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ABSTRACT 

The design of sterically stabilized liposomes with surface grafted poly(ethylene glycol) 

(PEG-liposomes) for drug delivery requires a very low rate of leakage so that drugs will remain 

encapsulated during the 24 to 48 hr that these liposomes remain in circulation. This design can 

interfere with the rapid release of the encapsulated drugs at the site of action. An effective 

technique for the photodestabilization of PEG-liposomes is described. Photosensitive PEG-

liposomes containing the polymerizable lipid l,2-bis[10-(2'.4'-hexadienoyIoxy)decanoyI]-sn-

glycero-3-phosphatidylcholine (bis-SorbPCp ,7) were prepared in the presence of a water soluble 

fluorescent probe and were polymerized with UV light (254 nm). 

Liposomes composed of PEG-DOPE/bis-SorbPC,^ ,7/cholesterol/DOPC 

(15/30/40/15) showed a 200-fold increase in the rate of leakage at very high conversion 

of monomer (>98%). Liposomes composed of PEG-DSPE/bis-

SorbPC,717/cholesterol/DSPC (5/30/35/30) showed increases in the rate of lesikage that 

were: 90-fold at only 20% conversion of monomer. 9-fold at 80 to 90% conversion, and 

150-fold at greater than 95 % conversion. Tnese liposomes also exhibited a 17-fold 

increase in the rate of leakage near the main phase transition temperature (T^,) of bis-

SorbPC,-1- (28.8 °C). These observations suggest that the polymerization of phase-

separated domains of bis-SorbPC,-,causes defects in the membrane that result in 

increased permeability. While the leakage kinetics at high conversion followed a first 

order rate law. leakage at low conversion did not. This, as well as the biphasic 

dependence of the rate of release on irradiation time in liposomes exhibiting enhanced 
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release at low conversion, indicate that ±e mechanisms of leakage at low and high 

conversion are different. Syntheses of neutral and polymerizable PEG-lipids as well as 

polymerizable phosphatidylcholines are described here. Neutral PEG-lipids were used to 

study the effect of lipid charge on mechanical properties of PEG-lipids and on the 

interactions of PEG-liposomes with cells. The compressibility of a neutral PEG grafted 

supported bilayer could be fitted most closely with the MWC mean field model for a 

polymer brush (Efremova et a\.Biochemistry 2000 39: 3441 -3451). Neutral liposomes 

were endocytosed at a significantly higher rate than anionic liposomes by HeLa ovarian 

carcinoma cells, while murine macrophage cells showed no preference (Miller et al. 

Biochemistry 1998 37: 12875-12883). 
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1 INTRODUCTION 

l.l LIPOSOMES FOR DRUG DELIVERY 

In the early 1970's, liposomes were first considered as potential vehicles for site 

specific drug delivery by which chemotherapeutic agents might be delivered directly to 

the intended site of action (such as a solid tumor) without interacting with other sites, at 

which side effects can be produced (Gregoriadis and Neenmjun 1974; Gregoriadis and 

Ryman 1972). Liposomes are composed of non-toxic phospholipids, and can be readily 

formed by lipid self assembly, followed by extrusion or sonication (Lasic et al. 1988). 

Water soluble drugs can be encapsulated into the liposome interior, either by forming the 

liposome in a solution containing the drug, or. if the drug is a weak acid or base, it can be 

concentrated into the liposome interior through the use of a salt or pH gradient (Lasic et 

al. 1992). Hydrophobic compounds may also be incorporated into the hydrophobic core 

of the lipid bilayer membrane (Koning et al. 1999; Zeizig et al. 1998). Once in the 

bloodstream, large unilamellar vesicles, or LUV's (liposomes that are approximately 100 

run in diameter, and have a single bilayer membrane) can leak out of the compromised 

blood vessels near a solid tumor and collect in the interstitial space near the tumor, where 

they can slowly release their contents (Needham et al. 1993). Alternatively liposomes 

may be targeted specifically to the site of action using biomolecules tethered at the 

liposome surface (Laukkanen et al. 1994). Because the liposomal bilayer membrane is an 

assembly of noncovalently self-organized molecules, leakage of contents or fusion with 



biological membranes can be brought about by changing the structure or phase of the 

bilayer through changes in temperature, interaction with peptides. pH changes, divalent 

cations, or chemical modification of membrane components. Relatively small changes in 

these parameters can cause dramatic changes in membrane structure, because the lipid 

bilayer structure is a thermodynamic free energy minimum, which is close to the free 

energy of other lipid phases. 

Two major obstacles to the use of liposomes as drug carriers were the instability 

of some liposome formulations to plasma and the rapid uptake of liposomes having a bare 

phospholipid surface (conventional liposomes) by the reticuloendothelial system (RES). 

These problems prevented the full development of liposomal drug carriers until the late 

1980's (Gregoriadis 1995). Liposomes composed of lipids that are in the fluid liquid 

cr\ stalline phase at physiological temperatures lose lipid molecules on contact with high 

density lipoprotein (HDL), which is present in blood plasma (Scherphof et al. 1978). This 

loss of lipid increases the permeability of the membrane and allows the contents lo leak 

out. Conventional liposomes in vivo nonspecifically adsorb opsonins (several proteins, 

including antibodies) from the blood onto the liposome surface (Gregoriadis 1995 ; Hu 

and Liu 1996). These opsonins mark the liposome for removal by macrophages in the 

li\ er or spleen. As a result, the circulation time is not sufficient to allow the liposomes to 

colled at the desired site of action. 

Several methods have been developed to increase the plasma stability of 

liposomes and to decrease their uptake by the RES. If liposomes are formulated with 
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lipids having a high temperature of transition from the gel to the liquid crystalline phase 

(T^). such as distearoyl phosphatidylcholine (DSPC) or sphingomyelin (SM). which are 

in the rigid gel phase at physiological temperatures, and cholesterol, which has been 

shown to increase the elasticity modulus of lipid bilayer membranes (Needham and Nunn 

1990). the loss of lipid to HDL is dramatically reduced, so that these liposomes are stable 

in blood plasma for as long as 40 hr at 37 °C (Gregoriadis 1995). Also the adsorption of 

opsonins is decreased, resulting in a longer circulation half life. The circulation half life 

of small (< 80 nm) rigid liposomes can be up to 10 hr (Panagi et al. 1998). The in vivo 

circulation half life of conventional liposomes increzises with increasing dose, because the 

cells of the RES responsible for their clearance become saturated. At ver>' high doses, in 

vivo half lives of up to 20 hr can be achieved (Gregoriadis 1995). The increase of in vivo 

half life observed with rigid small unilamellar vesicles (SUV) with diameters less than 80 

nm. was not observed with larger liposomes which had higher carrying capacities. The 

dose dependence of the in vivo circulation half life for the rigid SUV indicates rapid 

uptake by the Kupffer cells, or stationary macrophages in the liver. If these liposomes are 

encapsulating cytotoxic agents, large doses followed by liver uptake could lead to serious 

side effects. For these reasons, this approach did not present a satisfactor>' solution for the 

problem of rapid liposome clearance in vivo. 

Addition of 7 to 15 mole % glycolipids. such as ganglioside 0^, (Fig. 1.1) to the 

liposome formulation can dramatically increase the circulation time of the liposomes such 

that, at 24 hr. 30% are still in the blood, and 30 % are in the liver and spleen, with the 
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remainder being in the other tissues (the carcass) (Allen et al. 1989). If one considers the 

ratio of liposomes found in the RES vs. that found in the blood (RES/blood), at 24 hr this 

ratio is between 0.6 and 1 for G^i bearing liposomes compared to 55 for conventional 

liposomes in the liquid crystalline phase, and 2 for DSPC/ cholesterol containing 

liposomes in the gel or liquid ordered phase (Woodle et al. 1992). In contrast to 

conventional liposomes, the circulation times of glycoside bearing liposomes are not dose 

dependent, indicating that there is no saturation of the RES. Only two types of glycolipid 

have been found to dramatically increase circulation time. These are Gm, and 

hydrogenated soya phosphatidylinostitol (HPI) (Allen and Chonn 1987: Gabizon and 

Papahadjopoulos 1988). The range of liposome size with which glycolipids are effective 

stabilizers is greater than 70 tun and less than 200 run. Also liposomes must be composed 

of high T^ lipids that are in the gel or the liquid ordered phase at physiological 

temperatures (typically. DSPC. SM. and cholesterol) in order to achieve long circulation 

times. 
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Figure 1.1: Structures of glycolipids that have been shown to prolong in vivo 
circulation time of liposomes; A. Ganglioside G^^,; B. Hydrogenated 
phosphatidyl inositol (HPI) 

The mechanism by which glycolipids increase circulation time is a matter of 

debate. Hypotheses include the presence of a negative charge shielded by the glycolipid 

headgroup, the ability of Gm, to bind proteins that prevent opsonization, a hydrophilic 

barrier that nonspecifically prevents protein binding and prevention of lipid peroxidation 

(Park and Huang 1993). Experiments by Park and Huang, in which modified forms of 

Gmi were used, demonstrated that the ability of the carbohydrate to bind cholera toxin is 

more important than the negative charge in increasing circulation time (Park and Huang 

1993). This is consistent with the binding of proteins that prevent opsonization. Chonn et 

a!., on the other hand, demonstrated that the resistance to protein adsorption by G^,, 
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liposomes is not specific, and that all plasma proteins are adsorbed in approximately 

equal amounts (Chonn et al. 1992). This supports the possibility of a hydrated layer that 

non-specifically resists protein adsorption. Some drawbacks of the use of G^, for 

increasing circulation time are the limited versatility of liposome size and composition, 

the cost of isolating this lipid from natural sources and its difficulty of synthesis. 

Attachment of the flexible, highly hydrated polymer mono-methoxy poly 

(ethyleneglycol) (PEG) of 2000 to 5000 amu (45 to 110 repeal units) to lipids in the 

liposome causes a protective hydrated polymer brush-barrier to form which strongly 

resists opsonization (Torchilin et al. 1994). Liposomes of this type are called 'sterically 

stabilized liposomes' (SSL) or 'PEG liposomes'. PEG-lipids can be easily synthesized by 

reaction of a phosphatidylethanolamine with PEG molecules bearing one of a variety of 

activated acids on one end. Some commonly used, activated linkers include succinimidvi 

carbonate, carbonyl chloride, succinimidyl succinate, and succinimidyl propionate (Fig. 

1.2) (Allen et al. 1991; Beugin et al. 1998; Harris et al. 1984; Harris 1996; Klibanov et 

al. 1990; Parr et al. 1994; Woodle et al. 1992; Zalipsky 1993). PEG lipids can then be 

mixed (usually in 2 to 10 mole %) with other lipids prior to hydration and formation of 

liposomes or pre-formed liposomes can be incubated with a micellar solution of PEG-

lipid which will slowly partition into the lamellar phase, which has a lower free energy 

(Sou et al. 2000). PEG-PE can be created in situ by addition of an activated PEG. which 

is selectively reactive toward the amine function, to an aqueous suspension of pre-formed 

liposomes. This method was used by Senior et al. with 5000 molecular weight mono-
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methoxy poIy(ethyIene glycol) (MPEG5000) treslate added to liposomes composed of 

DSPC/DPPE/CHOL (0.8/0.2/1) (Senior et al. 1991). 
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In vivo experiments using radioactive tracers have demonstrated that the 

circulation lifetimes for liposomes bearing low (5 to 10 mole %) concentrations of 

MPEGjooo or MPEG5000 grafted to distearoylphosphatidylethanolamine (MPEGjoooDSPE 

and MPEG5000DSPE, respectively) were substantially increased. T. M. Allen et al. found 

that blood levels 24 hr after injection of liposomes containing 10 mole % MPEG,,00-

DSPE or MPEG5000DSPE were still 25 to 35 % of the initial blood level, whereas there 

was no detectable level of liposomes composed of DSPC/cholesterol (2/1) at this 

timepoint (Allen et al. 1991). Similar results showing in vivo circulation half lives of 15 

to 24 hr for sterically stabilized liposomes have been reported by several laboratories 

(Allen et al. 1991; Blume and Cevc 1990; Lasic et al. 1991; Senior et al. 1991). As with 

Cm, bearing liposomes, the PEG-liposome circulation time is independent of dose; 

however, unlike the G^,, bearing liposomes, a rigid liposomal membrane composed of 

high T„ lipids is not necessar>' for PEG-lipid to be effective at increasing the circulation 

lime (Klibanov et al. 1991; Woodle et al. 1992). The effectiveness of PEG lipid at 

stabilizing the liposome increases with the polymer molecular weight up to 2000 amu. 

Between 2000 and 5000 amu, however, there is little difference in liposome circulation 

time (Woodle and Lasic 1992). Most of the research reported in the literature was 

performed with PEG having molecular weight between 2000 and 5000. and having a poK 

dispersity index (PDI) of less than 1.1. 



30 

The tissue distribution of PEG-Iiposomes is dramatically different from that of 

conventional liposomes due to their long circulation time. Whereas the ratio of liposomes 

in the RES (i.e. liver and spleen) vs. those in the blood at 24 hr post injection for 

conventional liposomes is in all cases greater than 1, and in some cases higher than 50. 

this ratio for sterically stabilized (PEG) liposomes is usually between 0.3 and 0.6 (Allen 

et al. 1991 : Blume and Cevc 1990 ; Woodle et al. 1992). This shift in tissue distribution 

can be achieved with as little as 4 mole % PEGjooo-Hpid (Klibanov et al. 1991). The tissue 

distribution of PEG liposomes is also dependent on liposome size. While liposomes 

between 100 and 200 nm in diameter are effectively stabilized by PEG-lipid. liposomes 

larger than this range are removed from the blood by the spleen, thus increasing the 

RES/blood ratio (Klibanov et al. 1991). A similar size dependence was observed with 

liposomes stabilized by G^, (Allen et al. 1989). The low RES/blood ratio allows SSL 

containing cytotoxic agents to be used against tumors, with greatly reduced toxicity in the 

liver, spleen and other organs. 

Solid tumors produce angioneogenesis factors, which cause profuse but 

disordered growth of vasculature near the tumor. These small blood vessels tend have a 

much higher permeability than do blood vessels in normal tissue (Brown and Garcia 

1998). As a result, liposomes with a sufficient circulation time can leak out and collect in 

the interstitial space near the tumor, where the contents are slowly released and can be 

taken up preferentially by the tumor cells (Dewhirst and Needham 1995; Speelmans et al. 

1996). Dewhirst et al. reported that permeability of vasculature in implanted R3230.A.C 
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tumors in rats is approximately 4-fold higher than the vasculature of normal granulating 

tissue. They also report that permeability to 100 nm liposomes containing 5 mole % 

PEG2000DSPE was twice as high as the permeability to conventional liposomes of the 

same size (Wu et al. 1993). In these experiments the location of rhodamine-PE labeled 

PEG-liposomes was tracked in real time by fluorescence intensity, measured through a 

skin flap window chamber (Dewhirst and Needham 1995). At 90 min after injection the 

concentration of sterically stabilized liposomes in the tumor interstitial space had reached 

72±4 % of the initial injected blood concentration while the level in the blood dropped by 

only 40%. In contrast, the concentration of conventional liposomes in the tumor 

interstitial space was only 25 ± 5 % of the initial blood concentration at 90 min. yet the 

concentration in the blood had fallen by nearly 80 %. These results clearly show the 

tendency of sterically stabilized liposomes to collect in tumor interstitial tissue. Like the 

circulation time, this tendency to collect in solid tumors is a function of liposome size. 

Yuan et al. demonstrated that the largest size of liposome capable of extravasation into a 

transplanted human colon adenocarcinoma (LS174T) is between 400 and 600 run in 

diameter (Yuan et al. 1995). In these experiments, the same technique as described above 

was used to observe rhodamine labeled liposomes between 100 and 600 nm injected into 

immune deficient mice that had been implanted with tumor xenographs. Liposomes with 

a diameter of 400 nm could be observed in the tumor interstitial space, by fluorescence 

microscopy 24 hr post injection; however, tumors on mice injected with 600 nm 

liposomes showed no fluorescence in the tumor interstitium. Huang et al. observed a 
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similar tissue distribution of PEG-liposomes encapsulating silver enhanced colloidal gold 

particles in mice that had been implanted, either subcutaneously or in the liver, with C-26 

human colon carcinoma cells (Huang et al. 1992a). Visible light and electron 

micrographs of sections taken 24 hr post injection showed accumulation of gold particles 

in interstitial space around the tumor vasculature and in the tumor. Uptake of the gold 

particle bearing liposomes could not be observed by electron microscopy. Also. 

liposomes that were in the normal liver tissue appeared to have been taken up almost 

exclusively by Kupffer cells (stationary macrophages). 

Two classes of chemotherapeutic agents that are commonly used in liposomal 

chemotherapy are doxorubicin, as well as analogous anthracyclines. and vincristine, a 

naturally occurring alkaloid. Both of these drugs have severe toxic side effects which 

limit their use. Doxorubicin is a toxic substance (LD50 = 21 mg/kg. IV. mice) that can 

cause, among other side effects, hemolysis and cumulative damage to the heart (Gabizon 

el al. 1995). Vincristine is a potent neurotoxin (LD50 = 5 mg/kg. IP. mice) (Uster 1995). 

