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ABSTRACT 

The polymerization of two-component vesicles (liposomes) consisting of the 

nonpolymerizable lipid dioleolylphosphatidylethanolamine (DOPE) and polymerizable 

1 ,2-bis[1 0-(sorbyloxy)decanoyl]-sn-glycero-3-phosphatidylcholine (So rb PC) 

resulted in phase separation of the lipids into polymeric and monomeric domains. Since 

the nonpolymerizable phosphatidylethanolamine can assume a nonlamellar phase, the 

polymerization induced phase separation led to vesicle destabilization with concomitant 

release of aqueous contents. 

Oligolamellar vesicles of SorbPC/OOPE (1 :3) having an average diameter of 

275+/-65 nm showed 25-30% leakage of the fluorophore calcein while unilamellar 

vesicles of the same lipid concentration and an average diameter of 125+/-15 nm did 

not show leakage of dye during photopolymerization. 

The photoinduced destabilization required three processes : a) lateral phase 

separation of the membrane's components driven by the photopolymerization; b) the 

ability of the nonpolymerizable lipid to assume a non lamellar phase as enriched domains 

are formed; and c} bilayer contact between lamellae. These results are discussed in 

terms of a model for membrane destabilization that requires intralamellar interaction. 

----------~-- - -
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INTRODUCTION 

Biological cell membranes are heterogeneous assemblies composed of a large 

variety of different lipids, proteins, and carbohydrates. In the early 1960's Bangham 

showed that hydration of a thin dried film of phospholipids free of proteins and 

carbohydrates spontaneously form vesicles (liposomes) 1. It shortly became evident 

that vesicles would make an ideal model for the study of protein- and carbohydrate

free membranes. Due to their ability to encapsulate aqueous material, vesicles have 

also been investigated for drug delivery2. 

Vesicles are self-supported closed bilayer assemblies of thousands of lipid 

molecules and are capable of enclosing an aqueous volume. One can picture vesicles as 

a two-dimensional fluid composed of lipid amphiphiles with their hydrophiliC head 

group exposed to the aqueous solution and their hydrophobic tails aggregated in a 

manner to exclude water. These bilayer structures are highly ordered, but are 

dynamic due to the lipid's ability to undergo rapid lateral motion within the plane of 

each half of the bilayer. The term liposomes is frequently used to describe these 

vesicles of glycerophospholipids or other naturally occurring lipids. 

Vesicles are one of several types of supramolecular assemblies that single- and 

double-chain amphiphiles can form. Other structures include micelles, monolayers, 

multilayers, extended bilayers, and several non-spherical microstructures such as 

tubules. The thermodynamic driving force for the stabilization of lipid aggregates is 

the hydrophobic force. In order to maximize the hydrophobic interaction the 

amphiphile must adopt a suitable conformation. 

Single chain surfactants (amphiphiles) aggregate above a critical concentration 

in aqueous solution to form assemblies of 50 to 100 molecules. For micellar systems, 

------------------ --- - --
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the critical micelle concentration (CMC) for aggregation Is 10-2 to 10-5 M with a 

characteristic rate of exchange between monomers and micelles in the micellar 

aggregate. Double chain amphiphiles on the other hand generally prefer to form 

bilayer (lamellar) structures. Amphiphiles of this type are less soluble and the 

hydrophobic factors strongly favour the aggregate state; the CMC Is several orders of 

magnitude smaller than for single chain amphiphiles. 

Through the examination of constraints imposed by simple geometric 

considerations, excellent qualitative information regarding packing of amphiphiles 

may be obtained. In considering the gross shape of lipids, e.g. the cross sectional area 

of the hydrocarbon to the surface area required by the polar headgroup, one can 

classify the lipid's geometry as being that of a cone, cylinder, or inverted cone. For 

example, Iysophospholipid (single chain amphiphiles) detergents have an inverted 

cone molecular shape and preferentially form micelles, while phosphatidylcholines 

(double chain amphiphiles) have a cylindrical geometry and form bilayer structures. 

Originally vesicles were prepared from naturally occurring or synthetically 

accessible lipids. In 1977, Okahata and Kunitake described the first totally synthetic 

bilayer membrane3. Using didodecyldimethylammonium bromide as their amphiphile 

they were able to prepare vesicles with a diameter of 30-40 nm. Soon afterwards 

amphiphiles of double-chain zwitterionic, cationic, and anionic as well as single-chain 

liquid-crystalline materials were used to form bilayer assemblies4-6. 

The beginning of the 1980's brought about a new field of lipid/liposome 

chemistry with the synthesis of the first polymerizable amphiphile. Using Kunitake's 

dialkyldimethylammonium lipid as a starting point, Regen et al. were able to 

synthesize the corresponding analogue with a methacrylate group at the end of one of 

the alkyl chains 7. Regen's work was shortly followed by the report from three 

------_._-- -- -
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different groups of polymerizable diacetylene phosphollpids8-1 O. Since then a large 

number of polymerizable amphiphiles have appeared in the literature 11-13. 

Since small vesicles are thermodynamically unstable, their application as drug 

transport agents based on long-term use are limited. However polymerization of 

reactive lipids in vesicles results in retention of a structure that consists of several 

polymeric domains. The formation of some polymerized vesicles has been shown to be 

an effective method for enhancing the long-term colliodil and chemical stability of the 

me mbrane 14. Vesicles that have been polymerized will be less likely to undergo lipid 

exchange processes (mixing), uncontrolled release of encapsulated drugs, and vesicle

vt;!sicle or vesicle-cell fusion. 

Before considering the physical behaviour and properties of vesicles, one must 

first examine the basic lipid monomer unit that composes these supramolecular 

assemblies. Lipid-water systems represent a subclass of lyotropic liquid crystals; the 

system consists of more than one component (e.g. water and lipid) with the resulting 

structure depending upon the ratio of the components. The term "liquid crystalline" is 

often used and implies that these molecules have the crystalline aspect of periodicity in 

one, two, or three dimensions, but the molecules are not rigidly locked in a lattice. 

Phospholipids form smectic mesophases and undergo a typical gel to liquid-crystalline 

phase transition. This transition temperature (T c) is a function of acyl chain length, 

degree of unsaturation in the chain, branching in the chain, and composition of the 

headgroup. Likewise the addition of divalent cations (e.g. Ca2+) and H+ to charged 

phospholipids can result in changes in the lipid physical state which in turn can change 

the phase transition temperature (T c) of the system. Vesicles made up of phospholipids 

below their T c are considered to be solid-like, whereas vesicles above their T care 

liquid-like. As imagined the transition temperature of the lipid plays an important role 

------------------ -- -
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in governing the permeability of the vesicle. In the gel phase vesicles permeability is 

relatively low; however at the T c an increase in permeability of ions and the 

penetration of various molecules into the bilayer of the vesicle is observed, while above 

the T c permeability is decreased15• 

As mentioned previously, lipid-water mixtures can exist in various 

polymorphic forms (Figure 1)16,17. The major forms are depicted below : 

1. Lamellar gel phase (Lf3) (Fig.1 a) : The Lf3 phase is observed at low 

temperatures in lipids which form lamellar structures (below the T c of 

the lipid). As a result of the all-trans configuration of the lipid crystal 

(Figure 2), the acyl chains are more highly ordered with the overall 

structure more tightly packed. The bilayer thickness is greater than in 

the La phase due to the fact that the acyl chains are fully extended. 

2. Lamellar liquid crystalline phase (La) (Fig.1b) : The bulk of lipids in 

biological membranes exist in the La phase. In the lipid lattice there is 

considerable disorder due to the introduction of gauche rotamers (kinks) 

in the acyl chain which increases the effective chain cross sectional area 

when compared to the all-trans configuration (Figure 2); the chains are 

described as being melted. The lipid molecules have a higher rate of 

lateral diffusion in the bilayer than lipids in the Lf3 phase. 

3. Hexagonal I phase (HI) (Fig.1c) : This nonlamellar (nonbilayer) phase is 

formed from amphiphiles with a smaller aqueous surface area to 

volume ratio than those observed in spherical micelles. The lipids, 

--------------------------------- -- --
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having the molecular shape of inverted cones (e.g. Iysophospholipids), 

are organized in rods or cylinders with the polar headgroup on the 

outside in contact with the aqueous phase. The cylinders/rods are 

arranged in a hexagonal array. 

