sn-2 chain of 

distearoylPC (PC18,18).293 Methyl substitution at carbons 4,10, or 16 of PC18,18 caused a 

decrease in the T m from 54.8 to 41.5, 5.6, and 38.5°C, respectively. A parallel decrease in 

transition enthalpy was observed as the methyl substituent position was varied along the 

hydrocarbon chain. Note that in each of these cases an even-numbered carbon was the site of 

methyl substitution, which favors intramolecular interaction. The ester-carbonyl of both acryloyl 

and methacryloyl PCs are located in the same position on the acyl chain as the methyl group of 

methyl-anteisoDPPCs described by Lewis and McElhaney.297 The ester-carbonyl of mono

Acry1PC16,16 decreases the T m by about 11 0 from that of PC16,16, whereas the effect of the 

methyl in the equivalent length methyl-anteisoPC is a decrease in T m by 320 . This is probably 

a consequence of the smaller volume occupied by the carbonyl compared to a methyl 

substituent which rotates about the C-C bond. The T m of mono-MethPC is much lower than 
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that of the mono-AcrylPC, since the methacryloyl group contains both a carbonyl in the anteiso

position and a methyl group in the iso-position, thereby occupying an even greater volume in 

the chain terminus with increased van der Waals attraction forces. 

Comparison of the T mS of bis-AcryIPC16,16 (30.00 C) and bis-SorbPC16,16 (6.90 e) 

illustrates the combined effect of the location of the ester group along the 16-atom chain and 

the orientation of the terminal-ester carbonyl in a manner that favors either intermolecular or 

intramolecular interactions. In bis-AcryIPC16,16, the ester carbonyl is located at the C-14 

position of the acyl chain, which as noted earlier causes a 11 0 decrease in the T m from that of 

the reference PC16,16 (DPPC). The sn-2 ester carbonyl at this chain position is expected to 

primarily interact intramolecularly with the neighboring acyl chain of the same lipid. In contrast 

the bis-SorbPC16,16 ester carbonyl is located at the C-11 position of the acyl chain, where it is 

closer to the critical bend at the chain mid-point. The decrease in T m is consistent with the 

trends expected from the previous methyl substitution studies. However the effect is magnified 

by the orientation of the sn-2 sorbyl-ester carbonyl at the odd-atom chain position, which favors 

intermolecular carbonyl-methylene interaction leading to a greater decrease in T m. 

In a preliminary manner the influence of unsaturation, resulting from the polymerizable 

moieties in the acyl terminus, on the lipid's T m was examined. The saturated analogues of 

mono- and bis-AcrylPC16,16 and bis-SorbPC17,17 exhibit significantly lower T mS than the 

parent polymerizable lipids. This effect appears unusual considering that unsaturation in the 

acyl chain reduces the van der Waals attraction forces due to poorer bilayer packing and 

effectively lowers the enthalpic parameters for melting. However, trans-olefins and dienes 

cause less disruption of the bilayer packing than the corresponding cis-double bonds. 

Furthermore the effect of unsaturation on the chain packing is decreased as the unsaturation is 

moved down the chain away from the critical bend in the same manner as observed for methyl

branched PCs.293 The observed T mS indicate that whereas the ester carbonyls in these lipids 

destabilize the gel phase, the 'ene' in AcrylPC and the 'diene' in SorbPC may provide some 
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stabilization of the gel phase, perhaps by 1t-1t overlap of the double bond(s) with adjacent PCs. 

Saturation of these groups increases the number of C-C gauche conformations, a result of the 

greater freedom of rotation of the C-C a-bonds compared to C-C 1t-bonds. Each of these 

effects serves to destabilize the gel phase and depress the T m. The observed decrease in T m 

for saturated PropPC16,16 compared to Acry1PC16,16 is probably due to the greater motion of 

the C-C a-bond as well as the loss of 1t-1t overlap of orbitals. An increase in the number of 

gauche conformers is unlikely since only one C-C a-bond is added to each acyl chain. The 

even larger decrease in Tm exhibited by HexPC17,17 compared to SorbPC17,17 could be a 

combination of all three factors affecting the packing of the chain. 

The difference in thermotropic behavior between polymerizable lipids and their 

saturated analogues can be further described by the total entropy of the transition (as). The 

transition entropy for each of these PCs is depicted in Table IV-4. The saturated analogues, 

mono- and bis-PropPC16,16 and bis-HexPC17,17, have substantially higher as than the 

corresponding unsaturated polymerizable PCs with MS's of 13.5, 19.1, and 15.5 cal mol-1 

deg-1, respectively. The higher as can be explained by the larger change in molecular 

structure as the acyl chains go from the gel to liquid-crystalline phase. These data suggest that 

the saturated PCs exhibit a larger degree of disorder in the liquid-crystalline than the 

polymerizable PCs, thus supporting the above discussion. 

Lastly, the effect of changing the headgroup from PC to PE for a sorbyl-containing lipid 

on the main transition temperature was examined with bis-SorbPC17,17 and bis-SorbPE17,17. 

As is the case in comparing n-saturated PCs and PEs of identical chain length, where the PEs 

exhibit substantially higher T mS than the corresponding PCs, the T m of SorbPE was also 

higher than that of Sorb PC. The larger T m values of PEs to PCs can be explained by the 

ability of the ethanolamine headgroup to hydrogen-bond with adjacent PE Iipids;290,312 the 
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Table IV-4: Calculated transition entropies (~S) of mono- and bis-PropPC16,16, bis

HexPC17,17, mono- and bis-AcryIPC16,16, and bis-SorbPC17,17. The transition entropy was 

determined by: ~S = ~Hcal / T m. 

LIPIDS 

Mono.: Acryl vs. Prop PC16,16 

Bis-: Acryl vs. Prop PC16,16 

Bis-: Sorb vs. Hex PC17,17 

TRANSITION ENTROPY 
(cal mol-1 deg-1) 

Pol merizable PC 

29.2 

22.8 

24.8 

Saturated PC 

42.7 

41.9 

40.3 

choline headgroup which is a quaternary alkyl amine is not capable of hydrogen-bonding. 

Hence, in order to proceed from the gel to liquid-crystalline phase there must be sufficient 

energy for the PE not only to overcome the van der Waals attraction forces between acyl 

chains, but also the hydrogen-bonding between headgroups (note that chain melting increases 

the molecular area by sA2/molecule). These combine to increase the thermotropic parameters 

(e.g. ~H) necessary for chain melting of PEs. However, the difference in T mS between SorbPE 

and SorbPC is only 7.3°, whereas the ~T m between n-saturated PE and PC of identical chain 

length is 22.5°. The smaller observed T m of SorbPE indicates that hydrogen-bonding between 

adjacent PEs is significantly weaker than that occurring in n-saturated PEs. The weaker 

hydrogen-bonding force between SorbPEs can be related to the sorbyl groups in the acyl chain 

terminus. Bulky substituents should provide a steric barrier which would limit the distance 

between adjacent PEs, i.e. looser packing of lipids, and therefore decrease the interaction 

between headgroups. 

Examination of the individual DSC scans of bis-SorbPE17,17 (Figure IV-9) indicates the 

endotherms to be dependent upon the thermal history of the sample. Recently, Lewis and 

McElhaney described the phase behavior of a series of n-saturated PEs.313 Depending upon 



148 

the sample's preparation/handling, e.g. degree of hydration, two different transitions are 

observed. PEs which are suspended in water go from a crystal-like phase, Lc, to the La phase 

with large LlHo. Only after cooling does the PE form the Lp phase, which upon heating gives 

the same T m, but a much smaller LlHo. In the case of bis-SorbPE17,17, the slightly higher LlH 

observed in the initial scan may have been the result of a sample which was less hydrated than 

one that was incubated for an extended period of time. In general, PEs are extremely difficult 

to hydrate.86,290 Longer incubation times, as was the case in the final DSC trace, should 

result in a more hydrated sample. 

The unusual exothermic behavior exhibited by bis-SorbPE17,17 in scans 2 and 3 was 

initially puzzling. However, once again it was only necessary to examine the thermal history of 

the sample. After going from the Lp to La phase in the first scan, the PE was quickly (45 min) 

cooled from 90 to 4°C where it was briefly incubated (::=15 min), and rescanned. The resulting 

exothermic peaks suggest that upon cooling the sample formed a disordered gel phase, which 

when initially heated (below the T m) reorganizes to an ordered Lp phase by either dehydration 

of the headgroup or stronger van der Waals interactions between acyl chains. Longer 

incubation times, such as in the final scan, permit the PE to equilibrate back to an ordered Lp 

phase upon cooling from the La phase. 

In conclusion, this chapter describes the first systematic study of the thermotropic 

behavior of chain-substituted polymerizable lipids. It reveals important aspects of the effect of 

these important functional groups on bilayer lipid phase behavior. The lipid gel to liquid

crystalline phase transition, T m, is sensitive to both the location of the functional group along 

the chain as well as to the orientation of branching substituents, e.g. terminal ester carbonyls. 

The observed odd/even effect is probably a consequence of chain orientation in ester lipids. It 

is expected that these and similar studies will facilitate the design of lipids and novel materials 

based on supramolecular assemblies of those lipids. 



CHAPTER V 

POLYMERIZATION OF TWO-DIMENSIONAL ASSEMBLIES 

OF MONO- AND BIS-SORBPC 

Molecular Weight and Degree of Polymerization 

1. INTRODUCTION 
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The ability of molecules to self-assemble through non-covalent interactions (e.g. 

hydrogen bonding) into supramolecular assemblies has been achieved in the material and 

biological sciences (see Chapter I for a review).l,2 Unlike molecules mixed isotropically, 

amphiphilic molecules are limited in their movement to their two-dimensional environment. 

Hence, their chemical reactivity is dependent upon the constraints imposed by the two

dimensional matrix. The design and strategy utilized in the polymerization of monomeric 

amphiphiles are described in Chapter 11.7,8 

While a great deal of research has utilized polymerizable amphiphiles to stabilize and 

alter the properties of supramolecular assemblies, these studies did not attempt to control the 

polymerization process. Therefore, an understanding of the factors governing the 

polymerization of two-dimensional systems are important in designing new polymerized 

assemblies for specific applications. While previous studies determined the size of the polymer 

chain, it was not until recently that a systematic attempt at controlling polymerization conditions 

in two-dimensional assemblies was made. 190,223 Comparisons of the degree of 

polymerization, Xn, as well as the rates of polymerization, Rp, for a number of polymerizable 

amphiphilies indicate that the nature of the reactive group and initiator-type have strong effects 

on the polymerization process. The thermal initiation of dialkylammonium mono-methacryloyl 

lipids (52 and 53) in vesicles was found by Dorn et al. to have a Xn of approximately 500,221 
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Figure V-1; Methacryloyl-containing amphiphiles (52, 53, and 54). 
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and was independently confirmed for a similar lipid (54) by Regen and Bolikal (Figure V_1).222 

Direct UV-irradiation of 54 resulted in a smaller Xn of 135.222 However, the 

photopolymerization of a terminal chain-substituted styrene phospholipid (55) yielded polymers 

with a Xn of 400,213 while the photopolymerization of vinyl-benzoylammonium halide lipids 

exhibited a Xn ranging from 10-20.268 Polymerization of thio-substituted phosphatidylcholines 

(pes) with dithiotreitol gave Xn of 17-25.218 Neuman et al. reported that oligopeptides of 2 to 

10 amino acids occurred for the carbodiimide-induced polycondensation of amphiphilic amino 

aCids.194,195 The largest Xn reported for a two-dimensional bilayer polymerization was by 

Higashi et al. for the photoinitiated polymerization of a styrene sulfonate electrostatically 

associated to the surface of a cationic lipid (57) bilayers by a novel xanthate photoinitiator (58, 

Xn = 7x104).199 



Figure V-2: Styrene-containing amphiphiles (55 and 56). 
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Initial studies by Fendler et al. demonstrated that the polymerization of substituted 

quaternary ammonium lipids (56) in monolayers was dependent on light intensity.215 High 

intensity irradiation generated with pulsed Nd-VAG laser light (15 ns, 8.9 mJ pulses at 10Hz) 

gave Xns ranging from 17-25. In contrast, continuous irradiation with low intensity UV light 

(200 W Hg-Iamp; light intensity 10±3 mW/cm2) produced a polymer an order of magnitude 

larger. The Xn of the polymer was estimated to increase from ca. 200 to 300 as the monolayer 

was compressed from the liquid expanded to the condensed phase (e.g. 5 to 35 mN/m). They 

speculated that the higher Xn resulted from the closer proximity of monomers to one another at 

higher pressures, which increased the effectiveness of radical polymerization (note that there is 

no evidence indicating that excitation of the styrene monomer results in radical formation). 

Photopolymerization of the same styrene amphiphile in vesicles at low irradiation levels 



Figure V-3: Styrene sulfonate gegenions electrostatically associated to a cationic lipid (57) 

initiated with a xanthate photoinitiator (58).199 
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resulted in only oligomers with Xns ranging from 2 to 10.216 This was attributed to a looser 

packing of amphiphiles in the bilayer. 

The Xn for dienoyl-containing phospholipids (59 and 60) has been reported by 

Tsuchida and co-workers (Table V_1).191 Depending upon the method of initiation, a variety of 

different sized polymers were obtained. Photopolymerization with UV light (254 nm) of the bis

substituted PC (DenPC, 59) above its T m resulted in oligomers (Xn = 6), whereas 

photopolymerization of the mono-substituted PC (mono-Den PC, 60) below the T m produced 

longer polymers with an Xn of 1 B. Redox polymerization of mono-Den PC at 8°C with either 

NaHSOslK2~08 or Fe2+/t-SuOOH gave an Xn of approximately 28; polymerization at higher 
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temperatures, e.g. 35°C, with NaHSOslK2S20a gave a longer polymer with a Xn of 45. Similar 

or slightly longer polymer chains were prepared by radical polymerization with AAPD (either 

photochemical or thermal decomposition) or by 'V-irradiation. While larger polymers were 

obtained at temperatures below the phase transition for photopolymerization of mono-DenPC, 

the opposite was observed for the photochemical initiation by AAPD, where Xn was larger at 

temperatures above the liquid crystalline phase. An initial study varying the AAPD 

concentration, [I], showed longer polymer chains as [I] decreased. 

Figure V-4: Polymerizable mono- and bis-substituted dienoyl phospholipids. 
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Table V-1: Degree of polymerization (Xn) of mono-Den PC (60) vesicles initiated by direct 

irradiation with UV light, y-irradiation, redox chemistry, and radical polymerization 

(photochemical and thermal decomposition of the initiator). Polymerized vesicles were 

transesterified to the methyl ester of the polymer acyl chain. Xn data obtained from reference 

191 unless noted. 

METHOD 

REDOX a 

NaHSOalK2S20 8 

NaHSOalK2S20 8 

Fe2+lt-BuOOH 

IRRADIATION 

UV b 

UV b 

y-irradiation d 

RADICAL POL YM. e 

AAPD (hv) 

AAPD (hv) 

AAPD (hv) 

AAPD (~) 

AAPD (~) (Mil 20) f 

AAPD (~) (MIl 50) f 

AAPD (~) (MIl 100) f 

AIBN (~) (Mil 20) f 

TEMP. 
°C 

8 

35 

8 

8 

50 

4 

8 

20 

35 

60 

60 

60 

60 

60 

Xn 

27 

45 

28 

18 

6 c 

68 

33 

43 

63 

53 

58 

73 

78 

21 

Mn (x10-4) 

0.78 

1.33 

0.83 

0.54 

0.45 c 

1.97 

0.98 

1.27 

1.33 

1.57 

1.70 

2.16 

2.30 

1.67 

POI 

1.49 

5.43 

1.53 

1.20 

3.20 

1.71 

2.35 

1.82 

2.88 

n.d. g 

n.d. 

n.d. 

n.d. 

a [I] = 5 wt% of aq. sol'n; b UV light at 254 nm; c not transesterified, determined by vapor 

phase osmometry; d source - 60Co (3000 Ci); e [I] = 5 mol%; f determined for DenPC (59); 

gn.d. not determined. 
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While there are many data describing the size of the polymers formed via the 

polymerization of two-dimensional supramolecular assemblies, it was not until recently that 

experiments were performed to examine the variables that control the polymerization. Sells 

and O'Brien determined the effect of varying both the monomer [M] and initiator [I] 

concentration on Xn for acryloyl substituted phosphatidylcholines (61 and 62) in lipid bilayer 

membranes. 190,269 Prior to polymerization, the monomeric lipids rapidly diffuse within the 

plane of the bilayer, thereby providing a highly ordered yet dynamic structure for the 

polymerization.305 Xn at high conversion for the AIBN polymerization of AcrylPCs ranged from 

50 to 2 000, and was proportional to [M]2 and [1]-1. Their results suggest that the propagating 

chain ends are terminated by a primary radical (e.g. initiator radical), as opposed to bimolecular 

chain termination. 

Fiaure V-S: Mono- and bis-AcrylPC examined by Sells and O'Brien.190,269 

CH3 

62 
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A similar analysis of data for which [I] and [M] were varied for the thermal AIBN 

polymerization, as well as the photopolymerization, of lipid bilayers composed of either mono-

or bis-substituted SorbPCs (63 and 64) is described here. It was of particular interest to 

observe if the polymerization mechanism of a different class of reactive group would proceed in 

a similar manner to that reported for the AIBN polymerization of AcrylPCs. 

Figure V-6: Polymerizable mono- and bis-SorbPC. 
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64 
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2. EXPERIMENTAL 

Material. Polymerizable lipids mono-SorbPC and bis-SorbPC were synthesized as 

described in Chapter III; dipalmitoylphosphatidylcholine (DPPC) was purchased from Avanti 

Polar Lipids (Alabaster, AL.). Lipid purity was confirmed by thin-layer chromatography (TLC) 

with chloroform/methanol/water (65:25:4 by volume). Lipids exhibited a single spot having an 

Rf of 0.35-0.40 prior to use. 

Azobis(isobutyronitrile) (AIBN) was purchased from Eastman Kodak Company 

(Rochester, NY), and purified by recrystallization three times from methanol. Acetyl chloride 

and anhydrous methanol were purchased from Aldrich (Milwaukee, WI) and used as received. 

All solvents were purified by standard techniques. 

Methods. Lipid bilayer membranes composed of either mono-Sorb PC, bis-SorbPC, or 

mixtures of mono-SorbPC,DPPC were thermally polymerized with the radical initiator AIBN. 

UV photopolymerization was examined with vesicles of mono- and bis-SorbPC. The molecular 

weight and degree of polymerization (Xn) were examined for each of these systems. 

A. Thermal AIBN Polymerization. Extended bilayers of polymerizable lipid were 

prepared in the following fashion. Approximately 20-25 mg of either mono-Sorb PC or bis

SorbPC was evaporated from a stock solution (10-15 mg/mL in benzene). The lipid was dried 

by passing a gentle stream of argon over the sample in pre-weighed ampoules (8 mL), and 

drying under high vacuum (0.1 mm Hg) for a minimum of 4 hrs. The weight of lipid was 

accurately determined and the lipid film redissolved in 2 mL of benzene. From a freshly 

prepared AIBN stock solution (1-1.5 mg/mL benzene) the appropriate amount of initiator 

(dependent upon the lipid used) was added yielding monomer to initiator ratios ([M]/[I]) of 5, 10, 

20,30, and 60. AIBN in benzene was added by weight as opposed to volume (the density of 

the AIBN stock solution was assumed to be 0.8787 g/mL), thus eliminating errors associated 
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with pipetting organic solutions. The solvent was evaporated as above and dried under high 

vacuum for 3 hrs. in the dark. Samples were assumed to be free of any organic solvent since 

there was no detectable variation in weight of the sample/ampoule. Note that all steps 

involving AIBN were carried out in the dark with as little exposure to light as possible since 

AIBN photodecomposes. 

The dried Iipid/AIBN film was hydrated with de-oxygenated MilliQ water (stirred under 

vacuum (1 hr.) followed by bubbling with argon for 15 min) to a final concentration of 10 

Ilmole/mL. Samples were vortexed to uniformity followed by: 1) bubbling with argon for 10 min, 

2) warming above the PC's T m for 45 sec (T m=35°C), 3) vortexing for 1 min, 4) cooling in ice-

water for 90 sec, 5) repeating steps 2-4 twice, 6) bubbling with argon for 10 min. Ampoules 

were immediately sealed with a rubber septum and purged with ultra pure argon for an 

additional 10 min. Extreme care was taken during bubbling with argon to prevent the samples 

from foaming. 

Mixtures of mono-SorbPC ([pM]) and DPPC ([unpM]) were prepared in a similar fashion 

([pM]/[unpM] ratios: 1 :0, 1 :0.1, 1 :0.5, and 1:1). Lipids were dried and weighed individually 

before being combined with AIBN. The concentration of AIBN was held constant at a total lipid 

(mono-SorbPC and DPPC) to initiator ratio of 20. 