Both of these classes of drugs are effective against solid tumors if they can be present at 

the tumor site in sufficient concentration without causing systemic toxicity (Gabizon et 

al. 1995; Uster 1995). 
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Figure 1.3: Anti-tumor drugs commonly used in liposomal chemotherapy and 
pre-clinical animal studies; A, doxorubicin; B,vincristine and vinblastine 

Entrapment of the drug by formation of liposomes in the presence of the drug 

followed by removal of free drug by dialysis or size exclusion chromatography is 

inefficient, and results in drug/Hpid ratios that are too low (see Section 6.3.1) (Laton and 

Trouet 1980). Several techniques for collecting high concentrations of drug molecules 

inside of liposomes exploit selective permeability of lipid bilayer membranes to 



34 

uncharged compounds. The simplest technique, which is useful with a wide variety of 

lipophilic, weakly basic compounds, is a pH gradient. Both vincristine and doxorubicin, 

as well as several other compounds, have been successfully concentrated into liposomes 

in this way (Cullis et al. 1997). If a buffered low pH is present inside the liposomes, and 

the basic drug molecule is present outside at a higher pH, then the nonprotonated form of 

the drug can diffuse into the liposomes where it will be protonated at the low pH. As this 

process continues, the pH gradient is decreased. The amount of drug that can be 

concentrated in this way depends on the internal and external pH and on the buffering 

capacity of the acid inside the liposome (Cullis et al. 1993). The most common technique 

by which a pH gradient is set up is by encapsulation of citric acid followed by removal of 

unencapsulated citric acid by size exclusion chromatography (Cullis et al. 1993). 

Another technique, used by Fenske et al. to encapsulate vincristine and ciprofloxacin, is 

to create a pH gradient in situ by encapsulation of MnSO^ followed by removal of 

unencapsulated salt by size exclusion chromatography (Fenske et al. 1998). .Addition of 

an ionophore and EDTA along with the drug molecule allows the Mn*" to escape to the 

outside of the liposome where it is chelated by EDTA. A concomitant influx of H* to 

balance the charge creates the pH gradient, which drives the movement of the drug to the 

inside. The ionophore and other molecules are then removed by size exclusion 

chromatography. When Cullis et al. attempted to use this method with doxorubicin, it was 

found that loading of doxorubicin occurred without a pH gradient due to the formation of 

a dicationic, 2/1 complex of doxorubicin with Mn'" (Cullis et al. 1998). Encapsulation 



efficiencies of 98 % of the available drug with a drug to lipid ratio of 0.3/1 (mole/mole) 

can be achieved with encapsulated citrate (Mayer et al. 1990), while the same efficiency 

with a drug to lipid ratio of 0.2/1 (mole/mole) has been achieved with MnSOj (Fenske et 

al. 1998). The stability with which the drug molecule is retained in the liposome 

increases as the initial pH inside the liposome decreases (Boman et al. 1993). An 

ammonium sulfate gradient is another method by which lipophilic amines can be 

concentrated into the liposome interior (Barenholz et al. 1993). In this case ammonium 

sulfate is encapsulated into the liposome interior as described above for citric acid and 

MnSO^. As the deprotonated ammonia diffuses out of the liposome, the lipophilic base 

partitions in and forms an H2SO4 salt (Lasic 1995). Because sulfate salts of doxorubicin 

as well as other lipophilic amines have low solubility, a solid forms inside the liposome 

which allows high drug/lipid ratio and excellent retention over time (Lasic et al. 1995 : 

Maurer-Spurej et al. 1999). This process, termed "gelation of the liposome interior", is 

used to make most of the doxorubicin/SSL preparations currently in clinical use (Lasic 

1995). 

The preferential accumulation of SSL in the tumor interstitium translates into 

dramatically improved efficacy of anti-cancer, cytotoxic agents that are encapsulated in 

them. In animal studies, vincristine encapsulated in 100 to 200 nm SSL by an 

ammonium sulfate gradient is significantly more effective than free vincristine at treating 

several types of tumors in mice (Uster 1995). SSL vincristine (2 mg/kg) is capable of 

producing a 199% increase in median life span of mice compared to control when 
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administered 24 hr after IP injection of P388 lymphocytic leukemia cells. In contrast. 

free vincristine produced a 79% increase in median life span when injected in the same 

dose. In the same study, the advantage of SSL-vincristine in treating IV injected tumors 

was less dramatic, increasing median life span 44 vs. 37 % for free vincristine. This was 

attributed to the faster metastasis of IV injected tiunors. It was also found that the toxicity 

of SSL encapsulated vincristine is significantly lower, as repeated doses of 2 mg/kg could 

be tolerated without symptoms of acute toxicity. Similar increases in efficacy were noted 

in the treatment of mice injected with C26 colon carcinoma (subcutaneous) or implanted 

subcutaneously with MC2 mammary carcinoma (Vaage et al. 1993). 

Doxorubicin and the analogous anthracyclene epirubicin (Fig. 1.3) also show 

dramatic improvements in efficacy over unencapsulated drug in preclinical trials. Huang 

et al. report that doxorubicin (6 or 9 mg/kg) encapsulated in liposomes containing 5 mole 

% PEG;,oon-DSPE could eliminate C26 colon carcinoma in mice (Huang et al. 1992b). 

Three doses were administered at 10, 17, and 24 days after subcutaneous tumor 

implantation. By 40 days no measurable tumor remained. Free doxorubicin caused only 

a 28 % reduction in the rate of tumor growth relative to control. This experiment 

performed with epirubicin yielded the same results. Similar results were reported by 

Vaage et al. in the treatment of implanted mammary carcinomas in mice (Vaage et al. 

1992). In these studies. 3 doses of 9 mg/kg were found to be significantly more effective 

than 3 doses of 6 mg/kg SSL-doxorubicin at treating rapidly growing tumors that had 

been allowed to grow 10 days before treatment was begun. It wjis also shown that SSL-



37 

doxorubicin, in either dose, could prevent metathesis of established tumors more 

effectively than free doxorubicin. 

Clinical trials with SSL-doxorubicin have been performed in the treatment of 

Kaposis sarcoma in patients with advanced HIV infection (Bogner and Goebel 1995). 

Complete or partial response (defined as elimination or regression of tumors) was noted 

in 90 % of 38 participants who received a dose of 20 mg/m* every two weeks for 12 

weeks. This included complete remission in 3 cases (7 %). Continued tumor growth was 

not observed in any participant. Sufficient toxicity to discontinue treatment was observed 

in patients receiving 40 mg/m'. while no measurable toxicity was observed in patients 

receiving 20 mg/m\ A dose of 10 mg/m". on the other hand, was found to be 

significantly less effective than 20 mg/m". Other clinical trials using unencapsulated 

single agents have shown overall response rates ranging from 26 to 48 % (Bogner and 

Goebel 1995). 

The experiments described so far use passive targeting which depends on the 

increased permeability of timior vasculature to cause a preferential accumulation of SSL 

in the tumor tissue. Both in vitro and in vivo experiments in active targeting are also 

being pursued in several laboratories. These strategies fall into two categories: (1) 

Antibodies, or the active site (FAB fragment) of antibodies, either to proteins that are 

over-expressed by cancer cells or to a certain class of tissue can be conjugated to 

liposomes (called 'immuno-liposomes) (Ahmad and Allen 1992; Laukkanen et al. 1994; 

Maruyama et al. 1995; Milhaud et al. 1989). (2) Ligands. most notably folic acid, can 
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also be conjugated to the liposome (Gabizon et al. 1999; Rui et al. 1998; Vogel et al. 

1996). Initial experiments with PEG-liposomes which had antibodies attached to the 

surface of the liposome were unsuccessful at showing preferentiad targeting in vitro. 

while immuno-liposomes protected with Cm, did show enhanced binding and uptake to 

the target cells (Klibanov et al. 1991). There are several techniques for the attachment of 

antibodies or FAB fragments to the distal end of heterobifimctional PEG-lipids (Allen et 

al. 1995a: Allen et al. 1995b; Zalipsky et al. 1995). Both selective binding and 

endocytosis of SSL have been observed in vitro with these sterically stabilized immuno-

liposomes. Few examples of endocytocis of non-targeted SSL have been reported, and 

these involve uncharged liposomes bearing a neutral PEG-lipid rather than PEG-DSPE 

(Higashi and Sunamoto 1995; Miller etal. 1998). PEGjooo-liposomes with FAB-

fragments against receptors of the growth hormone HER2 at the distal end of 

PEG2000DSPE (40 per liposome) showed 90% endocytosis of bound liposomes in 6 hr by 

breast cancer cells that overexpress HER2 receptors (Kirpotin et al. 1997). High 

selectivit> toward these cells was also demonstrated. Because over-expression of HER2 

correlates with aggressive growth, this targeting system could be especially useful, as it 

would select for more manageable cells. In vivo experiments demonstrated that sterically 

stabilized immuno-liposomes bearing a lung tissue specific antibody and containing 

doxorubicin could eradicate an implanted lung cancer in mice (Ahmad et al. 1993). Other 

in vivo studies have shown that the circulation time of sterically stabilized immuno-

liposomes. though lower than that of non-targeted SSL. is significantly greater than for 
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conventional liposomes (Blume et al. 1993; Torchilin et al. 1996). There are some 

significant obstacles to the development of sterically stabilized immuno-Iiposomes. Once 

a protein is presented to the immune system, it can be recognized as an antigen, and elicit 

a strong secondary immune response the next time it is encountered (Alberts et al. 1983). 

If the antibody or FAB fragment conjugated to the distal end of a PEG-lipid is recognized 

in this way. a later dose of immuno-SSL encapsulated drug could be cleared very quickly 

from the blood. Another potential problem is that if there are cells in a tumor that do not 

express the antigen to which the immuno-Iiposomes are directed, then the first dose could 

select for those cells that do not express the antigen. In this way each successive dose 

would be less effective than the previous one. 

Targeting with folate bound to the distal end of PEG-lipids exploits the over-

expression. by some tumor cells, of the folate receptor. Over-expression of folate 

receptor is an advantage to these cells because folate is required in DNA and amino acid 

synthesis. Zalipsky et al. demonstrated selective binding of folate targeted SSL to Ml 09 

lung carcinoma in vitro, if the folate was tethered to PEG lipids that are 30 % longer than 

the PEG lipids used for steric stabilization (mw = 3350 vs. 2000) (Gabizon et al. 1999). 

The targeted liposomes could bind selectively to cells even in the presence of free folate, 

probably because of the multiflmctionality of the liposomes. Evidence of internalization 

of liposomes was also observed. A potential problem with folate targeting in vivo is the 

high level of folate receptors in some normal tissues, particularly in the kidney. 
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1.2 PHYSICAL PROPERTIES OF PEG-LIPID MIXTURES 

It is well established that PEG grafted to lipids in a liposomal bilayer membrane 

acts as a highly hydrated steric barrier that prevents interaction with macromolecules such 

as proteins or with other lipid surfaces (Arnold et al. 1990; Lasic et al. 1991). In this 

way, a PEG-grafted liposome surface can be modeled as a solid surface with tethered 

polymer. Unlike a solid surface, a PEG-grafted bilayer membrane is a self assembled, 

liquid crystalline supramolecular assembly that represents a free energy minimum relative 

to other possible structiu*es. The PEG-lipid can be treated as an amphiphile molecule with 

large headgroup area compared to the volume of the hydrophobic tail, and a low critical 

micelle concentration (CMC). These amphiphiles can interact with other lipids to either 

stabilize or destabilize the lamellar phase depending on the conditions and the 

composition of the lipid mixture. 

Mathematical models for polymer chains tethered to a surface in a good solvent 

have been developed by de Gennes and by Milner et al. based on a scaling approach 

developed by Alexander (Alexander 1977; de Gennes 1980; Milner and Witten 1988). In 

de Gennes" model, there are two different grafting regimes for tethered polymer in a good 

solvent. At low grafting density the distance between grafting points is greater than twice 

the Flor\' radius in a good solvent (Rp = a (N)^'^). where "a" is the length of a repeat unit 

and N" is the number of repeat units), or the concentration of polymer (a) is less than 

^ In this case there is no interaction between adjacent chains and the polymer 

describes a hemisphere with a radius equal to the Flory radius in a good solvent. This 
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condition is often referred to as the 'mushroom' regime. At high grafting density (a > N" 

there is steric interaction between chains, and the polymer is described by stacked 

hard spheres, with radii equal to half the distance between grafting points, that are each 

filled with a section of polymer at equal concentration. The thickness of the polymer is 

determined by a free energy minimum between two opposing forces: the tendency of the 

polymer to be diluted to lower concentration (osmotic pressure) and the free energy loss 

involved in straightening the polymer chains (elasticity). The condition of high grafting 

density is often called the 'brush' regime. The model for high grafting density, developed 

by Milner et al. (the MWC or mean field theory) does not assume that the concentration 

is uniform throughout the polymer brush, but rather that it decreases parabolically vvith 

increasing distance from the surface (Milner 1991). This results in a more compressible 

polymer brush than that predicted by the de Gennes theory. More recently. Hristova and 

Needham used the lateral steric forces predicted by the MWC theory as well as 

experimental data on lipid bilayer tensile strength to predict maximum concentrations of 

PEG-lipid that can be supported by a lipid bilayer (Hristova and Needham 1994; Hristo\ a 

and Needham 1995). This concentration is approximately 18 mole % for 2000 amu PEG-

lipid in a liquid crystalline phase bilayer. 

Kenworthy et al. measured the thickness and compressibility of the hydrated 

polymer layer for several PEG-lipid chain lengths and grafting densities in multilamellar 

vesicles (MLV) by X-ray scattering techniques (Kenworthy et al. 1995a; Needham et al. 

1992). Osmotic pressure was exerted with solutions of dextran or poly(vinylpyrrolidone) 
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having higher osmolarity than the interior of the MLV. X-ray scattering established the 

lamellar repeat distances as well as electron density profiles of the lamellae. Though the 

bilayer thickness did not vary signiflcantly with pressure, the repeat distance did, 

showing a high compressibility of the PEG layer. The repeat distance and the 

compressibility were strongly dependent on PEG molecular weight and concentration. At 

ver>' low PEG-lipid (2000 amu or less) concentrations and high applied pressure another 

type of polymer regime was observed. This is the interdigitated mushroom, in which 

grafted polymers from opposing surfaces interpenetrate. Lipids conjugated to low 

molecular weight polymer (350 and 750 amu) at high concentrations were observed to 

cause interdigitation of the lipid bilayers, while 2000 and 500 amu PEG-lipid did not. 

Though these experiments did not differentiate between the theories of deGennes and 

Milner et al.. the interlamellar spacing at low applied pressure was 30 % greater than 

predicted by either mathematical model (approximately 60 A for mushroom and 70 A for 

brush regime). Some of this discrepancy could be attributed to the polydispersity of the 

PEG: however, about half of it could not be accounted for. Measurements, reported by 

Woodle et al.. of the thickness of hydrated PEGjooo based on the decrease of liposome 

electrophoretic mobility place the thickness of a 5 to 10 mole % PEG lipid layer at 50 A 

(Woodle et al. 1996). Interestingly, even though this concentration range represents a 

transition from the mushroom to the brush regime, there is no large change in the 

electrophoretic mobility. Experiments with Langmuir monolayers containing 

PEG2000DSPE were reported by Majewski et al. (Majewski et al. 1997). In these 
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experiments neutron scattering was used to probe the morphology of the monolayer at 

various PEG-lipid concentrations. An intermediate regime called the weak overlap 

regime was observed in which adjacent grafted PEG chains just begin to interact with 

each other. In this regime the PEG-lipid's hydrophobic tail extends slightly into the 

aqueous phase. In the brush regime, the monolayer surface is undulated with adjacent 

lipid molecules as well as the PEG-lipid protruding. Efremova et al. report experiments 

with LB films supported on mica. In these experiments, a surface force apparatus was 

used to measure the forces between opposed bilayers containing neutral PEG^ooo-Iipid on 

the outer leaflet (See Section 3.3.3)(Efremova et al. 2000). The thickness of the PEG 

layer in both the mushroom and the weak overlap regime were found to be 42 ± 5 A, 

while the thickness of the brush regime was found to be 60 to 65 A. This is in agreement 

with the electrophoretic measurements and somewhat smaller than the measurements 

made by Kenworthy et al. Force distance measurements of the polymer compressibility 

could also be fitted most closely with the MWC model. 

The hydration of a grafted PEG-layer is considered to be an important factor in 

the ability of PEG-lipids to repel biomolecules and other surfaces. Tirosh et al. 

measured hydration of both free PEG and PEG-grafted bilayers using DSC and 

ultrasound (7.7 MHz) absorbance (Tirosh et al. 1998). In the mushroom regime PEG,„„o-

lipid was found to be associated with 3 water molecules per repeat unit, or 142 water 

molecules per polymer chain. In the brush regime the hydration is 30 % higher, because 

of the greater accessibility of the PEG chain to the water. Covalently grafted PEG tends 
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to reduce the hydration of the PC in the bilayer to which it is attached. Minimum 

hydration of PC headgroups is reached at 6 mole % PEG-lipid with 2000 amu PEG. This 

corresponds to the weak overlap regime, and is interpreted to be the PEG-lipid 

composition that gives the most stable bilayer. Yoshida et al. report a maximum in 

microviscocity and a minimum in polarity inside the bilayer at 6 mole % PEG^ooo lipid 

(Yoshida et al. 1999). These measurements were made using fluorescence polarization of 

2-(9-anthroyloxy)palmitic acid and 12-(9-anthroyloxy)stearic acid and by emission 

spectroscopy of pyrene, respectively. It was suggested in these papers that higher 

concentrations of PEG-lipid weaken the bilayer membrane because of the lateral 

repulsion of adjacent grafted polymer chains. 