4. Hexagona/II phase (HII) (Fig.1d) : In the nonlamellar H" phase the lipid's 

molecular geometry is that of a cone with a smaller cross-sectional area 

at the water interface than at the terminal methyls of the hydrocarbon 

tails. The introduction of gauche rotamers (through increasing the 

temperature) and unsaturated cis bonds produce kinks in the 

hydrocarbon chain causing the tails to splay more widely apart and 

increasing the width of the cone. The same effect can be achieved by 

decreasing the size of the headgroup. As in the previous case the lipids 

orientate themselves into cylinders, but the polar headgroup is now 

facing inside around a column of water; thus a decrease in the water 

content results in a subsequent decrease of acyl chain-water interactions 

and stabilizes the HII phase. Cylinders are packed on top of one another 

in a hexagonal matrix. 

5. Cubic phase (Fig.1 e) 17 : In the cubic liquid crystalline/water phase the lipid 

aggregates exist in a three-dimensional lattice with cubic symmetry. 

The lipid aggregate units can exist in various shapes such as spheres, 

rods, or lamellae. Unlike the lamellar (bilayer) and hexagonal phases 

(HI and HII) which are anisotropic and optically birefringent, the cubic 

phase is optically isotropic. Several variations of the cubic phase exist 

----------------- ---- - --
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and can be broken into two distinct groups: (a) cubic structures 

possessing regions which are continuous with respect to both polar 

(water) and nonpolar (hydrocarbon) components - termed bicontinuous 

(C" phase, Fig.1e); and (b) cubic structures possessing regions which 

contain either discontinuous hydrocarbon regions with continuous water 

regions (e.g. micellar aggregates) or discontinuous water regions with 

continuous hydrocarbon regions (CI phase). 

When hydrated, it is possible for single purified lipids to organize in more than 

one kind of structure. The resulting structure depends upon lipid concentration , 

temperature , pressure , ionic strength of the aqueous environment, pH, and the 

structure of the lipid itself. While the majority of lipids prefer to form lamellar 

structures, there are a number of lipids that form non bilayer (nonlamellar) 

structures (e.g. phosphatidylethanolamines (PE) form the H" phase when isolated ). 

The concept of nonlamellarity will be discussed in more detail further on. 

Vesicles can be broken down into three distinct categories : multilamellar 

vesicles (MLV), large unilamellar vesicles (LUV), and small unilamellar vesicles 

(SUV) (Figure 3). The latter two are distinguished on the basis of diameter size; 

vesicles under 100 nm are usually considered small vesicles, while those with a 

greater diameter are large vesicles. LUVs have an aqueous trapping volume ranging 

from 9 to 15 Umol of lipid while that of SUVs range from 0.2 to 1.5 Umol of Iipid15. 

Multilamellar vesicles, resembling an onionskin configuration, are those consisting of 

many lamellae inside the outer-bilayer of the vesicle membrane. Vesicles consisting 

of only a few lamellae are termed oligolamellar or paucilamellar. The size tJiameter of 

MLVs ranges from 200 nm to greater than 1000 nm with an aqueous space ranging 

--------------- --- - --
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Figure 1 ; Schematic representation of lipid-water phases ; (a) lamellar gel (Lp); (b) 
lamellar liquid crystalline (La); (c) hexagonal type I (HI); (d) hexagonal type II (HII); 

and (e) cubic phase (CII) 17. Circles represent the hydrophilic headgroup with lines 
representing hydrophobic chains. Shaded areas represent aqueous regions. 

(A) Lji (B) La (C) HJ 
• 

"~~." .~ ____ t 

~ m 
~: ~ lM&i& 
~, ~ .~- ~-p"""'; 

(E) Cubi.:: (Cn) 

----------- -- - --
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Figure 2: Illustration of different alkyl chain configurations 18. 

All trans One Gauche RotaIner Isolated cis-Bond cis - gauche rotaIner 
(First Order Kink) 

from 1 to 4 Umol of Iipid15. The amount of aqueous material that can be encapsulated 

is dependent upon the lipid composition, the method of preparation and the trapped 

volume of the vesicle type prepared. The preparations of the different classes of 

vesicles as pertaining to the thesis are discussed in the experimental section. 

The physical behaviour of vesicles and their subsequent uses, e.g. drug delivery, 

depend significantly upon the vesicle's size and composition. SUV of less than 50 nm 

have a high degree of bilayer curvature and are insensitive to osmotic shock. More 

-- .. _--- - -_ ... - ._-----------------
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Importantly this same high degree of curvature leads to Instability (strain) of the 

bilayer which results in aggregation and fusion Into larger vesicles; the rate of vesicle

vesicle fusion is significantly more rapid in SUV than in LUV or MLV19-21. For drug 

delivery systems LUV and MLV are preferentially preferred over SUV which exhibit low 

encapsulation efficiency and may be restricted by the size of the solute molecule which 

can be trapped. 

Figure 3: Schematic of unilamellar and multilamellar vesicles. 

UNILAMELLAR VESICLE 

MUTILAMELLAR VESICLE 

-----------"----- -- - - ---
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A second criterion for vesicle-mediated drug delivery is the ability of the 

vesicle to undergo bilayer destabilization resulting in leakage of its aqueous contents or 

vesicle-vesicle fusion; vesicle destabilization can be achieved through bilayer contact 

of lamellae22-24 . Cullis et al. (1980) have shown that non lamellar structures 

associated with vesicle destabilizaton, e.g. inverted micelles, could arise from apposed 

monolayers or within one bilayer25. Likewise Siegel (1984) provided a theoretical 

analysiS which indicates that non lamellar structures would be much more rapidly 

formed from apposed exterior monolayers than within one lamella26. Bilayer contact 

between vesicles can result in the following three processes : (1) lipid mixing between 

lamellae; (2) leakage of aqueous contents through non lamellar regions; and (3) 

vesicle-vesicle fusion with mixing of aqueous contents. For processes (1) through (3) 

to occur in unilamellar vesicles apposed bilayer contact can only occur 

intervesicularly; however, oligo lamellar vesicles can undergo destabilization with 

subsequent leakage intravesicularly since internal lamellae are present for the 

formation of non lamellar structures24. 

Vesicles are extremely dynamic in composition and are composed of many 

different types of lipids, proteins and carbohydrates. In nature glycerophospholipids 

are the most commonly found membrane lipid. They are based on a glycerol backbone 

where one of the hydroxyls is linked to a polar phosphate-containing group and the 

other two hydroxyls are linked to hydrophobic groups. In most phosphoglycerides the 

phosphate is located at the 3 position of glycerol. The phosphate is usually linked to one 

of several groups which include choline, ethanolamine, myo-inositol, serine, and 

glycerol (Figure 4). The hydrophobic chain(s) attached at the 1 or 2 position of 

glycerol may be linked through ether or ester linkages and vary in length, branching 

and degree of unsaturation. 

------------------ --- - -_. 
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1,2-Dlacylphosphoglycerides (phospholipids) contain fatty acid ester linkages 

to glycerol and are the predominant lipids in most eukaryotic and prokaryotic 

membranes. Phosphatidylcholine (PC) (choline headgroup) is the major component in 

most animal cells membranes with phosphatidylethanolamine (PE) ( ethanolamine 

headgroup ) being the predominant component in bacterial cells. Structurally PE and 

PC lipids differ only in the size and charge of the nitrogen on the headgroup. The PC 

headgroup is zwitterionic and is larger in size due to the presence of three methyl 

groups on the nitrogen while the PE headgroup is smaller with the methyls replaced by 

hydrogens. PEs mayor may not be 

Figure 4: Structure of various phospholipid headgroups. At neutral pH, the amino 
group of the ethanolamine and serine moieties will be protonated. 

R=±l 
R 2 ~ 

3 O-P-OH 
I 
0-

-OCH2CH2N(CH3h+ 

R = ether or ester linkages 

PHOSPHOLIPIDS 

phosphatidic acid 

phosphatidylcholine 

phosphatidylethanolamine 

phosphatidylglycerol 

phosphatidylserine 
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zwitterionic depending upon the pH of the aqueous environment. Due to the their 

differences in headgroup, PEs and PCs form different polymorphic phases; PCs prefer a 

lamellar configuration while PEs generally prefer non lamellar structures. 

The ability of PE's to adopt a non lamellar structure is a result of several 

factors: hydrocarbon unsaturation, temperature, headgroup size, headgroup ionization, 

and water content16. As described previously lipids with a cone molecular shape are 

capable of forming non lamellar structures; by increasing the degree of unsaturation and 

gauche rotamers present in the acyl chain, as well as decreasing the size of the 

headgroup, the head group surface area to acyl chain volume decreases and cone-like 

molecular geometry is obtained. 