Extended bilayers of mono- and bis-SorbPC were polymerized at 60°C in an oil bath for 

3 days (4 1/2 lifetimes for AIBN) under an argon atmosphere; all polymerizations were carried 

out in the dark. Since the decomposition of AIBN is dependent upon temperature, the 

temperature of the oil bath was constantly monitored and did not fluctuate more than ±2°C 

during the course of the experiment. Samples were not stirred since it tended to impede the 

polymerization; the exact reason for this is not known. To prevent the sample from 

aggregating, ampoules were occasionally hand shaken (2 or 3 times). The loss of monomeric 

SorbPC was monitored by the decrease in UV absorption at 254 nm of the chromophore (see 

below). 
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B. UV PhotopolYl71erization. Vesicles composed of mono-Sorb PC were prepared by 

extrusion. Approximately 25 mg of mono-Sorb PC was evaporated from a stock solution (10-15 

mg/mL in benzene) as described above. The dried lipid film was hydrated with de-oxygenated 

MiIIiQ water to a final concentration of 10 Jl.mole/mL, vortexed to uniformity, followed by 10 

freeze-thaw cycles (dry ice/isopropanal ---> 30°C). The lipid suspension was extruded 10x 

through two stacked 0.1 Jl.m pore size Nuclepore polycarbonate filters at 250 psi and 40°C 

using a stainless steel extruder (Lipex Biomembranes; Vancouver, B.C.). After the last 

extrusion, 2-3 mL of MilliQ water was pushed through to remove any residual lipid. The 

extruded vesicles were diluted to a concentration of 0.8 mM (00254 nm =1.650). 

UV irradiations of mono-SorbPC vesicles were carried out in quartz reaction tubes 

(path length 2 cm, volume 60 mL) using a Rayonet Photochemical Reactor (model RPR-100, 

Southern New England Ultraviolet Co.) equipped with lamps emitting 254 nm light. The 

photoreactor was equilibrated for 30 min prior to use, reaching a constant temperature of 

40±2°C; the reaction vessel containing the sample was equilibrated at the same temperature 

prior to photolysis. The intensity [I] of UV light emitted to the sample was controlled by 

removing lamps from the photo reactor as well as blocking the light with several layers of a fine 

mesh screen. The loss of monomeric mono-SorbPC was monitored by the decrease in UV 

absorption of the sorbyl chromophore at 254 nm. Aliquots of the vesicle suspension were 

pipetted out of the reaction tube at different time intervals and the absorption spectra recorded 

on a Varian OMS 200 UV-Vis spectrophotometer (Victoria, Australia). The photoreaction was 

more than 96% complete after 30 min of irradiation. The sample was concentrated by rotary 

evaporation to a small volume (= 3 mL) and lyophilized overnight to remove the remaining 

water. 

In a separate experiment, the effect of light intensity, [lintJ, on the initial rate of 

polymerization (Rp) was evaluated. Vesicles of either mono- or bis-SorbPC were prepared by 

extruding through two 0.1 Jl.m pore size filters as described above (note that vesicles were 
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buffered in 10 mM Na2HP04, 150 mM NaCI, pH 7.4). The vesicle suspensions (2.0 mL, quartz 

cuvette of path length 1.0 cm) were diluted to an optical density of 2.00±O.05 at 258 nm, 

bubbled with argon for 5 min, and placed in a thermostated cell holder 4 cm from a low 

pressure mercury lamp (incident flux of ca. 5 x 1014 photons/s in the absence of an NO filter). 

Samples were equilibrated in the cell holder for approximately 5 min; constant temperature (30 

or 40°C) was maintained during photolysis via a water circulating bath and did not vary more 

than ±0.2°C during the course of the experiment as measured by a calibrated thermometer. 

Photopolymerization was carried out continuously for each new sample which was agitated by 

Ar bubbling; photolysis times ranged from 0 to 20 min. The intensity of irradiating light, i.e. UV 

flux, was controlled by neutral density filters located 1.5 cm away from the low pressure 

mercury lamp. The extent of monomer remaining after photolysis was calculated by a 

decrease in the absorbance of the sorbyl moiety at 258 nm (eq. V-1) : 

% remaining [M] = [(Ao-At)/(Ao-Aoo)] x 100% (V-1) 

where Ao is the absorbance at time zero, At after x seconds of irradiation, and Aoo after 30 min 

of photolysis (99% loss of monomer). No change in absorbance could be detected after the UV 

lamp was shut off and the spectra taken (ca. 10 sec). A minimum of three trials were 

performed per experiment. The optical density at 254 nm of the neutral density filters was 

determined spectrophotometrically (% transmittance at 254 nm ranged from 52.7 to 2.8% with 

the original UV flux taken as 100% transmittance). 

C. Cleavage Reaction. After polymerization, samples were lyophilized to a fine 

powder and their solubility examined. Mono- and bis-SorbPC samples thermally polymerized 

with AIBN were found to be insoluble in hexane, ether, chloroform, acetonitrile, tetrahydrofuran 

(THF), and dimethylformamide (OMF), with the former being only soluble in 1,1,1,3,3,3-

hexafluoroisopropanol; UV-irradiated vesicles of mono-SorbPC were only slightly soluble in 
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organic solvents with bis-SorbPC being completely insoluble. The polymeric lipids were 

therefore modified to enhance their solubility so that they could be analyzed by size exclusion 

chromatography (SEC). Previously, cleavage of the hydrophilic PC headgroup from the 

hydrophobic polymer chains was found to greatly enhance the solubility of the polymer, and 

could be achieved by a variety of methods.190,213,269,314 For the purpose of experiments 

carried out here, polymeric lipids as well as model compounds were cleaved by methanolic-

HCI. Different methods are discussed later in this chapter. 

Methanolic-HCI (5%) was freshly prepared for each sample by slowly adding (3 min) 5 

mL of acetyl chloride to 50 mL of cold anhydrous methanol (ice bath) with constant stirring 

(Figure V-7). The rapid addition of acetyl chloride at room temperature resulted in sputtering of 

the reaction mixture. The initial studies were carried out with the model compounds methyl 

trans-3-hexenoate (65) and unpolymerized bis-SorbPC (63), followed by polymeric mono- and 

bis-SorbPC. 

Figure V-7: Formation of methanolic-HCI (5%) from acetyl chloride and methanol. 
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II + anhydrous MeOH 
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• II + MeOH-HCI (5%) 
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i. Methyl trans-3-Hexenoate (64). The effect of methanolysis on the isolated double 

bond of methyl-trans-hexenoate was examined. Approximately 30 mg of 64 was mixed with 1 

mL of MeOH-HCI (5%) and 2 mL of benzene and heated at 45-50°C for 24 hrs. The reactions 

was neutralized with solid NaHC03 until the evolution of C02 had stopped. The solution was 

filtered ~nd the filtrate evaporated (rotary evaporation) to a viscous oil. 1 H NMR (CDCI3) d 

5.39-5.63 ppm (multiplet, 2H, -CJ:i=CJ:i-); 3.65 ppm (s, 3H, OCHs); 2.95-3.04 ppm (d, 2H, 

=Clli-C02-); 1.95-2.08 ppm (q, 2H, CH3Clli-); 0.92-1.00 ppm (t, 3H, CfuCH2-)' 
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ii. Monomeric bis-SorbPC (63). Twenty-five mg of bis-$orbPC was dried to a thin film 

as previously described. The lipid was cleaved by adding 2 mL of methanolic-HCI (5%) and 4 

mL of benzene and heating at 50°C for 24 hrs. (Figure V-8). The acidic solution was 

neutralized with solid NaHCOa until the evolution of C02 stopped. The solid was filtered and 

the filtrate reduced to a chalky oil. The residue was taken up in 5 mL of water and extracted 5 x 

5 mL of CHCla. The organic phase was dried over Na2S04 and filtered. The filtrate was 

evaporated and the 1 H NMR taken. TLC: 2 spots, Rf 1 =0.35-0.2; Rf2=0.15 (CHCI3/CH30H, 

95:5). 1 H-NMR (CDCI$ note: v=variable integration depending on the extent of the cleavage 

reaction) 0 1.20-1.40 ppm (br s, 10H, CJ:I2), 1.52-1.70 ppm (m, 4H, CJ:I2CH2R), 1.78-1.86 

ppm (d, 3H, C=CHCf±3), 2.28-2.37 ppm (t, 2H, CH2C02H), 3.58-3.76 ppm (t, v, HO-CJ:I2CH2-

)3.65 ppm (s,3H, OCf±3) , 4.05-4.15 ppm (t, v, C02CJ:I2), 5.70-5.79 ppm (d, 1H, C=CHC02), 

6.05-6.22 ppm (m, 2H, =CH-CH=), 7.15-7.27 ppm (m, 1H, CH=CHCH3). 

iii. Polymeric mono-SorbPC and bis-SorbPC. After polymerization of lipid assemblies, 

the sample was lyophilized to a powder. Successful polymerizations resulted in the sample 

being insoluble in benzene. Cleavage reactions were done by adding 2 mL of methanolic-HCI 

(5%) along with 4 mL of benzene to the insoluble lipid polymer and refluxing at 50°C for 24 hrs 

(Figure V-9). Typically, the polymeric lipid went into solution after 15 min of refluxing. Benzene 

was used as a co-solvent since the solubiltiy of the polymer is poor in methanol. The solution 

was neutralized with solid NaHCOa until the evolution of C02 ceased (bubbled vigorously if 

quickly added). The solid was filtered, evaporated to an oily precipitate (rotary evaporation), 

and extracted 5 x 8 mL CHCla from water (10 mL). The organic phase was dried over Na2S04 

(in some instances MgS04 was used), filtered, and evaporated to a viscous oil. 

In the polymerization of mixed systems, the cleavage reaction was performed 

identically to that described for the homo-systems. Extraction of the nonpolymerizable lipid 

(DPPC) with CHCI3 was unsuccessful. 1 H-NMR (CDCI3; note: v=variable integration 

depending on the extent of the cleavage reaction): a) cleaved poly-mono-SorbPC16,17: 00.81-
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0.88 ppm (t, 3H, -CH2C1:I3), 0.75-1.00 ppm (br. s., 3H, =CH-CH-C1:!.s), 1.18-1.40 ppm (br s, 

38H, C.I::L2), 1.50-1.69 ppm (m, 2H, CJ:I.2CH2R), 2.22-2.33 ppm (t, 2H, -CH2C02CHS), 2.50-2.88 

ppm (br. weak s, 2H, -C1:!.-CH=CH-C1:!.-), 3.65 ppm (s,3H, OC1:I.3), 3.58-3.65 ppm (t, v, HO

CH2CH2-), 3.84-4.10 ppm (br. s, v, -C~CH2CH2-)' 5.19-5.50 ppm (br. s, 2H, -C1:!.=C1:!.-); 

b) cleaved poly-bis-SorbPC17,17: 00.75-1.00 ppm (br. s., 3H, =CH-CH-C1:I3), 1.18-1.40 ppm 

(br s, 24H, C.I::L2), 1.50-1.69 ppm (m, 4H, C1:I.2CH2R), 2.22-2.33 ppm (t, 2H, -CH2C02CHS), 

2.50-2.88 ppm (br. weak s, 2H, -C1:!.-CH=CH-C1:!.-), 3.65 ppm (s,3H, OC1:I.3), 3.58-3.65 ppm (t, 

v, HO-CH2CH2-), 3.84-4.10 ppm (br. s, v, -C02CH2CH2-). 5.19-5.50 ppm (br. s, 4H, CH=C1:!.). 

D. Analysis of Lipid Polymers. The average molecular weights for all methanolized 

polymers was determined by gel permeation chromatography (GPC) with a Waters Maxima 

820 chromatography workstation (Millford, MA). Lipids polymerized by AIBN were examined 

using an Ultrastyragellinear column having an effective molecular weight range of 2,000 to >10 

million; lipids photopolymerized by UV light were examined using an Ultrastyragel 10s A 

column with an effective molecular weight range of 200 - 30,000. The mobile phase, 

tetrahydrofuran (THF), was filtered through 0.45 Jlm Waters nylon filters and purged with 

helium. The detector was a Waters model R401 differential refractometer. The instrument was 

interfaced to a NEC Powermate 1 computer with Maxima 820 verso 3.31 software. 

Cleaved polymeric lipid samples were dissolved in THF (conc. z 1-2 mg/mL) and 

filtered through a 0.45 Jlm PTFE membrane filter (Gelman Sciences, Inc.; Ann Arbor, MI). 

Average molecular weights were determined by loading samples into a 20 JlL loop and injected 

at a flow rate of 1 mUmin in THF. The RI detector was set at 1/2 X attenuation and 

equilibrated for a minimum for 4 hrs to obtain a reasonable baseline. THF was passed through 

the reference cell at 0.5 mUmin for 10 min prior to each analysis session; the flow rate was 

reduced since the reference cell could not withstand a backpressure of greater than 100 psi. 

During analysis the backpressure in the instrument was 50-150 psi for a flow rate of 1 mUmin. 
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When the backpressure reached a level greater than 250 psi, the inline filters were removed 

and cleaned by sonication in chloroform to reduce it to a normal level. 

The GPC columns were calibrated with poly-(methylmethacrylate) (PMMA) standards 

of narrow polydispersity (POI < 1.20 or less, Church Stretton, U.K.). The Ultrastyragel Linear 

Column was calibrated with a minimum of seven standards having Mns range from 4,100 to 

330,000; the Ultrastyragel103 A column was calibrated with seven standards having a Mns 

ranging from 625 to 27,000. Each calibration curve was fitted with a least square regression 

and gave a correlation coefficient of 0.998 or greater. GPC run times were 12 min with the 

polymer fractions eluting between 6 and 10 min; data was acquired at a rate of 2 points/sec. 

Slicing of polymer peaks was performed such that there were a minimum of 40 slices/peak for 

integration; this corresponds to 1 or 2 slices/sec depending upon the polydispersity of the 

polymer. Samples were injected a minimum of three times to ensure that the peaks were due 

to the polymer and not to baseline drift or other fluctuations. GPC reports containing number 

and weight average molecular weights (Mn and Mw), polydispersity (POI), as well as slice 

peaks and their integration were obtained for each chromatogram analyzed. The number 

average degree of polymerization was calculated from the number average molecular weight of 

the polymer. 

3. RESULTS 

Supramolecular assemblies composed of either mono-SorbPC or bis-SorbPC, as well 

as mixed bilayers of mono-SorbPC/OPPC, were thermally polymerized with the radical initiator 

AIBN. Vesicles of mono-SorbPC were polymerized by UV irradiation with a low pressure 

mercury lamp (254 nm). Samples were lyophilized and their solubility tested in organic 
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solvents. The polymerization was considered to be successful if the dried lipid film was 

insoluble in chloroform or benzene; photopolymerized vesicles of mono-SorbPC were only 

slightly soluble. Partially soluble and insoluble lipid polymers were methanolized in order to 

make them suitable for NMR and size exclusion chromatography (SEC) analysis. 

A. Cleavage Reaction - Analysis of Cleaved Products. The insolubility of polymerized 

lipids was assumed to result from the presence of the polar zwitterionic headgroup, as well as 

from extensive crosslinking which results from bis-substituted PCs. Tsuchida et al. modified a 

polymerized mono-styrene substituted PC by acetolysis as well as by methanolysis.213 

Methanolysis of the polymer cleaves the hydrophobic chains from the choline/glycerol 

headgroup, while acetolysis only cleaves the choline moiety, retaining the glycerol backbone

acyl chains structure. The methanolized polymer was soluble in THF and CHCIS, whereas the 

acetolyzed polymer was insoluble in common organic solvents. Only by removing the 

glycerolphosphorylcholine moiety was the polymer made soluble. 

Two different acid methanolysis methods were proposed for the cleavage of poly

(SorbPC)s: BF3-MeOH (12%) and MeOH-HCI (5%). The former reagent has been previously 

used in the cleavage of polymerized mono- and bis_AcryIPCs.190,223 Lipid hydrolysis in BF3-

MeOH is often slow, and requires 3 to 4 days to completely render the polymerized lipid 

soluble. The method is further complicated by the ability of the reagent to react with 

polyunsaturated fatty acids and Iipids.314 A final disadvantage is the limited shelf life of BFs-

MeOH. It was for these reasons that the latter method was used to render the polymerizable 

SorbPCs soluble, and therefore suitable for SEC analysis. 

Unlike BF3-MeOH, methanolic-HCI can be freshly prepared from acetyl chloride and 

anhydrous methanol just prior to its use in the cleavage reaction. Model reactions were used to 

examine the effect of acid addition to the residual double bond in the polymer backbone (see 

next section for polymer characterization). Unsaturated model compounds 64 and 65 were 
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heated between 45-50°C for 24 hrs. followed by analysis. In each of the cases no loss in 

unsaturation could be detected by 1 H NMR. 

o 

~OCH3 
64 

o 

~OCH3 
65 

i. Transesterification of monomeric bis-SorbPC17, 17. The cleavage reaction (Le. 

transesterification) was examined with the unpolymerizable bis-SorbPC to see if the lipid 

headgroup could be successfully removed leaving only the hydrophobic tails and the reactive 

sorbyl moiety. A solution of methanolic-HCI (5%) was added to the dried lipid film and the 

reaction stirred for 24 hrs. The reaction was neutralized (NaHC03) and the residue extracted 

with CHCI3 and H20. 1 H NMR analysis of the organic extract revealed that the 

phosphorylcholine had been completely cleaved (Appendix A). The presence of the sorbate 

group in the 1 H NMR showed that the reactive group was unaffected by the reaction conditions 

utilized. 

The cleavage reaction of bis-SorbPC was complicated by the possibility of cleavage at 

two different positions of the polymerizable tail (Figure V-a). Cleavage of the ester bond(s) can 

occur at the carbonyl associated with the sorbate polymerizable group, or at the carbonyl 

groups attached to the sn-1 and sn-2 position of the glycerol backbone. While cleavage at the 

sn-1 and sn-2 ester linkage occurs in high yield, this may not be the case at the sorbate ester 

position. Therefore, both short and long chain fragments of the hydrocarbon tail are formed. 

The extent of cleavage can be determined by comparing the integration of a 1 H NMR peak that 

is constant through the course of the cleavage reaction to that of a peak that changes with the 

extent of cleavage. Examination of the 1 H NMR spectra of cleaved and uncleaved bis-SorbPC 

revealed that the location and intensity of the methylene peak ex to the carbonyl attached to the 
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Figure v-a: Methanolic-HCI (5%) cleavage of unpolymerized bis-SorbPC (63). 

Transesterification resulted in the formation of short and long chain fragments containing 

sorbate. 
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glycerol backbone remains constant during the course of the cleavage reaction. The peak 

appears as a triplet at 0 2.28 which integrates to four protons as a result of the two acyl chains. 

Figure V-8 indicates that the methylene peak <X to the hydroxyl group of the cleavage product, 

methyl-10-hydroxydecanoate (67), would be a suitable choice for determining the extent of 

cleavage, but the peak is located at 0 3.62 and hence buried under the peak associated with 

the protons of the methyl ester (0 3.65). Instead, the methylene attached to the ester oxygen of 

the sorbate group (MSE, 66) exhibits variable integration depending upon the extent of 

cleavage. Prior to acid hydrolysis, the methylene peak is found as a triplet at 0 4.05-4.12 and 
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integrates to four protons for bis-substituted PCs, while two protons for mono-substituted PC 

(Le. only one acyl chain contains the polymerizable moiety). After cleavage of the lipid, the 

integration can vary from zero (100% of the methyl sorbate product) up to 2 (100% of the long 

chain fatty acid methyl ester, 66). The bis-SorbPC produced more than 90% of the short chain 

methyl sorbate (see 1 H NMR in Appendix A). 

ii. Transesterification of polymeric mono- and bis-SorbPC. Polymerized mono- and 

bis-SorbPCs (69 and 70) were transesterified to the methyl ester in a similar fashion to that of 

the un polymerized PC (Figure V-9). While methanolic-HCI cleavage of the unpolymerized 

material occurred rapidly, the polymeric cleavage reaction was slower as a result of the 

solubility problems associated with the polymer in methanol; a similar problem was observed 

for the BF3-MeOH cleavage reaction of poly_AcryIPCs.190,223 Consequently, the use of 

benzene as a co-solvent alleviated the problem of polymer insolubility. In methanol the 

polymer is believed to have a compact globular shape, which limits the reagent's ability to 

penetrate into the polymer matrix, whereas the addition of a co-solvent relaxes the polymer 

conformation. In the case of mixed bilayers of mono-Sorb PC and unpolymerizable OPPC, 

OPPC could not be completely extracted from the polymerized sample prior to reaction with 

MeOH-HCI. Therefore, the cleavage reaction was carried out on the mixture and the amount of 

fatty acid associated with OPPC incorporated into the calculation of the fraction of short and 

long chains, respectively. 

The transesterification of polymerized mono- and bis-SorbPC yielded a copolymer 

composed of random repeat units of methyl sorbate and methyl carboxynonanyl sorbate 

(Figure V-10, 71). The relative amounts of short and long side-chain esters (copolymer 

composition) was determined by comparing the 1 H NMR integration of a peak associated with 

the long side-chain repeat unit to a peak whose relative intensity did not change during the 

course of the transesterification. As in the transesterification of unpolymerized bis-SorbPC, the 

variable peak chosen for this analysis occurred at 0 3.88-4.12 and corresponded to the 
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Figure V-9: Methanolic-HCI (5%) cleavage of polymerized bilayers composed of either mono

SorbPC or bis-SorbPC (69 and 70). Cleavage of poly-(bis-SorbPC) resulted in the conversion 

of the crosslinked network to linear polymers. 
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methylene a (closest) to the polymer backbone; it is referred to as the polymer a-methylene 

sorbate ester (p-MSE) peak. The peak had shifted upfield from its original position at 0 4.12 

(MSE) in the unpolymerized sample as a result of the loss of the electron-withdrawing sorbyl 

group upon polymerization. The triplet at 0 2.28 ppm corresponded to the a methylene glycerol 

ester (MGE) peak, i.e. two methylene groups a to the carbonyls of the ester groups attached to 

Figure V-10: 1 H NMR analysis of transesterified poly-(SorbPC) (71). Methanolic-HCI 

cleavage of poly-(mono-SorbPC) resulted in the poly-(sorbate) copolymer as well as methyl 

palmitate, while cleavage of poly-(bis-SorbPC) gave only the copolymer. 
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the sn-1 and sn-2 glycerol portion of the lipid, which remained constant during the 

transesterification. The MGE peak integrated to 4 protons, compared to the p-MSE peak in 

poly-(bis-SorbPC) which varied from an intensity of 4 protons for a polymer consisting 

exclusively of the long side-chain ester to zero protons for the 100% short side-chain ester, 

poly-(methyl sorbate). In the case of poly-(mono-SorbPC) the intensity of the p-MSE integrated 

to two protons for a polymer consisting only of the long-side chain ester. The situation was 

further complicated in the case of mixed systems of mono-SorbPC and DPPC since the 

unpolymerized lipid was also cleaved with the polymeric lipid. The intensity of the MGE peak 

was corrected to include the ex-methylene in methyl palmitate obtained from DPPC. 