Repulsion of proteins by the hydrated PEG-layer of sterically stabilized liposomes 

is considered to be the major mechanism by which PEG-lipids prolong the in vivo 

circulation time of liposomes (Panagi et al. 1998; Senior et al. 1991). Interaction of 

various PEG-lipid compositions and molecular weights with representative proteins is an 

important physical parameter to consider in the design of sterically stabilized liposomes. 

Sheth et al. report that a slight adhesion can be measured between streptavidin and 

supported DSPE monolayers containing PEG^oooDSPE (Sheth and Leckband 1997). 

Measurements with surface force apparatus show a slight hysteresis when streptavidin is 

pushed into the PEG-lipid with sufficient force or over a sufficiently long time. The 

protein was able to alter the PEG-lipid conformation so that increased adhesion could be 

observed for as long as 5 hr after the initial experiment showing attractive forces. The 
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strength of the attractive forces was significantly lower for polymer in the brush regime. 

When the protein is incubated in solution with the lipid surface (not pushed into it), 

incorporation of PEG-lipid always results in a decrease of protein adsorption relative to 

the unprotected surface. Du et al. demonstrated that 1 % PEGjooo-lipid incorporated into a 

supported LB monolayer cut adsorption of fluorescently labeled protein by as much as 6 

fold (Du et al. 1997). Efremova et al. report surface plasmon resonance experiments in 

which inclusion of 4.5 mole % PEGiooo-lipid (weak overlap regime) had a similar effect 

of inhibiting protein adsorption. It was observed that protein size and shape also affected 

the ability of PEG lipid to reduce adsorption (Efremova et al. 2000). A large globular 

protein was repelled more effectively than small or elongated proteins. 

In addition to preventing the adsorption of proteins (opsonins). PEG-Iipids can 

promote bilayer formation in phospholipid mixtures that would normally form inverted 

phases under the same conditions in the absence of PEG-lipid. This is due both to their 

large ratio of headgroup area to acyl chain cross section, and to the steric barrier that 

prevents bilayer-bilayer contact. Holland et al. report that addition of 20 mole % PEG-

2000DOPE to a I to 1 mixture of cholesterol and DOPE completely prevented formation of 

inverse hexagonal phase at temperatures up to 60 °C (Holland et al. 1996a). The 

hexagonal phase transition temperature (Th) for DOPE/cholesteroI (1/1) is less than 0 °C. 

.A.ddition of 9 mole % PEGiqoq-DOPE increased the Th to between 40 and 50 °C and 

broadened the transition range. In addition, cubic phases were observed by both ^'P NMR 

and freeze-fracture electron microscopy. The ability to stabilize the lamellar phase 
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relative to the inverse hexagonal phase implies an ability to inhibit liposome fusion which 

is mediated by transient inverted structures (Siegel et al. 1989; Siegel and Epand 1997; 

Siege! et al. 1994). As little as 2 mole % PEGiqooDMPE in a 1 to 1 mixture of 

DOPE/POPS (l-palmitoyl-2-oleoyl phosphatidylserine) prevented calcium induced 

fusion (Holland et al. 1996b). When the PEG-lipid was allowed to diffiise between the 

DOPE/POPS liposomes and an excess of POPC liposomes, the fusogenicit>' of the 

DOPE/POPS liposomes was regained. 

The large headgroup area (ca. 2000 A*) compared to the cross sectional area of the 

hydrophobic tails (ca. 60 A") causes lipid mixtures containing high PEG-lipid 

concentrations to form highly curved structures such as spherical or rod shaped micelles, 

as these curved structures relieve the steric crowding of the polymer chain. These 

parameters, which are also a factor in the stabilization of the DOPE containing liposomes 

mentioned above, have been described quantitatively (Gruner 1985; Hristova and 

Needham 1995; Marsh 1996a). Kenworthy et al. used a variety of techniques to de\ elop 

approximate phase diagrams for DSPC/PEG-DSPE mixtures with several polymer 

molecular weights (Kenworthy et al. 1995b). They report an increase in the T„ with the 

addition of 5 to 10 mole % 2000 and 5000 amu PEG-DSPE. This trend, which has also 

been observed by others, is a result of increased chain packing caused by the PEG-

induced dehydration of the DSPC headgroup (Baekmark et al. 1997). An interdigitated 

lamellar phase was formed with 20 to 100 mole % PEGjjqDSPE and 20 to 70 mole % 

PEG750DSPE. Higher molecular weight (2000 and 5000 amu) PEG-lipids did not produce 
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interdigitated phases, but rather a gradual transition to a micellar phase was observed at 

more than 20 mole % PEG-lipid. At intermediate concentrations of PEGjooo-DSPE and 

PEG5000DSPE the acyl chains became normal to the bilayer surface. The formation of 

non-encapsulating structures were observed by Edwards et al. in electron micrographs of 

extruded mixtures of DSPC or egg PC with as little as 12 mole % PEGjooo-DSPE 

(Edwards et al. 1997). This is well below the PEG-lipid concentration at which 

Kenworthy et al. observed micelle formation. In the absence of cholesterol these 

structures are threadlike micelles; however, when 40 mole % cholesterol is incorporated 

into the lipid mixture, disks shaped aggregates are formed. These structures are probably 

stabilized by the partitioning of PEG-lipid into the highly curved edges. Similar 

structures were observed by Beugin et al. in lipid mixtures containing 10 to 20 mole % of 

a PEGjooo-cholesterol conjugate (Beugin et al. 1998). 

The stability of PEG-lipid in the liposomal membrane is a factor that should be 

considered in the design of PEG-liposomes. This is mainly determined by the tendency of 

the PEG-lipid molecule to partition out of the bilayer. Parr et al. found that small 

changes in the hydrophobicity of the lipid anchor have a dramatic effect on this tendenc\ . 

Liposomes grafted with 5 mole % PEGjooo-POPE lost nearly all the PEG-lipid within 8 hr 

in mouse serum (5 mM). The rate of PEGjooq-POPE loss in HEPS buffered saline was 

only slightly lower. In contrast, only 15 % of PEG,ooo-DSPE was lost from liposomes of 

identical composition bearing PEG-DSPE instead of PEG-POPE. Holland et al. observ ed 

a similar dependence on PEG-lipid hydrophobicity in the rate at which DOPE/POPS (1/1) 
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liposomes bearing 2 mole % PEG-iipid regain fusogenicity after exposure to an excess of 

POPC liposomes. An 80% recovery of fusogenicity in liposomes bearing 

PEG2000DMPC was observed after less than 1 hr, indicating that the PEG-lipid with 

short acyl chains was rapidly removed from the liposome. It took 25 hr to reach the same 

level of ftjsogenicity with PEGiqooDPPE bearing liposomes, and liposomes containing 

PEG;oooDSPE only regained 20 % of the maximum ftisogicity during this amount of time. 

From these data, it is clear that small changes in PEG-lipid acyl chain length result in 

large differences in the rate of removal of PEG-lipid from the liposome. Experiments 

performed with PEGjooo-Hpids gave similar results with a slightly higher rate of removal. 

Comparison of the in vivo circulation times of liposomes bearing PEG-POPE or PEG-

DSPE showed a strong correlation between long circulation times and the tendency of the 

PEG-lipid to remain anchored in the liposome. 

The chemical stability of several PEG linkages was also measured in experiments 

by Parr et al. (Pzirr et al. 1994). Micellar PEG-POPE with succinate, carbamate, and 

amide linkers, as well as PEG-POPA (phosphate ester), were incubated in mouse serum 

for 24 hr. The reaction products were assayed by TLC. PEG-POPE with succinate linker 

showed rapid decomposition to produce free PEG-OH. while other PEG-lipid conjugates 

showed much slower rates of decomposition to produce PEG-lyso-lipid instead of free 

PEG-OH. This shows that the rate of hydrolysis of the PEG-succinate linkage is much 

faster than that of the acyl-glycerol ester, whereas the rates of hydrolysis of the other 

PEG-lipid conjugates are slower. The rate of hydrolysis of PEG-lipid (succinate linker) 
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in serum is considerably slower when the PEG-lipid is incorporated into a liposome. 

While cleavage of micellar PEG-succinate-POPE was nearly complete within 8 hr. only 

approximately 10 % of PEG-succinate-DSPE (5 mole % in liposomes) had cleaved after 

24 hr in mouse serum. 

These experiments demonstrate that the retention of PEG-lipid in the liposome is 

the single most important factor affecting the in vivo stability of PEG-liposomes. While 

the chemical stability of PEG-lipid conjugates varies, the rate of chemical cleavage of the 

PEG-lipid has a relatively minor effect on the retention of PEG in the liposome. The most 

labile succinate linker may be useful in biodegradable PEG-lipid preparations. 

1.3 TRIGGERED RELEASE 

Liposomes used for drug delivery in vivo must have very low permeability to the 

encapsulated compounds, so that most of the contents remain encapsulated after several 

hours in circulation. This both allows the delivery of the therapeutic agent to the desired 

site of action and prevents non-specific delivery, which can result in toxic side effects. 

Once liposomes reach the site of action, low permeability can reduce the effectiveness of 

the liposomal drug, as drugs that remain sequestered in liposomes are not available to be 

taken up by the cells. It has been suggested that slow release of therapeutic agents at the 

site of action is the major obstacle to further improvements in the therapeutic index of 

liposomal chemotherapeutic agents (Bally et al. 1998). Several stimuli are potentially 

able to trigger the release of encapsulated drugs at the desired site of action. These 

include changes in pH, changes in temperature, light, and ionizing radiation. 
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The increased acidity* of the area surrounding solid tumors, and (in the case that 

liposomes are endocytosed) inside the endosomal compartment can be used to trigger the 

release of encapsulated agents at these sites. This can be achieved either through 

increased permeability of the liposomal membrane or by fusion of the liposomal 

membrane with surrounding biomembranes (usually that of the endosome). It is well 

established that liposomes composed of high concentrations of unsaturated 

phosphatidylethanolamines (PE) fuse with other membranes at low to neutral pH. The 

low degree of hydration of the PE headgroup results in a small effective headgroup 

volume. This gives the membrane a small positive spontaneous radius of curvature, and 

allows close contact of opposing bilayer leaflets. Both of these factors are necessary to 

promote the inverted structures of the fusion intermediates. At high pH. the PE 

headgroup has a net negative charge so that electrostatic forces will repel opposing 

bilayer leaflets and prevent fusion from occurring. Cholesterol hemisuccinate (Fig. 2.4) 

carries a negative charge at neutral pH. but at low pH (4 to 5) the free CcU-boxyl is 

proionated. and the amphiphile becomes neutral. If cholesterol hemisuccinate is 

combined wath an unsaturated PE. liposomes can be formed that are stable at neutral pH 

but become fiisogenic in mildly acidic conditions. This type of pH sensitive liposome, 

though useful in vitro, is not widely applicable in vivo, because the fluid membrane that 

is necessar>' for fusion is not stable to blood plasma, as described in Section 1.1. PEG-PE 

added to the lipid mixture will give the liposomes increased stability to plasma, and 

increased circulation time, however, as described by Holland et al. (reviewed in Section 
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1.2). as little as 2 mole % PEG-PE can prevent liposome fusion. In order for 

destabilization to occur, nearly all the PEG-lipid would need to be removed from large 

sections of the liposome surface. Reductive cleavage of a disulfide linked PEG-DSPE 

completely restores fusogenicity of DOPE liposomes containing 3 to 6 mole % of the 

cleavable PEG-lipid. The pH sensitivity of PEGylated DOPE/cholesterol hemisuccinate 

liposomes was also restored in this way (Kirpotin et al. 1996). 
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Figure 1.4: Compounds for pH sensitive liposomes; A, Cholesterol 
hemisuccinate; B. Succinylated poly(glycidol) decylamide; C. 
diplasmenylcholine (DPPlsC). also used in photo-sensitive liposomes 
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Anchored, hydophilic polymer with pendant carboxyl functions can promote both 

liposome leakage and fusion at pH 5 and lower (Kono et al. 1994). Poly(l-hydroxy-2-

propylene oxide) (p>olyglicidol) bearing a succinate ester at 56 % of the repeat units and a 

1 -decyl amide at 7 % of the repeat units (Fig. 1.4), promotes fusion and leakage of egg 

PC liposomes at pH 4, while having relatively little effect at pH 7. Egg PC liposomes 

bearing this polymer in PC/polymer ratio of 7/3 were found by Kono et al. to deliver 

encapsulated calcein to the cytoplasm of cultured green monkey kidney cells, while 

unmodified egg yolk PC liposomes did not (Kono et al. 1997). Though the capacity of 

this copolymer to prolong circulation time has not been reported, it could possibly confer 

some degree of steric stabilization. 

Acid catalyzed hydrolysis of labile amphiphiles can be used in the design of pH 

sensitive liposomes. The naturally occurring diplasmenylcholine (DPPlsC) (Fig. 1.4). 

though stable at neutral pH, is degraded to produce a long chain aldehyde and glyceroPC 

at pH less than 4.5. Sterically stabilized liposomes targeted with folate and composed of 

DPFlsC/dihydrocholesterol (9/1) were shown by Thompson et al. to facilitate the 

cvioplasmic delivery of several different encapsulated compounds to KB cells in vitro 

(Rui et al. 1998). Liposomes having this composition showed high plasma stability. 

Efficient synthetic routs to several diplasmonylcholine analogues, including a PEG 

derivative have been developed (Boomer and Thompson 1999). 

A small increase in temperature above physiological temperature (aprox. 40 °C) can 

be used to release contents from appropriately constituted liposomes with spatial and 
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temporal control. Localized heating (hyperthermia) can be achieved by direct conduction 

or through the use of low intensity microwaves. Thermosensitive liposomes can be made 

from a 9 to 1 mixture of DPPC and DSPC. As DPPC crosses the main phase transition 

temperature (41.5 ®C), the permeability of the liposomal membrane to small molecules 

increases sharply. This increase in permeability occurs even in the presence of 6 mole % 

G„,, though higher concentrations reduce the thermosensitivity of the liposomes 

somew hat. Maruyama et al. achieved an increase of approximately an order of magnitude 

in the available doxorubicin in implanted murine colon carcinoma tumors in mice after 

localized heating to 42 °C for 20 min., starting 5 min. after injection of doxorubicin 

containing liposomes composed of DPPC/DSPC (9/1) with 6 mole % 0^, (Maruyama et 

al. 1993). Gaber et al. studied the thermosensitivity and plasma stability of quaternary 

mixtures of DPPC. hydrogenated soy phosphatidylcholine (HSPC). cholesterol, and 

PEG2000-DSPE (Gaber et al. 1995). They report that a mi.xture of 

DPPC/HSPC/cholesterol/PEG-DSPE (100/50/30/6) gives the highest stability both in 

bovine serum and in human plasma with high thermosensitivity between 37 and 41°C of 

all the mixtures that were studied. Thermally induced release of large molecules from 

DPPC/DSPC liposomes is also possible. Oku et al. report that dextran (mw = 144.000) 

encapsulated in DPPC/DSPC (9/1) liposomes could be effectively released by incubation 

at 40 to 42 °C. A hypo-osmotic buffer was used, giving the liposomes an internal osmotic 

pressure, which facilitated the release of the macromolecule (Oku et al. 1994). 
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Another technique by which thermosensitive liposomes can be made is through the 

use of a thermosensitive polymer. The solubility of a polymer is a balance of enthalpic 

and entropic factors. Enthalpic considerations that favor solubility include the attractive 

forces such as hydrogen bonding between the polymer and the solvent. Those that 

disfavor solubility would include intramolecular attractive forces between repeat units of 

the polymer. Entropic factors favoring solubility include the increased freedom of 

motion of the repeat units in solution, wile those disfavoring solubility would include the 

ordering of solvent molecules around the extended random coil polymer. If the entropy of 

solution is sufficiently negative then there will be a temperature above which -TAS > AH 

and AG„|„„on is positive. This is the lower critical solution temperature (LCST) or the 

temperature at which the polymer starts to become insoluble. Hayashi et al. used a 

copolymer of N-isopropyl acrylamide (NIPAM) and octadecylacrylate (ODA) (Fig. 1.5) 

combined with DOPE to make temperature sensitive liposomes (Hayashi et al. 1996). 

Poly-NIPAM CO ODA has an LCST near 32 °C. Below this temperature the copolymer 

stabilizes the DOPE liposomal membrane by preventing close contact between bilayers. 

Above the LCST. the copolymer no longer stabilizes the liposomal membrane and allows 

formation of the inverse hexagonal phase. DOPE liposomes with 25 weight percent of 

the copolymer showed complete release of encapsulated calcein within 2 min. at 35 °C. 

while less than 20 % leakage was observed over 5 min at 20 ®C. This temperature range 

is below that which is useful for in vivo use (37 - 42 °C). Because the LCST varies 

greatly between polymers, a copolymer that has an LCST within the usable range can be 
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made by making small changes in the copolymer composition (Kono et al. 1999). The 

ability of copolymers of this type to prolong in vivo circulation time has not been 

reported. If a copolymer with the correct LCST and the ability to prevent RES uptake is 

found, this strategy could be used for in vivo drug delivery. A significant advantage of 

this strategy is the delivery of labile drugs to the cytoplasm by liposome fusion with the 

endosomal membrane, because leakage occurs through the formation of inverted phases. 