Further comparision of PE and PC lipids indicates that the PE headgroup binds 

fewer water molecules than does that of PC. PC lipid shows a greater polarization of 

water molecules in the vicinity of the headgroup thus resulting in stronger repulsive 

interaction when two bilayers are brought close together (kept approximately 30 A 

apart). Since bilayer contact is a prerequisite for intra- or intermembrane events 

such as leakage and vesicle-vesicle fusion, it is necessary to overcome the energy 

barrier due to these hydration forces. It is speculated that the lower hydration favours 

the formation of nonlamellar structures like the HII phase in unsaturated PE's such as 

dioleoylphosphatidyl-ethanolamine (DOPE, 1)27. 

When the transition from the lamellar to HII phase is suddenly stopped, 

intermediate lipidic particle structures have been detected by X-ray and 31 P NMR as 

well as visualized by freeze-fracture electron microscopy28. For such structures to 

exist in binary mixtures of lipids it is necessary for one lipid to prefer a nonlamellar 

phase while the other prefers a bilayer configuration. These structures are different 

when compared to those observed In biomembranes containing proteins and in 

._---------------- - - --- --- - . 
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reconstituted protein-lipid systems. Siegel (1984, 1986) has suggested that these 

lipidic particles represent regions of inverted micelle cubic Intermediates within the 

bilayer and that they play a significant role in biological processes such as leakage and 

fusion 26,28-31 

o 

1 DOPE =t 0 + 
II H3 O.p-O~ 
I 

·0 

o 

~O 
~O 

SORB·PC 

0=L o 0 \/ 
II N+ 

o O.~-O~ \ 
-0 

Destabilization of the bilayer(s) in two-component vesicles is possible if one of 

the lipids prefers the lamellar phase while the other prefers a non lamellar phase and 

they are able to separate into homogeneous lipid domains (phase separation between 

lipids). As described previously, phosphatidylethanolamines make Ideal component for 

such a system since they can form nonlamellar structures under physiological 

conditions28, and are not stable at physiological pH unless there is a second lipid such 

as phosphatidylcholine present32 . Several groups have rigorously Investigated 

processes which lead to phase separation of PE and other lipids and trigger the PE 

------------------- --
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lamellar to non lamellar phase transition2,22,33-36. Such phase separation results 

in leakage of aqueous contents inside vesicles, lipid mixing and fusion of vesicles, or 

total collapse of vesicle membranes. 

The use of polymerizable lipids, e.g. SorbPC (2), as a way of Inducing phase 

separation of two-component vesicles was recognized as an efficient way of forming 

polymeric and monomeric domains37-40 . As the polymerization proceeds the 

polymerizable lipids form covalently linked domains, which in turn produce domains of 

the nonpolymerizable lipid. Vesicle destabilization with concomitant release of aqueous 

contents can be achieved if the nonpolymerizable lipid can assume a nonlamellar 

structure. 

The effect of vesicle size, in particular unilamellarity versus 

multilamellarity, in the process of photoinduced destabilization of vesicles composed 

of the polymerizable SorbPC lipid and the nonpolymerizable DOPE lipid is illustrated 

here . 

. ...... _-_ .. _._---------------------- --. -
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RESULTS 

A. SYNTHESIS: 

1,2-Bis[1 O-(sorbyloxy)decanoyl]-sn-glycero-3-phophorylchollne (2., 

SorbPC) was synthesized as shown in Scheme 1. 2,4-Hexadienoic acid was converted 

SCHEME 1: 

o 
00 
1111 

~OH 
CICCCI 0 

--------~.~ ~ 
12Hrs. ~ ~ CI 

J. 

pyridine, 24 Hrs. 

So + 
HOl HO 0 \/ 

II N+ 
O.~-O~\ 

DCC,DMAP 

7 days, dark, CHCl3 
- 0 CdCI1 

Abbreviations : pyridinium dichromate (PDC), dimethylforamide (DMF), 

dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP) 

--_ ......... _-------------_._--- -- --_ .. -.- - . 
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to the acid chloride (3.) with oxalyl chloride in nearly quantitative yield (>90%). A 

four-fold excess of 1,10-decanediol was reacted with the acid chloride to yield 1 in 

moderate yield (60%). The hydroxy-ester was purified by column chromatography 

followed by recrystallization from hexane; TLC showed the presence of unreacted diol 

and the symmetric diester (§.) (as determined by 1 H NMR). Approximately 60% 

excess 1,10-decanediol was recovered ; even after repeated recrystallization of the 

diol with acetone/water impurities still remained (recovered 40-45%). 

o 

~o o~ 
o 

10-(Sorbyloxyl)decan-1-01 (1) was oxidized to the corresponding fatty acid 

5.. with pyridinium dichromate (POC) in fair yield (45-52%). The addition of silica 

gel to the extracted reaction mixture aided in the removal of any POC that remained 

with the product. Repeated recrystallization of the product with petroleum ether was 

not sufficient to remove impurities and thus chromatography was necessary. TLC of 

the reaction mixture showed the presence of unreacted starting material (!) and the 

corresponding aldehyde Z; the aldehyde was characterized by 1 H NMR as well as 

comparing its Rf to that of other mono-ester aldehydes of similar structure (e.g. 

acryloyl and methacryloyl containing aldehydes)41. 

Fatty acid 5.. was reacted with L-glycerophosphorylcholine-cadmium chloride 

(GPC-CdCI2) headgroup in the standard way42. The formation of the fatty acid 

anhydride was preceded by base catalysis with 4-(dimethylamino)pyridine (OMAP). 

The lengthy reaction time was due to the difficulty of acylating the 20 alcohol of GPC

CdCI2. TLC of the reaction mixture showed that the reaction was more than 90% 

---------------- --- - --
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complete after five days, as seen by the disappearence of the spot with Rf identical to 

lyso-SorbPC (8.) on TLC. 

o 

~o H 

1 o 

o 

~o 
.a lyso-SorbPC 

Difficulties in purification of SorbPC (2..) were encountered during 

chromatography as well as rotary evaporation of the chromatography eluent 

(chloroform/methanol). TLC of fractions containing the chromatographed SorbPC 

lipid showed the appearance of a new spot slightly higher than the original reaction 

mixture (Rf = 0.52-0.55 ; 65/25/4 CHCI3:MeOH:H20). This corresponds with 

findings of Lammers et al. (1978) who reported that 1 ,3-diacyl phosphatidylcholines 

can arise by acyl migration during the synthesis of 1,2-lipids and run sligthly in 

front of the 1,2-diacyl derivative43 . Ali and Bittman (1989) also reported 

significant acyl migration due to column chromatography on silica ge144. We found 

that the use of a shorter flash silica gel column rather than a larger gravity column 

decreased the chromatography time from 12-15 hrs. to 2 hrs.. A cleaner separation 

of lipid products was achieved with a corresponding reduction in the amount of acyl 

migration on the column. 

--------------- --- - --
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TLC of eluent showed one spot due to SorbPC before rotary evaporation , while 

after evaporation several new spots were observed : two spots at the solvent front with 

one below the initial lipid spot (eluent 65:25:4 CHCI3:MeOH:H20). Purification and 

analysis by NMR of each of the upper TLC spots revealed that one was due to fatty acid 

(.5.). while the other was due to methanolysis of the lipid; the Rf of the isolated fatty 

acid is identical to that which was used as starting material. 1 H NMR of the 

methanolysis product (Figure A.4) showed the absence of protons associated with the 

GPC headgroup. 

SCHEME2: 

o 

~O 

II 

0=1 00 0 \/ 
II N+ 

o O.~-O~ \ 
HO 

-0 

and the appearence of a strong singlet at 8 3.65. The singlet coincides with the 

methanol cleavage reactions of methacryloyl-containing lipids and is due to the methyl 

. __ ._--------------"--- -_. - --
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ester protons41 . It is apparent that one of the methanolysis products is the methyl 

ester of the fatty acid (i); however, it is also likely that the methyl ester of 2,4-

hexadienoic acid (1,11) is present. The lower TLC spot corresponds closely to that of 

the lyso-SorbPC (8.). It can also be related to the case where the sorbyl moiety has 

been cleaved leaving 11 (cleavage of the other sorbyl ester moeity is also likely). TLC 

did not indicate a spot associated with the GPC headgroup. Scheme 2 depicts several of 

the many products that can form during methanolysis/hydrolysis of SorbPC (2.). 

Since chloroform contains small amounts of HCI and phosgene, the process of 

concentrating the chromatography eluent also increases 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. The acidic 

nature of silica gel may also contribute to the problem. 