Transesterification of polymerized mono- and bis-SorbPC resulted in a copolymer 

composed predominantly of the long side-chain ester, which varied from 61 to 93% of the total 

(Table V-1). The extent of short versus long side-chain polymers was not dependent upon the 

amount of initiator used to polymerize the lipids, which is related to the molecular weight of the 

polymer (see Discussion). In the case of BFs-MeOH cleavage of poly-(mono-AcryIPC)s, where 

reaction times were on the order of 4-5 days, a greater extent of the short side-chain polymers 

was obtained. Methanolic-HCI transesterification reactions of poly-(SorbPC)s, resulting in a 

soluble polymer, were complete in 24 hrs. It is possible that longer reaction times may 

decrease the extent of long side-chains in the copolymer. The effective molecular weight of the 

copolymer repeat unit was determined from the amount of short and long side-chains present 

which is described by equation V-2: 

(1 H NMR - integration ata 3.88-4.12 ppm) 
% Short Chain = X 100% 

(1 H NMR -integration ata 2.28 ppm) (V-2 ) 
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Table Y-2: Effective molecular weight of the repeat unit of cleaved polymerized mono-SorbPC 

and bis-SorbPC as determined by 1 H NMR. Lipids were polymerized at different [I] (AIBN) with 

[M] remaining constant at 10 Ilmole/mL. The table includes the [M]/[I] ratio, % long chain in the 

copolymer, and the effective molecular weight of the copolymer repeat unit. 

FILENAME Mil % LONG CHAIN EFFECTIVE MW 

. mono-SorbPC 

H1-p216 5 71.8 250 

H2-p216 5 82.1 268 

H1-181 10 92.7 284 

H2-168 10 75.2 254 

H1-168 10 73.5 251 

H1-167 10 65.1 237 

H1-169 10 69.9 245 

H1-158 10 61.9 232 

H3-168 20 80.0 262 

H4-168 20 71.4 247 

H3-172 30 79.0 261 

H2-172 30 79.0 261 

H2-177 30 76.5 256 

bis-SorbPC 

H1-p220 10 77.7 260 

H3-p220 10 74.6 255 

H1-p249 10 87.5 277 

H2-p249 10 87.5 277 

H3-p249 20 90.9 283 

H4-p249 20 92.9 286 

H2-p220 20 81.2 266 

H4-p220 20 82.9 269 

H5-p249 30 65.5 239 

H6-p249 30 76.5 258 

H7-p220 60 72.2 249 

H8-p220 60 61.3 232 
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B. UV and NMR Characterization of Po/y-(SorbPC). The AIBN thermal polymerization 

of Sorb PC can proceed either by a 1,2-mechanism, 1,4-mechanism, or a 3,4-mechanism 

(Figure V-11; see Chapter II). UV and NMR spectra were used to distinguish among the 

different mechanisms. 

The UV spectra for the thermal AIBN polymerization (MIl = 20; eO°C) of bis-SorbPC 

vesicles are shown in Figure V-12. Polymerization of the sorbyl moiety results in a decrease in 

its absorption at 254 nm (Milli-Q H20) with an increase in absorbance of the polymer product at 

::= 195 nm. After 2 hrs. the polymerization was more than 75% complete, with less than 2% 

monomer remained after 18 hrs. (one half life of AIBN at eO°C). Unlike the UV spectra 

obtained for the photopolymerization of SorbPC (see Figure V-21), an isosbestic point was not 

Figure V-11: Possible polymer products for the thermally initiated AIBN polymerization of 

SorbPC. 
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Figure V-12: UV absorption spectrum for the thermal AIBN polymerization of bis-SorbPC 

vesicles. 
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observed, perhaps because it was difficult to accurately extract a known volume from the 

reaction ampoule. After the polyvesicles were irradiated with a low pressure Hg-Iamp for 30 

min, the polymer absorption peak at 195 nm disappeared, which indicated further reaction of 

the residual double bond (insert in Figure V-12). 

In distinguishing among the three possible regiochemistries, the absence of a new 

absorbance maximum at 210 nm indicates the reaction does not result from a 3,4-

500 
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polymerization, corresponding to an acrylic moiety. Instead, the polymer absorption (Figure V-

12) points to the formation of an isolated double bond, which could be due to 104- or 1,2-

polymerization. The 1 H NMR spectra were used to distinguish between the two polymers. 

Analysis of the 1 H NMR spectrum of transesterified poly-(SorbPC) shows loss of 

signals corresponding to the diene moiety after AIBN thermal polymerization (Figure V-10). 

The signals associated with the methyl protons adjacent to the diene moiety disappear upon 

polymerization, indicating formation of the 1 A-polymer, while a 1 ,2-polymer would not lead to 

any significant change in chemical shift of the protons since the double bond is still adjacent. 

Examination of related model molecules supports this conclusion (Figure V-13). 1H NMR of the 

3A-polymer model compound (65) shows the residual double bond split into 2 peaks at 05.72-

5.82 and 6.85-6.99 which is different from that observed for the transesterified polymer at 5.25-

5.60 ppm. A comparison of the 1 H NMR specta for the 1,2- and 1 A-polymer model compounds 

(64 and 72; the chemical shifts for the 1,2-polymer model compound were obtained from Naf 

and Oegen315) to that of transesterified polymer shows the residual double bond in all three 

cases occurring at similar chemical shifts - 0 5.33 and 5.39-5.63, respectively, for the model 

compounds. Model compounds 64 and 72 however can be distinguished from one another 

based on the chemical shift of the terminal methyl protons. The terminal methyl protons in the 

model 1,2-polymer are shifted slightly upfield to 0 1.61 ppm from 1.78-1.86 ppm for the 

unpolymerized lipid, while appearing at 00.92-1.00 for the model 1 A-polymer. The chemical 

shift of the latter is almost identical to that of the transesterified poly-(SorbPC) observed 

between 00.80-1.00 (broad peak). 

C. Degree of Polymerization of mono- and bis-SorbPC. Effect of Initiator 

Concentration. After transesterification of polymerized SorbPCs, the molecular weights of 

samples were determined by SEC and the degree of polymerization estimated. The effect of 

initiator concentrations on the degree of polymerization was examined to determine its order of 

dependence while the monomer concentration was held constant. The initiator concentration is 
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Fiaure V-13: 1 H NMR chemical shifts of model molecules for the polymerization of SorbPC. 
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expressed in mmoles AIBN per mL of H20. Since AIBN is an oil,soluble initiator it is assumed 

that it is present almost exclusively in the lipid bilayer (~o wt. % of AIBN to Iipid).190,269 The 

relative degree of polymerization was examined at monomer to initiator ratios ([M]/[I]) of 5, 10, 

20, and 30 for mono-SorbPC and 10, 20, 30, and 60 for bis-SorbPC. The results of the SEC 

analysis of modified poly-(sorbates) from mono- and bis-SorbPCs, including the polydispersity 

indices (POI), are found in Tables V-3 and V-4, respectively. At least two samples were run at 

each [M]/[I] ratio and the transesterified polymer analyzed a minimum of three times by SEC. 

All reported molecular weights are relative to PMMA standards. The number-average relative 

degree of polymerization (Xn) was calculated by dividing the number-average molecular weight 

(Mn) obtained from SEC analysis by the effective molecular weight of the repeat unit in the 

copolymer sample, which in turn was calculated from the 1 H NMR of each sample (see 

Equation V-2). Average values of Xn were calculated (Tables V-4 and V-6). 
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Table V-3: SEC analysis of modified poly-(mono-SorbPC). Monomeric lipids were 

polymerized with AIBN at [M]/[I] ratios of 5, 10, 20, and 30 while [M] was kept constant at 10 

Jlmole/mL. Included in this table are the Mil, the effective molecular weight of the repeat unit 

(Eff. MW), Mn, Mw, POI, and Xn. Each sample was analyzed a minimum of three times by 

SEC. SEC traces appear in Appendix O. 

File MIl Eft. MW Mn Mw PDI Xn 

H1-p216a 5 250 13048 21039 1.61 52 
H1-p216b ---- ---- 13290 20845 1.57 53 
H1-p216c ---- ---- 13138 19805 1.51 53 
H1-p216d ---- ---- 13298 19440 1.46 53 

AVERAGE 5 53±O 
H2-p216a 5 268 14433 23362 1.62 54 
H2-p216b ---- ---- 14800 25236 1.71 55 
H2-p216c ---- ---- 14197 26078 1.84 53 

AVERAGE 5 54±1 
H1-181a 10 284 29114 64064 2.20 103 
H1-181b ---- ---- 28739 67185 2.34 101 
H1-181c ---- ---- 29636 66281 2.34 105 
H1-181d ---- ---- 34688 63856 1.84 122 

AVERAGE 10 108±10 
H2-168a 10 254 24478 50963 2.08 96 
H2-168b ---- ---- 25298 53170 2.10 100 
H2-168c ---- .-.. - 25607 58998 2.30 101 
H2-168d ---- ---- 24988 55599 2.23 98 

AVERAGE 10 99±2 
H1-168a 10 251 21653 73498 3.39 86 
H1-168b ---- ---- 18738 39652 2.11 75 
H1-168c ---- ---- 18914 45788 2.42 75 
H1-168d ---- ---- 19054 39680 2.08 76 

AVERAGE 10 78±5 
H1-167a 10 237 31183 70028 2.24 132 
H1-167b ---- ---- 31386 66924 2.13 132 
H1-167c ---- ---- 33119 70260 2.12 140 
H1-167d ---- ---- 30679 66531 2.17 129 

AVERAGE 0 133±3 
H1-169a 10 245 31837 98094 3.08 130 
H1-169b ---- ---- 29086 91229 3.14 119 

AVERAGE 10 125±5 
H1-158a 10 232 19128 37088 1.93 83 
H1-158b .. --- ---- 18834 36386 1.93 81 
H1-158c ---- ---- 19088 34603 1.81 82 
H1-158d ---_. ---- 18348 35701 1.95 79 

AVERAGE 10 81±2 
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Table V-3 - Continued 

H3-168a 20 262 48547 116030 2.39 185 
H3-168b 51541 164295 3.19 197 
H3-168c 50380 1n188 3.52 192 
H3-168d 53355 143450 2.62 203 

AVERAGE 20 194±8 
H4-168a 20 47 42858 163800 3.82 174 
H4-168b 51594 235184 4.55 209 
H4-168c 44647 130476 2.92 181 

AVERAGE 20 188±19 
H3-172a 30 261 67084 173972 2.59 257 
H3-172b 65702 174216 2.65 251 
H3-172c 68159 171795 2.52 261 
H3-172e 85425 1n217 2.07 327 

AVERAGE 30 274±36 
H2-172a 30 261 60485 214081 3.54 231 
H2-172b 60940 159247 2.61 233 
H2-172c 70304 241299 3.43 269 
H2-172e 67911 206992 3.05 260 

AVERAGE 30 248±19 
H2-1na 30 256 74520 422008 5.66 291 
H2-177b 89225 254745 2.85 348 
H2-1nd 85845 237471 2.n 335 

AVERAGE 30 325±30 

Table V-4: Average relative degree of polymerization of mono-SorbPC as a function of [M]/[I] 

at constant [M]. 

Xn POI Ran e 

5 54±1 1.46 - 1.84 

10 102 ± 22 1.81 - 2.34 

20 191 ± 13 2.39 - 3.82 

30 279 ±41 2.07 - 3.43 

a The [M] was 10 J.1mole/mL mono-SorbPC 
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i. Po/y-(mono-SorbPC). The experimentally determined Xn values, ranging from 50 to 

nearly 300 (Table V-4), were plotted as a function of the inverse square root of the initiator 

concentration ([I]) in Figure V-14. The initiator concentration was calculated in mmole/mL while 

the total lipid concentration was kept constant at 10 Ilmole/mL. A linear least square 

regression of the data gave a correlation coeff. of 0.964. In contrast, a plot of Xn versus the 

inverse of the molar concentration (Figure V-15) gave a better linear fit with a correlation coeff. 

of 0.999. Therefore the Xn for polymerized mono-SorbPC appears to be inversely proportional 

to [I]. 

Figure V-14: The number-average relative degree of polymerization (Xn) of mono-SorbPC vs. 

the inverse square root of the initiator concentration, [I]. The equation for the linear fit is y = 

-29.6 + 5.027x, R=O.964. 

350 

300 

250 

200 
c 

>< 150 

100 

50 

0 

-50 
-10 0 10 20 30 40 50 60 

1/[1]°·5 



180 

Figure V-15: The number-average relative degree of polymerization (Xn) of mono-SorbPC vs. 

the inverse of the initiator concentration, [I]. The equation for the linear fit is y = -5.65 + 0.092x, 

R=0.999. 
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A further test of the data is depicted in Figure V-16, where log Xn is plotted versus log 

[I]. The order of the polymerization with respect to [I] is given by the slope of the plot. The 

slope of the plot, -0.963, indicates an inverse relationship approaching first order dependence 

of Xn on [I]. 
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Figure V·16: The log number-average relative degree of polymerization (Xn) of mono-SorbPC 

vs. the log of the initiator concentration, log [I]. The equation of the linear fit is y = -0.898-

0.963x, R=0.999. 
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ii. Po/y-(bis-SorbPC). The polymerization of bis-SorbPC was analyzed in an identical 

fashion to that described for mono-Sorb PC polymerization. Unlike mono-substituted PC, bis-

substituted PCs can form completely crosslinked polymer networks. Typically, the analysis of 

crosslinked systems is extremely difficult because polymer networks are insoluble in organic 

solvents. However as in the case of poly-(mono-SorbPC), transesterification of the polymeric 

bis-substituted PC renders the polymer soluble. This is because the cleavage reagent breaks 

the covalent bonds at the glycerol backbone which form the crosslinks of the polymer network 

(see Figure V-9). With the removal of the glycerol backbone, the resulting polymers are linear 

in nature, and hence soluble in organic reagents. The ability to convert insoluble crosslinked 

networks into soluble linear polymers enhances the study of such systems. 



182 

Table V-5: SEC analysis of modified poly-(bis-SorbPC). Monomeric lipids were polymerized 

with AIBN at [M]/[I] ratios of 10, 20,20, and 60 while [M] was kept constant at 10 Ilmole/mL. 

Included in this table are Mil, Eft. MW, Mn, Mw, POI, and Xn. Each sample was analyzed a 

minimum of three times by SEC. SEC traces are in Appendix O. 

File MRa Eft. MW Mn Mw PDI Xn 

H1-p220a 10 (5) 260 35147 75791 2.16 135 
H1-p220b ---- ---- 34862 71936 2.06 134 
H1-p220c ---- ---- 30710 70470 2.29 118 
H1-p220d ---- ---- 37022 70897 1.92 142 

AVERAGE 10 (5) 132±1 0 
H3-p220a 10 (5) 255 27083 58231 2.41 106 
H3-p220b ---- ---- 29063 59045 2.03 114 
H3-p220c ---- ---- 26378 58209 2.21 103 
H3-p220d ---- ---- 29728 58728 2.00 117 

AVERAGE 10 (5) 110±7 
H1-p249a 10 (5) 277 27671 60976 2.20 100 
H1-p249b ---- ---- 26063 58205 2.23 94 
H1-p249c -.. _- ---- 26149 56210 2.15 95 
H1-p249d ---- ---- 27939 59739 2.14 101 

AVERAGE 10 (5) 97±4 
H2-p249a 10 (5) 277 33376 78486 2.35 121 
H2-p249b ---- -.. -- 28492 71439 2.50 103 
H2-p249c ---- .. _ .. - 29356 76125 2.59 106 
H2-p249d ---- ---- 29814 64023 2.15 108 

AVERAGE 10 (5) 110±8 
H3-p249a 20 (10) 283 68694 150041 2.18 243 
H3-p249b ---- ---- 57604 140959 2.45 204 
H3-p249c .. _-- ---- 57853 135965 2.35 205 
H3-p249d --_ .. -.. _- 56315 142697 2.53 199 

AVERAGE 20 (10) 283 213±20 
H4-p249a 20 (10) 286 60519 120896 2.00 212 
H4-p249b ---- ---- 47290 117304 2.48 165 
H4-p249c ---- ---- 54640 115545 2.11 191 
H4-p249d ---- ---- 57640 124115 2.17 200 

AVERAGE 20 (10) 192±20 
H2-p220a 20 (10) 266 43015 103961 2.41 161 
H2-p220c ---- ---- 49335 104664 2.12 185 
H2-p220d ---- ---- 44757 106754 2.38 168 

AVERAGE 20 (10) 171±12 
H4-p220a 20 (10) 269 46729 105183 2.25 174 
H4-p220b ---- ---- 47993 118336 2.03 178 
H4-p220c ---- ---- 48600 110975 2.28 181 
H4-p220d ...... - ---- 52721 109325 2.07 196 

AVERAGE 20 (10) 182±1 0 
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Table V-5 - Continued 

H5-p249a 30 (15) 239 76374 127004 1.66 320 
H5-p249b 75655 130648 1.72 316 
H5-p249c 62467 134074 2.15 261 
H5-p249d 69678 137947 1.98 292 

AVERAGE 30 (15) 297±27 
H6-p249a 30 (15) 258 74968 167437 2.23 290 
H6-p249b 74069 140630 1.90 287 
H6-p249c 77320 171 088 2.21 300 

AVERAGE 30 (15) 292±7 
H7-p220b 60 (30) 249 111 241 237623 2.14 447 
H7-p220c 123563 276372 2.24 496 
H7-p220d 149500 261 612 1.75 600 

AVERAGE 60 (30) 514±78 
H8-p220a 60 (30) 232 154382 296130 1.92 665 
H8-p220b 132045 301121 2.28 569 
H8-p220c 144 040 327079 2.27 621 
H8-p220d 162693 312570 1.91 701 

AVERAGE 60 (30) 639±57 

a The ratio Mil is the number of monomer groups per initiator molecule (taking into account 

that each lipid molecule contains two reactive groups). 

Table V-6: Number-average relative degree of polymerization of bis-SorbPC as a function of 

[M]/[I] at constant [M]. 

[M] I [I] a 

10 

20 

30 

60 

a [M] was 10 fJ.mole/mL bis-SorbPC 

Xn 

112±15 

190 ± 18 

295±3 

578 ± 61 

PDIRan e 

1.92- 2.35 

2.03 - 2.48 

1.72 - 2.21 

1.91 - 2.27 
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The effect of varying the initiator concentration on Xn for bis-SorbPC bilayers is 

depicted in Table V-6 (see Table V-5 for detailed SEC analysis of samples). A comparison of 

Xn between mono- and bis-SorbPCs (Tables V-4 and V-6) indicates little or no change in Xn for 

identical initiator concentrations. Therefore the dependence of initiator concentration on Xn is 

expected to be similar to that of the mono-substituted PC. 

The dependence of Xn of bis-SorbPC on [I] was examined in an identical fashion to 

that of the mono-substituted PC. The experimentally determined Xn values (Table V-6) were 

plotted as a function of the inverse square root of the molar initiator concentration ([ID as 

Figure V-17: The number-average relative degree of polymerization (Xn) of bis-SorbPC vs. 

the inverse square root of the initiator concentration, [I]. The equation for the linear fit is y = 

-65.85+ 7.07x, R=O.939. 
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depicted in Figure V-H. As in the case of mono-SorbPC, the initiator concentration was 

calculated in mmole/mL while the total lipid concentration was kept constant at 10 lJlllole/mL. A 

linear fit to the data gave a correlation coeff. of 0.939 indicating a poor fit of the data. The Xn of 

bis-SorbPC does not appear to be dependent upon the inverse square root of [I]. 

A plot of Xn as a function of the inverse of [I] for bis-SorbPC is displayed in Figure V-

18. A linear fit to the data gave a correlation coeff. of 0.999. Therefore, as in the case of the 

mono-substituted PC, the Xn for bis-SorbPC is inversely proportional to the first order of the 

initiator concentration. 

Figure V-18: The number-average relative degree of polymerization (Xn) of bis-SorbPC vs. 

the inverse of the initiator concentration, [I]. The equation for the linear fit is y = -5.75 + 0.096x, 

R=0.999. 
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The inverse first order dependence of the initiator concentration on Xn for bis-SorbPC 

was further confirmed by plotting the log of Xn as a function of the log of [I] , as shown in Figure 

V-19. The slope of the plot was -0.924 and represents the order of the polymerization with 

respect to the initiator concentration. The correlation coeff. was 0.997 indicating a good fit of 

the data. 

Figure V-19: The log number-average relative degree of polymerization (Xn) of bis-SorbPC vs. 

the log of the initiator concentration, log [I]. The equation of the linear fit is y = -0.743 - 0.924x, 

R=0.997. 