Photodestabilization of liposomes has several advantages including the ability to 

focus light to a small, specific area, precise control of the time of irradiation, and the 

potential use of a variety of wavelengths of light. Photo-chemotherapy with small 

molecules free in the blood is a well-established treatment for tumors that can be reached 

by light or light fiber. The use of photosensitive liposomes could increase the 

applicability of this technique to include many different chemotherapeutic agents. An 

Figure 1.5: Thermosensitive polymer. copoly(NIP.AM-ODA) 
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effective photorelease mechanism should be highly sensitive to visible light and should 

be compatible with sterically stabilized liposomes. Most photoinduced release techniques 

involve photo-isomerization, photo-cleavage or photo-polymerization. The use of a pH 

sensitive polymer and a photo-acid generator has also been reported (You and Tirrell 

1991). 

The vision photo-receptor protein, rhodopsin. reconstituted in eggPC liposomes 

facilitates release of arsenazo III dye, Ca'% and other ions when irradiated with green 

light, which causes photobleaching of the prosthetic group, cis-retinal (O'Brien 1979). 

Leakage is probably caused by a resulting conformational change in the protein. These 

liposomes were highly photosensitive, showing significant release of dye with only 5% 

bleaching. 

Photo-isomerization of a linear acyl chain bearing a trans double bond can 

cooperatively disrupt a bilayer membrane that is in the gel phase. This mechanism is 

similar to that of the thermosensitivit>' of DPPC/DSPC liposomes. Pidgeon and Hunt 

synthesized a phosphatidylcholine bearing two retenoic acid chains (DRPC). Photolysis 

of DRPC liposomes for 20 sec. with 300 to 400 nm light (less than 24 % conversion) 

resulted in complete release of encapsulated carboxyfluorescein (Pidgeon and Hunt 

1983). An azobenzene amphiphile CjAzo (Fig. 1.6) was used by Kano et al. in DPPC 

liposomes, at 10 mole % to induce leakage of bromothymol blue upon irradiation with 

366 nm light. Conversion to the cis isomer at the photo-stationary state (80 %) resulted in 

a 7-fold increase in the rate of bromothymol blue leakage (Kano et al. 1982). Though the 
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experiments described above were performed with conventional liposomes, the 

techniques would probably work with sterically stabilized liposomes. The mechanism of 

action is similar to that of DPPC/DSPC thermosensitive liposomes and does not require 

close contact of opposing bilayers. A significant problem however is the short 

wavelength of light required to produce the photoisomerization. 
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Figure 1.6: Compounds used in photosensitive liposomes; A. diretinoylPC 
(DRPC); B. C4AZ0; C, N-stearoylhistidine (NSH); D, NVOC-DOPE 
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Cleavage reactions at the headgroup of some lipids can be sensitized by singlet 

oxygen generating dyes. Oxidation of N-stearoyl-L-histidine (NSH) (Fig. 1.6) 

incorporated into DPPC liposomes at 15 to 40 mole % was sensitized by 

dihematoporphyrin ether/ester irradiated with visible light (Chowdhary et al. 1993). The 

oxidation product, thought to be N-stearoyl aspartate, caused rapid leakage of contents. 

The mechanism of leakage was thought to be disruption of the ordered DPPC gel phase 

b\ diffusion of the photoproduct and, at high NSH concentrations, detergent lysis of the 

membrane by the photoproduct. Thompson et al. used bacteriochlorophyll irradiated v\ith 

800 nm light to cause oxidative photocleavage of plasmenylcholine in liposomes 

(Thompson 1996). The photoproducts then cause liposome destabilization in a manner 

similar to that described earlier for the pH sensitive plasmenylcholine liposomes. The 

wavelength of light used in these experiments is ideal for high light penetration and lack 

of photo-damage to surrounding tissues. Compatibility with sterically stabilized systems 

is also favorable. Significant improvement would have to be made in the sensitivit\ of 

the system , however, in order for this technique to be practical for drug deliver>'. 

Photodestabilization required approximately 20 minutes of photolysis at 300 m\v. 

Zhang et al. used direct UV photolysis of liposomes bearing a 2-nitrobenz> l 

protected, or "caged" DOPE (Fig. 1.6) to induce liposome fusion and leakage of contents 

(Zhang and Smith 1999). The protected DOPE imparts a negative charge to the liposome, 

which prevents close bilayer contact. After photolysis, the DOPE that is released is 
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zwitterionic. and the low hydration of the DOPE headgroup facilitates the formation of 

the structures that are intermediates to liposome fusion. Because this technique requires 

close contact of opposing bilayers, it would not be compatible with sterically stabilized 

liposomes, unless the PEG were attached via the 2-nitrobenzyl protecting group, as 

described in Section 2.1. The short wavelength (less than 400 nm) of the light required to 

cleave the protecting group is another problem for in vivo use of this technique. 

Photosensitive protecting groups with large 2-photon absorption cross-sections have been 

developed that may be useful in this strategy for photosensitive liposome design (Furuta 

et al. 1999). 

While lipid polymerization is usually considered as a means of stabilizing lipid 

assemblies, polymerization of a multi component lipid bilayer can cause the formation of 

domains of polymerized lipid with the concomitant concentration of un-polymerized lipid 

into non-polymerized domains (Armitage et al. 1993; Frankel et al. 1989; Takeoka et al. 

1989b). If the non-polymerizable component is a polymorphic lipid such as DOPE, which 

can form inverted phases, then the un-polymerized domains can interact with other lipid 

membranes to form inverted structures, resulting in mixing or leakage of liposome 

contents. Lamparski et al. demonstrated photo-induced leakage of encapsulated calcein 

dye by direct UV photopolymerization of multilamellar liposomes (MLV) composed of 

DOPE and the polymerizable lipid. bis-SorbPC,7,7 (Section 4.2.7) in a 3 to 1 molar ratio 

(Lamparski et al. 1992). ^'P NMR of the partially polymerized lipid mixture was 

consistent with enhanced formation of the inverted hexagonal phase. Unilamellar 
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liposomes of the same composition did not show enhanced leakage upon irradiation. 

These results indicate that DOPE enriched domains of adjacent lamellae of the MLV 

come into close contact and form the inverted hexagonal phase. Bennett and O'Brien 

report enhancement of liposome fusion, measured by both aqueous contents mixing and 

lipid mixing, after photo-polymerization of liposomes having the same lipid composition 

as described above. 

Though the short wavelength (230 to 300 nm) required for direct UV 

polymerization is not compatible with in vivo drug use. other methods to initiate 

polymerization exist. Carbocyanine dyes adsorbing light at approximately 550 nm have 

been shown to initiate the radical polymerization of bis-SorbPC in the presence of 

molecular oxygen (Clapp et al. 1997). Ionizing radiation is also capable of initiating 

polymerization of bis-SorbPC as well as other lipids (Sisson 1997). While their 

application to the two dimensional polymerization of lipid bilayers has not been reported, 

several two photon initiators that absorb intense laser pulses in the visible and near 

infrared have been shown to initiate the radical polymerization of acrv late monomers in 

amorphous media (Albota et al. 1998; Cumpston et al. 1999). These may have potential 

as initiators for polymerization of lipid bilayers. 

The method of destabilization by polymerization of liposomes composed of 

DOPE/bis-SorbPC is not directly applicable to sterically stabilized liposomes, because 

the mechanism of leakage requires close contact between opposing bilayers. 

Destabilization of liposomes composed of bisSorbPC,, ,7, DSPC or DOPC. cholesterol 
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and a PEG-PE using both direct UV irradiation (Bondurant and O'Brien 1998) and 

photosensitized polymerization (Mueller et al. 2000) have recently been reported from 

this laboratory. Chapter 6 describes the characterization of sterically stabilized liposomes 

that are photosensitive to UV light (ca. 254 nm). 
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2. TOWARD THE SYNTHESIS OF A PHOTOCLEAVABLE PEG 

LIPID 

2.1 INTRODUCTION 

While liposomes composed of a polymorphic lipid such as DOPE and as little as 2 

mole percent PEG-lipid are resistant to fusion due to the highly hydrated steric barrier, 

removal of the PEG can cause these liposomes to become fusogenic (Kirpotin et al. 

1996). The objective here is to create a PEG-lipid molecule in which the PEG group can 

be cleaved by a photo stimulus, thereby causing an endocytosed liposome to fuse with the 

endosomal membrane and deliver its contents directly to the cytoplasm. 

Fhotocleavage or photo-deprotection is often achieved through the use of a 2-

niirobenzyl ester, carbonate or carbamate. Excitation with 300 to 380 nm light promotes 

an electron to the LUMO which has diradical character at the nitro group and at the 

position para to the nitro group. This causes abstraction of a hydrogen by the nitro 

oxygen from the adjacent benzyl position. A resonance structure in which aromaticity is 

restored places the radical again on the nitro group. Radical addition of the benzyl radical 

10 the nitro oxygen and cleavage of the nitrogen oxygen bond reduces the nitro group to a 

nitroso group and oxidizes the benzyl position to an acetal or ketal which rearranges to 

form an aldehyde or ketone thereby cleaving the attached ester, carbonate or carbamate 

(Scheme 2.1) (Rajasekharan 1980). 
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Schcmc 2.1: Mcchanism for phato-clcavage of a Z-nitrobenzyl protecting group, or photolabile linker 
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The target molecule (Fig. 2.1) has niono-methoxypoIy(ethyleneglycol)2000 attached 

by an ether bond to a 2-nitro-5-hydroxybenzylcarbonate. The lipid anchor (1,2-

distearoyl-propane-3-(6-aminocaproamide)) is expected to provide high stability in the 

membrane because of its hydrophobicity. The 6-aminocaproamide linker is used to allow 

flexibility in the position of the 2-nitrobenzyl group. It also prevents rearrangement of the 

molecule through a cyclic intermediate as was observed in the synthesis of APD lipids 

that did not have a spacer (Section 3.3.1). Linkers of 2, 3 or 7 atoms (and greater chain 

lengths), as well as hydrophilic linkers composed of oligo(ethyleneglycol), could also be 

used. Spacers with lengths of 4 or 5 atoms, however, would not be good choices because 

of the danger of autocatalyzed cleavage through a 5- or 6- member cyclic intermediate 

when the terminal amine is deprotected. 
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Figure 2.1 SuTicture of proposed target molecule 1.2-distea^oylp^opane-3-(6-(2-
nilro-5-mono-methox^^^oly(ethyleneglycol)2oooO'^y^^f^lcarbamyl )caproamide) 

The photolabile carbamate linkage decomposes to form a cationic lipid and a 

neutral PEG compound. This should prevent residual electrostatic binding of the PEG to 

the membrane while the PEG-nitrosobenzaldehyde is likely to be less to.xic than the 

nitrosobenzaldehyde either alone or attached to a lipid molecule. 

A convergent synthetic scheme (Schemes 2.2 and 2.3). in which the lipid base and 

the photolabile PEG are made separately and then connected in the last step, reduces the 

number of reactions that must be carried out with PEG. This minimizes problems with 

reactivity and separation that are associated with PEG. 
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Scheme 2.2 Synthesis of 1.2-distearoylpropane-3-(6-aminocaproamide). (a) 
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2.2 EXPERIMENTAL 

2.2.1 Materials 

6-Aminocaproic acid di-tert-butyl dicarbonate, 3-amino-l,2-propanediol, stearic 

acid, mono-methoxypoly(ethylene glycoOiooo, diisobutylaluminum hydride, 

benzenesulfonyl chloride, and tresylchloride were purchased from Aldrich Chemical Co. 

(Milwaukee WI) and used as provided unless otherwise specified 3-hydroxy-6-

nitrobenzaldehyde, was purchased from Pfalz and Bauer (Waterbury, CT) and used as 

provided. All solvents were of reagent grade and were used as provided unless otherwise 

specified 

2.2.2 Synthesis of l^-Distearoylpropane-3-(6-aininocaproamide) 

2.2.2.1 N-Boc-6-aininocaproic acid 

6-Aminocaproic acid (1 g, 7.6 mmole) was combined with dioxane (20 mL) and 

water (12 mL) and titrated to pH 12 with IN NaOH (7.6 mL). The solution was cooled to 

0°C and di-t-butyl dicarbonate (1.83 g, 8.4 mmole) was added. The reaction was allowed 

to warm slowly to room temperature and stirred for 30 min. Dioxane was removed under 

reduced pressure, and the reaction mixture was diluted to 20 mL with water. Ethyl 

acetate (20 mL) was added, then the two phase suspension/emulsion was titrated from pH 

9 to pH 2 with 50% aq. HiSO^. The phases were separated, and the aqueous phase was 

extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed with 

milliQ water (2 x 30 mL) followed by saturated aq. NaCI (1 x 30 mL). and then dried 

over MgSOj. After filtration, the solvent was removed under reduced pressure to produce 

pure N-Boc-6-aminocaproic acid (1.7 g, 95%). =0.54 (single spot) with 89% 

CHCl3/10% methanol/1% formic acid on normal silica plates. The product stained 

positive with iodine and with ninhydrin after extensive heating. Mp = 37 - 39°C. 'H NMR 

(CDCI3): 5 4.6 - 4.5 (s, IH, OC(O)NH), 3.18 - 3.08 (m, 2H, 0C(0)NHCH,), 2.38 - 2.33 
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(t. J = 7.5 Hz, 2H. CHjCOOH), 1.71-1.60 (p. J = 7.5 Hz, 2H, CH^CHXCOH), 1.56 -

1.31 (m, 13H, C(CH^ and CHjCH^CH.NH). 

2.2.2.2 N-Boc-6-aiiiinocaproyl (N-hydroxysuccinimide) 

N-Boc-6-aminocaproic acid (462 mg, 2 mmole), ethyl-3-(3-

(dimethylamino)propyl)carbodiimide (EDC; 767 mg, 4 mmole), and N-

hydroxysuccinimide (690 mg, 6 mmole ) were combined in dry (distilled over sodium) 

dioxane (10 mL). The reaction mixture was heated to 50°C for 15 hr with vigorous 

stirring under argon. At this time no starting material remained. 

The solvent was removed under reduced pressure, and the oily residue was 

dissolved in chloroform (50 mL). The organic phase was washed with water (3 x 50 mL). 

Combined aqueous washes were back extracted with chloroform (1 x 50 mL). The 

combined organic phases were then dried with saturated aq. NaCl (50 mL) followed bj 

anhydrous sodium sulfate. After filtration, the solvent was removed under reduced 

pressure to produce a clear oil that was approximately 90% pure N-Boc-6-aminocaproyl 

(N-hydroxysuccinimide) (650 mg. 89 % yield) that solidified overnight at -30°C. R,= 

0.87 with 10% methanoL/1% formic acid/89% chloroform on silica plates. 

2.2.2.3 l,2-Dihydroxypropane-3-(N-Boc-6-aniinocaproamide) 

N-Boc-6-aminocaproyl (N-hydroxysuccinimide) (215 mg. 0.78 mmole) was 

iyophilized from benzene and transferred, under argon, to 3-aminopropane-1.2-diol (99 

mg, 1.09 mmole) dissolved in dry dioxane (3 mL). The reaction mixture was allowed lo 

stir for 24 hr at room temperature. An additional 99 mg of 3-aminopropane-1.2-diol and 

1.1 mmole of triethylamine were added, and the reaction was stirred an additional 8 hr at 

room temperature under argon. The solvent was removed under reduced pressure, and 
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the product was separated by column chromatography. A 2.5 cm diameter 

chromatography colunm was packed with 200 - 400 mesh silica (10 g) in 5% 

methanoI/0.25% water/95% chloroform. Crude product was loaded in the same solvent (3 

mL). The column was eluted with a gradient from 5% methanol/0.25% water/95% 

chloroform to 10% methanol/0.5% water/89% chloroform. Pure l,2-dihydroxypropane-3-

(N-Boc-6-aminocaproamide) (194 mg, 81% yield) was recovered. 'H NMR (CDClj): 5 

6.65 - 6.55 (s, IH, OC(O)NH), 3.85 - 3.78 (m, IH. CH2C(0)NH). 3.76 - 3.69 (q, J = 7 

Hz, 0.4H. (CH3CH2)3N), 3.60 - 3.20 (m, 7H, NCH2CH(OH)CH2(OH)). 3.13- 3.05 (t. J 

= 6.9 Hz. 2H, CHXIiNH), 2.30 - 2.22 (t, J = 7.2 Hz, 2H, CH,C(0)NH), 1.73 - 1.60 (p. J 

= 7.1 Hz. 2H. CH,CHX(0)NH), 1.55 - 1.30 (m, 13H, QCHj), and HNCHXHXH,), 

1.27 - 1.22 (tj=7.0 Hz, 0.6H, (CH3CH,)3N). 

2.2.2.4 l,2-Distearoylpropane-3-(N-Boc-6-aniinocaproaniide) 

Oxaloyl chloride (4 mL. 45.7 mmole) was dissolved in dr>- benzene (2 mL) and 

added to stearic acid (2.6 g, 9.1 mmole) under argon, over 5 min with constant stirring. 

Gas evolution ceased after 2 hr. and the solvent was removed under reduced pressure to 

give stearoyl chloride (2.47g. 90% yield). 

1.2-Dihydroxypropane-3-(N-Boc-6-aminocaproamide) (194 mg. 0.674 mmole) was 

dissolved in dr\' benzene (3 mL) under argon and combined with pyridine (0.27 mL. 3.4 

mmole). Stearoyl chloride (610 mg, 2.02 mmole) was dissolved in benzene (6.1 mL) and 

added to the reaction mixture. The reaction mixture was stirred for 48 hr under argon. 