Methanolysis of the lipid during rotary evaporation was eliminated by changing 

the solvent system for chromatography from chloroform/methanol to methylene 

chloride/methanol and by pre-treating silica gel with a solution of methylene chloride 

containing 1 % triethylamine,. During concentration of the chromatography eluent the 

final volume was never allowed to go below 25 mL, and by using higher boiling 

solvents such as acetonitrile and benzene it was possible to azeotrope the remaining 

methanol, methylene chloride, and water present. Yields of the SorbPC lipid ranged 

from 45-65% with respect to GPC-CdCI2. 

B. VESICLE SIZE DISTRIBUTION: 

Vesicles were prepared by both extrusion and sonication. The size distribution 

of vesicles (i.e. diameter) depends significantly on the type of method used to prepare 

them. Extrusion provides a consistent way of forming fairly uniform distributions of 
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various sizes, while sonication results in a broader and less consistent distribution. 

Vesicle sizes were determined by dynamic laser light scattering at several angles and 

the data analyzed by different algorithms; in most cases the non-linear least-square 

fitting method was used to extract the set of exponential functions which make up the 

autocorrelation functions. 

Vesicles extruded through 100 nm pore sizes membranes (Nucleopore) gave a 

narrow size distribution of 125+/-15 nm (Table 1, Figure Sa). Sizes were consistent 

at all angles and methods of analysis. Extrusion through 600 nm pore sizes resulted in 

larger and broader vesicle populations with a mean average diameter of 275+/-65 nm 

(Table 1, Figure 5b). Extrusion of vesicles through 100 nm pore sizes at room 

temperature proved to be extremely difficult and in many cases impossible even at 

high pressures. This was attributed to the phase transition temperature of the 

polymerizable SorbPC lipid near room temperature (T m = 270C45). Extrusion of 

SorbPC/DOPE (1 :3) as well as pure SorbPC vesicles was facilitated by increasing the 

extruder's temperature to 400 C to that insure the vesicles were in the liquid 

crystalline phase. A similar effect was observed for multilamellar vesicles of 

dipalmitoylPC (DPPC) which can be readily extruded at temperatures above their 

phase transition temperature, however only with much difficulty at temperatures 

below their Tc46. Cullis et al. have also noted a similar effect47. 

Sonication of vesicles resulted in an inconsistent size distribution. Vesicles 

sonicated in glass for 20 minutes, followed by one extrusion through a 400 nm pore 

size polycarbonate membrane gave a mean average diameter of 320+/-70nm (Table 

1, Figure 5c) ; however, reproducibility was poor. Shorter sonication times were 

used for samples prepared in polycarbonate tubes than for samples in glass flasks 

since ultrasonic shear forces are readily absorbed by the walls of the glass flask 

.. -- ------- ----
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Figure 5 : Size distibution of SorbPC/DOPE (1 :3) vesicles prepared by extrusion and 
sonication. Mean average diameters were determined by dynamic laser light 
scattering, A) vesicles extruded through 0.1 um pore size polycarbonate 
membranes; B) vesicles extruded through 0.6 urn pore size; C) vesicles 
sonicated in 10 mL glass flask for 20 mins. followed by one extrusion through 
0.4 um pore size; and D) vesicles sonicated in polycarbonate tubes for 2 mins. 
followed by one extrusion through 0.4 urn pore size, 
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Table 1 : Mean average diameter of SorbPC/DOPE (1 :3) vesicles prepared by 
extrusion and sonication. Size diameters were determined by dynamic laser 
light scattering. 

Liposome Preparation 

extrusion, 100nm pore size 
extrusion, 600nm pore size 
sonication, glass 20 min. 
sonication, polycarbonate 2 min 
sonication, polycarbonate 20 min 

* distibution inconsistent; bimodial and trimodial 

** small unilamellar vesicles 30-50 nm 1 5 

Diameter (nm) 

125 +/- 15 
275 +/- 65 
320 +/- 70 
150-200, 300-400 * 

n.d. ** 
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(sonication times were 90-120 sees.). However the size distibutions were non-

reproducible, ranging anywhere from 150-180 to 300-400 nm (Figure 5d). In 

many cases bimodial and trimodial distributions were observed. Long sonication times 

in polycarbonate tubes (20 min.) more than likely resulted in the formation of small 

unilamellar vesicles (SUV) in the range of 30-50 nm (actual sizes were not 

determined for these SUV) 15. 

C. VESICLE PHOTOLYSIS: 

The photopolymerization of Sorb PC was monitored by the decrease in 

absorbance of the sorbyl moiety at 258 nm. Extent of monomer loss was calculated by: 

% monomer loss = AO-At 

AO-Ainf. 

x 100% 

------------ ~-- - --
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Decreases in the sorbyl moiety absorbance during photolysis of vesicles consisting 

solely of SorbPC and extruded through 100 nm pore size polycarbonate membrane are 

depicted in Figure 6. The decrease in absorbance at 258 nm results in the subsequent 

increase in absorbance at approximately 190 nm. The clean isobestic point at 222 nm 

points to the formation of only one photoproduct. After three minutes of photolysis 

less than 5% of monomer remained (Figure 7). 

Photopolymerization of mixed vesicles consisting of SorbPC/DOPE (1 :3) and 

SorbPC/DOPC (1 :3) was done as in the case of those consisting solely of Sorb PC 

(Figure 7). Photolyses of mixed vesicles were slower than those of only SorbPC. This 

was attributed to the presence of calcein in mixed vesicles, differences in light 

intensity (photopolymerization of mixed vesicles was performed using a Corning CS-

9-54 cut-off filter with an optical density of 0.27 at 254 nm, permitting only 60% 

of transmitted UV-light to go through), and dilution of the SorbPC monomer in the 

vesicle with nonpolymerizable lipids such as DOPE and DOPC. 

D. PERMEABILITY ASSAY: 

The calcein leakage assay48 was performed with mixed vesicles of 

SorbPC/DOPE (1 :3) and SorbPC/DOPC (1 :3) made by extrusion and sonication. 

Vesicles were sonicated in either glass or polycarbonate tubes. Extrusion was done 

through 100 and 600 nm pore size polycarbonate membranes. The percent leakage of 

calcein from vesicles was monitored via the relief of self-quenching of the dye as it 

became dilute. The fluorescence of 100% calcein leakage was achieved by lysis with 

Triton X-100, while 0% leakage was measured before photolYSiS. Percent leakage was 

-----
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Figure 6: Photolysis of SorbPC vesicles in water. Vesicles were extruded through 0.1 
um pore size polycarbonate membrane. Polymerization time was from 0 to 3 mins. with 
95% loss of monomer at 3 mins.. Isobestic point appears at 222nm. 
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Figure 7 : Decrease of monomeric SorbPC in extruded vesicles as a function of time. A) 
Extruded vesicles of pure SorbPC [-¢oJ in water ; B) and C) extruded mixed vesicles of 
SorbPC/DOPE (1 :3) [OJ and SorbPC/DOPC (1 :3) [+J in TES/Calcein buffer. 
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calculated by : 

% leakage calcein = It - 10 x 100% 

'triton - 10 

Vesicles of SorbPC/OOPE (1 :3) sonicated in glass as well as polycarbonate 

tubes showed leakage of entrapped calcein as polymerization of SorbPC proceeded 

(Figure 8). Approximately 20% of aqueous contents were released at 70% loss of 

monomer (Table 2). Initial leakage of vesicles sonicated in glass was slow and not 

until more than 50% loss of monomer was a substantial increase monitored. Vesicles 

sonicated for two minutes in polycarbonate showed a steady increase in leakage as 

monomer was lost, while those sonicated for longer periods of time (> 20 min.) did not 

show release of encapsulated material. Instead a decrease in fluorescence was observed 

at the onset of polymerization. 

Figure 9 shows calcein leakage of SorbPC/OOPE (1 :3) vesicles that were 

extruded through 100 and 600 nm pore size membranes. As in the case of sonicated 

vesicles, those extruded through 600 nm pore sizes showed a steady increase in calcein 

leakage as monomer was lost ; leakage was approximately 10% greater in the extruded 

cases (Table 2). However vesicles extruded through 100 nm pore size did not exhibit 

any release of contents as polymerization proceeded. 

For SorbPC/OOPC (1 :3), vesicles extruded through 100 and 600 nm pore 

sizes did not show any release of calcein (Figure 10). The slight increase in 

fluorescence «5%) observed at the onset of photolysis falls within experimental 

error. 

--_ .. -



Table 2 : Percent leakage of calcein from SorbPC/DOPE (1 :3) and SorbPC/DOPC 
(1 :3) vesicles prepared by extrusion and sonication. Leakage results are 
based on two or three trials. While each trial run produced a different 
maximum value for leakage, values fell within 5% of one another. 