2.9 r-----r-----,--,---,---r-------,-----.----,---.------, 

2.7 

><C 2.5 

C) 
o 
-I 2.3 

2.1 

1. 9 '----'-_----1.._---'-_..I.-_-'--____ '----'-_----1...._--'--------l 

-3.9 -3.7 -3.5 -3.3 -3.1 -2.9 
Log [I] 



187 

D. Degree of Polymerization of mono-SorbPC. Effect of Monomer Concentration. In 

order to determine the dependence of Xn on the [M] it is simply not sufficient to increase or 

decrease the concentration of monomers in solution. The effect of increasing the [M] only 

increases the number of bilayer vesicles present in the suspension without changing the local 

effective concentration of the monomer, a result of the low critical micellar concentration (CMC) 

of the lipids «10-6 M). The [M] was varied by changing the mole fraction of the polymerizable 

lipid, mono-SorbPC, in the bilayer by mixing it with a second nonpolymerizable lipid. 

DipalmitoylPC (DPPC) was chosen as the nonpolymerizable component, because it is a well 

studied saturated PC which is widely available in high purity as well as unreactive under the 

polymerization conditions used. Furthermore the T m of pure DPPC bilayers is 41°C, which is 

similar to that of the mono-Sorb PC (36°C). Both lipids are similar in structure having identical 

chains in the sn-1 position with the chain length in the sn-2 position differing by only one atom 

(16 carbons for DPPC; 17 atoms for mono-SorbPC). These similarities favor the homogeneous 

mixing of the lipids at temperatures above the T m of each lipid. However, in instances were the 

chain lengths of the phospholipids differ by four or more methylene groups, non ideal mixing is 

possible, with evidence of lateral phase separation of lipids into domains. Since the 

polymerization temperature (60°C) is greater than the T m of either of the lipids, it was 

anticipated that at the start of the polymerization reaction, both lipids would be homogeneously 

mixed in the liquid-crystalline phase. This assumption was examined on several mixtures of 

DPPC/mono-SorbPC utilizing differential scanning calorimetry (Chapter IV). The onset and 

completion temperatures of the endotherm for each mixture were used to construct the liquid

solidus lines by the procedure of Mabery and Sturtevant (see Figure IV-B). Each of the 

DPPC/mono-SorbPC mixtures is in the liquid-crystalline phase at the polymerization 

temperature. 

The dependence of the monomer concentration on the Xn at constant initiator 

concentration was determined by diluting mono-SorbPC with DPPC to the following molar 
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ratios: 1/0; 1/0.1; 1/0.5; and 1/1. In all cases the total lipid concentration was kept constant at 

10 flmole/mL and the [M]I[I] ratio was equal to 20. Detailed descriptions of the SEC results are 

reported in Table V-7 with average values of Xn shown in Table V-8. While pure mono-

SorbPC gave an Xn of almost 200, dilution of the monomer with approximately 10% DPPC 

decreased Xn to 153 ±18. Subsequent dilutions with DPPC did not change Xn any further, it 

remaining at around 155 at 33% and 50% dilution of the monomer. Xns were plotted as a 

function of the mole fraction of DPPC present in the bilayer (Figure V-20). The initial decrease 

in Xn at approximately 10 mole% DPPC corresponds to a second order dependence with 

respect to the monomer concentration. At concentrations of DPPC greater than 10 mole % Xn 

is independent of [M] (i.e. zero order). 

Table V-7: SEC analysis of modified poly-(mono-SorbPC) as a function of monomer to DPPC 

ratio at constant initiator concentration. The total lipid, monomer and DPPC concentration was 

10 flmole/mL, and the molar ratio of lipid to initiator was 20. Included in this table are 

[M]I[DPPC], % conversion of the polymerization, Eft. MW, Mn, Mw, PDI, and Xn. Each sample 

was analyzed a minimum of 3 times by SEC. SEC traces appear in Appendix D. 

File %Conv Eff. MW Mn Mw POI Xn 

(1/0.1) 

H1-p285a 73.9 211 35954 85806 2.39 170 

H1-p285b 36724 84523 2.30 174 

H1-p285c 36830 n331 2.10 175 

H1-p285d 37395 87123 2.33 177 

AVERAGE 174±3 

H2-p285a 55.1 251 32709 65657 2.10 130 

H2-p285b 35053 64193 1.83 140 

H2-p285c 40408 82887 2.05 161 

H2-p285d 36823 103619 2.89 127 

AVERAGE 144±16 
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Table V-7- Continued 

H3-p285a 48.6 282 41520 112845 2.72 147 

H3-p285b 40153 103652 2.58 142 

H3-p285c 43098 105431 2.44 153 

H3-p285d 35823 103619 2.89 127 

AVERAGE 142±11 

(1/0.5) 

H4-p285c 64.9 265 41147 71543 1.74 155 

H4-p285d 33777 59154 1.75 127 

H4-p285e 39225 71437 1.82 148 

H4-p285f 35512 52913 1.49 134 

AVERAGE 141±13 

H5-p285b 64.9 250 39857 84931 2.13 159 

H5-p285c 42602 81671 1.92 170 

H5-p285d 44188 105618 2.39 177 

H5-p285e 48478 110462 2.28 194 

AVERAGE 175±15 

(1/1) 

H8-p285b 81.3 265 41649 121 671 2.92 157 

H8-p285c 39390 65395 1.66 149 

H8-p285d 42522 89552 2.11 160 

H8-p285e 45505 94628 2.08 172 

AVERAGE 160±10 

H9-p285a 81.4 256 37872 61 211 1.62 148 

H9-p285b 37520 70805 1.89 147 

H9-p285c 37862 68929 1.82 148 

H9-p285d 35573 60425 1.70 139 

AVERAGE 146±4 
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Table V-8: Number-average relative degree of polymerization of mono-SorbPC as a function 

of monomer to OPPC ratio at constant [I] ([M]I[I]=20). The total lipid, monomer and OPPC, 

concentration was 10 mmole/mL. 

Xn PDIRan e 

1/0 191 ± 13 2.39 - 3.82 

1/0.1 153 ± 18 2.10 - 2.72 
1/0.5 158 ± 17 1.75 - 2.28 

1/1 153±7 1.82 - 2.11 

Unlike the AIBN homopolymerization of both mono- and bis-SorbPC, polymerization of 

mixed bilayers of OPPC and mono-SorbPC did not go to 100% completion, as indicated in 

Table V-7. The loss in monomer was determined experimentally by 1 H NMR, where the 

intensities of the double bonds of the sorbate were compared to the a-methylene glycerol ester 

peak (see p. 170). The number-average relative degree of polymerization did not appear to be 

dependent upon the % conversion of the monomer to polymer. For example, at a 

[OPPC]l[monomer] of 1/2 the % conversion for both samples examined was identical at 65% 

polymer formation; however, Xn varied from 141±13 to 175±15. Similar observations were 

seen for the other monomer concentrations. 
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Figure V-20: The number-average relative degree of polymerization (Xn) of mono-SorbPC 

plotted as a function of the mole fraction of DPPC present in the bilayer. The dashed line 

represents the theoretical Xn calculated for second order dependence of [M]. 
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E. UV Polymerization of mono- and bis-SorbPC Vesicles. Effect of Light Intensity, 

[Iinti, on the Rate of Polymerization. The relationship between light intensity, [lint], and the 

initial rate of polymerization, Rp, was investigated for UV-irradiated vesicles of both mono- and 

bis-SorbPC. Vesicles were photopolymerized with a low pressure mercury lamp (254 nm) with 

the light intensity controlled by a series of neutral density filters. The UV spectra for the 

photopolymerization of bis-SorbPC vesicles are shown in Figure V-21. As was the case for the 
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Figure V·21: UV absorption spectrum for the UV photopolymerization of bis-SorbPC vesicles. 

Vesicles were irradiated at 40°C with a UV flux of 5.0x1014 photons/sec. 
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radical polymerization (see Figure V-12), photopolymerization of the sorbyl mOiety resulted in a 

similar decrease in its absorbance at 257 nm (buffer suspension) with an increase in 

absorbance of the polymer product at == 195 nm. The isosbestic region at 222 nm suggests that 

the photolysis yields primarily one photoproduct. The presence of an isosbestic region rather 

than a point may be the result of small changes in turbidity of the vesicle suspension or the 
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formation of major and minor photopolymer products. Prolonged UV-irradiation of the vesicle 

sample resulted in the disappearance of the photopolymer's absorption peak at 195 nm, 

indicating further reaction of the residual double bond. A comparison of the UV spectra 

(Figures V-12 and V-21) for both radical and photochemical polymerization of bis-SorbPC 

shows the latter to be considerably faster. More than 75% of monomeric bis-SorbPC was lost 

after 5 min of UV-photolysis, whereas 2 hrs. was needed for the radical polymerization. 

The loss of monomeric mono- and bis-SorbPC was determined by equation V-1 for 

each sample and expressed in moles/L (see Appendix B for absorbance data). Vesicles were 

irradiated between 10 sec and 20 min depending upon the intensity of the UV-light (254 nm). 

The light intensity (i.e. initiator concentration, [Iintl) was controlled with a series of neutral 

density filters resulting in the following UV fluxes (photons/sec; relative % transmittance of UV

light at 254 nm): 5.0x1014 (100%), 2.64x14 (52.7%), 9.95x1013 (19.9%), 6.60x1013 (13.2%), 

and 1.40x1013 (2.8%). A minimum of two trials were run at each irradiation time and [lint] with 

the [M] averaged. Vesicles of mono- and bis-SorbPC were irradiated above their T mS at 40 

and 30°C, respectively. 

i. Photopolymerization of mono-SorbPC. The experimentally determined [M]s of 

mono-SorbPC (Appendix B) were plotted as a function of UV-irradiation time for each [lint] 

examined, as depicted in Figure V-22. The initial Rp for each [lintJ was determined from the 

slope of each plot which in turn was calculated via a linear least square regression of the data 

(correlation coeffs. of 0.996 or better were obtained for each fit). The calculated Rps are 

displayed in Table V-9. 

The relationship between the initial Rp and [Iintl for the UV-photopolymerization of 

vesicles of mono-SorbPC is depicted in Figure V-23, where log Rp is plotted versus tog [lint]. 

The order for the photopolymerization with respect to [lint] is given by the slope of the plot. The 

slope of the plot, 0.972, indicates a relationship approaching first order dependence of Rp on 

[lint]· 
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Table V-9: Initial rate of polymerization (R p) of UV-irradiated vesicles of mono- and bis

SorbPC. Photopolymerizations were performed at 40 and 30°C, respectively, at different light 

intensities ([lint]) as represented by the UV-flux of the low pressure mercury lamp (254 nm). 

UV-FLUX (254 nm) RELATIVE % Rp 
(photons/s x 10-14) TRANSMITTANCE (mole L-1 s-1 x 108) 

mono-SorbPC bis-SorbPC 

5.00 100 71.79 44.08 

2.64 52.7 35.46 24.22 

0.99 19.9 12.60 8.06 

0.66 13.2 9.48 6.04 

0.14 2,8 2.16 1.70 

Figure V-22: Loss of monomeric mono-SorbPC in vesicles as a function of UV-irradiation time. 

Vesicles were photopolymerized with a low pressure mercury lamp (254 nm) at 40°C. [lint] was 

controlled by neutral density filters; UV flux at 254 nm: a=5.0x1014, b=2.64x1014, c=9.95x1013, 

d=6.60x1 013, e=1.40x1 013 photons/sec. 
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Figure V-23,:. Order of dependence for the initial rate of polymerization, Rp. of mono-SorbPC 

vesicles on light intensity, [Iintl. The log of Rp versus the log of [lInt]. The equation of the linear 

fit is y = -20.459 + 0.972, R = 0.999. 
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ii. Photopolymerization of bis-SorbPC. The initial rate of polymerization for UV-

irradiated (254 nm) vesicles of bis-SorbPC was evaluated in a similar fashion to that described 

above for mono-SorbPC vesicles. Loss of monomeric bis-SorbPC, [M] (mole/L), was plotted as 

a function of UV-irradiation time for each of the [lint1 examined (Figure V-24). With the 

exception of the plot where [lint] = 5.0x1014 photon/s (Figure V-24-a), all plots behave in a 

linear manner. The deviation from linearity exhibited by plot 'a' at high conversion of monomer 

to polymer is due to the fact that the light absorption decreases at continuing depletion of the 

monomer (e.g. decreasing the optical density from 2.00 to 0.50 decreases the % absorption of 

the chromophore from 99 to 69%).316 The deviation from linearity at high conversion was not 

tested for other [lintlS. The initial Rp for each [lint1 was determined from the initial slope of each 
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plot which in turn was calculated via a linear least square regression of the data (correlation 

coeffs. of 0.996 or better were obtained for each fit). The calculated RpS are displayed in Table 

V-9. 

The order dependency of the initial Rp on [lint] for the UV-photopolymerization of bis

SorbPC vesicles was determined by plotting log Rp vs. log [lInt] (Figure V-25). The order for 

the photopolymerization with respect to [lintJ is given by the slope of the plot. As was the case 

of mono-SorbPC, the slope of the plot, 0.917, indicates a relationship approaching first order 

dependence of Rp on [llnt1. 

Figure V-24: Loss of monomeric bis-SorbPC in vesicles as a function of UV-irradiation time. 

Vesicles were photopolymerized with a low pressure mercury lamp (254 nm) at 30°C. [lint] was 

controlled by neutral density filters; UV flux at 254 nm: a=5.0x1014, b=2.64x1014, c=9.95x1013, 

d=6.60x1013, e=1.40x1013 photons/sec. 
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Figure V-2S: Order of dependence for the initial rate of polymerization, Rp, of bis-SorbPC 

vesicles on light intensity, [lInt]. The log of Rp vs. the log of the [lint]. The equation of the 

linear fit is y = -19.873 + 0.917, R = 0.997. 
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F. UV Polymerization of mono-SorbPC Vesicles. Effect of Light Intensity, [lint}, on the 

Degree of Polymerization. The Xn for the UV (254 nm) photopolymerization of mono-SorbPC 

vesicles was investigated. Vesicle samples were polymerized in a Rayonet photoreactor; the 

light intensity (i.e. initiator concentration, [lint)), was controlled by filtering with a fine wire mesh 

screen and/or by the removal of UV light bulbs. Since the initial rate of polymerization (Rp) is 

directly proportional to [lint] (see previous section and Discussion), the relative light intensities 

between samples can be indirectly determined. The initial rates of photopolymerization for 

mono-Sorb PC vesicles are depicted in Table V-10 at various light intensities. An approximate 

reduction of 50% of the light intensity resulted in a similar decrease in Rp (e.g. removal of half 

the UV bulbs decreases Rp by == 50%). 
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Table Y-10; Initial rate of polymerization for the UV photopolymerization (254 nm) of mono

SorbPC vesicles at different light intensities. 

Sample # UV Irradiation Rpx 107 % Intensity 

# of bulbs moles L-1 s-1 Normalized 

8 14.119 

2 8 13.025 

Average 13.572 ± 0.55 100% 

3 4 7.098 

4 4 7.869 

Average 7.483 ± 0.389 55.2% 

The UV-photopolymerization of vesicles composed of mono-SorbPC resulted in the 

formation of oligomers as determined by SEC analysis (Table V-11). Attempts at dissolving the 

photopolymerized PCs in chloroform or benzene showed the oligomers to be only partially 

soluble, and hence they were modified in the identical fashion to that of the AIBN polymers. 

Transesterification of the PCs with MeOH-HCI (5%) resulted in a greater propensity of short to 

long chain in the copolymer, e.g. 73-95% short chain. This is in contrast to SorbPC polymers 

initiated by AIBN where the copolymer consisted mostly of the long chain. The shorter 

photopolymers make it much easier for the reagent to penetrate the oligomer matrix and 

transesterify the ester linkages. The effect of varying [lint] on Xn resulted in no observable 

changes under the conditions investigated. Oligomers varied from 3-5 repeat units in size and 

were independent of light intensity. 
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Table V-11; SEC analysis of modified poly-(mono-SorbPC). Monomeric lipids were 

photopolymerized with UV light (254 nm) while the [M] was kept constant at 0.80 mM. Included 

in this table are the % of short chains in the copolymer, the effective molecular weight of the 

repeat unit (Eff. MW), Mn, Mw, POI, and Xn. Each sample was analyzed a minimum of four 

times by SEC. SEC traces are in Appendix O. 

Sample I % Sh~rt I 
Cham 

Mn Mw 

Light Intensity (Normalized) : 55.2% 

HL1-1 75 572 606 

HL1-2 ---- 521 561 

HL1-3 --_. 550 585 

HL1-4 ---- 560 600 

Light Intensity (Normalized) : 55.2% 

HL2-1 73 481 515 

HL2-2 ---- 488 526 

HL2-3 ---- 488 524 

Light Intensity (Normalized) : 100% 

HL3-1 95 364 369 

HL3-2 ---- 363 368 

HL3-3 ---- 367 367 

Light Intensity (Normalized) : 100% 

HL4-1 85 539 575 

HL4-2 -_ .... 610 671 

HL4-3 ---- 604 697 

PDI Xn 

1.06 3.4 

1.08 3.1 

1.06 3.3 

1.08 3.3 

1.07 2.9 

1.08 2.8 

1.07 2.8 

1.01 2.7 

1.01 2.7 

1.02 2.7 

1.07 3.5 

1.10 4.0 

1.15 4.0 
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4. DISCUSSION 

Polymerization of lipid bilayers has been accomplished by a variety of methods as 

described in Chapter II. The principal concern here is the radical chain polymerization, as well 

as photopolymerization, of a reactive sorbyl group in the chain terminus of the lipid. The sorbyl 

group in the hydrophobic regions of the bilayer is located at the most mobile region of the lipid 

bilayer. Contrary to three-dimensional or solution polymerizations where the monomers are 

isotropically mixed, the two-dimensional environment of a bilayer imposes constraints on the 

monomeric lipid. However, the magnitude and nature of the constraints are misleading since 

lipids are able to laterally diffuse past one another as well as exhibit disorder of the chains in 

the middle of the bilayer when in the liquid-crystalline phase. The combination of lipid mobility 

and chain disorder allow the monomeric lipid to diffuse to the propagating polymer chain end 

and adopt the conformation necessary for polymerization. 

A. Effect of Initiator Concentration on the Degree of Polymerization. Early studies by 

Fendler et at attempted to examine some of the variables controlling the rate of polymerization 

as well as the size of the polymer in bilayer structures.199,215 Fendler investigated the effect 

of irradiation intensity on the rate of photopolymerization of monolayers composed of vinyl 

benzoylammonium halides (56). While they did not determine Xn directly, it was approximated 

from the equation (V-3) 

Xn ~ 1 / (cI>rIE'C) (V-3) 

where cI>r is the quantum efficiency for radical polymerization, I is the mean intensity of the 

light source, E is the absorption cross section of the monomer, and 't is the decay time of the 

photopolymerization. At low intensities Xn was estimated to increase from ca. 200 to 300 upon 

going from the liquid expanded phase (5 mN/m) to the condensed phase (35 mN/m). At high 
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intensities the Xn were much lower ranging from 11 to 27 upon the same pressure increases. 

The effect of light intensity on X n at constant surface pressure of the mono layers was not 

addressed in their studies. 

Recently, Sells and O'Brien examined the effect of varying [M] and [I] on the degree of 

polymerization of AcrylPCs (Figure V_5).190,269 Xn ranged from 50 to almost 2000 depending 

upon the [M] and [I] of the bilayer. A plot of log Xn versus either log [M] or log [I] gave a slope 

of 2 and -1 respectively, demonstrating that the Xn was dependent on the second order of the 

monomer concentration and inverse first order of the initiator concentration. These results 

demonstrated that thermal radical polymerizations of AcrylPCs do not follow typical solution 

polymerization, where Xn is related to [M] and [1]-0.5.317 These findings are comparable to the 

results reported here. 

As was the case for the thermal radical polymerization of AcrylPC, the effect of varying 

both [I] and [M] on Xn was examined for the polymerization of bilayers composed of SorbPCs 

(63 and 64). Unlike solution polymerizations, where the effect of either [M] or [I] is analyzed at 

relatively low conversions to polymer, the results reported here are at high conversions to 

polymer (>95% as determined by 1 H NMR). These variables were examined at high 

conversion since studies involving destabilization and stabilization of lipid bilayers, as well as 

other supramolecular assemblies, are concerned with the size of the polymer upon completion 

of the reaction. Furthermore, since the reactive group on the lipid chain only makes up a small 

fraction of the molecule (::::5%), stopping the reaction at 10% or less conversion of monomer to 

polymer makes it impossible to obtain enough material, after transesterification, for any reliable 

analysis of molecular weight by SEC. Such an analysis at low conversion would require a 

minimum of 500 mg of polymerizable lipid which is impractical at this time. Lastly, the rate of 

polymerization, Rp, can be determined by UV spectroscopy which in turn allows for analysis of 

the relationship between [M] and [I] at both low and high conversions. 
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The thermal radical polymerization was examined for both mono-and bis-substituted 

PCs using the radical initiator AIBN. The polymerization was carried out in extended bilayers, 

i.e. large multilamellar vesicles, so as to preclude the possibility of the supramolecular 

assembly's morphology having an effect on the length of the polymer chains. Tsuchida et al. 

reported that the thermal AAPD polymerization of small unilamellar vesicles (20 nm diameter) 

results in a weight-average degree of polymerization, Xw, that is considerably smaller than for 

larger vesicles (40 nm diameter), e.g. Xw varies from 28 to 255 for mono-OenPC (60) 

vesicles.247 The lower Xw is explained in terms of the lack of freedom of the polymerizable 

group which is located at the hydrocarbon/water interphase as a result of the high radius of 

curvature of the bilayer. These results are somewhat misleading since they examined Xw 

instead of Xn which is a better description of the size of the polymer. Calculation of Xn for the 

different vesicle sizes reveals an Xn of 21 and 58 for SUVs of 20 and 40 nm, respectively, a 

direct result of the higher polydispersity of the 20 nm SUVs (POI = 4.43) to 40 nm SUVs (POI = 

1.32). However, it is possible that longer polymers can be obtained by decreasing the radius of 

curvature, as is the case in vesicles larger than 100 nm, as well as incorporating a suitable 

spacer to decouple the motion of the main chains from that of the side chains. 