The solvent was removed under reduced pressure. The solid was dissolved in ethyl 

acetate (200 mL). and the organic solution was washed with I % aqueous HCI (3 x 50 

mL). saturated NaHCO, (3 x 50 mL). and saturated NaCl (2 x 50 mL). The organic phase 

was dried over sodium sulfate, filtered, and the solvent was removed under reduced 
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pressure. Crude l,2-distearoylpropane-3-(N-Boc-6-aminocaproamide) was recovered. 

The crude solid was purified by column chromatography as follows: Fine (200 to 400 

mesh) silica (30 g) was stirred in 1% triethylamine, 10% ethyl acetate, 89% hexanes (100 

mL) for 2 hr and packed on to a 4 cm diameter column. Product (712 mg) was loaded in 

10 mL of the same solvent. The column was eluted with 0.5% triethylamine/10% ethyl 

acetate/89.5% hexanes followed by 1/1 ethyl acetate/hexanes with 0.5% triethylamine. 

Pure 1,2-distearoylpropane-3-(N-Boc-6-aminocaproamide) (343 mg, 64% yield) was 

obtained. Rf = 0.6 on silica in 2% methanol/98 % chloroform. Mp = 46 - 47°C. 'H NMR 

(CDCI3); 6 5.80 to 5.74 (t, J =5 Hz, IH, CH(0)CH,NHC(0)CH3), 5.16 - 5.04 (m. IH. 

CH,(0)CH(0)CH2NH), 4.7 4.48, (s, IH, NHC(O)OC), 4.31-4.21 (dd,j, = 11 Hz.j\ = 3.4 

Hz. IH. C(0)0CH3CH(0)CH,N), 4.17 - 4.07 (dd, jl = 12 Hz, j2. = 5.9 Hz. IH, 

C(0)0CH,CH(0)CH2N), 3.53 - 3.39 (m, 2H, CH3CH(0)CH3NHC(0)C), 3.17 - 3.05. (q. 

J = 6.2 Hz. 2H. CH2CH2NHC(0)0C), 2.37 - 2.28 (t, J = 6.8 Hz. 4h. CHX(0)0CH. and 

CH,C(0)0CH). 2.22 - 2.03 (t. J =7.3 Hz, 2H, CH,CH2C(0)NH), 1.16 - 1.53 (m. 8H. 

CH.CH,C(0)0CH,, CH,CHX(0)0CH, CH3CH3C(0)NH. and CH,CH,NH). 1.50 - 1.38 

(s. lOH. C(CH3)3, and CH^CH,), 1.37 - 1.05 (m, 57 H, (CH3)„CHXH,C(0)0CH,. 

(CH.)„CH,CH,C(0)0CH. and CH2CH,CH,C(0)NH), 0.98 - 0.83 (t. J = 6.8 Hz. 6H. 

CH.CH,). 

2.2.2.5 1,2-Distearoylpropane-3-(6-aminocaproamide) 

1.2-Distearoylpropane-3-(N-Boc-6-aminocaproamide) (243 mg. 0.28 mmole) was 

added to a solution of 47.5% trifluoroacetic acid, 47.5% dichloromethane. and 5% water 

(4 mL) at 0°C and stirred for 20 min. TLC indicated complete disappearance of starting 

material. 5% aq NaOH and 50 mL CH^CL were added and the organic phase was 
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removed. The organic phase was washed with an additional 5% aq. NaOH (1 x 50 mL) 

followed by water (3 x 30 mL). The organic phase was dried with saturated NaCl (2 x 20 

mL) followed by Na2S04. The solvent was removed under reduced pressure to produce 

273 mg of solid crude 1,2-distearoylpropane-3-(6-aminocaproamide)-TFA salt. Rf = 0.28 

with 10% methanol/88% chloroform/1% triethylamine/0.5% water on silica plates. 

The crude material was purified by column chromatography as follows: Fine (200 -

400 mesh) silica (25 g) was stirred with 1 % triethyiamine. 0.5% water. 10% methanol, 

and 88.5% chloroform for 24 hr and then packed onto a 2 cm diameter column. Crude 

product (273 mg) was loaded in the same solvent mixture (2 mL). The product eluted in 

the same solvent between 180 and 280 mL. Pure I.2-distearoylpropane-3-(6-

aminocaproamide) trifluoroacetate salt (250 mg. 100 % yield) was recovered. Mp = 85 -

85.5°C. 'H NMR (CDClj): 6 6.00 - 5.95 (t. j=6.15. 0.5H, CHjCH.N'Hj) 5.88 - 5.82 (m. 

0.6H. CH,NHC(0)) 5.16 - 5.82 (m. 0.6 H, 0CH£H(0)CH,N). 4.68 - 4.62 (t. J = 6.15 

Hz. 0.5H. CH,NH3) 4.30-4.23 (dd, j, = 3.9 Hz. j, = 12Hz. IH. 0CH,CH(0)CH,NH). 

4.17 - 4.08 (m, 1H, 0CH,CH(0)CH3NH). 3.57 - 3.39 (m. 4H. CH(0)CH.NHC(0) and 

water). 3.22 - 3.13 (m, IH. CHXH^N^Hj). 2.75- 2.68 (t. j=6.75Hz. IH. CHXH,NHO. 

2.36 - 2.29 (dt. j, = 2.4 Hz. j, = 7.35 Hz, CHX(0)0CH: and CH,C(0)0CH). 2.22 -2.16 

(I. J = 7.5 Hz. 2H. CH2C(0)NH). 1.7 - 1.42 (m. 12H. CH,CH,C(0)0CH,. 

CH,CH,C(0)0CH, CH,CH.CH.CH.C(0)NH1. 1.42 - 1.15 (m. 56H. 

CH3(CH,)„CH,CH3C(0)0CH, and CH3(CHj)„CH2CHX(0)0CH). 0.91 - 0.85 (t. J = 

6.75 Hz. 6H. (CH,)„CH3). 

2.2.2.6 2-Nitrobenz>1succiniinidylcarbonate 
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2-Nitrobenzyl alcohol (10 mg, 0.065 mmole), disuccinimidyl carbonate (33 mg, 

0.13 mmole), and dry CHCI3 (1 mL) were combined under argon. Dry pyridine (32 1. 

0.392 mmole) and DMSO (1 mL) were added and the reaction was stirred for 24 hr under 

argon at room temperature. Solvents were removed under reduced pressure (high vacuum 

for 24 hr). 

The crude product was purified by column chromatography as follows: Fine (200 -

400 mesh) silica (3 g) was packed on a 1 cm diameter column in 1/1 hexanes/ethyl 

acetate. Crude product was loaded onto the column in the same solvent. The column was 

eluted with 1/1 ethyl acetate/hexane (50 mL), 2/1 ethyl acetate/hexane (50 mL). and 

100% ethyl acetate (25 mL). High Rf material (R<>0.8 in 1/1 ethyl acetate/hexanes) eluted 

between 5 and 20 mL. These fractions were combined to produce a yellow solid (39 mg) 

which contained approximately 30% to 50 % 2-nitrobenzyIsuccinimidylcarbonate by 

TLC. R, = 0.8 on normal silica plates in 1 to 1 ethyl acetate - hexane. 

2.2.2.7 l,2-Distearoylpropane-3-(6-(2-nitrobeiizylcarbamyl) caproamide) 

2-Niirobenzylsuccinimidylcarbonate (approximately 20 mg, 6 mmole) was combined 

with 1.2-distearoylpropane-3-(6-aminocaproamide) TFA salt (47 mg. 0.055 mmole). and 

triethylamine (20 1) were combined in dry chloroform (1 mL) and stirred at room 

temperature under argon overnight. All starting material had disappeared and a new 

compound had formed with an Rf value of 0.3 in 1/1 hexanes/ethyl acetate. The solvent 

was removed under reduced pressure, and the crude solid (75 mg) was purified by column 

chromatography as follows; Fine (200 to 400 mesh) silica (7 g) was packed in hexanes on 

a 1 cm diameter column. Product was loaded in 20% ethyl acetate in hexanes. The 

column was eluted with 20% ethyl acetate/80% hexanes (50 mL). 1/1 ethyl 

acetate/hexanes (120 mL). Product eluted between 100 and 130 mL. Thirty-six percent 



74 

pure l,2-distearoylpropane-3-(6(2-nitrobenzylcarbamyI)caproamide) (33 mg, 24 % yield) 

was recovered. Rf = 0.3 on normal silica plates in 1/1 ethyl acetate/hexanes. 'H NMR 

(CDCI3): 5 8.10 - 8.07 (d J = 6 Hz, 0.3 H, CCNO,)CH). 7.65 - 7.60 (m 0.77H, C(N03) 

CHCHCH), 7.42 - 7.46 (t, J = 6 Hz, 0.38 H, C(NO,)CHCHCHCH), 5.80 - 5.75 (m, IH. 

CH,C(0)NHCH,), 5.50 (s, 0.8 H, OCH^CCOSfO,)), 5.12 - 5.08 (m, 1.3H, 

0CH,CH(0)CH,N and CH,NHC(0)0CH2), 4.77 - 4.67 (m, 0.5 H. CHXH^NH^), 4.28 -

4.23 (dd, j,= 12 Hz, j, = 2Hz, IH, 0CH,CH(0)CH,N), 4.16 - 4.09 (m. 2.3 H. 

0CH,CH(O)CH,N and HNC(0)0CH2CH3), 3.54 - 3.41 (m. 3H. 0CH,CH(0)CH,NH). 

3.22 - 3.15 (m, 2H CH2NHC(0)0CH,), 3.35 - 2.28 (m, 4H, CH2C(0)0CH, and 

CH,C(0)0CH) 2.20 - 2.15 (t, j=7.3 Hz, 2H. CH2C(0)NH). 1.67 - 1.46 (m. 15 H. 

CH,CH,C(0)0CH,, CliCH,C(0)0CH. CH,CHXHXH.C(0)NH. HNCCOOCH.CHj 

and water). 1.40 - 1.19 (m, 60H CH3(CH,)„CHXH,C(0)0CH,. 

CH3(CH,)„CH,CH,C(0)0CH and CH,CH,CH,CH,C(0)NH) 0.90 - 0.85 (t. J = 6 Hz. 6H. 

CH3(CH,)„C(0)0CH and CH3(CH,),6C(0)0CH,). FAB MS: calculated mw: 

C53H,,N30,= 915.7; Measured ni/z = 738.0, 810.0. 917.1. 
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Scheme 2.4 Synthesis of model compound 1.2-distearoyl-3-(6-(2-
nitrobenzylcarbamyl) caproamide. (j) DSC. pyridine. CHCI3. 25°C (k) 
triethylamine. CHCI3, 25°C. 

2.2.3 Synthesis of Photolabile PEG 

2.2.3.1 Mono-inethoxypoly(ethyleneglycol)beiizenesulfonate 

Mono-methoxypoly(ethyleneglycol) (3 g. 1.5 mmole) was dried by addition of 

dry benzene (50 mL) followed by removal of solvent under reduced pressure. Mono-

methoxypoly(ethyleneglycol) and pyridine (0.49 mL, 6.0 mmole) were combined with 

dr\' CH.CU (10 mL) under argon. Benzenesulfonyl chloride (0.58 mL, 4.5 mmole) was 
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dissolved in CHiCl, and added over 10 min with stirring. The reaction was allowed to 

stir 78 hr at room temperature under argon. Solvent was removed under reduced pressure. 

The crude solid (3.5 g) was purified by column chromatography on 200 to 400 mesh 

silica (100 g) with a gradient from 100 % CHCI3 to 20 % methanol, 80% CHCI3 over 

1400 mL elution. Product eluted between 600 and 1000 mL. PEG-benzenesulfonate (2 

g, 62 % yield) was recovered with Rf = 0.6 on normal silica plates in 15% methanol/85% 

chloroform. 'H NMR (CD3C(0)CD3): 5 7.96 - 7.93 (m, 2H, CHC(S)CH), 7.81 - 7.76 

(m, 1 H, SCCHCHCHCH), 7.72 - 7.67 (m, 2H, SCCHCHCHCH) 4.21 - 4.18 (t, J = 3 

Hz, 2H, 0CH2CH20S(0)2C), 3.82 - 3.79 (t, J = 3.3 Hz, 1.5 H, sideband). 1.701 - 3.441 

(m. 227 H. 0(CH,CH20)„ and sidebands). 3.35 - 3.32 (t. J = 3 Hz. 1.7 H, sideband). 2.82 

- 2.79 (d. j=6Hz, IH, DMF contaminant in deuteroacetone). 2.069 - 2.093 (p. j=L6 Hz. 

deuteroacetone). 

2.2.3.2 !VIono-methoxypoly(ethyleneglycol)2000chloride 

Mono-methoxypoly(ethyleneglycol)2ooo (3.65 g. 1.83 mmole) was azeotropically 

dried with benzene (2 x 40 mL) then dried at 0.1 Torr for 24 hr. It was then heated to 

melting under vacuum with molecular sieves. Dry pyridine (0.44 mL. 5.48 mmole) and 

dr>- dichloromethane (10 mL) were added. The mixture was cooled to 0°C and tresyl 

chloride (0.61 mL. 5.48 mmole) was added. The reaction was allowed to reach room 

temperature and was stirred over night. The solvent was removed under reduced pressure. 

The reaction was then quenched by addition of methanol (20 mL) with 1 drop H^SO^ 
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followed by removal of solvent under reduced pressure. The product was precipitated 3 

times from ethyl alcohol (60 mL) with 500 ^l HCl per 120 mL ethanol. According to the 

proton NMR spectrum (Fig A-7.), all tresylate was displaced by chloride ion in this step. 

The precipitate was dissolved in benzene and lyophilized to give PEG-chloride (1 g, 27 

%). Rf = 0.27 on silica plates in 10% methanol/90% chloroform. The following 

reactivity test demonstrated that the product was substituted with a leaving group: 10 mg 

product was dissolved in dry THF (1 mL) and 1 drop of THF saturated in Nal was added. 

A white precipitate formed that did not disappear with agitation. A control test with 

mono-methoxypoly(ethyleneglycol) did not produce a precipitate. 'H NMR 

(CD3C(0)CD3):5 3.73-3.69(t, J = 3.3, IH, sideband). 3.61 - 3.31 (m. 187 H, 

(CH,CHp)„ and OCHXH^Cl). 3.253 - 3.214 (t, j= 3.9 Hz, 3H. sideband and 

OCHXH^OCHj). 3.123, (s. 3H, OCHXH.OCa). 

2.2.3.3 3-Hydroxy-6-nitrobeiizyl alcohol 

3-Hydroxy-6-nitrobenzaldehyde (2 g. 12 mmole) was dissolved in THF under an 

argon atmosphere and cooled to -78 C with a dry ice bath. DiBal (131 mL at less than 1 

M in heptane) was added. The reaction was allowed to stir for 2 hr until little or no 

aldehyde remained. The reaction was quenched by addition of 90% ethyl acetate. 10% 

methanol saturated in water (100 mL). The gelatinous suspension was filtered through 

Celite, and the solid was washed with 80% methanol/20 % chloroform (3 x 50 mL). The 

filtrates were combined and the solvent was removed under reduced pressure to produce 
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1.5 g of a crude yellow solid. The crude product was purified by recrystallization twice 

from toluene (400 and 200 mL, respectively) to produce pure 3-hydroxy-6-nitrobenzyl 

alcohol (964 mg, 48% yield). = 0.35 on normal silica plates in 10 % methanol. 90 % 

chloroform. 'H NMR (CD3C(0)CD3): 5 8.10 - 8.06 (d, j=9.6 Hz, IH. HOCH:CC(N)CH) 

7.424 - 7.415 (d, 2.1 Hz, 1H, HOCHXCH), 6.89 - 6.85 (dd, j 1 =9.6 Hz. j2= 2.1 Hz. 1H. 

HOCHXC(N)CHCH), 4.97(s, 2H, HOCHjC), 3.293, (s, 3H, HOCH,, 

H0CH2CC(N)CHCHC0H, and water), 2.05 — 2.03 (p, J = 2.1 Hz. deuteroacetone). 

2.2.3.4 3-(Mono-inethoxypoly(ethyleneglycol))2oooOxy-6-nitrobeiizyl alcohol by 

benzenesulfonate 

Mono-methoxypoly(ethyleneglycol)2000 benzenesulfonate (100 mg. 0.046 mmole) 

was dissolved in benzene (10 mL) and lyophilized. DMF (2 mL) was dried with 4 .4 

molecular sieves. 3-Hydroxy-6-nitrobenzyl alcohol (1.1 g, 6.4 mmole) was converted to 

the monosodium salt by dissolving it in MilliQ water (2 mL) and titrating to pH = 8 with 

1% aq. NaOH. The solution was then frozen and lyophilized. The lyophilized powder was 

suspended twice in dry benzene (15 mL) and solvent was removed under reduced 

pressure. Mono-methoxypoly(ethyleneglycol)2000 benzenesulfonate and 3-sodium-oxy-6-

niirobenz\i alcohol (18 mg. 0.093 mmole) were combined in dried DMF and heated to 

80°C under argon, in the dark, with constant stirring, for 24 hr. The solvent was removed 

at SOX under reduced pressure. The crude solid was purified by column chromatography 

on fine (200 to 400 mesh) silica (5 g) with a gradient from 100% chloroform to 30% 
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methanol/70% chloroform over 70 mL. The resulting product (117 mg) was found to 

contain residual 2-nitro-5-hydroxybenzyl alcohol by TLC. A second column was used to 

further purify this product. Fine silica (10 g) was packed in ethyl acetate. Loading: ethyl 

acetate (20 mL.) Elution: ethyl acetate (30 mL), 20% ethyl alcohol/80 % ethyl acetate (50 

mL); 50% ethyl alcohoI/50 % ethyl acetate (50 mL); 75% ethyl alcohol/25% ethyl acetate 

(500 mL); 85 % ethyl alcohol/15% water (50 mL); 20% methanol. 80% chloroform (100 

mL). Approximately 70% pure 3-(monomethoxypoly(ethyleneglycol))oxy-6-

nitrobenzylalcohol (20 mg, 14% yield) was recovered. 'H NMR (CD3C(0)CD3): 6 8.16 -

8.15 (d, J = 9 Hz, IH, HOCH,CC(N)CH), 7.525 - 7.515 (d. J = 3 Hz. IH. 