Liposome Preparation 

and Composition 

SorbPC/DOPE (1:3) : 

extrusion, 100nm 
pore size 

extusion, 600nm 
pore size 

sonication, 20 min. 
glass 

sonication, 2 min. 
polycarbonate 

SorbPC/DOPC (1:3) : 

!extrusion, 100nm 
pore size 

extrusion, 600nm 
pore size 

% Loss of Monomeric 

SorbPC 

50 
84 

50 
84 

50 
91 

50 
87 

50 
80 

50 
80 

*maximum percent leakage observed 

------------------ --- - - -

% Leaka~e of CaJcein 

<fl 
<fl 

21.5 
33.3 * 

5 
24.1 * 

14.5 
22.4 * 

35 
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Figure 8: Calcein leakage of SorbPC/DOPE (1 :3) vesicles prepared by glass and 
polycarbonate sonication versus Joss of monomeric SorbPC (%). Samples in 10 mL 
glass flask [eI] were sonicated for 20 min. at 20% power. Samples in polycarbonate 
tubes [+J were sonicated for 2 min. at 20% power. 
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Figure 9 : Calcein leakage of SorbPC/DOPE (1 :3) vesicles prepared by extrusion 
through 0.1 um [+J and 0.6um [CJJ pore size polycarbonate membranes versus loss of 
monomeric SorbPC (%). 
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FIgure 10: Calcein leakage of SorbPC/DOPC (1 :3) vesicles prepared by extrusion 
through 0.1 um [+1 and 0.6um [OJ pore size polycarbonate membranes versus loss of 
monomeric SorbPC (%). 
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DISCUSSION 

The polymerization of lipid bilayer vesicles has been shown to be an effective 

method to enhance the long term colliodal and chemical stability of aqueous 

suspensions 14. The polymerization of two-component vesicles, where only one of the 

components was polymerizable, resulted In phase separation of the lipids Into 

monomeric and polymeric domains37-40. The polymerizable lipids form covalently 

linked domains as the reaction proceeds, which in turn produce domains of 

nonpolymerizable lipid. Destabilization of the vesicle with concomitant release of 

aqueous contents can be achieved if the nonpolymerizable lipid can assume a 

nonlamellar phase. 

The above phenomenon is illustrated through the formation of vesicles 

consisting of the nonpolymerizable lipid DOPE (1.) and the polymerizable lipid 

Sorb PC (.2.). Since pure DOPE exhibits a non lamellar phase (hexagonal phase 

transition (TH) = 8-100 C) at room temperature, the polymerization of a mixture of 

SorbPC/DOPE (1 :3) initiates a change in monomer composition of the bilayer, e.g. 

50% polymerization leaves a 6:1 ratio of DOPE to monomer SorbPC. The change in 

membrane composition lowers the transition temperature (TH) from lamellar to 

nonlamellar, and allows the formation of nonlamellar domains in the bilayer at the 

sample temperature. A similar effect has been observed in model membranes of 

DOPE/DOPC where a decrease In DOPC content leads to a lowering of TH48. Control 

membranes consisting of SorbPC/DOPC were used to show that destabilization was not 

due only to the photopolymerization-induced lipid phase separation. Unilamellar and 

oligo lamellar vesicles were used to demonstrate the necessity of bilayer contact for 

vesicle destabilization. 

------------ ---- - ---
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Role of Intrabilayer Contact In Inducing Vesicle Destabilization. Throughout 

the earlier discussion, bilayer contact and the ability of PEs to form non lamellar 

structures have been described as prerequisites for vesicle destabilization. In order 

to illustrate the necessity of bilayer contact for the photoinduced destabilization of 

SorbPC/OOPE (1 :3) vesicles, vesicles of different sizes and lamellarity (unilamellar 

versus oligolamellar) were examined. 

Tables 1 and 2 summarize the effect of vesicle size on the photoinduced 

destabilization (leakage of calcein) of SorbPC/OOPE vesicles. Where vesicles were 

large in size (>250 nm), as prepared by extrusion through 600 nm pore size 

membranes or sonicated in glass (20 min.) or polycabonate tubes (2 min.), 

photoinduced leakage was observed (20-30% release of calcein); it has been 

previously reported that vesicles of such size are oligo lamellar in composition 

containing two or more lamellae24,31. In the case of large unilamellar vesicles 

prepared by extrusion through 100 nm pore size membranes (average mean diameter 

of 125+1-15 nm), no leakage of calcein resulted during photopolymerization. 

The necessity of bilayer contact has previously been reported In LUV of 

PE/CHEMS (cholesteryl hemisuccinate). The H+- induced leakage of these vesicles 

required vesicle-vesicle bilayer contact for systems either below or above their 

TH22. A similar effect was seen in the H+ and Ca2+ destabilization of PE vesicles at 

their TH24. However an additional first-order kinetic process which led to leakage 

was observed. This first-order process was believed to be due to the collapse of 

oligomeric vesicles following the contact of bilayers within each vesicle. In 

describing the photoinduced destabilization of SorbPC/OOPE vesicles, leakage may 

occur through either inter- or intravesicular bilayer contact or both, and can be 

represented by the following two equations : 

------------ --- -. - -
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7 
V3 

aggregation 

(1) VI + VI 
... V2 .... 

~ 
F2 

leakage 
(2) 

where F1 and F2 represent vesicles containing non lamellar regions in their bilayer 

and V3 fused vesicles. Equation (1) indicates aggregation of two vesicles which is 

followed by either fusion or leakage. Equation (2) represents leakage due to 

intravesicular interaction between apposing lamellae. Equation (1) is the sole 

mechanism of leakage for unilamellar vesicles; however, multilamellar vesicles may 

leak via either equations (1) or (2) and would depend upon the concentration of the 

sample. At high MLV concentration intervesicular contact and equation (1) 

predominate; in more dilute solutions equation (2) becomes the mechanism of choice 

since intervesicular interactions are reduced. 

In distinguishing between inter- or intravesicular bilayer contact in the 

photoinduced destabilization of SorbPC/DOPE vesicles, the same lipid concentration 

was used in both LUV and MLV by adjusting the optical density of the sample based on 

the sorbyl moiety (A.max=258 nm) to 2.3 OD. Since some of the larger vesicles 

consist of several lamellae, the number of vesicles at the same lipid concentration 

should be greater in a sample of LUV as opposed to one of MLV, e.g. 270 nm diameter 

vesicles with five lamellae with 20 nm spacing between lamellae have 18 times more 
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lipidlvesicle than a 125 nm unilamellar vesicle. Destabilization of SorbPC/DOPE 

unilamellar vesicles resulting in leakage can only occur via intervesicular contact of 

lamellae during photopolymerization (equation 1). The inability of these LUV to 

undergo leakage suggests that the vesicle concentration is too dilute for vesicle

vesicle interactions. However, oligolamellar vesicles of the same lipid concentration 

showed 20-30% leakage of calcsin indicating that bilayer contact resulting in 

destabilization must occur intravesicularly, because the probability of vesicle

vesicle interaction was even less than that of unilamellar vesicles. 

Phase Behaviour of Lipid Systems. While it has been shown that bilayer 

contact is necessary for vesicle destabilization, two other processes are also required 

in the photoinduced destabilization of SorbPC/DOPE vesicles : a) lateral phase 

separation of the two membrane components as driven by the photopolymerization 

reaction and b) a propensity of the nonpolymerizable lipid to assume a nonlamellar 

phase as enriched domains of the lipid are formed. The latter factor is illustrated 

through vesicles consisting of SorbPC/DOPC (1 :3) since DOPC remains in the 

lamellar phase as enriched domains are formed. 

Large unilamellar and oligolamellar vesicles of SorbPC/DOPC (1 :3) were 

prepared by extrusion in a similar fashion to those of SorbPC/DOPE (1 :3). Unlike 

oligo lamellar vesicles containing SorbPC/DOPE, oligolamellar vesicles of 

SorbPC/DOPC did not undergo leakage of calcein upon photopolymerization 

(unilamellar vesicles of this lipid composition also did not exhibit leakage). In both 

sets of mixed vesicles, photopolymerization resulted in phase separation of lipids into 

monomeric and polymeric domains. With the formation of nonpolymerizable domains, 

vesicles containing DOPE can form non lamellar regions in the bilayer thus resulting 

in leakage while those of DOPC remain in the lamellar phase. Preliminary 31 P NMR 

--------------- --- - --
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data indicate that the nonlamellar phase formed by DOPE is isotropic (e.g. cubic 

symmetry) rather than hexagonal50. It is known that some PE membranes display an 

isotropic phase at the onset of the hexagonal phase transition 1 7. By 

photopolymerizing a mixture of SorbPC/DOPE. one Initiates a change in the monomer 

membrane composition thus lowering the transition temperature from lamellar to 

non lamellar and allowing the existence of non lamellar domains in the bilayers at the 

sample temperature. The same lowering of the transition temperature has been 

observed in model membranes of DOPC/DOPE where a decrease in the DOPC content 

leads to lowering of TH49. 