In examining the effect of [I] and [M] on the Xn for the radical polymerization of lipid 

bilayers, an understanding of the sequence of events that typically occur is necessary (Figure 

V-26). The initiation step for polymerization is a two-step process involving first the homolytic 

cleavage of the initiator AIBN into two primary radical fragments which then react with 

monomers to yield a chain-initiating species. Decomposition of AIBN is achieved thermally by 

heating at 60°C for 3.5 lifetimes (half-life, t1/2 ==18 hrs);317 AIBN can also be decomposed into 

primary radicals photochemically by irradiating with 365 nm UV light. Chain propagation 

consists of the successive addition of a large number (hundreds to perhaps thousands) of 

monomer molecules to the chain-initiating species. The addition of a monomer to the 

propagating chain end results in the generation of a new radical which can continue the chain 
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growth. Termination with annihilation of the growing radical ends occurs predominately by a 

bimolecular reaction between radical chains, either coupling or disproportionation. Termination 

by combination (coupling) of two growing radical fragments requires spin pairing, while 

disproportionation involves the transfer of a p-hydrogen radical from one chain to another 

radical chain resulting in the formation of a saturated and an unsaturated polymer chain end. 

Typically, disproportionation is not favored since it requires the availability of p-hydrogens, high 

temperatures, and sterically hindered or highly reactive monomers. 

Figure V-26: Sequence of events for radical chain polymerization. 
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The kinetic chain length, U, for thermally initiated free radical solution polymerization is 

proportional to [M] and (1)"°.5 (eq. V-6). The relationship is derived from the steady-state 

approximation, where the rate of initiation, Ri, and the rate of termination, Rt, are equal. Hence 

the number of propagating radicals remains constant during the course of the polymerization. 

The U is therefore described by the ratio of Rp, to either Ri or Rt. At low concentrations of 

initiating radicals, and excluding solvent or impurity chain transfer reactions, the growing radical 

chain predominantly terminates by chain-chain interactions such as coupling and/or 

disproportionation. Furthermore, it assumes that the reactivity of the propagating radical end is 

not dependent upon the size of the polymer. From Figure V-26, the rate of initiation can be 

written as follows 

Ri =2f kd [I] (V-4) 

and the rate of polymerization by 

Rp = kp [M] / (f kd [I] / ktJ0.5 (V-S) 

Substituting for Rp and R;, the kinetic chain length is expressed by 

v = Rp / Ri = kp [M] / (2f kd kt [/])0.5 (V-G) 

where kp is the rate constant for propagation, kd is the rate constant for initiator homolysis, kt 

is the rate constant for termination, and tis the initiator efficiency. 

The number-average degree of polymerization, Xn, is equal to the kinetic chain length 

when the radical polymerization reaction is terminated by disproportionation, or twice the kinetic 
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chain length when the termination is by coupling of two radical ends. Both modes of 

termination are diffusion controlled, and require pairing of their electron spins. While coupling 

is the primary termination mechanism for many polymerizations, disproportionation does occur 

under certain circumstances. The presence of substituents next to or near the propagating 

radical end can sterically hinder and interfer with the bimolecular chain-coupling mechanism, 

while the presence of ~-hydrogens on the radical will facilitate any hydrogen-transfer process. 

It is therefore not surprising that methyl acrylate tends to terminate exclusively by coupling, 

whereas methyl methacylate polymerizations terminate predominantly by disproportionation.318 

Furthermore, increasing the polymerization temperature results in an increase in the extent of 

disproportionation,319 e.g. disproportionation for methyl methacrylate polymerizations 

increases from 67% at 25°C to eO% at eo°c. 

Termination of radically polymerized diene-type monomers occurs by a combination of 

both coupling and disproportionation, with the extent depending upon the method (e.g. 

emulsion polymerization) and conditions of the polymerization.320 The method of termination 

for related sorbyl monomers has yet to be described. However, the availability of ~-hydrogens 

(Le. terminal methyl) suggests that a certain degree of disproportionation would occur. 

The Xn for free radical solution polymerization is governed by equation V-6, which 

shows the reaction to be first order in [M] and inversely proportional to the square root of [I]. In 

contrast, the polymerizations of both mono- and bis-SorbPCs are inversely proportional to [I], 

as was the case for the AcrylPC reported by Sells and Q'Brien.190,223,269 The experimentally 

determined Xn were plotted as a log function versus log [I] where the slope corresponded to the 

order of the initiator concentration with respect to Xn. In both the mono- and bis-SorbPC cases 

the slope from the plot approached -1 (Figures V-16 and V-19). Like AcryIPC, the thermal 

radical polymerization of both mono- and bis-SorbPCs do not conform to the standard solution 

polymerization dependency on initiator concentration, and proceed by an alternative 

mechanism. 
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Deviations from the normal bimolecular chain termination mechanisms for radical 

polymerizations have been observed at high [M]/[I] ratios as well as at high viscosity of the 

reaction medium. A third termination mechanism, which involves the reaction of a primary 

radical fragment generated from the initiator with the growing radical chain can occur under the 

above conditions, Le. primary radical termination.321-323 The rate of polymerization under 

primary radical termination conditions is given by the following equation 

Rp = kp ki [M}2 / ktp (V-7) 

where ktp is the rate constant for primary radical termination. Substituting equation V-? into V-

4, where Rp involves primary radical termination, the Xn for thermally initiated polymerization 

becomes 

Xn = kp ki [M}2/ (2( kd ktp [I}) (V-8) 

Thus, in the case of primary radical termination, Xn is proportional to [1]"1 as was observed for 

both mono- and bis-SorbPCs radical polymerizations. 

Primary radical termination of two-dimensional bilayer assemblies could be a result of 

either the high [I] and/or low diffusional behavior of the polymer chains in the bilayer, as 

supported by the linear dependence on [1]-1 over the concentration range examined. Since 

both monomer and polymer are constrained to the confines of their two-dimensional 

environment (Le. lipid bilayer), their mobility should decrease as the polymerization proceeds. 

Utilizing fluorescence after photobleaching (FRAP) techniqu~s, Kolchens et al. recently 

demonstrated a moderate decrease in the lateral diffusion coefficient (D) of a single lipid probe 

as the size of the polymer in the bilayer increased.3DS The 0 of an NBD-PE fluorescent probe 

in bilayers composed of poly-(AcryIPC) decreased from 1.4±O.4 to 0.24 J.l.m2 s-1 as the Xn of 
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the polymer increased from 230 to 1900, thus suggesting an increase in viscosity of the bilayer 

interior. An increase in bilayer viscosity would increase the lifetime of the propagating chain 

ends by limiting the translational and/or segmental motion of the growing polymer chains, 

thereby making bimolecular termination processes more difficult. The longer life-time of the 

radical chain ends and slower monomer diffusion should enhance the probability of a small 

radical fragment, e.g. isobutyronitrile radical, diffusing through the bilayer and terminating the 

reaction. 

B. Effect of Monomer Concentration on the Degree of Polymerization. Primary radical 

termination of two-dimensional supramolecular assemblies was further tested by varying the 

[M] of mono-Sorb PC with respect to Xn at constant [I] ([M]/[I] = 20). [M] was varied by diluting 

the bilayer with a non-polymerizable lipid which was closely related in both phase behavior and 

structure. DPPC was chosen as the colipid since its gel to liquid-crystalline phase transition 

(T m) differs by only 6° from that of mono-Sorb PC and it has a similar number of atoms in the 

hydrocarbon chain. Differential scanning calorimetry measurements of several different mole 

fractions showed only one transition at temperatures between their respective T mS (see Figure 

IV-B). It was anticipated that at the beginning of the polymerization the lipids form an ideal 

homogenous mixture. 

As dictated by equation V-6, normal solution polymerization gives rise to a first order 

dependence on [M] if the mode of termination is by either coupling or disproportionation. In 

contrast, polymerizations which terminate by primary radicals give rise to a second order 

dependence on [M] (equation V-B). Dilution of lipid bilayers composed of mono-SorbPC with 

the non-polymerizable DPPC resulted in a decrease in Xn (Table V-B). The [M]/[I]. was held 

constant at 20 where [M] was the concentration of DPPC and mono-SorbPC. The [M]/[I] ratio 

was chosen since it gave polymers with a sufficiently long kinetic chain length when undiluted 

that a measurable decrease in Xn could be observed upon addition of DPPC. Examination of 

Figure V-20, where Xn is plotted as a function of the mole % DPPC in the bilayer, shows an 
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initial decrease in Xn at 10% dilution corresponding to a second order dependence on [M). 

Subsequent dilutions with DPPC did not result in further decreases of Xn. The zero order 

dependence of [M) at higher dilutions suggests that phase separation of the lipid into 

microdomains may be occurring at the onset of the polymerization process and that the local 

concentration of monomer in the bilayer is actually higher than the overall molar ratio indicates. 

Note that phase separation of lipid components into nonpolymerizable and polymeric domains 

is expected anyway. However, the magnitude and size of the domains is not currently known. 

The choice of another nonpolymerizable lipid, different [M)I[I] ratios, or the bis-substituted 

SorbPC may clarify the order of dependence of [M) for sorbyl-containing PCs. 

C. Comparison of Mono-and Bis-Substitution, and AerylPCs versus SorbPCs on the 

Degree of Polymerization. Polymerization of bis-substituted lipids results in the formation of a 

crosslinked polymer network. Typically, it is difficult to obtain any useful information from 

crosslinked systems, since they are insoluble in organic solvents. This insolubility makes 

characterization by conventional techniques impossible. However, cleavage via 

transesterification of the glycerol ester bonds renders these polymers soluble. 

Transesterification of the poly-(phospholipid) effectively separates both tails from the 

headgroup, thereby removing the crosslinking glycerol backbone (e.g. formation of a linear 

polymer).190,213,269 

While polymerizations of bilayers composed of either mono- or bis-SorbPC terminate 

by primary radical termination, as is the case for mono- and bis-AcryPCs, there are 

nevertheless differences between the two types of reactive lipids. The Xns for mono- and bis

AcryPC are significantly different from one another at the same [M)/[I) ratios, whereas the 

mono- and bis-SorbPCs have identical Xns at the same initiator concentration. Furthermore, 

polymerization of mono-AcrylPC resulted in polymers that are one order of magnitude larger 

than those of bis-AcryIPC, and mono- and bis-SorbPCs. 
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The smaller polymers observed for bis-AcrylPC compared to mono-AcrylPCs at 

constant [I] were believed to result from a substantial decrease in diffusion of monomers to the 

propagating end as a result of crosslin king (Le. gelation of the bilayer). This would also 

decrease the probability of termination by the reaction of two growing radicals by coupling or 

disproportionation, while increasing the potential for primary radical termination. However, the 

similar XnS of both mono- and bis-SorbPCs suggest that the extent of crosslinking in the 

bilayer does not significantly decrease the monomer's ability to diffuse to the propagating chain 

end as is believed to be the case for polymerization of bis-AcryIPC.223 Crosslinking of the 

lipids, resulting in decreased diffusion of monomers to the propagating end, should yield Xn 

considerably smaller than that observed for bis-SorbPC. This result suggests that crosslin king 

of the bilayer does not totally prevent the diffusion of monomers to the propagating chain end. 

K61chens et al. reported a decrease in the lateral diffusion coefficient (D) of NBD-PE in 

polymerized bilayer mixtures of mono- and bis-AcrylPCs where the mole fraction of the 

crosslinker was between 0.3 and 0.4.305 This was interpreted as the critical point, Le. gel 

point, necessary for complete crosslinking of the bilayer. However, it should be noted that at no 

time does D become zero, and that while much lower, diffusion of the probe still occurs. 

Hence, the identical Xns for mono- and bis-SorbPC can be understood by considering the 

following two points: 1) a decrease in the diffusion of monomers to the propagating chain end 

will only increase the lifetime of the reactive chain end; 2) polymerization of reactive groups in 

the terminal end of the hydrocarbon restricts the polymer to the middle of the bilayer, thereby 

establishing a low barrier for monomer molecules to diffuse over. 

A comparison of the XnS for poly-(mono-AcryIPC) and poly-(mono-SorbPC) which were 

polymerized at identical [MJ/[IJ ratios shows the former to be on average 4x larger (e.g. [MJI[IJ = 

5: poly-(mono-AcryIPC), Xn = 233±29; poly-(mono-SorbPC), Xn = 54±1). The different Xns of 

the two monomers can be explained by differences in resonance stabilization. In general, 
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Figure V-27: Comparison of radical resonance stabilization of sorbyl and acryloyl moieties. 
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resonance-stabilized monomers yield stable polymer radical ~dducts with lower reactivity to 

monomers. Since the sorbyl moiety is a conjugated diene, the resulting sorbyl radical can 

exhibit greater resonance stabilized than that of the acryloyl radical (Figure V-27). Hence, the 

latter should have a higher reactivity to monomers. 

The larger Xn of mono-AcrylPC to mono-SorbPC in radical polymerizations can be 

approximated from equation V-B. Since [M] and [I] are the same for both polymerizations, and 

assuming the initiator efficiency constant (f) is also similar, Xn for each of the polymers can be 

expressed by their different rate constants (eq. V-9 and V-10), 
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XnAcryl z k,lo k;A / keto kt,fi (V-g) 

(V-10) 

Since 

XnAcryl z 4 XrP0rb (V-11 ) 

equations V-9 and V-10 can be combined 

(V-12) 

While the different rate constants for the radical polymerization of AcrylPC and SorbPC have 

not been determined, equation V-12 can still be simplified by using existing data on related 

molecules such as methyl acrylate and 1,3-butadiene. A further approximation is made by 

comparing 1 ,3-butadiene to the sorbate moiety even though they are structurally dissimilar (the 

latter being more resonance stabilized and sterically hindered). The kd of AIBN and kp of 

methyl acrylate at 70°C are 3.07x10-5 s-1 and 3.32x10-2 L mol-1 s-1, respectively; the kd of 

AIBN and kp of 1,3-butadiene at 60°C are 0.85x10-5 s-1 and 0.1 Ox1 0-3 L mol-1 s-1, 

respectively.317 Substituting these rate constants into eq. V-12, 

25 k;A / kt,lo - k,S / ktpS (V-13) 

The difference in the Xns of poly-(mono-AcryIPC) and poly-(mono-SorbPC) can be described 

by the rate constants for initiation (ki) and primary radical termination (ktp). For equation V-13 

to be valid, kiS > kiA and/or ktpA> ktpS. Since the sorbyl monomer can form a more 

resonance-stabilized radical upon initiation than the acryloyl monomer, kiS is expected to be 

larger than kiA. A comparison of ktpA and ktpS is more ambiguous because both propagating 
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chain ends are stericly similar. The increased bilayer viscosity decreases the mobility of the 

propagating polymer chains making termination dependent upon the diffusion of the primary 

radical, which when coupled with high initiator concentration, suggest that the ktps for both 

mono-AcrylPC and mono-Sorb PC are quite similar. 

D. Degree of Polymerization Resulting From UV Photopolymerization of Mono-SorbPC 

Vesicles. The Xn for UV-photopolymerization (254 nm) of mono-SorbPC (64) LUVs was 

examined as a function of light intensity. The relationship between Rp and light intensity, [lind, 

was determined so that it could be related back to the Xn. Unlike AIBN initiated radical 

polymerizations, the SorbPC monomer serves as its own initiator in the UV-polymerization. 

Excitation of the sorbyl moiety from the ground state to an excited state (singlet or triplet) may 

result in the formation of monoradicals and/or highly reactive diradicals which can propagate, or 

the monomer may react in the excited state by coupling with a ground state monomer.239,240 

The Rp for the photopolymerization of both mono-SorbPC and bis-SorbPC was 

observed to be proportional to the first order of [lint1. A similar observations was reported by 

Fendler et a!. for the UV-photopolymerization of styrene containing amphiphiles.214-216 The 

faster Rp observed for mono-SorbPC over bis-SorbPC is a result of the higher photolysis 

temperature in the former (e.g. 40°C vs. 30°C). The Rp for the photopolymerization of SorbPC 

vesicles has been observed to be temperature dependent. 324 

Previously, Tsuchida et al. demonstrated that the UV photopolymerization (254 nm) of 

vesicles composed of related dienoylPCs (59 and 60) in the liquid-crystalline phase result in 

oligomer formation (Xn :::: 6).191 At temperatures below the T m of mono-Den PC, longer 

polymers having Xn of 18 were obtained. As seen in Table V-11, UV photopolymerization of 

mono-SorbPC vesicles above the lipid's T m only resulted in the formation of dimers and 

oligomers (Xn :::: 3-5). Decreasing [lint] by 50% resulted in a similar decrease in Rp, however 

no change in Xn was observed under the conditions examined. It still remains unclear whether 

Xn for SorbPCs is dependent upon the intensity of the light source. Furthermore, experiments 
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examining Xn below the phase transition may yield longer polymers as was the case for mono

DenPC vesicles. 

The formation of oligomers via UV photolysis suggests that the photopolymerization of 

SorbPCs proceeds by a different type of mechanism than that observed for the AIBN-initiated 

polymerization, where the generation of a propagating mono-radical resulted in polymers of 

longer Xn. Further study is necessary to determine whether propagation proceeds by reactive 

diradicals or by the excited state monomer coupling with a ground state monomer. The 

photopolymerization of mono-Den PC in the gel phase suggests that the higher degree of 

ordering of the polymerizable moieties favors the formation of longer polymer chains.191 A 

similar result was observed for monolayers composed of vinyl benzoylammonium halides.268 

This is contrary to the free radical polymerization of reactive dienoyl PCs where longer polymer 

chains were observed at temperatures above the lipid's T m.191 

5. CONCLUSION 

The thermal radical polymerizations of vesicles composed of mono- and bis-SorbPC 

support the findings of Sells and O'Brien.190,223,269 They demonstrated that the radical 

polymerization of lipid bilayers composed of either mono- or bis-AcrylPC does not proceed by 

standard solution polymerization where the mode of termination is by coupling or 

disproportionation. Instead, they provided the first evidence that the growing polymer chains 

are terminated by a reaction with an initiator fragment, i.e. primary radical (Figure V-28). While 

the kinetic chain length of mono-AcrylPC is an order of magnitude larger than either mono- or 

bis-SorbPCs, the motion of the growing polymer chains in the latter is still constrained in the 

bilayer, thereby reducing the probability of interaction between the propagating chain ends, 

even though there are hundreds of polymer chains per bilayer. The smaller observed Xn of 
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Figyre V·28: Schematic representation of the possible termination mechanisms for the 

thermally-initiated radical polymerization of mono- and bis-SorbPC. Termination by either 

coupling or disproportionation is typically observed for normal radical solution polymerization 

while primary radical termination is seen at high [I] and/or high viscosity. 

3-DIMENSIONAL RADICAL POLYMERIZATIONS 

Xn a. [M] [1]-0·5 Termination by Coupling or Disproportionation 

2-DIMENSIONAL RADICAL POLYMERIZATIONS 

Primary Radical Termination 

mono-SorbPC to mono-AcrylPC at identical [M]/[I] ratios is most likely the result of a more 

resonance-stabilized sorbyl radical which lowers its reactivity towards other monomers. 

Furthermore, the similar kinetic chain length for both mono- and bis-substituted SorbPCs 

suggests that the impact of crosslinking in the bilayer only increases the lifetime of the 
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propagating chain end, thus allowing sufficient time for the slower diffusing monomer to come 

into distance for propagating. 

Secondly, the Xn for bis-SorbPC at the largest [M]/[I] examined resulted in Xn == 600, 

which is slightly higher than that suggested for the collapse of a two-dimensional coiled 

polymer.325 The effect is even further magnified by poly-(mono-AcryIPC) polymers made by 

Sells and O'Brien which have Xns as high as 2,000.190,269 The collapse of a propagating 

polymer chain occurs if the polymer coils in upon itself, thus reducing the ability of monomers to 

diffuse to the living chain end, and hence starving itself of monomers. Sells and O'Brien 

suggest that since the covalent links between repeat units of poly-(mono-AcryIPC) are at the 

end of the lipid tails, monomeric mono-AcrylPC is able to diffuse over the low barrier presented 

by the polymer chains.269 This should facilitate the continued chain growth beyond that 

previously suggested for coiled polymers.325 The longer kinetic chain length observed for 

SorbPCs to that of related dienoylPCs made by Tsuchida et al. may be explained in terms of 

the ability of the monomers to get over the barrier presented by the polymer; 191 for an [M]/[I] 

ratio of 20 the Xn of DenPC (59) is 21, compared to == 200 for both mono- and bis-SorbPC, an 

order of magnitude larger. Since the reactive group of dienoylPCs is located next to the 

glycerol backbone, the barrier preventing diffusion of monomers to the propagating chain end is 

significantly higher (water/hydrocarbon interface) than that in the chain terminus for SorbPCs 

(middle of the bilayer, Figure V-29). This suggests that the location of the polymerizable group 

in the hydrocarbon chain may playa critical role in the size of the polymer formed. 

Lastly, the photopolymerization of mono-SorbPC only produced dimers and oligomers. 