0CH3C(N)CHCH), 7.078 - 7.038 (dd, j, = 9 Hz. j, = 3 Hz. IH. OCH,C(N)CHCH). 5.017 

(s. 2H. HOCH.CC(N)), 4.34 - 4.305 (t, j=4.6 Hz, 2H. C(N)CHCHC0CH,CH,0). 3.90 -

3.87 (t. J = 4.6 Hz, 2H, CHCHCOCH,CtLO), 3.831 - 3.800 (t. J = 4.6 Hz 1.2 H. 

sideband) 3.73 3.45 (m 170 H. (CH^CHnO)^), 3.364 - 3.332 (t. J = 4.6 Hz. 2 H. 

sideband). 3.289 (s, 3 H, CH30(CH,CH,0)4,). 2.84 - 2.81 (d, J = 9.3 Hz. 5H. DMF 

impurity in deuteroacetone), 2.069 - 2.093 (p, J = 1.6 Hz. deuteroacetone) MALDI MS; 

calculated mw: C96H,85N04gNa= 2143.1, C^HigjNO^gK = 2159. QgHigpNOjgH* = 2165. 

C<,gH,89NOj,Na = 2187.13 Measured m/z = 2142, 2158,2171.2186. M„; 1942.799. M„; 

1991.453. PDI; 1.025 
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2.2.3.5 3-(Mono-methoxypoly(ethyleneglycol))2oooOxy-6-iiitrobeiizyl alcohol by 

PEG-chloride 

3-Hydroxy-6-mtrobenzyl alcohol was converted to the mono-potassium salt as 

described in Section 2.2.2.4. 3-Potassium oxy-6-nitrobenzyl alcohol (10 mg, 0.048 

mmole) was combined with mono-methoxypoly(ethyleneglycol)2000 (103 mg. 0.051 

mmole) and 18-crown-6 (25 mg, 0.096 mmole) in dry benzene, and the solvent was 

removed under reduced pressure. The solid was suspended again in dry benzene and the 

mixture was frozen and lyophilized over night. Dry nitrobenzene (300 1) was added and 

the reaction was stirred under argon, in the dark, at IOO°C, for 72 hr. The reaction mixture 

was cooled and diluted to 10 mL with CHCI3. The solution was then washed with 4% aq. 

HCl (10 mL). The aqueous phase was back extracted with CHCI3 (5x2 mL). and the 

combined organic phases were dried with Na^SO^. The solution was filtered, and the 

chloroform was removed under reduced pressure (nitrobenzene remained). .A. two-

dimensional TLC. in which solvent 1 was 20 % ethanoI/80 % ethyl acetate, and solvent 2 

was 10 % methanol/90 % CHCI3. showed product (UV quenching and L positive) at R^l 

= 0.03 and R^2 = 0.25. The crude brown oil was purified by column chromatography as 

follows: fme (200 to 400 mesh) silica (4 g) was packed onto a 1 cm diameter column in 

ethyl acetate. The crude product was loaded in ethyl acetate (1 mL) and eluted with ethyl 

acetate (20 mL) followed by 20 % ethanol/80% ethyl acetate (20 mL). The solvent was 

gradually changed to chloroform over 30 mL. and a gradient over 30 mL from 

chloroform to 20% methanol/ 80 % chloroform was run. This was followed by additional 
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elution with 20% methanol/80% chlorofomi (20 mL) and 50 % methanol/50 % 

chloroform (70 mL). Partially purified 3-(mono-methoxypoly(ethyleneglycol))2oooOxy-6-

nitrobenzyl alcohol (63 mg) was recovered. In a second column chromatography, 200 to 

400 mesh silica (5 g) was packed onto a 1 x 10 cm column in chloroform. The above 

product (63 mg) was loaded in chloroform (1 mL). The column was eluted with a 

gradual gradient over 200 mL from 100 % chloroform to 20 % methanol/80 % 

chloroform. Product eluted between 130 and 200 mL. Approximately 60% pure 3-

(mono-methoxypoly(ethyleneglycol))2oooOxy-6-nitrobenzyl alcohol (34.6 mg, 20% yield). 

'H NMR (CD3C(0)CD3): 5 8.17 - 8.14 (d, J = 9 HZ, I H. HOCH,CC(N)CH). 7.51 - 7.49 

(m. IH, OCH.C(N)CHCH), 7.068 - 7.028 (dd. j, = 9 Hz, j, = 3 Hz. IH. 

OCH,C(N)CHCH), 5.002 (s, 2H, HOCH,CC(N)), 4.31 - 4.29 (t. j=4.6 Hz. 3.3H. 

C(N)CHCHC0CH3CH,0). 3.89 - 3.87 (t. J = 4.6 Hz. 3.3H. CHCHC0CH,CH,0). 3.82 -

3.44 (m 600H. (CJiCH^O)^.: and sidebands), 3.289 (m. 50 H. CH30(CH;CHp).^ and 

sidebands). 3.20 - 3.05 (m, 5H, CCH^OH), 2.83 - 2.80, (d. J = 8.4 Hz 33H. DMF 

impurity in deuteroacetone). 2.05-2.02 (p, J = 1.6 Hz. deuteroacetone). 1.3. I.l. 0.99 (m. 

6H. grease). MALDI MS: calculated mw: C96H,85NO^gNa= 2143.1. C^Hig^NO^gK = 

2159. C9gHig9N049H* = 2165. CqgHiggNOjgNa = 2187.13 Measured m/z = 2141. 2158. 

2168. 2186. M„; 1999.69. M,; 2037.33. PDI; 1.0188 

2.3 RESULTS AND DISCUSSION 

2.3.1 1,2-Distearoylpropane-3-(6-aininocaproainide) 
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The 5-step synthesis of l,2-distearoylpropane-3-(6-aminocaproamide) was carried 

out with a fairly high (44%) over all yield. As demonstrated by the high (100%) yield of 

the deprotection step and the 'H NMR integration of the a protons there was no 

rearangement or intramolecular trans-esterification as was observed with analogous 

diacyl APD compounds that did not have a spacer between the lipid backbone and the 

amine. The choice of a 6 carbon spacer length was made in order to avoid 

rearrangements. A 4 or 5 carbon spacer could form a 5- or 6- membered cyclic tetrahedral 

intermediate to give the corrosponding lactam. Glycine or 3-aminopropionic acid could 

also be used, as 3- or 4- membered cyclic transition states would be unfavored. Glycine 

was used succesflilly as a spacer in the synthesis of a polymerizable PEG-lipid reported in 

Chapter 4. 

Particularly high yielding steps in the synthesis of l.2-distearoylpropane-3-(6-

aminocaproamide) are the Boc protection reaction which was run in basic dio.xane and the 

deprotection with TFA at a low temperature. Both of these techniques are frequently 

used in peptide chemistry. The 95% yield in Boc protection is significantly higher than 

in analogous reactions run in chloroform with triethyl amine (see Section 4.2.2). The 

mild conditions of the TFA catalyzed deprotection step avoided acyl chain cleavage that 

was observed when Boc-dioleoylAPD was deprotected with sulfuric acid in dioxane. 

2.3.2 l,2-Distearoylpropane-3-(6-(2-nitrobenzylcarbamyl) caproamide) 

In order to find conditions for the formation of the 3-PEGoxy-6-

nitrobenzylcarbamate of l,2-distearoylpropane-3-(6-aminocaproamide) it was useful to 
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make the model compound 1,2-distearoylpropane-3-(6-(2-nitrobenzyIcarbamyl) 

caproamide). In this way the 3-(mono-methoxypoly(ethyleneglycol))2oooOxy-6-nitrobenzyl 

alcohol, which could be made only in low yield and required a difficult purification, 

would not be wasted. Activation of 2-nitrobenzyl alcohol was carried out with an excess 

of disuccinimidyl carbonate (DSC). DSC has the advantage of being safer than phosgene 

and of not producing a highly acidic byproduct, while still mantaining a high level of 

reactivity. Unlike phosgene, which is highly volatile, DSC has the disadvantage of 

remaining in the reaction mixture, if it is used in excess. In this synthesis a two-fold 

excess of DSC was used. The excess reagent remained in the reaction mixture and reacted 

with ethyl alcohol, probably during the purification step which used ethyl acetate as an 

eluent. The activated ethylsuccinimidyl carbonate that was produced did not separate 

from the desired 2-nitrobenzylsuccinimidy Icarbonate. In the next step, this side product 

reacted more favorably with l,2-distearoylpropane-3-(6-aminocaproamide) to produce 

1.2-distearoylpropane-3-(6-ethylcarbamylcaproamide). Evidence for this product can be 

seen in the FAB MS as a signal at m/z =810 and in the 'H NMR as a quartet overlapping 

the signal of the APD methylene protons at 5 4.16 to 4.09 and as a triplet partially 

o\ erlapping the ester and amide P-methylene signals at 6 1.67 - 1.46. There is also 

evidence in the FAB MS of a small amount of 1.2-distearoylpropane-3-(6-

aminocaproamide) as a signal with m/z = 738. In reactions with poly(ethyleneglycol). 

succinimidyl carbonates of short chain alcohols would be readily separated from the 
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starting material; however, alcohols should be rigorously excluded from the reaction 

mixture, as they would compete with PEG. 

2.3.3 3-(Mono-methoxypoly(ethyleneglycol))iQQQOxy-6-nitrobeiizyl alcohol 

The synthesis of 3-(mono-methoxypoly(ethyleneglycol))2oooOxy-6-nitrobenzyl 

alcohol would seem to be a fairly simple 2-step synthesis involving the activation of 

mono-methoxy PEG with a leaving group followed by the substitution of the leaving 

group with a nucleophile (Scheme 2.3). While the first step can be carried out quite 

efficiently, the second step is hampered by several problems. The nucleophilicity of the 

salt of 3-hydroxy-6-nitrobenzyl alcohol is greatly reduced because of the electron 

withdrawing effect of the para-nitro group. In addition, the benzyl alcohol is another, 

though much weaker, nucleophile which can compete with the phenolate anion at high 

temperatures in sufficiently polzir solvent. PEG is also a rather difficult substrate for 

nucleophilic addition, because the P oxygen can block the electrophilic center, thereby 

favoring P-elimination. This reaction required relatively high temperatures and long 

reaction times. The yield in all cases was low (14 to 20 %). Though it is difficult to 

determine the percentage of end substitution by 'H NMR integration. MALDI MS gives a 

clear indication of the purity. The set of peaks at 2168 - 2175 corresponds to the sodium-

containing molecular ion of the unsubstituted mono-methoxy-PEG 48-mer with the 

molecular formula (CgTHi^OjgNa)*. By comparing the height of this set of peaks to the 

sodium-containing molecular ion of the product at m/z =2143. it can be seen that the 

product of the synthesis described in Section 2.2.2.4 is approximately 70% pure (Fig C-
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3). while that described in Section 2.2.2.5 is about 60% pure. This comparison, though 

approximate, can be made because PEG, rather than the end group, would determine the 

ionizability of the molecule. Separation of PEG derivatives by normal phase 

chromatography is ineffective, unless the derivative or the starting material is either 

charged or highly hydrophobic, because the PEG determines the retention time leading to 

ail PEG-containing compounds eluting together. Reverse phase HPLC, the use of which 

is described in Chapters 3 and 4, is a much more efficient way to separate end-substituted 

PEGs. The low PDI of the products of both reactions shows that the cleavage of the 

polymer chain, which was observed by Harris et al. in PEG tosylations with pyridine 

(Harris et al. 1984), did not occur in the synthesis of PEG-benzenesulfonate and PEG-

tresylate. 

The activated PEG-tresylate produced as an intermediate in the reaction described 

in Section 2.2.2.2 is highly susceptible to substitution by CI', as a low concentration of 

HCl in the recrystallization caused complete conversion to the corresponding chloride. 

This product was itself selectively reactive toward the phenolate anion in nitrobenzene at 

100°C, producing only 3-(mono-methoxypoly(ethyleneglycol))2oooOxy-6-nitrobenz\ l 

alcohol and no a-(mono-methoxypoly(ethyleneglycol)),000Oxy-3-hydroxy-6-nitrobenz\'l 

ether. A reaction which was run in DMF at 100° with mono-

methoxypoly(ethyleneglycol)2ooo benzenesulfonate did produce a mixture of products as 

demonstrated by the peaks at 5 = 8.22. 8.19 and 7.42 to 7.33. corresponding to aromatic 

protons meta, para and ortho to the benzyl ether. The difference in the specificity of the 
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high temperature reactions of PEG-benzenesulfonate in DMF and PEG-chloride in 

nitrobenzene is probably due to the difference in both the leaving group and the solvents. 

Substitution at the benzyl position probably takes place through a cationic intermediate 

(S^.l mechanism) which would be favored both by a more polar solvent and a better 

leaving group. 

There are methods to avoid the difficult nucleophilic substitution. One of these is 

the use of a more nucleophilic phenol such as 2-nitro-4-hydroxy-5-methoxybenzyl 

alcohol. This phenol has been used successfully by McGrath et al. in nucleophilic 

substitution reactions with other electrophiles (Smet et al. 2000). Another strategy is to 

reverse the polarity of the substitution by performing a nucleophilic aromatic substitution 

on a protected 3-chloro-6-nitrobenzyl alcohol. Both activation of and nucleophilic 

addition to PEG may be avoided in this way. In order to successfully carry out this 

reaction it would be necessary for the PEG to be completely dry. as hydroxide could also 

be an effective nucleophile. The starting material (3-chloro-6-nitrobenzyl alcohol) is also 

not readily available. 
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3. SYNTHESIS OF NEUTRAL PEG LIPID 

3.1 INTRODUCTION 

Commercially available PEGylated lipids, PEG-DSPE and PEG-DOPE are anionic 

derivatives of natural or partially synthetic phospholipids. In order to investigate the 

steric effects of the hydrated PEG chain separately from the electrostatic effect of the 

negative charge, it is necessary to make neutral PEGylated double chain amphiphiles. 

The original target molecules (Fig. 3.1) have a 3-carbon backbone, similar to that of 

glycerophospholipids, based on a racemic amine analogue of glycerol, 3-aminopropane-

1.2-diol. The PEG is attached by an amide bond through an easily accessible succinate 

linker. During the synthesis, however, a rearrangement occurred to give predominantly 

the PEG succinate ester at the 2 position (Fig. 3.2). Details of this rearrangement are 

discussed in Section 3.3.2. The neutral PEG lipids that were synthesized as described in 

this chapter were used in leakage assays that are described in Chapter 6. They were also 

used in studies of the effect of surface charge on the endocytosis of liposomes by cell 

lines (Miller et al. 1998) and experiments with PEG-grafted, supported bilayers that 

measured the interactions of proteins with PEGylated lipid surfaces as well as physical 

properties of PEGylated lipid surfaces independently of charge (Efremova et al. 2000). 

Both of these studies are discussed in Section 3.3. 
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Figure 3.1: Initial target molecules for neutral PEG-lipids based on I.2-diacyl-
3-aminopropane diol; A. PEG-S-DSAPD; B. PEG-S-DOAPD. 



Figure 3.2: Revised structure of neutral PEG-lipid after rearrangement of the 
acyl chains; A. PEG-S-DSAPD; B, PEG-S-DOAPD 
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Though the monomethoxy-PEGjooo used in these syntheses was found to be fairly 

monodisperse (PDI = 1.02), and was used as supplied, there is considerable variability in 

both polydispersity and diol content between production lots of PEG from Aldrich 

Chemical Co. For this reason a procedure is described in this chapter by which gram 

quantities of low cost, polydisperse monomethoxyPEG can be separated into fractions 

with significantly reduced PDI. 

3.2 EXPERIMENTAL 

3.2.1 Materials 

Mono-methoxyPEG2ooo(M„/M„= 1.02 by MALDI TOP), stearic acid 99%. and rac-3-

aminopropane-I.2.diol were purchased from Aldrich and used without further 

purification. Stearic acid was converted to stearoyl chloride by treatment with oxaloyl 

chloride in benzene. Stearoyl chloride used to synthesize PEG-stearate was further 

purified by distillation under reduced pressure (0.25 mm Hg) and 125°C. 