Model for Photoinduced Leakage of Calcein. The photoinduced leakage of 

oligolamellar vesicles of SorbPC/DOPE can be described via Siegel's mechanistic 

model (1986.1987) for the La/HI! phase transition29.30.51. The same model has 

also been used by Bentz et al. (1989) in explaining membrane fusion of N-methylated 

dioleoylphosphatidylethanolamine (DOPE-Me) as well as mixtures of DOPC/DOPE31. 

As has been described throughout this discussion, photoinduced destabilization 

requires the following three processes : 1) lateral phase separation of the membrane 

components by photopolymerization into domains containing a nonlamellar-forming 

lipid; 2) bilayer contact between apposing lamellae; and 3) the ability of the 

contacting lamellae to form non lamellar structures. 

Structures (a) through (c) of Figure 11 depict the first two processes 

described above. First, photopolymerization of SorbPC/DOPE results in enriched 

domains of DOPE, followed by the bringing together of apposing lamellae in oligomeric 

vesicles. The resulting structures are called inverted micellar intermediates (IMI) 

(d); IMI have cylindrical symmetry about the vertical axis with a spherical inverted 

micelle in the center. The formation of IMI usually begins at temperatures well below 
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TH51. Since polymerization lowers the lamellar to non lamellar phase transition, one 

would expect the number of IMI to Increase with the formaton of polymeric and 

nonpolymeric domains. It should be noted that IMI are key intermediates In the 

La/HII phase transition since they are the first Interbilayer structures to form and 

that three of four principal radii of curvature are the same sign and magnitude as in 

the HII phase; the number of IMI that form per unit area of apposing lamellae will 

dictate the rate of the La/HII phase transition in a given system51 . At the TH, IMI 

assemble into the HII phase by coalescing with other IMI that form between the same 

two apposed bilayers, and is extremely rapid in most cases. Siegel's model shows that 

besides the formation of the HII phase, two other processes can result from IMI 

structures. 

IMI are labile structures and are In dynamic equilibrium with the patches of 

apposed bilayer from which they form, i.e. undergo reversion to apposed planar 

patches of the original bilayer ( Figure 11, sequence (d) ----> (c)). Siegel has 

shown that under certain circumstances another type of metastable intermediate can 

result from IMI, the interlamellar attachment (ILA) (Figure 11 e)51. The ILA is an 

hourglass-shaped bilayer attachment between two original lamellae, and its formation 

results in fusion of the original membranes. ILA exhibit an isotropic 31 P NMR 

resonance since lipid molecules diffusing along the surfaces of the ILA experience all 

orientations of their headgroup with respect to the bilayer normal. Siegel's model 

however predicts that the frequency of ILA formation should be less than the 

reversion of IMI to apposed planar patches of the orginal bilayer. 

The rate of ILA formation can be estimated from the ratios of the areas of the 

lipid headgroup, or the intrinsic radii of curvature as described by Grunner et al. 

(1988)52, at the lipid-water interfaces of the La and HII phases at equilibrium30 . 

-------------- --- - --
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Figure 11. Proposed model for intravesicular destabilization of oligolamellar vesicles 
resulting in leakage of calcein (cross·section of the two outer-most lamellae). 
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If the ratio is larger than 1.2, the formation of ILA near the LatHIJ phase boundary is 

nearly non-existent, and is observed in lipid systems tha exhibit fast LatHIJ 

transitions, i.e. the HIJ phase is reached within seconds when rapidly heated from the 

La phase to above TH51. 

In systems where the headgroup area ratio is about 1.2 or less, IMI can form 

ILA at a significant rate (approximately 0.1 to 1 ILAlsec.). The smaller headgroup 

area ratio generally corresponds to a larger HIJ tube diameter for given Lex phase 

headgroup sizes. In such cases the coalescence of IMI into HIJ tubes is slower than the 

formation of ILA51. ILAs can then proceed to form long-lived arrays which take on 

the characteristics of the inverted cubic phase (Fig.11 f) as described by Hui et al. 

(1983)53,54. 

PE-PC mixtures have been shown to be more prelevant in forming ILAs since 

the average headgroup areas of such mixtures in the La and HII phase tend to be more 

similar than in the case of just pure PE. This is attributed to the inclusion of the 

larger PC headgroup in the bilayer. In the case of SorbPCtDOPE photopolymerization 

should result in an increasing prevalence of the IMI-->ILA path because of a reduction 

in head-group area ratios as enriched domains of PE begin to appear. As Figure 11 

demonstrates, only PEs participate in the formation of IMI which then go on to ILA. 

SorbPC probably remains in the lamellar phase as a result of its overall cylindrical 

molecular geometry as well as a decrease in its mobility and flexibility due to 

formation of an extensively crosslinked network in the bilayer. There is however no 

direct evidence for excluding portions of SorbPC from participating in the formation 

of IMI as well as ILA. Previous work involving a monosubstituted SorbPC did not 

result in destabilization (leakage) since the formation of a linear polymer is believed 

to result in poor phase separation of membrane components45. 

-------------------------- --- -. - -
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Previously, leakage was predicted to occur only via the HIJ domain formation, 

at or above TH, which resulted in lysis of the membrane with release of aqueous 

contents22-24. Bentz et al. (1989) have observed leakage to occur far below TH and 

attributed it to the accumulation of IMIlILA in the area of membrane apposition which 

in turn increases membrane permeability and susceptibility to rupture31 . In the 

case of photoinduced destabilization of SorbPC/DOPE vesicles, Figures 8 and 9 show 

only 20-30% of entrapped calcein released thus favouring the latter mechanism 

described by Bentz. The crosslinked SorbPC provides enough stability in the vesicle 

to prevent total collapse into the HII phase. 

Figure 12 illustrates the effect of ILAlinverted cubic phase in leakage of 

Oligomeric vesicles consisting of several lamellae. For release of entrapped calcein, 

an ILA must be formed between the two outer-most lamellae; formation of ILA inside 

the vesicle without one at the outer surface will not result in vesicle leakage. Figures 

8 and 9 show 70-80% retention of entrapped calcein upon photopolymerization; 

incomplete release of calcein can be attributed to the following factors: 1) vesicle 

stability due to crosslinked SorbPC preventing lysis of the membrane; 2) lack of 

ILAlinverted phase formation between the two outer-most lamellae of the vesicle; 3) 

number of ILA present in internal lamellae; and 4) presence of some unilamellar 

vesicles. 

Polymerization of Sorb PC in vesicles: Bilayer membranes consisting of 

SorbPC (.2.) in water show an absorbance at 258nm at room temperature, and are 

easily polymerized by irradiation with 254nm light (low pressure mercury lamp). 

Likewise in isotropic solution (CH3CN) SorbPC strongly absorbs at 258nm. The 

similarity in absorption maxima between the two indicates that in bilayer assemblies 

the two sorbyl chromophores per molecule do not strongly interact in the bilayer 



Figure 12. Effect of ILA on the amount of calcein leakage in oligolamellar vesicles 
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interior. However vesicles consisting of the longer chain C12-SorbPC analogue (as 

opposed to C10 in.2.) show a hypsochromic shift to 242nm with a diminished 

extinction coefficient at room temperature55. Since the C12-SorbPC lipid exists in 

the gel state at room temperature (T c=330 C), the sorbyl moieties are aggregated and 

behave in a cooperative fashion. Warming of the vesicles above the phase transition 

temperature (i.e. 400 C) causes the absorption maximum to shift back to 257nm and 

doubles the extinction coefficient. The beginning of a hypsochromic shift at 200 C was 

observed for vesicles consisting solely of the shorter chain C10-SorbPC (2.), while 

mixed vesicles of SorbPC with either DOPE or DOPC showed very little or no effect. 