A reduction in the light intensity, i.e. initiator concentration, did not result in any change in Xn 

under the conditions examined. The formation of small polymers suggests that the propagation 

of the polymer is significantly different from that observed for the thermal radical polymerization 

and an alternative mechanism is taking place. 
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These findings, along with those of Sells and O'Brien,190,269 indicate the necessity of 

controlling [M]/[I] in order to reproducibly control the size and properties of polymers formed in 

bilayers and other supramolecular assemblies. Furthermore, a comparison to other 

polymerizable lipids indicates the importance of the location and type of reactive group in the 

size of polymer formed. 

Figure V-29: Schematic of low and high polymeric barriers presented by poly-(bis-SorbPC) 

and poly-(DenPC) in the lipid bilayer. X denotes the location of the polymerizable group. 
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STABILIZATION OF POLYMERIC LIPID MEMBRANES 
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1. INTRODUCTION 

217 

The incorporation of reactive groups onto or into supramolecular assemblies has 

allowed for various types of chemistry to be performed with that assembly. In the case of lipid 

bilayer membranes, both electron and energy transfer reactions, where the bilayer serves as a 

template, and polymerizations have been accomplished.2,7,233,326,327 Polymerization of lipid 

bilayers has been used to both stabilize and destabilize lipid vesicles (see Chapter 11-

4).7,165,175,189,219,225,232 In this chapter the lipid vesicle-stabilizing effect achieved by 

covalently linking, i.e. polymerizing, the lipids will be examined. The increase in chemical and 

colloidal stability of polyvesicles makes them appealing drug-delivery carriers since they are 

less likely to rupture and leak their aqueous contents. 

Polymerization of lipid bilayers resulting in vesicle stabilization has been accomplished 

by a variety of methods (Chapter 11).2,7 A decrease in membrane permeability of encapsulated 

aqueous markers, e.g. carboxyfluorescein, was observed for a number of different 

polymerizable Iipids.189,219,229,246 While the formation of linear polymers, e.g. from mono

substituted polymerizable lipids, only marginally reduces permeability, the formation of a robust 

polymer network resulting from crosslinking of a bis-substituted lipid, e.g. poly-Den PC (15), 

exhibits a more significant effect.229,246 

The decrease in membrane permeability is associated with a parallel increase in the 

chemical stability of the vesicle. The chemical stability of vesicles can be measured by the 

ease of dissolution (lysis) with either detergents or organic solvents. The stability of 
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polymerizable vesicles to dissolution was observed to follow the pattern: unpolymerized < poly

mono-substituted < poly-bis-substituted Iipids.189,219 The increased vesicle stability of bis-

substituted lipids has been associated with crosslinking of lipids into one covalently linked 

polymeric domain. Such is the case for polyvesicles of OenPC, where both Tsuchida et al. and 

Ringsdorf et al. independently showed the stability of the polymerized bilayer to dissolution with 

either sodium dodecyl sulfate or Triton X_100.179,191 Furthermore, the spherical shape of 

poly-(OenPC) vesicles was maintained under high vacuum in a scanning electron microscope.7 

In the experiments described here, factors governing vesicle stabilization, polymer size 

(Le. degree of polymerization) and the extent of crosslinking, were investigated. The effects of 

the detergent Triton X-100 (73) on the dissolution of polymerized vesicles composed of mono-

SorbPC (43), bis-SorbPC (44), and mixtures of the two lipids were used to examined the above 

factors. The size of polymerized SorbPC can be controlled by the initiator type and 

concentration (Chapter V). UV-light photo polymerizations of mono-SorbPC resulting in a 1,4-

polymerization yielded oligomers, while much longer polymers were obtained by the thermal 

AIBN free radical polymerization. The degree of polymerization can be further controlled by 

adjusting the AIBN concentration. The extent of crosslinking necessary to prevent dissolution 

of polyvesicles was examined by varying the ratio of mono- to bis-SorbPC in the vesicle. 

+CH+Q-<OCH2CH2)9'5 -OH 

TRITON X-100 
(73) 
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The extent of vesicle dissolution by Triton X-100 was determined by quasi-elastic light 

scattering (OElS).38,191 In OElS experiments, the intensity of the scattered light (in 

photons/sec) is measured and the average mean diameter of the particle calculated. The 

diameter of the vesicle/particle is determined by a variety of different mathematical algorithms 

(based on spherical model) which analyze the autocorrelation function. Thus, dissolution of 

polyvesicles with detergent would result in decreased particle size since vesicles (e.g. ",,100 

nm) are now solubilized as mixed micelles (€l.g. 5-20 nm, Figure VI-1). The decrease in 

particle size is accompanied by a significant decrease in the amount of light scattered, i.e. 

larger particles exhibit larger scattering intensity for identical concentrations. 

Figure VI-1: Effect of particle size on the detergent dissolution of vesicles to mixed micelles. 
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2. EXPERIMENTAL 

Materials. The lipids synthesized for this study are described in Chapter III. Purities 

of lipids were tested by TLC prior to use (one spot Rf = 0.40; CHCI3/MeOHIH20, 65:25:4). 

AIBN was purified by repeated recrystallization from methanol. Distilled deionized water was 

obtained from a Milli-Q System (Waters; Millford, MA). 

Methods. A. Vesicle Preparation. Vesicles were prepared by extrusion. Lipids, 

either mono- or bis-SorbPC, were pipeted from a benzene stock solution (cone. = 15 mg/mL) 

into a 10 mL pear shaped recovery flask. The organic solution was evaporated first with a 

gentle stream of argon gas followed by pumping under high vacuum for a minimum of 5 hrs. 

The flask was weighed to accurately determine the amount of lipid present; for two-component 

systems each lipid was dried individually and weighed. The dried lipid film was hydrated with 

Milli-Q water (pH 7.01) to a final concentration of 5 Ilmole/mL and vortexed to uniformity; 

heating the lipid above its phase transition, as well as mild sonication (bath sonicator), helped 

break up large aggregates thus making it easier to form a homogeneous suspension. The lipid 

suspension was subjected to 10 freeze-thaw cycles (dry ice/isopropanol to 35°C) and extruded 

3 times at 100 psi through two stacked 0.4 or 0.6 Ilm pore size polycarbonate filters (Nuclepore 

Corp.), followed by extruding 10 times at 200-300 psi through two 0.1 jlm pore size filters. 

Extrusions were facilitated by working above the T m of the lipids as well as changing the 0.1 

Ilm filters after the first extrusion. 

SorbPC vesicles containing AIBN were prepared in the identical manner to those free 

of the radical initiator. The dried lipid was redispersed in benzene (1-2 mL) and the appropriate 

amount of AIBN (stock soution) added yielding monomer to initiator ratios ([M]/[I]) of 5 and 10. 

The solvent was evaporated with a gentle stream of argon and dried under high vacuum for 3 

hrs. in the dark. Samples were hydrated with de-oxygenated (degassed followed by bubbling 

argon through for =30 min.) Milli-Q water, and prepared for extrusion as described above. To 
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prevent thermal decomposition of AIBN the temperature of the extruder never exceeded 40°C. 

This presented problems for mono-SorbPC since its phase transition is at 36°C; extrusion at 

temperatures below the lipid's T m caused the lipid to precipitate onto the top of the Nuclepore 

filter. In such instances the lipid was scraped off with a clean microspatula and redispersed in 

the suspension. Furthermore, extrusion was performed with 0.2 J.l.m filters as opposed to 0.1 

J.l.m filters as in the UV-light polymerizations since it increased the efficiency of the procedure 

(i.e. faster extrusion time as well as no precipitation of the lipid onto the filter). There was no 

significant decrease in vesicle diameter between the two filter pore sizes (see Results). 

B. UV Polymerization of Mono-and Bis-SorbPC Vesicles. Vesicles prepared by 

extrusion were diluted to a concentration of :::: 0.1 mM, and divided into two components were 

only one was polymerized. Photopolymerization of the vesicle suspension was carried out in a 

3 ml quartz cuvette by exposure to 254 nm light from a low pressure Hg-Iamp at a distance of 

2 cm (samples were agitated by a magnetic stir bar). Polymerization was typically on the order 

of 70 min when done at room temperature (:::: 23°C) and 90 min at 40°C. Samples polymerized 

through a cut-off filter (CS-9-54) were irradiated for 30-40 min at 40°C. The loss of monomeric 

SorbPC was monitored by the decrease in the sorbyl chromophore at 256 nm. 

C. AIBN Radical Polymerization of Mono- and Bis-SorbPC. Extruded vesicles of 

SorbPC (lipid concentration: 5 J.l.mole/ml) containing AIBN were placed in an ampoule, sealed 

with a rubber septum, and purged with argon for a minimum of 30 mins. Polymerization of 

vesicles was carried out for 18 hrs. at 60°C (thermostated cell) under an argon atmosphere. 

The amount of monomer remaining was determined from the UV absorbance of the sorbyl 

chromophore at 254 nm, as in the cases for the UV photopolymerization. Polyvesicles were 

diluted to a concentration of 0.1 mM for light-scattering experiments. 

D. Triton X-tOO Lysis of Polymeric Vesicles. Unpolymerized and polymerized vesicles 

of mono-SorbPC, bis-SorbPC, and various mixtures of both lipids were treated with the 

detergent Triton X-100 (added in 2 eq. increments). Quasi-elastic light scattering (QElS; 
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Brookhaven BI-200 SM goniometer and BI-8000AT correlator with a 5-mW He-Ne laser light 

source, Brookhaven Instruments Corp.) was used to determine the extent of detergent 

dissolution of vesicles, as reflected in changes of scattering intensity and vesicle size 

distribution. Samples were examined a minimum of three times at a 900 scattering angle with 

various fitting methods (non-negative least squares, exponential sampling, and CONTIN) used 

to extract the set of exponential functions which make up the autocorrelation functions. 

3. RESULTS 

The stability of polymeric lipid membranes to the detergent Triton X-100 (73) was 

investigated using vesicles composed of mono-SorbPC (43), bis-SorbPC (44), and various 

mixtures of the two polymerizable lipids. Vesicles were polymerized either photochemically 

with UV-Iight (254 nm) or thermally with the radical initiator AIBN. Depending upon the initiator 

concentration and/or the polymerization conditions utilized, polymers of different degrees of 

polymerization were obtained (see Chapter V). The stability of polyvesicles to detergent 

dissolution (e.g. lysis) was examined by quasi-elastic light scattering. Dissolution of vesicles 

into mixed micelles results in both decreased particle (vesicle) diameter and light scattering 

intensity. Since the of light scattered (in photons/sec) by vesicles varied for each sample, the 

number of photons scattered was normalized by equation VI-1 

Light Scattered = {Itriton x-too -loo} / (10 - loo) VI-1 
(Normalized) 

where Itriton X-too is the intensity of photons scattered after the addition of x equivalents of 

Triton X-100, 100 the intensity of photons scattered by a micellar solution (e.g. Triton X-100) of 
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similar concentration, and 10 the intensity of photons scattered by vesicles not containing 

Triton X-100. 

A. UV-Photopolymerization of Mono- and Bis-SorbPC Vesicles. Vesicles consisting of 

mono-Sorb PC (43), bis-SorbPC (44), and mixtures of both polymerizable lipids were prepared 

by extrusion. In each instance the lipid was dried from a stock solution and weighed to 

accurately determine the amount present; in mixed systems, the weight of each lipid was 

determined individually. The lipid suspension was extruded through 0.1 Ilm pore size 

Nuclepore membranes since this procedure produces relatively uniform unilamellar vesicles 

having a mean diameter of approximately 100 nm (:= 80,000 lipids/vesicle). 

SorbPC vesicles were photopolymerized with a low pressure Hg-Iamp (254 nm) for 

different periods of time. The loss of monomer was determined by the decrease in the UV 

absorption of the sorbyl chromophore at 254 nm (see Chapter V). The intensity of UV-Iight, as 

well as its wavelength, was modulated with a cutoff filter (> 230 nm, Corning CS-9-54). The 

filter reduced both the intensity of UV-Iight (:= 43% decrease in % T at 254 nm) and effectively 

blocked the amount of short wavelength light penetrating the sample. Figures VI-2 and VI-3 

depict the change in UV absorption of bis-SorbPC as it is photopolymerized by both filtered and 

unfiltered UV light. As described previously in Chapter V, the reduction in the light intensity 

([I]), decreased the rate of polymerization by a comparable amount. Furthermore, unfiltered 

«230 nm) UV-Iight can excite the residual double bond of the photoproduct to cause a second 

photochemical process; this process was observed as a decrease in the absorbance at := 195 

nm upon continued irradiation. Photoactivation of the isolated double bond by filtered light also 

occurs, but to a much smaller extent under the same time span. A comparison of the 

absorbance at 195 nm for both spectra (Figures VI-2 and VI-3) shows that := 20% of the initial 

photoproduct remained after 1 hr. of irradiation with unfiltered light, while := 80% remained after 

irradiation with filtered light. 
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Figure VI·2: UV absorption spectra of photopolymerized vesicles of bis-SorbPC with no cutoff 

filter. Vesicles irradiated with a low pressure Hg·lamp (254 nm). 
2.5 . 

a a Ie: Osee 
2 b -= 30 sec 

c &:: 90 sec 
d c:: 90 sec 
e c:: 120 sec ., 1.5 f c:: 180 sec 

u 9 c:: 300 sec c: 

of h c:: 600 sec 
0 i c:: 1 hr .., 

.Q , 
-< 

.5 

200 250 300 350 450 500 
Nonometers 

Figure VI·3: UV absorption spectra of photopolymerized vesicles of bis-SorbPC with a cutoff 

filter: Coming - CS·9·54. Vesicles irradiated with a low pressure Hg·lamp (254 nm). 
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B. Stability of UV-Polymerized Mono- and Bis-SorbPC Vesicles to Detergent Lysis. 

The dissolution of UV photopolymerized mono- and bis-SorbPC vesicles, as well as mixtures of 

the two lipids, were examined using the detergent Triton X-100. The extent of vesicle 

dissolution was determined by OELS. Tables VI-1 and VI-2 display the amount of light 

scattered (normalized, in photons/sec) and the average mean diameter of UV polymerized bis-

SorbPC vesicles as a function of Triton X-100 added, respectively. The average mean 

diameter of vesicles/particles was calculated by multiple mathematical procedures, i.e. 

CUMULANT, exponential sampling, non-negatively constrained least square, and CONTIN. 

With the exception of exponential sampling, consistent results were obtained. 

Table VI-1: Normalized light scattered by polymerized bis-SorbPC vesicles as a function of 

dissolution with Triton X-100. Number of photons scattered was determined by OELS 

(scattering angle 90°). Vesicles were polymerized with filtered and unfiltered UV-light (254 

nm). 

Equivalents 
Triton X-100 

o 
1 

2 

3 

4 

5 

6 

7 

10 

15 

NORMALIZED LIGHT SCATTERED a 
Bis-SORBPC 

Unpolymerized UV-Photopolym. UV-Photopolym. 
Filtered Li ht b Unfiltered Light 

1.00 1.00 1.00 

0.71 1.15 

0.69 0.73 1.26 

0.69 1.25 

0.03 0.24 1.26 

0.01 1.24 

0.04 

1.22 

1.19 

1.17 

a Calculated by equation VI-1; b UV-light filtered with Corning CS-9-54 cutoff filter 
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The diameters displayed in Table VI-2 were determined by averaging results of the three 

different trials as well as the various fitting functions; the range of diameter sizes was 

determined by comparing the ranges for different samples. As the concentration of Triton X-

100 increased in the vesicle sample, broader as well as bimodal and trimodal size distributions 

were obtained, making an accurate description of vesicle diameter difficult. In these instances, 

Table VI·2: Average mean diameter of polymerized bis-SorbPC vesicles as a function of 

dissolution with Triton X-100. Average mean diameters (nm) were determined by QELS, and 

are the average of three trials and different mathematical analyses. Vesicles were polymerized 

with filtered and unfiltered UV-light (254 nm). 

Equivalents 
Triton X-100 

o 
1 
2 

3 

4 

5 

6 

7 
10 

15 

AVERAGE MEAN DIAMETER (nm) a 
Bis-SORBPe 

Unpolymerized UV-Photopolym. UV-Photopolym. 
Filtered Li ht b Unfiltered Light 

146±47 92±35 145±44 

126±40 153±35 

142±50 100±25 145±42 

98±54 143±36 

15±4 39±20 ; 138±40 c 151±41 

13±2 146±33 

6±3 

149±35 

156±41 

143±39 

a Determined by averaging three trials and different mathematical fitting procedures; b UV

light filtered with Corning CS-9-54 cutoff filter; c bimodal distribution. 
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the peak chosen to represent the particle's (vesicle or polymer aggregate) diameter was related 

back to the intensity of light scattered. For example, if the intensity of photons scattered did not 

change significantly, the overall physical shape of vesicles also did not change, Le. vesicle 

integrity was retained. Furthermore, if the scattered light intensity was representative of 

micellar aggregates, then large particles could not be present, since they would scatter a 

greater number of photons than recorded. It is for this reason that more attention will be 

focused on the normalized light scattered than on the average mean diameters (Le. 

vesicle/mixed micelle sizes tend to fluctuate as they are lysed). 

The normalized light scattering data obtained for bis-SorbPC (Table VI-1) are plotted 

as a function of the ratio of [Triton X-100]/[Lipid] (Figure VI-4). Curve A, unpolymerized bis

SorbPC, and B, UV-filtered photopolymerized bis-SorbPC (40 min.), represent complete lysis 

of the vesicle into mixed micelles. The addition of 2 eq. of Triton X-100 decreased the light 

scattered by <= 40% in both cases, with complete lysis of the unpolymerized bis-SorbPC 

occurring after 4 eq. of detergent. Complete dissolution of photopolymerized bis-SorbPC 

vesicles did not occur until 6 eq. of detergent had been added. Photopolymerization of bis

SorbPC vesicles by unfiltered UV-light, curve C, did not show any lysis even after 15 eq. of 

Triton X-100. Instead, a slight increase in the amount of scattered light was observed from the 

addition of Triton X-100. 
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Figure VI-4: Normalized light scattered for UV-photopolymerized bis-SorbPC polyvesicles as 

a function of the ratio of Triton X-100 to lipid. Vesicles were photopolymerized with a low 

pressure Hg-Iamp (254 nm). Vesicle type: unpolymerized, curve A; photolysis with filtered 

(CS-9-54) UV-light (40 min), curve B; photolysis with unfiltered UV-light, curve C. 
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Examination of the average mean diameter of polymerized vesicles of bis-SorbPC as a 

function of detergent concentration (Table VI-2) is depicted in Figure VI-5. Dissolution of 

un polymerized bis-SorbPC vesicles, curve A, and UV-fiItered photopolymerized bis-SorbPC 

(40 min) vesicles, curve S, with Triton X-100 resulted in the particle diameter decreasing to that 

observed for mixed micellar aggregates. No change in the vesicle diameter was observed for 

the UV-unfiltered photopolymerization of bis-SorbPC, curve C, upon the addition of detergent, 

indicating that the integrity of the vesicular shape had been retained. 
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Figure VI-5: Average mean daimeter (nm) of UV-photopolymerized bis-SorbPC poly

vesicles/particles as a function of the ratio of Triton X-100 to lipid. Vesicles were 

photopolymerized with a low pressure Hg-Iamp (254 nm). Vesicle type: unpolymerized, curve 

A; photolysis with filtered (CS-9-54) UV-light (40 min), curve B; photolysis with unfiltered UV

light, curve C. 

a: 200 
w 
I-w_ 

160 :i5e 0 C ccc 
5-
zffJ cc ..... 
wo 
:SUi 80 
Ww ,,> 
.:r;-
a: o 40 
w 
> 
CC 0 

0 4 8 12 16 20 
[TRITON X-100] I [LIPID] 

The dissolution of polymerized vesicles of mono-Sorb PC was investigated in a similar 

manner to the bis-SorbPC polyvesicles. Mono-SorbPC vesicles were photopolymerized under 

the identical conditions used to stabilize polyvesicles of bis-SorbPC, i.e. with unfiltered UV-

light. Polyvesicles were subjected to lysis with different amounts of Triton X-100. Analysis of 

the extent of vesicle dissolution was done by QELS as in the case of bis-SorbPC. The 

normalized light scattered and mean diameter for polyvesicles of mono-SorbPC at various 

eqUivalents of Triton X-100 are depicted in Table VI-3. A comparison of the unpolymerized and 

the photopolymerized mono-SorbPC vesicles shows that dissolution occurs regardless of 

polymer 
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Table VI-3: Normalized light scattered by polymerized mono-SorbPC vesicles as a function of 

dissolution with Triton X-100. Number of photons scattered was determined by QELS 

(scattering angle 900
). Vesicles were polymerized with unfiltered UV-light (254 nm). The 

particle diameter (nm) of polyvesicles/detergent mixtures is described in parentheses. 

Equivalents 
Triton X-100 

o 
2 

4 

NORMALIZED LIGHT SCATIERED 
mono-SORBPC 

Unpolymerized UV-Photopolym. 

1.00 

0.84 

0.01 

Unfiltered Li ht 

1.00 (92±25 nm) 

0.61 (82±30 nm) 

0.07 (16±4 nm) 

Fiaure VI-6: Normalized light scattered for UV-photopolymerized mono-SorbPC polyvesicles 

as a function of the ratio of Triton X-100 to lipid. Vesicles were photopolymerized with a low 

pressure Hg-Iamp (254 nm). Vesicle type: unpolymerized, curve A; photolysis with unfiltered 

UV-light, curve B. 
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formation. The addition of 2 eq. of Triton X-100 decreases the intensity of photons scattered in 

both cases with complete dissolution occurring after 4 eq. of Triton X-100. This was observed 

as a decrease in the average mean diameter of the polyvesicle/particle from 92 to 14 nm. 