3.2.2 PEG-Stearate 

Mono-methoxyPEGjooo (5 g). with M„ = 1809. = 1917.2 PDI = 1.06 by MALDI TOP 

MS, was dissolved 3 times in dr>' benzene (20 mL) and the solvent evaporated under 

reduced pressure to azeotropically remove water. The resulting amorphous solid was 

dissolved in dry. alcohol free chloroform (20 mL). Pyridine (800 |j.l. 10 mmole) was 

added followed by stearoyl chloride (2.27 g. 7.5 (il) in dry chloroform (20 mL). The 

reaction was allowed to stir for 72 hr at 25°C. The light brown reaction mi.xture was 

evaporated under reduced pressure and excess pyridine was azeotropically removed with 

carbon tetrachloride (200 mL) under reduced pressure. The brown solid was dissolved in 

THF with activated charcoal (1 g) and filtered. Addition of diethyl ether (200 mL) to the 

filtrate followed by cooling to -37°C produced a gelatinous precipitate that could not be 
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filtered. The solvent was evaporated under reduced pressure and the solid was redissolved 

in ethyl acetate (200 mL). The solution was vacuum filtered through 200 to 400 mesh 

silica gel (200 mL) and the silica gel was eluted (without disturbing the bed) with the 

following solvents: ethyl acetate (500 mL);10 % methanol/90 % chloroform, v/v (200 

mL); 20% methanol/80% chloroform, v/v (200 mL) and vacuumed to dryness after each 

elation. Product began to elute with 10% methanol, 90% chloroform. The solvent was 

removed under reduced pressure, and the resulting solid (3g) was recrystallized from 

ethyl acetate (50 mL) with hot filtration and cooling to -30°C. PEG-stearate (2.8 g, 49 % 

yield) was recovered. 'H NMR (CDCI3): 5 4.238-4.206 (t. J = 4.8 Hz. 2 H, 

0CH,CH,0(0)CCH2), 3.896 - 3.862 (t, J = 5 Hz, 1.2 H, sideband) 3.777 - 3.533 (m. 168 

H. (CH,CH30),5), 3.425 - 3.382 (m, 3.6 H. CH,CH,0CH3 and sideband), 2.349 - 2.299 

(t. J = 7.5 Hz. 2H, O(O)CCHj), 2.024 (s. 0.82H. water), 1.638. - 1.59 m 2H 

CH,0(0)CCH,CH3), 1.4-1.2 (m, 28 H. CH:0(0)CCHXH,(CH^^CH3) 0.901 - 0.856 

(t. J = 6.75 Hz. 3H. CH,0(0)CCH,CH,(CH.V .CH,V 

PEG-Stearate was purified by reverse phase HPLC. PEG-stearate (0.5 g) was loaded onto 

a reverse phase column (C,g silica. 40 x 100 mm) with 2 mL of water/methanol (7/3 v/v). 

The product was eluted with a linear gradient over 90 min from 7/2 water/methanol to 

100% methanol at a flow rate of 10 mL/min. PEG-mono-stearate (Rf = 0.2 C,g silica 9/1 

methanol/water) eluted after 47 min in 6 x 9 mL fi-actions (fraction numbers 52 - 57). 

PEG-Di-stearate (Rf = 0.01 C,g silica 9/1 methanol/water) eluted after 56 min in 4 x 9 mL 

fractions (fraction nimibers 62-66). MALDI MS. dithranol. ftaction 52: calculated mw: 

(C,:,5H,-o06oNa) 2874.7. measured m/z; 2874.2 M,; 3074.7.M„;.3064.0. PDl; 1.0035. 53: 

calculated mw: (C,25H246054Na) 2610.5. measured m/z; 2610.5 M^; 2661.2. M„; 2644.7. 

PDI: 1.0062. 54: calculated mw; (CiogH^igO^^Na) 2302.4. measured m/z; 2302.0 M,,: 

2360.2. M^; 2343.4. PDI; 1.0072, 55: calculated mw; (QsH^oO^oNa) 1994.2, measured 
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m/z; 1994.1 M^; 2060.3 M„; 2038.7, PDI; 1.0106, 56: calculated mw; (Cg^Hp.Oj^Na) 

1818.1, measured m/z; 1818.1 M^; 1866.8, M„; 1846.2, PDI; 1.0111, 57: calculated mw 

(CgsH.^oOjjNa); 1774.0, m/z; 1774.1, M^; 1755.5, M„; 1735.4. PDI; 1.0116, 62-66: 

calculated mw (C.ggHj^^O^Na); 3919.4, m/z; 3920.1, M^; 3834.7. M„; 3744.6. PDI; 

1.0241. PEG-Stearate (2.2 g) was loaded omo the same reverse phase column with 50 

mL of water/methanol (1/1 v/v) The product was eluted with a linear gradient over 50 

min from 1/1 water/methanol to 100% methanol at a flow rate of 20 mL/min followed by 

elation with pure methanol for 50 min at the same flow rate. PEG-mono-stearate = 0.2 

C|8 silica 9/1 methanol/water) eluted after 33 min in 22 xl8 mL fractions (fraction 

numbers 36 - 57). PEG-Di-stearate (R^ = 0.01 C,8 silica 9/1 methanol/water) eluted after 

55 min in 6 x 18 mL flections (fraction numbers 61 - 66). MALDI MS. dithranol. frac. 

37; calculated mw; (C,39H278062Na) 2962.7, measured m/z; 2962.6 M,,;3055.6 Mn;3047.1. 

PDI: 1.0028. 45: calculated mw; (CioTHjuOj^Na) 2258.3. measured m/z; 2258.4. M„; 

2375.5. M„; 2363.1. PDI; 1.0053. 54: calculated mw; (Cg5H,7o035Na) 1774.0. measured 

m/z: 1774.1 M,;1826.2. M„; 1798. PDI; 1.0157, 62: calculated mw; (C^^jH^^OnsNa) 

5504.3. measured m/z; 5504.4 M,.; 5773.1. M„;5729.2. PDI; 1.0077. 64: calculated mw; 

(Cis^Hj-oO^gNa) 3875.4. measured m/z; 3876.0 M,;4013.9 M„; 4002.0. PDI; 1.0030. 66: 

calculated mw; (CigfiHjjoOggNa) 3435.1. measured m/z: 3435.1 M^;3152.5 M„:3151.7. 

PDI: 1.0002. 

3.2.3 Mono-inethoxypoly(ethyleneglycol) 

Fractions 36 through 40 were combined to make fraction A Fractions 41 through 47 

were combined to make fraction B, and fractions 48-56 were combined to make fraction 

C. Solvent was removed from each fraction to a volume of 1 mL. A solution of 100 mM 

NaOH in 9/1 water/methanol (19 mL) was added and the turbid mixture was allowed to 

stand at 9°C for 48 hr. The solution was acidified to pH 2 and washed with diethyl ether 
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(3 X 20 mL). The combined organic phase was washed with deionized water (2 x 20 mL) 

and the aqueous phases were combined. The aqueous phase was titrated to pH 7 with 

NaHCOj and saturated with NaCl. This solution was extracted with CHClj (4 x 30 mL). 

The combined chloroform phases were dried with MgSO^ and the solvent was removed 

under reduced pressure. The resulting eunorphous solid was re-dissolved in THF (0.5 

mL) and diluted to 20 mL with diethyl ether. Cooling to -10°C for 48 hr produced a fine 

precipitate that was collected by vacuum filtration under a blanket of argon gas. Mono-

methoxypoly(ethyleneglycol) (200 mg from fraction A, 680 mg from fraction B, and 100 

mg from fraction C) was recovered to give a total yield of 51% relative to PEG-stearate) 

M.A.LDI MS (dithranol) Fraction A; calculated mw (CnjHjjiOsgNa); 2564.4. measured 

m/z: 2565.1. M^; 2634.3. M„; 2619.7. PDI = 1.0056 Fraction B: calculated mw 

(C„H,oo05oNa); 2212.2, measured m/z; 2212.7, M„; 2172.8, M,; 2191.8, PDI = 1.0087 

Fraction C; Calculated mw; (C^jHijgOjjNa) 1419.7. measured m/z; 1420.0 M^;. M„;. 

'H NMR (CDClj): 5 Fraction A; 3.90-3.86 (t. J = 6 Hz 1.67 H. sideband).3.78 -

3.53 (m. 225 H. (OCHjCHj);^). 3.426 - 3.382 (m, 4.8 H, CH.OCHj). 2.61 - 2.56 (i. J = 

7.6 Hz. 1.3 H. CH,OH), 2.16 (s. 1.3 H, water) 1.25(S, 1.2 H. 

H0(0)CCH:CH,(CH2}uCH3), fraction B; 3.91-3.87 (t, J = 7 Hz 1.4 H. sideband).3.72 -

3.53 (m, 195 H, (OCH^CHj)^^). 3.43 - 3.38 (m. 4. H, CH,0CH3). 2.65 - 2.60 (t. J = 7.1 

Hz. 1 H. CH.OH). 2.23 (s. 1.3 H. water) 1.25(S, 2.4 H. H0(0)CCH,CH,(CHJ„CH3). 

Fraction C; 3.90-3.86 (t. J = 5 Hz 1.2 H, sideband). 3.79 - 3.53 (m. 122 H. (OCH,CH,);.o). 

3.43 - 3.382 (m. 3.3 H. CH^OCH^. 2.64 - 2.60 (t. J = 6 Hz, 1 H, CH^OH), 2.21 (s. 0.83 

H. water) L25(s. 0.41 H. H0(0)CCHXH2(Cty,4CH3). 

3.2.4 PEG Succinate 
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Monomethoxy PEG2000 (9 g, 4.5 mmole) was acylated with succinic anhydride (2.24 g. 

22.4 mmole) and dry pyridine (2.2 g, 28 mmole) in dry, alcohol free chloroform, under 

argon, at reflux, for 4 hr. Evaporation of the reaction mixture with p-xylene (40 mL) 

provided crude product (11.3 g, Rf = 0.29) in 10 % methanol, 90% chloroform on silica. 

The product was purified by recrystaliization from 

tetrahydrofiiran and diethyl ether (5 to 1, 100 mL) followed by silica gel column 

chromatography with an elution gradient from 100% chloroform to 15% methanol/85% 

chloroform. Pure PEG-succinate (6 g, 64% yield) was recovered. 

'H NMR (CDCI3): 4.26-4.23 (t, J = 3.2 Hz, 2H, -CH2-0-(C0)-), 3.87-3.84 (t. J = 4.7 Hz. 

2H. -CH2CH2-0-(C0)-), 3.75-3.36 (m, 180H, (OCH2CH2)n), 3.54 (s, 3H O-CH3). 

2.66-2.58 (m. 4H, O2C CHjCUjC O2) ppm. FTIR (KBr): 2930 -2740 (broad), 1734 

(sharp) cm '. MALDI TOP MS (dithranol): calculated mw (Cq7H|920;oNa); 2180.1 

measured m/z; 2180.5, M^; 2050.38, M„; 2027.99, PDI; 1.011 

3.2.5 rac-Boc-3-aininopropanediol 

Di-t-butyldicarbonate (2.6 g. 12 mmole). 3-aminopropanediol (1.0 g. 11 mmole). and 

triethylamine (1.2 g, 6.0 mmole) were added to 10 mL dry dichloromethane. The reaction 

mi.xture was stirred at room temperature under argon for 18 hr. TLC in 15% 

methanol/1% H20/84% chloroform showed product with Rf = 0.8 that stained with 

iodine as well as with ninhydrin in acetic acid upon prolonged heating. Purification by 

column chromatography, 10% methanol/0.5% water/89.5% chloroform on silica gel 

produced pure Boc-3-aminopropanediol in 40% yield (800 mg). Mp = 64 - 65°C. ' H 

NMR (CDCI3): 5 5.0 (broad s, IH, NH), 3.76-3.68 (m, IH, H-C-OH). 3.62-3.44 (m. 2H. 

H2COH). 3.30-3.17 (m, 2H, H2C-N). 2.8 (broad s, 2H, -OH), 1.42 (s, 9H, CH3). IR 
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(CHCl3/NaCI): 3353 (broad, strong), 1690 (sharp, strong) FAB MS: calcd MW, 191.2; 

found, m/z 192.1. 

3.2.6 rac-Boc-3-aininopropane-l^-disterate 

rac-Boc-3-aminopropanediol (0.3 g, 1.57 mmole), and pyridine (0.496 g, 6.28 mmole) 

were combined in dichloromethane and cooled to 0°C under argon. Stearoyl chloride 

(1.423 g. 4.71 mmole). in benzene (14 mL) was added. The reaction mixture was 

allowed to reach 25°C and stirred for 14 hr under argon. Methanol (lOmL) was added, 

and the solvent was removed under reduced pressure. The resulting viscous oil was 

dissolved in diethyl ether (50 mL) and filtered. The precipitate was washed twice with 

diethyl ether (10 mL). The combined ether solution was extracted with the following: 2% 

aq HCl (50 mL). DI water (2x25 mL), 5% aq Na2C03 (4x25 mL), DI water (3x50 mL), 

and saturated brine (3x10 mL). 

The organic phase was dried over sodium sulfate and the solvent was removed under 

reduced pressure to yield 1.97 g crude product. Purification by column chromatography 

with combined chloroform, hexanes produced 1.0 g (88 %) of purified Boc-

distearoylAPD (Boc-DSAPD). NMR: 5 (CDCI3): 5.14-5.05(q. J = 5.7 Hz. IH. NH) 

4.8-4.7 (m. IH. HC-O (CO)-R), 4.30-4.23 (dd.j, = 12 Hzj2 = 4.2 Hz IH. CH20(C0)R). 

4.15 -4.09 (dd.j, =12 Hz, j, = 5.7 Hz. IH. CH20(C0)R). 3.49 (S. 1.4H. water). 3.42-3.28 

(m. 2H. -CH2-N-)2.35 - 2.28 (t J = 7.8Hz,4H, -CH2COO-). 1.68 - 1.54 (m. 4H, -

CH.CH:COO-). 1.44 (s, 9H, -C(CH3)3) 1.32 - 1.19 (m 56H, (CH,)^)- 0.9 - 0.86 (t J = 6.9 

Hz. 6H. -CH2CH3). 

3.2.7 l-SteroyI-3-stearaiiiidyl aminopropanediol 

A one to one mixture of trifluoroacetic acid and dichloromethane (10 mL) wais cooled to -

10°C in a dry ice-brine bath. Boc-DSAPD was added and the reaction was stirred 
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vigorously for 20 min, at which time the reaction was found to be complete. Toluene (20 

mL) was added, and the dichloromethane and TFA were removed under reduced pressure 

without raising the temperature. When a copious white precipitate formed, the 

evaporation was continued at 25°C until all solvent was gone. The white powder (342 

mg) was further purified by normal phase HPLC on a Waters microporasil column (40 x 

200 mm) that had been pre-eluted with triethylamine 2% in methanol (200 ml.) followed 

by chloroform (800 mL). The column was eluted with a gradient from pure chloroform to 

5% methanol in chloroform. Purified l-stearoyl-3-stearamidyl aminopropanediol (285 

mg. 66% yield), with rf = 0.8 in 5% methanol 95% chloroform was obtained. Mp = 99°C 

- 100°C. 1h NMR: 6.0 - 5.85 (m, IH, NH), 5.78 - 5.70 (m, 0.3H. NH) 4.78 - 4.85 (m. 

0.3H. H-C-O-(CO)-R), 4.20 - 4.10 (q j=5.1Hz, IH, CH20(C0)R), 4.06 - 3.96 (q J=7.5 

Hz. IH. H2C0(C0)R). 3.94 - 3.84 ( m, lH,Jl-C-OH), 3.6-3.4 (m. 2H. -CH.-N and H-C-

OH). 3.3 - 3.2 (m IH. CH2-N), 2.38 - 2.28 (t, j=7.5 Hz. 2H. -CH2COO-). 2.25 - 2.15 T. 

J=7.8 Hz- 2H. -CH2(C0)N-), 1.7-1.5 (m, 14H, CH2CH2COO- and water ) 1.4-1.1 (m. 

60H. (CH2),4 and (CH2)i5), 0-90 - 0.80 (t, J=6.8 Hz, 6H. CH2CH3) FAB mass spectrum: 

calculated: C39H77NO4 = 623.59 Measured m/z = 624.59 

3.2.8 l-Stearoyl-2-(inono-methoxyPEG-succinyl)-3-stearainidyl-APD. 

PEG-succinate (230 mg, 0.1 mmole) and hydroxybenztriazole (HOBT. 0.3 mmole) were 

azeotropically dried with benzene (2x50 mL) and combined with ethyl(3-

N.NdimethylaminopropyOcarbodiimide (EDC, 0.4 mmole) and l-stearoyl-3-stearamidyl-

2-(monomethoxyPEG-succinyl)- APD (50 mg. 0.08 mmole) in dry. alcohol free 

chloroform (2 mL). The reaction was stirred under argon for 8 hr after which time 

triethylamine (0.6 mmole) was added. The reaction was then allowed to stir for 3 hr 

after which the solution was combined with p-xylene (5 mL) and the solvent was 

removed under reduced pressure. The resulting solid was precipitated 3 times from 
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ethanol to afford 220 mg of crude product. This was purified by normal phase HPLC on 

silica with a gradient from 100% chloroform to 10 % methanoI/90 % chloroform- Further 

purification was done by reverse phase HPLC (CI8 column 40 x 100 mm) elution with 

20% water/80 % acetonitrile, followed by 50% methanol/ 50% isopropanol. to give 18 

mg (9 %) pure PEG-S-DSAPD. NMR in CDCI3: 5 6.15 - 6.05 (m, IH. NH), 5.15 -

5.05 (m. IH, HC-O-(CO)R), 4.3 - 4.2 (m, 3H. -CH20(C0)R) 4.1 - 4.0 (m. IH. -

CH20(C0)R), 3.9-3.8 (t, j=4 Hz, 2H, -0CH2CH20(C0)R), 3.8-3.3 (m. 180H 

CH30(CH2CH20)n), 2.8 - 2.5 (m, 4H. -0(C0)CH2CH2C00-), 2.32 - 2.22 (t, j=7.5Hz. 