Three different photoreactions of the diene moiety in SorbPC can be envisioned 

(Scheme 3). The reaction can take place in the 1,2-position, 3,4-position, or the 

1 ,4-position and result in the formation of dimers, oligomers, or polymers. Even 

dimerization via a 4 + 4 cycloaddition has been observed in the solid state56. It has 

been previously shown that amphiphilic sorbates, e.g. docosadienoic acid, in 

monolayers/multilayers undergo 1,4-polymerization57 . The same method of 

analysis for docosadienoic acid can be applied here in interpreting the UV spectrum 

for the photopolymerization of vesicles consisting of SorbPC. 

TLC of the photopolymerization reaction showed the disappearence of SorbPC 

with the appearence of spots of smaller RfS which can be associated with dimers, 

oligomers and polymer formation. Figure 6 illustrates the UV spectrum of SorbPC 

during irradiation with UV light. The decrease in absorbance of the sorbyl moiety at 

258 nm resulted in a subsequent increase in absorbance at approximately 190 nm. A 

clean isobestic point at 222 nm points to the formation of only one photoproduct. In 

distinguishing among the three possible mechanisms, the 3,4-mechanism can be 

eliminated since the resulting photoproduct would show a new absorbance maximum at 

------------- -""" - --
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200-210 nm corresponding to the formation of an acrylic moiety. This Is in 

contradiction to the observed photoproduct absorbance in Figure 6 which points to the 

formation of an isolated double bond; the resulting absorbance has also been observed 

in 1 A-polymerization of some sorbyl-containing amphiphiles57• While the 1,2-

mechanism also results in an isolated double bond and would exhibit a similar UV 

absorbance, 1 H NMR of single chain sorbyl amphiphiles indicate otherwise57. 1 H 

NMR spectroscopy of the resulting polymer of docosadienoic acid in multilayers shows 

SCHEME 3 : Possible photoproducts for Sorb PC 
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loss of signals corresponding to the diene moiety during polymerization. The signals 

associated with the methylene protons adjacent to the diene moiety disappear upon 

photolysis indicating a 1,4-mechanism, while a 1,2-type mechanism would not lead 

to loss of the protons since the double bond is still adjacent. 

The loss of SorbPC monomer In mixed vesicles of SorbPC/DOPE and 

SorbPC/DOPC during photopolymerlzatlon Indicates that the rate of monomer lost in 

the latter system occurs more slowly (Figure 7). The smaller headgroup size as well 

as the lower hydration energy of the PE over that of PC suggest that in two-component 

bilayers the PE may exist in small localized domains. Since the PC headgroup exhibits 

a greater polarization of water in its vicinity , not only do strong repulsion 

interactions occur when two opposing bilayers are brought together but also between 

individual lipid molecules in the same lamella. The overall effect of the smaller 

headgroup and lower hydration may permit small localized domains of PE which would 

allow the polymerizable SorbPC lipid to undergo lateral diffusion more quickly during 

photolysis. 

----------- ---- - --
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EXPERIMENTAL 

A. MATERIALS: 

Nuclear magnetic resonance (1 H NMR) spectra were recorded on a Bruker 

WM-250 spectrophotometer. Samples were run with CDCI3 as the solvent; chemical 

shift are reported in parts per million downfield from tetramethylsilane (TMS). 

Ultraviolet spectra were determined on a HP 8452 diode array spectrophotometer 

(Heweett Packard). Samples were run in either buffer or methanol. Fluorescence 

spectra were measured on a Spex Fluorolog 2 Spectrophotometer (Spex Industries 

Inc., Edison NJ). Dynamic laser light scaUering was performed with a Brookhaven 

BI-8000AT correlator (Brookhaven Instruments Corp., Holtsville NY) with a 5 mW 

He-Ne laser as the light source. Samples were examined at 600 , 900 , and 1200 and 

the following fitting methods were used to extract the set of exponential functions 

which make up the autocorrelation functions: cumulant analysis, exponential 

sampling, and non-negative least squares. 

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. N-Tris(hydroxymethyl)-methyl-

2-aminoethane-sulfonic acid (TES) and calcein were obtained from Sigma Chemical 

Company (St. Louis, Mo.). Octylphenoxy polyethoxyethanol (Triton X-100) (Sigma) 

was diluted with Millipore water (5%, wt.lwt.). Sephracryl S-300 desalting gel 

was purchased from Pharmacia Inc. (Piscataway, NJ). Ion exchange resin AG 501-

X8 was obtained from Bio-Rad (Glasgow, KY). All other reagents were used as 

received or purified by standard methods. 

Dioleoylphosphatidylethanolamine (DOPE) and dioleoylphosphatidylcholine 

(DOPC) were purchased from Avanti Polar Lipids (Birmingham, AL). L-
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glycerophosphatidylcholine-cadmium chloride (GPC-CdCI2) (Sigma) was dried by 

repeated evaporation of benzene followed by drying at high vacuum for 12 hrs. 

Tetrahydrofuran (THF) and benzene were freshly distilled from 

sodium/benzophenone. Acetonitrile and chloroform were distilled from P20S. N,N

Dimethylformamide (DMF) was vacuum distilled and stored over molecular selves 

(SA). 

B: LIPID SYNTHESIS: 

Sorbyl Chloride (3). 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 soluton was concentrated on a 

rotary evaporator followed by vacuum distillation at 500 C (1 Torr) to give a clear 

solution of 3. Yield 78.8 g (94%). 1 H-NMR (CDCI3) S 1.80-1.90 (d, 3H, C.I:I.3), 

5.70-5.80 (d, 1 H, CH=CJiC02), 6.10-6.40 (m, 2H, =CJiCJi=), 7.1S-7.30 (m, 1 H, 

=Cl:iCH3) . 

10-(Sorbyloxy)decan-l-ol (4) , 1,10-Decanediol (1S1.6 g, 0.87 moles) 

was dissolved in hot THF (1.5 L) to which pyridine (80 g, 1.01 moles) was added. 

Freshly distilled sorbyl chloride (31.0 g, 0.24 moles) in THF (100 mL) was added 

dropwise over 2 hrs. and stirred at room temperature overnight. The next day the 

solution was filtered to remove the pyridine-HCI salt and the pale yellow filtrate 

concentrated on a rotary evaporator to a small bulk. Upon the addition of CCI4 (400 

mL) and cooling at 40 C overnight, excess 1,10-decanediol precipitated. The 

precipitate was filtered, washed with cold CCI4 (2x100 mL), and the filtrate 
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evaporated. The crude product was extracted by boiling in hexane (2x600 mL) and 

decanting off from the yellow sludge on the bottom of the flask. Upon cooling, Celite 

(50 g) was added to the extracted hexane, boiled for several minutes, and filtered hot. 

Precipitation of ! occurred after cooling to 40C and letting stand for 2 days. The 

product was further purified by flash silica gel column chromatography (eluent : 

CH2CI2). Yield 36.7 g (56%) : mp 33-34 0C. TLC Rf= 0.80-0.75 (CHCI3/CH30H, 

9:1). 1H-NMR (COCI3) (Figure A.1) ~ 1.20-1.40 (br s, 12H, C.I:i2), 1.45-1.65 

(m, 4H, C.I:i2C H2R), 1.70 (s, 1 H, OH), 1.76-1.85 (d, 3H, C=CHC1i3), 3.52-3.65 

(t, 2H, C.I:I.20H), 4.04-4.13 (t, 2H, C02C.I:I.2), 5.68-5.79 (d, 1H, C=C.I:I.C02), 6.05-

6.22 (m, 2H, =C.I:I.-C.I:I.=), 7.12-7.27 (m, 1H, CH=C.I:I.CH3). UV (258nm, CH30H) 

£=25,500 . 