The effect of dissolution of polyvesicles of mono-SorbPC as a function of Triton X-100 is 

described in Figure VI-6. 

C. Stability of UV-Polymerized Mixed Vesicles Composed of Mono- and Bis-SorbPC 

to Detergent Lysis. Mixed vesicles of mono-Sorb PC containing different mole fractions of bis

SorbPC were photopolymerized under the identical conditions used to stabilize polyvesicles of 

bis-SorbPC, i.e. with unfiltered UV-light. In each experiment, mixed vesicles were treated with 

increasing amounts of Triton X-100 (2 eq. increments) and the intensity of light scattered 

measured by QELS. The normalized light scattered by the different compositions is depicted in 

Table VI-4. Examination of the data shows that at a bis-SorbPC mole fraction of 0.49 or 

greater there is a 50% increase in the number of photons scattered after the addition of 2 eq. of 

Triton X-100, which then remains relatively constant at subsequent additions of detergent. At a 

bis-SorbPC mole fraction of less than 0.49, the number of photons scattered exhibits more 

fluctuations and decreases as detergent is added, with the exception being at 0.34 mole 

fraction bis-SorbPC. Examination of the vesicle diameter, as determined by the different 

mathematical algorithms (not shown), showed broad as well as bimodal and trimodal size 

distributions. This was particularly the case in samples where the scattering intensity began to 

decrease (::= 0.40 mole fraction bis-SorbPC). Therefore, the data was only analyzed in terms of 

the amount of light scattered and not their particle sizes. 

The effect of bis-SorbPC on the stability of polymerized mono-SorbPC vesicles was 

examined by plotting the normalized light scattered (Tables VI-1, VI-3, and VI-4) as a function 

of the mole fraction of bis-SorbPC present in the vesicle at a constant Triton X-100 

concentration (Figure VI-7). The Triton X-100 to lipid ratio chosen was 15 since unpolymerized 

vesicles were completely lysed at 1/3 this amount of detergent. Examination of Figure VI-7 



lJ!ble VI·4: Normalized light scattered by vesicles as a function of Triton X-100 dissolution. Vesicles 

were composed of mono-SorbPC having varying mole % of bis-SorbPC. 

Equivalents NORMALIZED LIGHT SCATTERED 
Triton X-100 

% Mole Fraction Bis-SorbPC 

0.15 0.34 0.42 0.43 0.49 0.63 0.74 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

2 1.43 0.76 1.27 0.96 1.51 1.56 1.48 

4 0.85 0.57 1.19 0.77 1.55 1.53 1.64 

6 0.49 0.66 1.31 0.94 1.56 1.54 1.61 

8 0.45 0.46 1.19 0.74 1.52 1.54 1.54 

10 0.48 0.44 1.11 0.69 1.56 1.56 1.52 

15 0.55 0.42 1.05 0.76 1.51 1.51 1.39 

0.79 

1.00 

1.38 

1.54 

1.53 

1.49 

1.49 

1.40 

I\) 
Ul 
I\) 
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indicates an abrupt change in the amount of light scattered at "" 40 % bis-SorbPC in the bilayer. 

Complete dissolution of vesicles into mixed micellar aggregates was only observed for 

polyvesicles consisting solely of mono-Sorb PC. In the mole fraction range of 0.15-0.43 of bis-

Sorb PC, complete lysis, as represented by the normalized light scattering intensity of 

unpolymerized vesicles ("" 0.05), was never observed. At most a 50-60% decrease in the 

amount of light scattered was measured. 

Figure VI-7: Normalized light scattered for UV-photopolymerized mono-/bis-SorbPC mixed 

polyvesicles versus the mole fraction of bis-SorbPC at a [Triton X-100]/[lipid] = 15. Vesicles 

were photopolymerized with a low pressure Hg-Iamp (254 nm). 
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D. Stability of A IBN-Polymerized Mono- and Bis-SorbPC Vesicles to Detergent Lysis. 

Extruded vesicles (0.2 Ilm pore size filter) of either mono- or bis-SorbPC containing AIBN in the 

hydrophobic region of the bilayer were thermally polymerized at 60°C. Polymerizations of 

mono-SorbPC vesicles was carried out at a monomer ([M]) to initiator ([I]) ratio of 5 and 10, 

while polymerization of bis-SorbPC was at a [M1/[11 of 10; The extent of polymerization was 

monitored by the decrease in UV absorption of the sorbyl chromophore at 256 nm (see 

Chapter V). After 2 hrs. the polymerization of bis-SorbPC was more than 75% complete. The 

polymerization was allowed to proceed for one half-life of AIBN (== 18 hrs. at 60°C), after which 

less than 5% of monomeric lipid remained (as detected by UV-spectroscopy). Unlike the 

absorption spectra for the UV-photopolymerization (Figures VI-2 and VI-3), there was no 

detectable reaction of the double bond formed from the radical 1,4-polymerization (no decrease 

in the absorption at 195 nm, Chapter V). 

The stabilities of AIBN-polymerized vesicles of both mono- and bis-SorbPC were 

examined by detergent lysis. As in the case of UV-polymerized vesicles, the extent of vesicle 

dissolution was monitored by QElS. Tables VI-5 and VI-6 display the normalized light 

scattered and the average mean diameter of polyvesicles/particles of mono- and bis-SorbPC 

as a function of Triton X-100 added, respectively. The data reported were determined as 

previously described (see results for stabilization of UV-polymerization polyvesicles of 

SorbPC). 

The normalized light scattering data for AIBN-polymerized vesicles of mono-SorbPC 

([M1/[11 = 5 and 10) and bis-SorbPC ([M1/[111 0) are plotted as function of the ratio of [Triton X-

1001/[Lipid1 in Figure VI-8. The light scattering intensity of unpolymerized mono-SorbPC 

vesicles (curve A) decreased by == 40% upon the addition of 2 eq. of Triton X-100, with 

complete lysis after 4 eq. of detergent. The addition of Triton X-100 to polyvesicles of mono

SorbPC ([M1/[11 = 5, curve C; [M1/[1] = 10, curve B) resulted in an initial increase in the amount 

of light scattered (== 25-35%) followed by a decrease at higher amounts of Triton X-100. 
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Table VI-5: Normalized light scattered by vesicles as a function of dissolution with Triton X-

100. Vesicles were composed of either mono- or bis-SorbPC and thermally polymerized with 

AIBN. 

NORMALIZED LIGHT SCATTERED 
Equivalents unpolym. [M] I [I] = 5 [M] I [I] = 10 [M] /[1] = 10 
Triton X-100 mono-SorbPC mono-SorbPC mono-Sorb PC bis-SorbPC 

0 1.00 1.00 1.00 1.00 

2 0.55 1.16 1.37 1.04 

4 0.08 1.23 1.23 0.97 

6 1.13 1.25 0.95 

8 1.04 1.19 0.94 

10 0.95 1.06 0.92 

15 0.78 1.02 0.89 

Table VI-6: Average mean diameter (nm) of vesicles as a function of dissolution with Triton X-

100. Vesicles were composed of either mono- or bis-SorbPC and thermally polymerized with 

AIBN. 

AVERAGE MEAN DIAMETER (nm) 
Equivalents unpolym. [M] I [I] = 5 [M] I [I] = 10 [M] /[1] = 10 
Triton X-100 mono-SorbPC mono-SorbPC mono-Sorb PC bis-SorbPC 

0 118±43 89±22 98±30 114±44 

2 154±39 103±37 101±29 111±44 

4 13±10 101±29 115±48 110±31 

6 101±27 113±40 113±40 

8 98±26 116±35 119±37 

10 94±19 102±38 116±43 

15 104±25 109±32 120±41 
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However, the magnitude of the decrease did not reflect dissolution of the polyvesicle, since the 

amount of light scattered returned to that where no detergent was present. Furthermore, an 

examination of the polyvesicle/particle diameter, as displayed in Figure VI-9 (curves B and C), 

shows a slight increase in vesicle size with no measurable decrease at higher concentrations 

of Triton X-100. AIBN-polymerized bis-SorbPC vesicles ([M]/[I] = 10) did not exhibit any 

change in light scattered or vesicle/particle diameter upon the addition 15 eq. of Triton X-100 

(Figures VI-8 and VI-9; curve D). 

Figure vI-a: Normalized light scattered for AIBN-polymerized SorbPC polyvesicles as a 

function of the ratio of Triton X-100 to lipid. Vesicles composed of mono-SorbPC were 

thermally polymerized (60°C) at [M]/[J] ratios of 5 and 10; bis-SorbPC vesicles were 

polymerized at a [M]/[J] ratio of 10. Vesicle type: unpolymerized mono-SorbPC, curve A; 

polymerized mono-SorbPC ([M]/[J]=10), curve B; polymerized mono-SorbPC ([M]/[IJ=5), curve 

C; polymerized bis-SorbPC ([M]/[I]=10), curve D. 
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Figyre VI-9: Average mean diameter (nm) of AIBN-polymerized SorbPC polyvesicles as a 

function of the ratio of Triton X-100 to lipid. Vesicles composed of mono-SorbPC were 

thermally polymerized (60°C) at [M]/[I] ratios of 5 and 10; bis-SorbPC vesicles were 

polymerized at a [M]/[I] ratio of 10. Vesicle type: unpolymerized mono-SorbPC, curve A; 

polymerized mono-SorbPC ([M]/[I]=10), curve B; polymerized mono-$orbPC ([M]/[I]=5), curve 

C; polymerized bis-SorbPC ([M]I[I]=10), curve D. 
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The ability of polymerizable lipids to stabilize bilayer membranes through covalently 

linking the lipids together was investigated for vesicles composed of SorbPC (43 and 44). 

Polymerization of the sorbyl moiety can be accomplished either photochemically or by radical 

polymerization as described in detail in Chapter V. Photopolymerization of mono-Sorb PC with 

UV-light (254 nm) yielded oligomers, while the AIBN-initiated (thermal) radical polymerization 
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yielded long polymers varying in degree of polymerization (Xn) from 50 to 600 depending upon 

the ratio of monomer to initiator. The different methods of polymerization allow an analysis of 

the effect of Xn on vesicle stabilization. The stability of bilayer membranes has previously 

been reported to follow the trend: unpolymerized < mono-substituted (linear polymers) < bis

substituted (crosslinked polymers).189, 191,219,328 

The second aspect of the work described here concerned the degree of crosslin king 

necessary for bilayer stabilization. In three-dimensional polymerization, crosslinking that 

results in a gel point occurs when some polymer chains are linked to others to form an infinite 

polymer network.329 A bifunctional lipid monomer, e.g. bis-SorbPC (44), can be used to 

crosslink the linear polymers formed by mono-SorbPC (43) to achieve a gel point in two 

dimensions. The effect of crosslin king in bilayer membranes has previously been reported for 

mono- and bis-substituted PC having either acryloyl or lipoyl groups in the terminal ends of the 

acyl chain. Using fluorescence recovery after photobleaching (FRAP) techniques, the lateral 

diffusion (D) of a fluorescent lipid probe (NBD-PE) was used to examine gelation of 

polymerized bilayers composed of mixtures of mono- and bis-AcryIPC.305 The lateral diffusion 

of the probe exhibited an abrupt change at a mole fraction of >0.3 of the crosslinker. The 

decrease in diffusion of the lipid probe into the bleached area was attributed to gelation of the 

bilayer. In the case of IipoylPCs, the effects of varying the mole fraction of mono- and bis

IipoylPC on the permeability of mixed vesicles before and after polymerization were studied.220 

Instead of a decrease in bilayer permeability as the mole fraction of bis-lipoylPC increased (a 

result of increased crosslin king density), the opposite was observed. The authors believed that 

this was the result of packing defects in the vesicle that resulted from the polymerization 

reaction. SInce there was no abrupt change in their permeability data, a gel point could not be 

assigned. 

An alternative approach used to measure gelation of polymers as a function of 

crosslin king is solubility. Complete crosslin king of polymers into an infinite polymeric network 



239 

renders the polymer insoluble in organic solvents. Examination of gelation (crosslinking) in 

two-dimensional lipid bilayers by solubility is not possible, since the linear lipid polymers are 

also insoluble in common organic solvents. * Modification of the polymerized lipid by 

transesterification renders the linear polymers soluble, and destroys the crosslin king linkages 

resulting in soluble linear polymer from crosslinked lipids (see Chapter V). 

While bilayer stabilization of the polymerized lipid membrane can be inferred indirectly 

from FRAP measurements, other techniques are necessary to directly characterize the extent 

of stabilization. Vesicle stabilization can be measured by a decrease in membrane 

permeability of encapsulated aqueous material, as well as retention of shape upon dissolution 

with detergents or organic solvents.7 The latter property can be measured using quasi-elastic 

light scattering (OElS). Dissolution of vesicles with detergent into mixed micelles (Figure VI-1) 

results in a significant decrease in particle diameter. The decreased particle size is 

accompanied by a parallel decrease in the amount of scattered light measured by OElS. The 

effect of detergent dissolution on SorbPC polyvesicles was examined. 

Polyvesicles of mono-SorbPC having different X"s were prepared by the methods 

already described. Treatment of polyvesicles having an oligomeric chain length (unfiltered UV

light (254 nm) polymerization) with the detergent Triton X-100 resulted in complete lysis at 

identical concentrations to those of the unpolymerized vesicle. However, polyvesicles having a 

much longer kinetic chain, Xn of 50 or 100, did not show significant formation of mixed micelles 

upon the addition of Triton X-100 (15 eq.), even though the polymer was not crosslinked. The 

lack of dissolution of the longer polymer chain-containing vesicles suggests that the linear 

polymer chains of the lipid are entangled in the bilayer and are too large for a micelle. The 

* Recent experiments show that poly-(mono-SorbPC) (Xn :::: 50) is soluble in 1,1,1,3,3,3-

hexafluoro-2-propanol, while poly-(bis-SorbPC) is insoluble. 
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detergent molecule must penetrate into the membrane and disentangle the polymer chains into 

individual strands in order for vesicle lysis to occur. Hence, the smaller the size of the polymer, 

such as that obtained by photopolymerization, the easier it is to disentangle the chains and 

dissolve the membrane. Partial vesicle dissolution of radically polymerized (initiated by AAPD) 

mono-substituted dienoylPC (mono-Den PC) by Triton X-100 has been demonstrated by Ohno 

et al. 328 They reported a 40% decrease in light scattered at "" 5-6 eq. of detergent present. 

While the size of the linear polymer was not described, previous reports show the Xn ranging 

from 33-63.191 The increased solubilization of polymerized mono-Den PC vesicles may be a 

result of two factors: 1) slightly shorter polymer chains, Xn of 33-63 compared to 50; 2) location 

of the polymer chains in the bilayer. While shorter polymer chains are more readily solubilized 

by detergent as already discussed, the polymer chains of poly-(mono-DenPC) are only slightly 

smaller, if at all. A more significant factor may be the location of the polymer chain near the 

hydrophobic/water interface as opposed to the middle of the bilayer as in poly-(mono-SorbPC). 

Since the hydrocarbon chains exhibit the greatest degree of disorder in the middle of the 

bilayer, the extent of entanglement of the polymer should be greater than at the interfacial 

region. Hence, disentangling the linear polymer lipids at the glycerol backbone should be 

significantly easier. 

The effect of detergent dissolution of crosslinked polyvesicles was examined using the 

bifunctional lipid bis-SorbPC. Surprisingly, photopolymerization of bis-sorbPC vesicles with 

filtered (230 nm» UV-light followed by treatment with Triton X-100 resulted in lysis at the same 

concentration observed for unpolymerized vesicles (Figure VI-4), even though polymer chains 

were now crosslinked. Tsuchida et al. reported a similar finding for UV-light (254 nm) 

polymerized DenPC (15) vesicles,191 while other researchers reported stabilization of DenPC 

polyvesicles.7,330 Investigation of the photopolymerization reaction revealed that prolonged 

irradiation with UV-light resulted in a second photochemical reaction involving the isolated 

double bond of the photoproduct, as seen by a decrease in its UV absorption at 195 nm 
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(Figures VI-2 and VI-3; see Chapter V). Furthermore, the photoreaction occurred at a faster 

rate in the presence of unfiltered light (increase in light intensity at shorter wavelengths). Thus, 

the reaction of the double bond provides additional crosslinking of the lipids in the bilayer 

(Figure VI-10), and could explain the discrepancy in results between the different 

researchers?' 191,330 Prolonged irradiation of bis-SorbPC vesicles with unfiltered UV-light 

resulted in complete disappearance of the 1,4-polymer's absorbance (195 nm). Subsequent 

treatment with Triton X-100 did not dissolve the polyvesicles (Figure VI-4). However, 

photopolymerization of mono-SorbPC vesicles that involves crosslinking by the double bond 

was unable to stabilize the bilayer to Triton X-100 (see above), indicating that the polymer 

network was still small enough to be solubilized. 

Reaction of the isolated double bond in the 1,4-polymer resulting in additional 

crosslinking was not a prerequisite for vesicle stabilization to detergent lysis as was 

demonstrated by the AIBN radical polymerization of both mono- and bis-SorbPC vesicles 

(Figures VI-8 and VI-9). Polymerization of SorbPC bilayers with AIBN yields the 1,4-polymer 

with no further reaction occurring (Chapter V). The size of the polymer chain (Xn 50 to 100), as 

well as the crosslinking of chains in bis-SorbPC, prevent dissolution of the polyvesicles with 

Triton X-100 (see above). 

Figure VI-10: Short wavelength initiated «230 nm) crosslinking of the isolated double bond of 

poly-(1,4-sorbate). 

UV-light 
«230 nm~ 
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The stability of photopolymerized bis-SorbPC vesicles, and the instability of 

photo polymerized mono-Sorb PC vesicles towards detergent dissolution, allow a determination 

of the mole fraction of crosslinking lipid needed to prevent lysis of the vesicle. In FRAP 

measurements of polymerized mixtures of mono- and bis-AcryIPC, approximately 0.3 mole 

fraction of the crosslinking lipid was necessary to cause an abrupt decrease in lateral diffusion 

of the probe.305 In these studies, an abrupt change in light scattering data at 15 eq. of Triton 

X-100 added was observed between 0.3-0.4 mole fraction of bis-SorbPC (Figure VI-7), and 

was related to increased vesicle stability. These findings are comparable to the FRAP 

measurements of Kolchens et aJ. 305 A gel point could not be detemined for longer chain 

length polymers since vesicles composed of linear polymer were also stable to detergent 

dissolution. 

The stability of vesicles to detergent dissolution has been shown to be greatly 

enhanced via polymerization of the lipid chains, to the point where detergent lysis does not 

occur. Furthermore, the magnitude of dissolution was determined to be dependent upon 

polymer size (Xn), extent of crosslinking, as well as location of the reactive group in the lipid. 