10-CSorbyloxyldecanolc Acid 1 0-(Sorbyloxy)decan-1-ol (20.1 g, 

0.075 moles) in OMF (75 mL) was added dropwise to pyridinium dichromate (80.4 

g, 0.21 moles) in OMF (75 mL) over2 hrs. at 40C. The reaction mixture was allowed 

to warm up slowly to room temperature and stirred for 24 hrs. The dark red 

suspension was poured into water (500 mL) and extracted with diethyl ether (8 x 

150 mL). The organic solutions were combined and washed with 5% HCI (3 x 150 

mL), saturated sodium chloride solution (3 x 150 mL), and dried over anhydrous 

sodium sulfate. The solution was filtered and the filtrate reduced to a small bulk, 

upon 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, washed with diethyl ether (3 x 

100 mL), and evaporated again. The crude product was extracted by boiling in 

petroleum ether (2 x 500 mL) and decanting off from the brown sludge on the bottom 

of the flask. Fatty acid 5. precipitated after letting the filtrate stand at -100C for 3 

---------------- -- - - - --_. 
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days. The product was further purified by flash silica gel chromatography (eluent : 

CH2CI2 / CH30H ,98:2). Yield 11.1 9 (52%) ; mp 54-550 C. TLC: Rf= 0.25-

0.10 (CHCI3/CH30H ,95:5). 1 H-NMR (COCI3) (Figure A.2) 8 1.20-1.40 (br s, 

10H, C1:I.2), 1.52-1.70 (m, 4H, C1:I.2CH2R), 1.78-1.86 (d, 3H, C=CHC.I::l.3),2.28-

2.37 (t, 2H, C1i2C02H), 4.05-4.15 (t, 2H, C02C1:I..2), 5.70-5.79 (d, lH, 

C=CliC02), 6.05-6.22 (m, 2H, =Cli-Cli=), 7.15-7.27 (m, 1 H, CH=CliCH3). UV 

(258nm, CH30H) £=25,100 • 

1.2-bis [1 O-(Sorbyloxy)deca nOyl]-sn-glycero-3-pb ospboryl cb ollne 

L.21. L-Glycerophosphorylcholine-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 fatty acid .5-

(1.102 g, 3.90 mmoles), 4-(dimethylamino)pyridine (265 mg, 2.17 mmoles) and 

suspended in 8 mL of chloroform. l,3-0icyclohexylcarbodiimide (700 mg, 3.39 

mmoles) was added and the mixture stirred at room temperature for 7 days in the 

dark under nitrogen. The white suspension was filtered to remove urea, washed with 

C HCI3 (2 x 15 mL), and concentrated on the rotary evaporator. Methanol (15 mL) 

was added to the residue, filtered, and the precipitate washed with methanol (2 x 15 

mL). An ion exchange resin (7 g, Bio-Rad AG501) was added to the fitrate 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). 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 
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purified a second time by flash silica gel chromatography (1.0 x 25 cm) 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 

upon which acetonitrile (50 mL) was added. The solvent mixture was re-evaporated 

to 25 mL and the procedure repeated a further two times. The filtrate was filtered 

through a 0.45 micron Metricel filter (Acrodisc-CR, Gelman Sciences) and reduced to 

a thin film which was lyophilized with benzene (5 mL). Yield 544.7 mg (66.3% 

based on GPC). TLC showed one spot after development with iodine, Rf= 0.48-0.40 

(65:25:4, CHCI3/CH30H/H20). 1 H-NMR (COCI3) (Figure A.3) S 1.20-1.40 (br 

s, 20 H, C.I:i2), 1.48-1.70 (m, 8H, C.l:i2CH2R), 1.80-1.88 (d, 6H, =CHC1::I.3), 2.20-

2.32 (m, 4H,=CHC02CJ:i2), 3.30-3.40 (s, 9H, NC.I:I..3), 3.75-3.83 (br s, 2H, 

NC1i2CH2), 3.88-4.00 (br s, 2H, NCH2C.I:i2), 4.05-4.12 (t, 4H, =CHC02C.I:f.2), 

4.14·4.42 (br m, 4H, POC.l::f2CH and C HC.l::f2C 02), 5.14-5.25 (br s, 1 H, POCH2C1:l), 

5.72-5.80 (d, 2H, 02CCJi=), 6.05-6.24 (m, 4H, =CJiCJi=), 7.16-7.28 (m, 2H, 

=C1:lCHa). UV (258nm, CH30H) £=47,100. 

C. VESICLE PREPARATION: 

1. SONICATION 

bis-SorbpC . bis-SorbPC (8 Jimoles) from a standard acetonitrile solution (3 

mg/mL) was concentrated on a rotary evaporator to a thin film and dried in high 

vacuum for a minimum of 12 hrs. The pure phospholipid was hydrated with the 
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appropriate buffer to give a lipid concentration of 10 Ilmole/mL. The lipid mixture 

was vortexed (90 sec.), transfered to a polycarbonate tube, and sonicated (Heat 

Systems-Ultrasonic, inc.) for 2 min. (20% output power) at 200 C, thus resulting in 

a clear solution. In the cases where the sonication was performed in a 10mL glass 

flask, a sonication time of 20 min. was used. Samples were allowed to anneal for 20 

min. and then extruded through a polycarbonate membrane with 0.42 micron pores 

(Nucleopore). Vesicles were diluted with buffer to an optical density of 

approximately 2.3 (A,=258nm) . 

bjs-SorbpC/DOPE (ratio 1 :3). Two-component lipid vesicles were prepared in a 

similar fashion to those consisting only of bis-SorbPC. Each lipid was dried 

individually on a rotary evaporator (8 Ilmoles bis-SorbPC, 24 Ilmoles DOPE), 

weighed, combined with CHCI3 into a 10 mL flask, evaporated to a thin film and dried 

under high vacuum for 12 hrs. Hydration, vortexing, and sonication of the lipid 

mixture were done as above (final lipid concentration 10 Ilmoles/mL). After 

annealing for 20 min., samples were filtered through a polycarbonate membrane with 

0.42 micron pores (Nucleopore) and the vesicles separated from unencapsulated 

material on a Sephracryl S-300 column (22 x 1.5 cm) with the appropriate elution 

buffer when necessary. Vesicles were diluted with buffer to an optical density of 2.3 

(A,=258nm) . 

2. EXTRUSION 

bjs-SorbpC . bis-SorbPC (12 Ilmoles) was dried as above. The lipid film was 

hydrated with buffer (lipid concentration 10 Ilmoles/mL) and vortexed (2 min.) to 

-------------------- -- ---



58 

yie'd a uniform milky suspension. The mixture underwent ten freeze-thaw cycles (-

700 to 250 C) with the last thaw being done over 30 mins. The extruder (Lipex 

Biomembranes, Inc.; Vancouver, British Columbia, Canada) was warmed to 400 C (as 

well as the sample) and the extrusion performed ten times through two 0.1 J.I.m 

polycarbonate membrane filters (Nucleopore) at a pressure of 200 psi.; the milky 

suspension became clear after the first extrusion. Vesicles were diluted with buffer 

to an optical density of 2.3. 

bjs-SorbpC/POPE and POpC (ratio 1 :3). Lipids were dried Individually, combined 

with CHCI3, dried, and hydrated with the appropriate buffer as in sonication. 

Extrusion was done as above (mixed lipid concentration 10 J.I.moles/mL) ; 

polycarbonate membrane pore size was either O.lor 0.6 J.I.m. In the case where the 

pore size was 0.6 J.I.m, a pressure of 50 psi was used. The resulting clear solution was 

separated from unencapsulated material on a Sephracryl S-300 column (22 x 1.5 

cm) with the appropriate elution buffer. Vesicles were diluted an optical density of 

2.3 with buffer. Mixed vesicles of bis-SorbylPC were prepared with DOPE and DOPC. 

D. VESICLE PHOTOLYSIS: 

Vesicle samples (3 mL) which had an optical density of 2.0-2.3 were placed 

in a 1 cm fluorescence cuvette, bubbled with wet argon for 2 min., and placed 4 cm 

away from a low pressure mercury vapour lamp (incident flux of about 5 x 101 4 

photons/s). Photopolymerization was carried out continuously for each new sample; 

photolysis times ranged from 0 to 30 min .. Extent of monomer loss was calculated by 

a decrease in the absorbance intensity of the SorbPC mOiety at 258 nm: HAo - At}/ 

---------- --- - - --
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(AO - Ainf.)} x 100% where Ainf. equals the absorbance after 30 mins. of photolysis 

(99% loss of monomer). 

E. PERMEABILITY ASSAY: 

Caleein Assay Permeability of vesicles of different sizes and lipid compositions were 

measured with vesicles made in a self-quenched 75 mM calcein solution consisting of 

150 mM NaCI, 2 mM imidazole, 2mM TES at pH=7.4. A Corning CS-9-54 cut-off 

filter was used to prevent bleaching of the calcein fluorophore. Photoinduced leakage 

of the aqueous contents resulted in an increase of calcein fluorescence due to dilution 

of the self-quenched fluorophore. The 0% leakage of calcein was measured at a vesicle 

solution optical density of 2.3 before photolysis (0% loss of monomer). The 

fluorescence of 100% calcein leakage was achieved by vesicle lysis with Triton X-

100 (50 uL). Excitation was at 490 nm and the emission was monitored at 550 nm 

(excitation slit 1.25 cm, emisson slit 2.5 cm). Percent leakage was calculated by : 

{(It - 10)/ (Itriton - IOn x 100% . 

----------------_._- - _.- --~ ._.- - -
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APPENDIX A 

1 H NMR Spectra 
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