Oligomeric vesicles were efficiently dissolved with detergent, whereas vesicles of longer linear 

polymers (Xn ~ 50) did not exhibit lysis. The mole fraction of a crosslinking agent (e.g. bis-

SorbPC) necessary for stabilization was 0.3-0.4, which is similar to findings of Kolchens et 

aJ. 305 Furthermore, a comparision of mono-SorbPC polyvesicles to mono-DenPC polyvesicles 

analyzed by Tsuchida et al.,328 where both had been polymerized by radical polymerization to 

similar extents, shows the former to be considerably more stable to detergent lysis. This 

enhanced stability is interpreted as being due to greater entanglement of the polymer chains of 

mono-SorbPC in the middle of the bilayer where the chains exhibit maximum disorder, whereas 

in mono-DenPC the polymer is next to the glycerol backbone, which has the least amount of 

disorder. Finally, it is important to realize that these findings may be applied to other types of 

supramolecular assemblies, e.g. hexagonal or cubic phases, in addition to bilayer assemblies. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) (Amax - 258 nm) (Amax - 258 nmJ 

Kl-Om 0 1.990 -
Kl-30s 30 1.990 1.742 
Kl a-30s 30 1.965 1.716 
Kl-45s 45 1.990 1.546 
Kl a-45s 45 1.975 1.545 
Kl-lm 60 1.990 1.442 
Kl a-l m 60 1.969 1.421 
Kl-90s 90 1.984 1.1 57 
Kl a-90s 90 1.981 1.071 
Kl-2m 120 2.041 0.916 
K1·150s 150 2.061 0.758 
Kl a-l 50s 150 1.958 0.808 
Kl-3m 180 1.984 0.751 
Kla-3m 180 1.928 0.664 
Kl-4m 240 1.984 0.465 
K1 a-4m 240 1.888 0.497 
Kl-Sm 300 1.984 0.402 
K1-10m 600 1.984 0.254 
K2-0m 0 1.976 -
K2-30s 30 1.976 1.677 
K2-45s 45 1.976 1.580 
K2-1m 60 1.976 1.342 
K2-90s 90 1.976 1.076 
K2-2m 120 1.974 0.865 
K2a-2m 120 1.940 0.905 
K2-150s 150 1.965 0.718 
K2-3m 180 1.963 0.592 
K2-4m 240 1.960 0.434 
K2-5m 300 1.939 0.340 
K2-7m 420 1.9£2 0.281 
K2a-7m 420 1.963 0.294 
K?-10m 600 1.979 0.229 

Table 8-1. UV absorbance at 258 nm for bis-SorbPe vesicles before and after 

UV-photolysis with a low pressure mercury lamp {254 nm} - UV flux of 5.00 x 

1014 photons/sec. Vesicles were extruded through 0.1 J.1m pore size nuclepore 

filters and irradiated at a temperature of 30oe. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) (Amax. 258 nm) (Amax • 258 nm) 

K3-0m 0 2.218 -
K3-2m 120 2.218 2.05B 
K3-4m 240 2.217 1.870 
K3-6m 360 2.206 1.667 
K3-8m 4BO 2.1B5 1.517 
K3-l0m 600 2.195 1.316 
K3-12m 720 2.200 1.173 
K3-15m 900 2.171 0.975 
K3-20m 1.200 2.120 0.6BO 
K3-30m l,BOO 2.053 0.457 
K3-45m 2,700 1.997 0.315 
K3a-2m 120 1.963 1.B24 
K3a-6m 360 2.091 1.619 
K4-0m 0 2.071 -
K4-1m 60 2.071 1.964 
K4-2m 120 2.067 1.BOB 
K4-3m lBO 2.061 1.740 
K4-4m 240 2.064 1.632 
K4-5m 300 2.054 1.529 
K4-6m 360 2.059 1.437 
K4-7m 420 2.057 1.317 
K4-8m 480 2.057 1.226 
K4-9m 540 2.058 1.147 
K4-10m 600 2.060 1.019 
KS-lm 60 2.061 1.964 
KS-2m 120 2.062 1.855 
KS-3m 180 2.053 1.741 
K5-4m 240 2.035 1.616 
KS-Sm 300 2.060 1.502 
K5-6m 360 2.061 1.407 
KS-7m 420 2.057 1.305 
KS-8m 480 2.052 1.189 
K5-9m 540 2.056 1.124 
KS·10rr 600 2.059 0.9~7 

Table 8-2. UV absorbance at 258 nm for bis-SorbPC vesicles before and after 

UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 2.64 x 

'014 photons/sec. Vesicles were eX1ruded through 0.' J..1m pore size nuclepore 

filters and irradiated at a temperature of 30°C. 
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Filename Photolysis Time Absorbance Before Absorbance After 
lsec) (I..max - 258 nm) (I..max - 258 nml 

K8-0m 0 1.983 -
KB-lm 60 1.983 1.BB7 

KB-2m 120 1.983 1.B42 

KB-3m lBO 1.983 1.777 

K8-4m 240 1.983 1.683 

K8-sm 300 1.983 1.628 

K8-6m 360 1.969 1.508 

K8-7m 420 1.983 1.468 

K8-8m 480 1.983 1.367 

K8-10m 600 1.983 1.225 

K8-12m 720 1.983 1.065 

K8a-sm 300 1.983 1.632 

K9-2m 120 1.983 1.830 

K9-3m 180 1.981 1.781 

K9-4m 240 1.983 1.683 

K9-sm 300 1.983 1.594 

K9-6m 360 1.984 1.539 

K9-7m 420 1.983 1.471 

Table B·3. UV absorbance at 25B nm for bis-SorbPC vesicles before and after 

UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 0.99 x 

1014 photons/sec. Vesicles were extruded through 0.1 Jlm pore size nuclepore 

filters and irradiated at a temperature of 30°C. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) (Amax - 258 nm) (Amax - 258 nml 

Kl0-0m 0 1.980 -
Kl0-30s 30 1.980 1.881 
Kl0-lm 60 1.977 1.702 
K10-90s 90 1.977 1.581 
Kl0-2m 120 1.977 1.351 
Kl0-1S0s 150 1.977 1.173 
Kl0-3m 180 1.977 1.050 
Kl0-2105 210 2.072 1.002 
Kl0-4m 240 1.977 0.780 
Kl0-4S5 45 1.977 1.776 
Kl0-20m 1,200 1.977 0.248 . 
K1'-0m 0 1.977 -
Kl1-30s 30 1.977 1.862 
Kll-1m 60 1.979 1.679 
K11-90s 90 1.979 1.525 
K1'-2m 120 1.977 1.339 
K11-4Ss 4S 1.977 1.736 
K 11-150s 150 1.977 1.218 
K11-3m 180 1.977 1.046 
K11-210s 210 1.977 0.928 
K 11-4m 240 1.977 0.827 
K12-0m 0 1.973 ---
K12-4Ss 4S 1.973 1.794 
K12-1m 60 1.973 1.705 
K12-90s 90 1.973 1.533 
K12-2m 120 1.911 1.347 
K12-1S0s 150 1.911 1.180 
K12-3m 180 1.973 1.053 
K12-210s 210 1.911 0.917 
K12-4m 240 1.911 0.822 
K12-20m 1 200 1.909 0.228 

Table 8-4. UV absorbance at 258 nm for bis-SorbPC vesicles before and after 

UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 0.66 x 
1014 photons/sec. Vesicles were extruded through 0.1 ~m pore size nuclepore 

filters and irradiated at a temperature of 30°C. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) (Am ax - 258 nm) (Amax - 258 nml 

K15-0m 0 2.081 -
K15-5m 300 2.083 1.969 

K15-10m 600 2.082 1.864 

K15-15m 900 2.091 1.738 

K15-20m 1,200 2.081 1.613 

K16-5m 300 2.073 1.958 

K16-10m 600 2.106 1.884 

K16-15m 900 2.083 1.738 

K16-20m 1,200 2.089 1.629 

K17-5m 300 2.082 1.977 

K17-10m 600 2.086 1.870 

K17-15m 900 2.233 1.932 

K17-20m 1,200 2.050 1.624 

K15-125 750 1.932 1.689 

Kls-17s 1,050 1.932 1.580 

K16-125 750 1.932 1.738 

K16-175 1,050 1.932 1.580 

K17-125 750 1.932 1.667 

K17-175 1,050 1.932 l.S70 

K17a-1Sm 900 1.932 1.631 

Table 8-5. UV absorbance at 258 nm for bis-SorbPC vesicles before and after 

UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 0.14 x 

1014 photons/sec. Vesicles were extruded through 0.1 J,lm pore size nuclepore 

filters and irradiated at a temperature of 30C.C. 
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Filename Photolysis Time Absorbance Before Absorbante After 
(sec) (Amax - 258 nm) (Amax - 258 nml 

K32-0s 0 1.895 -
K32-15s 15 1.895 1.668 
K32-20s 20 1.956 1.594 
K32-25s 25 1.976 1.515 
K32-30s 30 1.991 1.448 
K32-35s 35 1.975 1211 
K32-40s 40 1.966 1311 
K32-45s 45 1.970 1217 
K32-60s 60 1.965 1.076 
K32-7Ss 75 1.960 0.894 
K32a-3Ss 35 1.961 1.340 
K32-2m 120 1.974 0.514 
K33-1Ss 15 1.975 1.686 
K33-20s 20 1.978 1.594 
K33-25s 25 1.970 1.539 
K33-30s 30 1.961 1.414 
K33-35s 35 1.965 1.364 
K33-40s 40 1.974 1290 
K33-45s 45 1.974 1.206 
K33-60s 60 1.972 1.004 
K33-75s 75 1.969 0.883 
K34-15s 15 1.969 1.691 
K34-20s 20 1.988 1.640 
K34-25s 25 1.952 1.547 
K34-30s 30 1.991 1.515 
K34-35s 35 1.955 1.392 
K34-40s 40 1.978 1360 
K34-45s 45 1.953 1240 
K34-60s 60 1.979 1.091 
K34-75s 75 1.976 0.983 
K34a- 30s 30 1.989 1.515 
K34a-35s 35 1.981 1.419 
K3~ ,,-40s 40 1.991 1.355 
1<:.!a-4 5a 45 1.991 1.291 

Table 8-6. UV absorbance at 258 nm for mono.sorbPC vesicles before and 

after UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 
5.00 x ,0,4 photons/sec. Vesicles were extruded through D.l J.1m pore size 

nuclepare filters and irradiated at a temperature of 4DoC. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) ("-max - 258 nr111 ("-max - 258 nml 

K3S·0m 0 1.892 -
K35·15s 15 1.892 1.746 
K35·30s 30 1.892 1.677 
K35-45s 45 1.917 1.551 
K35-60s 60 1.922 1.442 
K35·75s 75 1.892 1.318 
K35·90s 90 1.892 1.244 
K35·105s 105 1.953 1.089 
K35-120s 120 1.953 1.023 
K36·15s 15 1.902 1.811 
K36·30s 30 1.897 1.678 
K36·45s 45 1.892 1.564 
K36-60s 60 1.892 1.446 
K36·75s 75 1.892 1.337 
K36-90s 90 1.892 1.231 
K36-105s 105 1.892 1.141 
K36-120s 120 1.893 1.060 
K37-15s 15 1.953 1.813 
K37·30s 30 1.946 1.689 
K37-45s 45 1.892 1.570 
K37-60s 60 1.894 1.423 
K37-75s 75 1.9';3 1.314 
K37-90s 90 1.943 1.240 
K37-10Ss 105 1.944 1.131 
K37-120 120 1.893 1.021 

Table 8-7. UV absorbance at 258 nm for mono-SorbPC vesicles before and 

after UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 

2.64 x 1014 photons/sec. Vesicles were extruded through 0.1 J.lm pore size 

nuclepore filters and irradiated at a temperature of 40°C. 
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Filename Photolysis Time Absorbance Before Absorbance After 
lsec) (Amax - 258 nm) (Amax - 258 nm) 

K38-0m 0 2.055 -
K38-30s 30 2.055 1.957 
K38-60s 60 1.964 1.743 
K38-90s 90 1.969 1.682 
K38-120s 120 1.967 1.587 
K38-150s 150 1.968 1.506 
K38-210s 210 1.972 1.330 
K38-240s 240 1.979 1.263 
K38-40m 40 min. 1.971 0.096 
K39-30s 30 1.982 1.883 
K39-60s 60 1.982 1.803 
K39-90s 90 1.966 1.680 
K39-120s 120 1.937 1.586 
K39-150s 150 1.921 1.508 
K39-180s 180 1.939 1.411 
K39-210s 210 1.921 1.332 
K39-240s 240 1.926 1.265 
K40-30s 30 1.937 1.846 

. K40-60s 60 1.947 1.767 
K40-90s 90 1.950 1.683 
K40-120s 120 1.954 1.586 
K40-150s 150 1.945 1.507 
K40-180s 180 1.955 1.467 
K40-210s 210 1.939 1.380 
K40-240s 240 1.955 1.303 
K38-300s 300 1.982 1.199 
K39-300s 300 1.975 1.169 
K~C:-400s 400 2.047 1.206 

Table 8-8. UV absorbance at 258 nm for mono-SorbPC vesicles before and 

after UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 

0.99 x 1014 photons/sec. Vesicles were extruded through 0.1 J.1m pore size 

nuclepore filters and irradiated at a temperature of 40°C. 
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Filename Photolysis Time Absorbance Before Absorbance After 
(sec) O.max - 258 nm) ()"max - 258 nm) 

K41-0m 0 2.104 -
K41-30s 30 2.104 2.064 
K41-60s 60 1.980 1.879 
K41-90s 90 1.979 1.798 
K41-120s 120 1.980 1.738 
K41-150s 150 1.980 1.680 
K41-210s 210 1.980 1.610 
K41-240s 240 1.980 1.510 
K41-300s 300 1.980 1.379 
K41-360s 360 1.978 1.279 
K41 -1805 180 1.980 1.663 
K42-30s 30 1.982 1.932 
K42-60s 60 1.982 1.862 
K42-90s 90 1.982 1.793 
K42-120s 120 1.981 1.721 
K42-150s SO 1.982 1.669 
K42-180s 180 1.982 1.582 
K42-210s 210 1.982 1.534 
K42-240s 240 1.982 1.472 
K42-300s 300 1.982 1.382 
K42-360s 360 1.982 1.244 
K43-60s 60 2.088 1.939 
K43-90s 90 2.069 1.864 
K43-120s 120 1.981 1.740 
K43-1S0s 150 1.982 1.654 
K43- 1805 180 1.982 1.584 
K43-210s 210 1.982 1.545 
10-:43-2405 240 1.982 1.472 
K43-300s 300 1.982 1.356 
10-:43-3605 360 1.982 1.261 
K432:-360!; 3EO 1.98.2 1 .24~ 

Table 8-9. UV absorbance at 258 nm for mono-SorbPC vesicles before and 

after UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 

0.66 x 1014 photons/sec. Vesicles were extruded through 0.1 J..Im pore size 

nuclepore filters and irradiated at a temperature of 40"C. 
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Filename Photolysis Time . Absorbance Before Absorbance After 
(sec) (A-max - 258 nm) (A-max - 258 nm) 

K44-0m 0 2.076 -
K44-5m 300 2.076 1.882 
K44-7m 450 1.979 1.803 
K44-10m 600 1.979 1.679 
K44-12m 750 2.050 1.679 
K44-15m 900 1.979 1.582 
K44-17m 1,050 2.015 1.528 
K44-20m 1,200 1.979 1.463 
K4S-Sm 300 2.049 1.882 
K4S-7m 450 2.035 1.803 
K4S-10m 600 1.979 1.727 
K4S-12m 750 2.009 1.662 
K4S-lsm 900 2.021 1.602 
K4S-17m 1.050 2.054 1.541 
K4S-20m 1,200 2.009 1.436 
K46-Sm 300 1.977 1.875 
K46-10m 600 1.887 1.627 
K46-15m 900 1.874 1.436 
K46-20m 1,200 2.074 1.496 
K46-7m 4S0 2.002 1.803 
K46-12m 750 1.934 1.540 
K46-17m 1,050 1.927 1.468 
K46a-5m 300 1.978 1.877 
Kl! 6a-7m 450 . 2.060 1.855 

750 K46a- 12m 

I 
1.978 1.669 

Kl!6a-1 5~ 900 1.978 1.626 
Kl! 6::'- Sm 30J 1.978 ( 1.579 
Kl!6:.·-12m 750 1.978 I 1.663 

Table 8-10. UV absorbance at 258 nm for mono-SorbPC vesicles before and 

after UV-photolysis with a low pressure mercury lamp (254 nm) - UV flux of 

0.14 x 10 14 photons/sec. Vesicles were extruded through 0.' J..Im pore size 

nuclepore filters and irradiated at a temperature of 40;)C. 
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Figure D-2. SEC chromatogram H1-p216a of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=5 (60°C). 
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Monomers were thermally polymerized with AIBN at MII=5 (60°C). 
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Monomers were thermally polymerized with AIBN at M/I=S (60°C). 
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Monomers were thermally polymerized with AIBN at M/I=5 (SO°C). 
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Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure 0-8. SEC chromatogram H1-167b of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at Mil = 1 0 (60°C). 
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Figure D-9. SEC chromatogram H1-167c of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=10 (60°C). 
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Figure 0-10. SEC chromatogram H1-167d of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure D-11. SEC chromatogram H1-181c of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=10 (60°C). 
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Figure D-12. SEC chromatogram H2-168a of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure D-13. SEC chromatogram H1-168a of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at Mil = 1 0 (60°C). 
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Figure D-14. SEC chromatogram H1-169a of poly-(mono-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure 0-15. SEC chromatogram H1-158b of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at Mil = 1 0 (60°C). 
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Figure 0-16. SEC chromatogram H4-168a of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=20 (60°C). 
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Figure D-17. SEC chromatogram H4-168b of poly-(mono-SorbPC16,17}. 

Monomers were thermally polymerized with AIBN at MII=20 (60°C). 
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Figure 0-18. SEC chromatogram H4-168c of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=20 (60a C). 
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Figure 0-19. SEC chromatogram H3-168b of poly-(mono-SorbPC16.17). 

Monomers were thermally polymerized with AIBN at M/I=20 (60°C). 
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Figure 0-20. SEC chromatogram H3-172a of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=30 (60°C). 
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Figure 0-21. SEC chromatogram H3-172b of poly-(mono-SorbPC16,17}. 

Monomers were thermally polymerized with AIBN at MII=30 (60°C). 
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Figure D-22. SEC chromatogram H3-172c of poly-(mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=30 (60°C). 
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Figure D-23. SEC chromatogram H3-172e of poly-{mono-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=30 (60°C). 
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Figure 0-24. SEC chromatogram H2-172c of poly-(mono-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at M//=30 (60°C). 
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Figure D-25. SEC chromatogram H2-177b of poly-(mono-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at M/I=30 (60°C). 
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Figure 0-26. SEC chromatogram H1-p220a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=10 (60°C). 
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Figure 0-27. SEC chromatogram H1-p220b of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=10 (60°C). 



325 

Molecular Weight Distribution Averages (Molecular Weight Normalizaticn [Wet) I -d(log MWl/dtl ): 
~t:l!ib2r Average :O7!1) 

... .... 
~ 
:! 
~ Ul 

~~ 
.... ... 

<.u 0 
=j :> 
~~ 
15:2 

:::: 
~ 

'" ~'r 
l'j~ 
\,", - .... ..co 

!~ 
.h. 

c'1! 

Height Averas~ : 70470 
Visc::s! ty p.·;etase : 7(,470 

Z A',erage : 137629 
Z~l Averase : ~17!~~ 

1.20 

1.18 

1.16 

0.70 

?olydi=?2I'sity 
I .. t:-iilsic viscusity 

i. a'/S / :~: a'ys 
Z+l avg I lit aV9 

0.80 

x 101 Minutes 

2.294679 
O.OCCi)OO 

3.080a~ 

0.90 1.00 

Figure D-28. SEC chromatogram H1-p220c of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M!I=10 (60°C). 
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Figure D-29. SEC chromatogram H1-p220d of poly-(bis-SorbPC16,17), 

Monomers were thermally polymerized with AIBN at M/I=1 0 (60°C). 
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Figure D-30. SEC chromatogram H3-p220a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure 0-31. 'SEC chromatogram H1-p249a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at Mil = 1 0 (60°C). 
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Figure D-32. SEC chromatogram H2-p249c of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=10 (60°C). 
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Figure 0-33. SEC chromatogram H3-p249b of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=20 (60°C). 
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Figure 0-34. SEC chromatogram H3-p249c of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=20 (60 CC). 
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Figure D-35. SEC chromatogram H3-p249d of poly-(bis-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at M/I=20 (60aC). 
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Figure D-36. SEC chromatogram H4-p249b of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=20 (60°C). 
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Figure 0-37. SEC chromatogram H2-p220a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at MII=20 (60°C). 
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Figure D-38. SEC chromatogram H4-p220a of poly-(bis-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at M/I=20 (60°C). 
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Figure D-39. SEC chromatogram H5-p249d of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=30 (60°C). 
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Figure 0-40. SEC chromatogram H6-p249a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=30 (60°C). 
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Figure 0-41. SEC chromatogram H6-p249c of poly-(bis-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at MII=30 (60°C). 
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Figure 0-42. SEC chromatogram H7-p220b of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=60 (60°C). 
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Figure 0-43. SEC chromatogram H7-p220c of poly-(bis-SorbPC16,17). 
Monomers were thermally polymerized with AIBN at MII=60 (60°C). 
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Figure D-44. SEC chromatogram H7-p220d of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=60 (60°C). 
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Figure 0-45. SEC chromatogram H8-p220a of poly-(bis-SorbPC16,17). 

Monomers were thermally polymerized with AIBN at M/I=60 (60°C). 
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Figure 0-46. SEC chromatogram H1-p285b of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.1. Initiator concentration was constant at MII=20. 
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Figure D-47. SEC chromatogram H1-p285c of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable DPPC to a molar ratio of 

1/0.1. Initiator concentration was constant at MII=20. 
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Figure 0-48. SEC chromatogram H1-p285d of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.1. Initiator concentration was constant at M/I=20. 
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Figure 0·49. SEC chromatogram H2-p285a of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.1. Initiator concentration was constant at M/I=20. 
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Figure 0-50. SEC chromatogram H3-p285a of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.1. Initiator concentration was constant at MII=20. 
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Figure 0-51. SEC chromatogram H4-p285e of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 
1/0.5. Initiator concentration was constant at MII=20. 
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Figure 0-S2. SEC chromatogram HS-p28Sb of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.S. Initiator concentration was constant at MII=20. 
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Figure D-53. SEC chromatogram H5-p285c of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable DPPC to a molar ratio of 
1/0.5. Initiator concentration was constant at M/I=20. 
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Figure D-54. SEC chromatogram H5-p285d of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable DPPC to a molar ratio of 

1/0.5. Initiator concentration was constant at MII=20. 
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Figure 0-55. SEC chromatogram H5-p285e of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 

1/0.5. Initiator concentration was constant at M//=20. 
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Figure 0-56. SEC chromatogram H8-p285b of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 1/1. 
Initiator concentration was constant at M/I=20. 
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Figure D-57. SEC chromatogram H8-p285c of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable DPPC to a molar ratio of 1/1. 
Initiator concentration was constant at M/I=20. 
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Figure 0-58. SEC chromatogram H8-p285d of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable DPPC to a m.olar ratio of 1/1. 
Initiator concentration was constant at M/I=20. 
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Figure 0-59. SEC chromatogram H8-p285e of poly-{mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 1/1. 
Initiator concentration was constant at M/I=20. 
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Figure 0-60. SEC chromatogram H9-p285a of poly-(mono-SorbPC16,17). [M] 

in the bilayer was diluted with non-polymerizable OPPC to a molar ratio of 1/1. 

Initiator concentration was constant at M/I=20. 
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Figure 0-61. SEC chromatogram H11-1 of poly-(mono-SorbPC16,17). 

Monomers were photopolymerized with UV-light (254 nm) at a rate of 7.483 x 
10-7 moles L-1 S-1. 
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Figure 0-62. SEC chromatogram H11-2 of poly-(mono-SorbPC16.17). 
Monomers were photopolymerized with UV-light (254 nm) at a rate of 7.483 x 
10.7 moles L-1 5-1. 
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Figure 0-63. SEC chromatogram H11-3 of poly-(mono~SorbPC16,17). 

Monomers were photopolymerized with UV-light (254 nm) at a rate of 7.483 x 
10.7 moles L-1 S·1. 
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