2H. -CH2COO-), 2.2 - 2.1 (t, j=7.6 Hz, 2H, -CH2(C0)N-), 1.5-1.7 (m, 42H, -

CH2CH2COO and water) 1.1 - 1.4 (m, 58H (CH2),4 and (CH2)i5), 0.09 - 0.08 (t. j=7.2 

Hz. 6H. -CH2CH3) ppm. '^C NMR (DEPT 45) (CDCI3) 5 : 67.6 (CHXH^OCH,). 66.9 

(CH.CH^OCHj), 66.3 (CH^CH^O), 64.7 (C(0)0CHXH,0), 59.8 and 59.7 

(CHCH,0(0)CCH,), 58.4 (C(0)0CH,CH,0), 54.7 (OCH3). 35.1(CHCH2NH(0)C). 32.4 

CH:C(0)NH. 29.7 (CH,C(0)0CH,CH). 27.6 CH.CHXHj, 25.4 and 25.2 ((CH,),,). 25.1 

(CH,CH,CH,C(0)0). 24.8 and 24.6 (HC0(0)CCH£H,C(0)0CH3). 21.3 

(CH,CH,C(0)NH), 20.6 (CH£H,CH,C(0)0CH,). 18.4 (CHXHj). 9.9 (CH,CH3). 

F.AB mas spectrum: envelope centered at m/z=2500.8 with peak spacing of 44. 

MALDI TOP MS (dithranol): calculated mw (C,4oH,75N055Na); 2873.8, measured m/z; 

2874.6. M^; 2817.0, M„; 2774.4. PDI; 1.0153. 

3.2.9 rac-Boc-l,2-dioleoyl-3-aminopropanediol (Boc-DOAPD) 

Oxalyl chloride (1.68 g, 13.2 mmole) was combined with dry benzene (5 mL) and added 

to neat oleic acid (2.8 g, 9.92 mmole) over 10 min. The reaction mixture was stirred 

under argon for 3 hr and excess oxalyl chloride was removed under vacuum. The yellow 

oily residue was combined with dry dichloromethane (5 mL) and added dropwise over 20 
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min to a mixture of Boc-3-aminopropanediol (0.63 g, 3.3 mmole) and dry pyridine (1.3 

g. 16.5 mmole) in 5 mL of dry dichloromethane. The reaction was allowed to stir under 

argon at 25°C for 4 hr. The solvent was removed under reduced pressure. The oily 

residue was dissolved in diethyl ether and washed with 3x10 mL 1% aq HCl followed 

by 3 X 20 mL 3% aq Na2C03, 1 x 20 mL water, and 1 x 20 mL sat. AQ. NaCl. Aqueous 

phases were back extracted with 5 mL of diethyl ether. The combined organic phases 

were dried over sodium sulfate, and the solvent was removed under reduced pressure. 

The crude product was purified by silica gel column chromatography using a gradient of 

100% hexane to 100% ethyl acetate to yield 1. 57 g (70% theoretical yield) product. TLC 

of the product on normal silica gel with 10% ethyl acetate/90% hexanes showed of 

0.2. 

1h NMR (CDCI3): 5 5.40-5.31 (m, 4H. CHXHCHCH,). 5.15-5.03 (p. J = 6.2 Hz. IH. 

HC-0  (CO)-R) .  4 .77-4 .70  (m.  1H.  NH) .  4 .30  -  4 .23  (dd ,  J ,  =  12  Hz  J ,  =  4 .2  Hz  IH.  

CH20(C0)R) .  4 .15  -4 .09  (dd .  J ,  =12  Hz ,  J ,  =  5 .7  Hz ,  IH ,  CH20(C0)R) .  3 .49  ( s .  IH .  

MeOH), 3.41-3.29 (m,2H.CH2-N), 3.25-3.27 (t. J = 8Hz, 4H-Cii,C(0)0). 2.03-2.00 

(d. J = 6 Hz. 8H CH2CHCHCH2), 1.65-1.57 (m. 4H. CH^CH.COO) 1.45 (s. 9H C(CH3)3) 

1.34-1.27 (m. 47H, (CH2),CH:CHCHCH,CH3)5CH3)). 0.90-0.85 (t. j, = 5.7 Hz. 7H. 

CH2CH3). 

3.2.10 i-Oleoyl-3-oleainidylaininopropanedioI 

•A. solution of 50% CF3COOH-50% CH2Cl2(15 mL) was cooled to 0°C. Boc-DO.APD 

(1.57 g. 2.31 mmole) was added with rapid stirring. The reaction was complete within 20 

min at 0°C. Toluene (30 mL) was added and the solvent was removed under high 

vacuum at 0°C. The product was purified by silica gel column chromatography with a 
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gradient of 100% CHCI3 to 10% methanol/90% CHCI3. Product was obtained in 80% 

yield (1.1 g). TLC on normal silica gel with 2% methanol/98% chloroform showed rf of 

0.2. 'H NMR (CDCI3): 5 5.88-5.84 (m, 0.8 H, NH), 5.72-5.66 (m, 0.2H, NH) 5.27-5.18 

(dt, J, = 5.7Hz, J, = 2.9 Hz, 4H, CHXHCHCH,) 4.73-4.69 (m, 0.2H CH3C(0)0CH) 

4.06-4.004 (dd, J, =11.5 Hz, = 5.2 Hz, IH CH20(C0)R) 3.96-3.90 (dd. J, =11.7 Hz. J, 

= 5.7 Hz, IH CH20(C0)R), 3.83-3.79 (m, IH, H-C-OH), 3.46-3.36 (m, 3H CH2-N). 

3.15-3.07 (m, IH, H-C-OH), 2.24-2.19 (t, J = 7.6, 2H, CH2C(0)0CH,), 2.12-2.07 (t. J = 

7.5, 2H, CH2(C0)N-), 1.89-1.87 (d, J = 5.7 Hz. 8H CHXHCHCH,), 1.54-1.48 (m. 4H. 

CH2CH2COO), 1.18-1.13 (m, 40H (CH2)4CH,CHCHCH,CH2)5CH3), 0.777-0.732 (t, J = 

6.7. 6H, CH2CH3). 

3.2.11 1-Oleoyl -2-(monomethoxyPEG-succinyl)-3-oleainidyl APD (PEG-S-

DOAPD). 

PEG-succinate (500 mg, 0.24 mmole) and HOBT (48 mg. 0.36 mmol) were combined 

and azeotropically dried with 20 mL benzene four times. This mi.xture was combined 

with dry, alcohol free chloroform (5 mL), l-oleoyl-3-oleamidyl aminopropanediol 

(137 mg, 0.24 mmole), EDC (91 mg. 0.47 mmole). and triethylamine (72 mg, 0.7 

mmole). The reaction was stirred for 48 hr at room temperature. The reaction mixture 

was diluted with toluene and the solvent was removed under reduced pressure. The 

product was dissolved in warm ethyl acetate, filtered and precipitated from mixed ethyl 

acetate/diethyl ether (1-2). The crude product was collected by vacuum filtration. 

Initial purification was achieved by silica gel column chromatography with elution 

gradient from 100% chloroform to 10% methanol/90% chloroform. Final purification was 

carried out with reverse phase HPLC using a Cig silica stationary phase (40 x 100 cm). 

The column was elated with 30% water/70% acetonitrile followed by a gradient fi-om 
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100% methanol to 100% isopropyl alcohol. Pure PEG-S-DOAPD (226 mg. 0.085 

mmole )  was  recovered  in  35% theore t i ca l  y i e ld .  The  s t ruc tu re  was  conf i rmed  by  'H  

NMR and by mass spec. 'H NMR (CDCI3): 5 6.12-6.08 (t, J = 6Hz, 0.6H, NH). 5.85-5.81 

(t, J =6Hz, 0.2H. NH), 5.36-5.32 (dt, J, = 5.5 Hz, J, = 2.5 Hz, 3H, CHXHCHCH,), 5.18-

5.09 (m, IH, HC0(0)CCH,). 4.27-4.10 (m, 4H, HC(0)CH20(C0)CH, and 

0CH,CH,0(0)CCH,), 3.89-3.46 (m, leOHCCHjCH^OX), 3.38(s. 4H, OCHXH.OCH,). 

2.79-2.51 (m. 4H. 0(0)CCH2CH,C(0)0). 2.34-2.29 (t, J = 7.6 Hz, 2H, 

CHXH,CH2C(0)0CH2), 2.19-2.13 (t, J = 7.5 Hz, 2H CH.CHXIiCCONHCH,), 2.02-

2.00 (d. J = 6 Hz. 4H, CH^CHCHCH,), 1.63-1.58 (m, 4H CH,CH,CH,C(0)NHCH, and 

CH,CH,CH3C(0)0). 1.35-1.25 (m. 40H, (CIl2)4CH,CHCHCHXH,)5CH3), 0.90-0.86 (t. 

J = 6.6 Hz. 6H, CH2CH3). FAB Mass Spectrum calculated molecular weight 

(C,26H,43N048): 2540, measured m/z (maximum intensity) = 2540.9 The mass spectrum 

was an envelope of m/z values differing by 44 m.u. Low m/z with I = 50% Imax = 

2320.7. High m/z with 1=50% Ima.\ = 2761.0. 

MALDl TOF MS (dithranol); calculated mw (CniHissNOjiNa); 2693.6. measured m/z: 

2694.4. M„; 2787.8, M„; 2754.6. PDl: 1.0121 

3.3 RESULTS AND DISCUSSION 

3.3.1 PEG-Stearate Fractionation 

The separation of mono-methoxyPEG by derivatization with stearoyl chloride 

followed by reverse phase chromatography was originally designed as a method to 

separate approximately 10 mole % diol from a sample of mono-methoxyPEG. based on 

the increased hydrophobicity of a doubly substituted PEG-diol compared to the singly 

substituted mono-methoxy PEG. Because the C,g silica column does not interact 
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strongly with the hydrophilic PEG moiety, the retention time is determined mainly by 

the amount of lipophilic stearoyl chain present. The retention time for di-stearoyl PEG 

should, therefore, be greatly increased. 

The unexpected result that reverse phase HPLC separates the mono-stearoyl PEG 

into fractions of successively decreasing average molecular weight with significantly 

reduced PDI compared to that of the starting material demonstrates the power of reverse 

phase HPLC for separation of PEG-amphiphiles. The stacked MS plots (Fig. 3.3) show 

this progression of average molecular weight. The average molecular weight of a mono-

stearoyl PEG fraction can be compared to the fraction (x) of the elution peak that it is in. 

This fraction (x) is defined by (x) = (f, - fo)/(f„- fo) where f, is the number of the fraction 

"i", fo is the fraction number of the first product-containing fraction, and f„ is the fraction 

number of the last product-containing fraction. All fractions have equal volume. The 

plot of average molecular weight against the value "x' appears to be fairly independent 

of the amount of compound that is loaded onto the column from 0.5 to 2.2 g. This means 

that the molecular weight of PEG-stearate can be predicted based on where it elutes in 

the product elution peak (Fig. 3.4). The separation technique described here is probably 

not economically competitive with commercially available mono-methoxyPEG (S5/g. 

PDI = 1.01) on a large scale. It may however be useful for fractionation of chain lengths 

that are not commercially available. Small amounts of very monodisperse PEG may also 

be obtained by repeated chromatography of PEG-stearate. 
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Figure 3.3: MALDI TOF MS ofsuccssive samples ofPEG-stearate from 
reverse phase HPLC run on 0.5 g PEG-stearate. Elution peak fractions (x) 
for sanples 1 to 6 are 0.083, 0.25. 0.42. 0.58, 0.75. and 0.92. respectively. 



103 

2800 

o 2600 

I 2400 
0.5 g 

2.2 g 
q! 2200 
O) 

1 2000 
o 
a. (0 
2 1800 

1600 

1400 

2800 

2600 
O) 

2400 ^ combined points 

Linear (combined points) 

y = -1611 x + 2791 

= 0.973 

t 2200 
O) 

2000 

1800 

1600 

1400 
0.2 0.1 0.3 0.4 0.5 

elution peak fraction (x) 
0.8 0 0.6 0.7 0.9 
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defined in Section 3.3.1; A. data points from two separate HPLC runs of 0.5 and 
2.2 g PEG-stearate. respectively; B. combined data points of the same 
e.xperiments with a linear fit. 
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3.3.2 Synthesis of Neutral PEG lipids 

The scheme for the synthesis of the APD based PEG-lipids with no linker is 

problematic (Scheme 3.1). The initial step of Boc-protection was not highly selective for 

the amine. A considerable amount (30%) of 1,3-bis-protected APD was produced, leading 

to the low yield. This step could probably be improved, however, simply by altering the 

reaction conditions. The high percentage of bis-protected APD is likely to be caused by 

the limited solubility of APD in chloroform. The product of the reaction of the amine 

with di-tert-butyl dicarboxylate is much more soluble in chloroform than the starting 

material. This causes the concentration of alcohol to be much higher than that of amine so 

that the primary alcohol reacts with the di-tert-butyldicarboxylate much more than would 

be predicted by reactivity alone. If a more polar solvent such as DMF were used in the 

reaction the problem with differential solubility would not occur. This was observed in 

the synthesis of Boc-glycinylAPD (Section 4.2.6) which was recovered in 82% yield. 
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Another problem more difficuh to circumvent without changing the target 

molecule, was the rearrangement of the acylated APD after deprotection. If the product 

of the deprotection is exposed to conditions in which the amine is deprotonated the free 

amine can attack either of the esters to form a 5- or 6- membered cyclic tetrahedral 

intermediate as shown in Scheme 3.2. The tetrahedral intermediate will break down to 

form the more stable amine. This rearrangement is demonstrated by the change of 0.14 

ppm in the a protons of the alkyl chains. The ratio of 2.3 vs. 1.3 rearrangement can be 

estimated from the multiplet at 8 4.7 to 4.9 ppm in the 'H NMR spectrum which 

corresponds to the methyne proton of the 2,3 diacyl APD. In the case of distearoyl APD 

this represents 30% and for dioleoyl APD it is 20%. Because PEGylation after acylation 

requires the presence of an unprotected amine at some point, it is not possible to 

synthesize the N-PEGylated diacyl APD by this route. Direct pegylation of unprotected 

.APD followed by acylation of the remaining alcohol ftinction may be a way to obtain the 

original target molecule. Differentiation between the more reactive amine and the 

hydroxyls would be achievable if low temperatures and mild conditions are used. This 

approach was not attempted at first because of the perceived difficulty in separation of 

partially acylated products. Considering the success in separation of mono-stearoyl- and 

di-stearoyl- PEG, however, it is likely that pure diacyl lipid could be obtained by this 

route. The low yield on the final step resulted from attempting to form an ester under 

conditions that were appropriate for formation of an amide bond. 
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While 'H NMR is not sufficiently sensitive to detect small amounts of impurities in 

a polymer, MALDI mass spectrometry provides a highly sensitive method for detecting 

whether small quantities of PEG containing impurities are present. The MALDI 

spectrum of PEG-S-DSAPD shows only two sets of signals in a repeating pattern. This, 

as well as the narrow PDI, show that PEG-S-DSAPD is the only type of PEG present in 

any appreciable amount. The MALDI spectrum of PEG-S-DOAPD shows another set of 

peaks with a somewhat different isotope distribution at a value of m/z 10 less than the 

sodiated PEG-DOAPD. This set of peaks does not correspond to PEG-S-DOAPD with 

any of the likely cations (H*. NH4*, Na*. or K*). The ion with the closest value of m/z to 

this is the molecular ion of the unreacted starting material. PEG-succinate that is 14 

repeat units longer (C,2iH24o062. m/z = 2685). 

3.3.3 Endocytosis Experiments 

In addition to the leakage experiments described in Chapter 6 and the phase studies 

described in Chapter 5, PEG-S-DOAPD and PEG-S-DSAPD were used in e.xperiments 

which tested the interactions of uncharged PEGylated lipid surfaces with cells, with other 

surfaces, and with proteins. Experiments carried out in this laboratory by Miller et al. 

examined the rate of endocytoses of anionic, neutral, and cationic PEGylated and non-

PEGylated liposomes by HeLa ovarian carcinoma cells and by the J774 murine 

macrophage cell line (Miller et al. 1998). The extent of endocytosis was measured using 

the pH-sensitive fluorescent probe l-hydroxypyrene-3-6-8-trisulfonic acid (HPTS) 
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encapsulated inside the liposomes. This fluorescent marker has an excitation maximum of 

403 nm at the low pH (inside the endosomal compartment) and 450 nm at neutral pH (in 

the intercellular medium). This pH dependence allowed the measurement of the rate of 

endocytosis both by fluorescence microscopy and by fluorescence spectroscopy. 

Rhodamine PE was also used to independently measure the number of liposomes 

associated with the cells. 

The low rate of uptake of sterically stabilized liposomes bearing PEG-grafted 

phosphatidyl ethanolamines by cells of the RES is considered to result from the hydrated 

steric barrier. These liposomes, however, bear a negative surface charge corresponding to 

the amount of PEG-PE present. As the surface charge of conventional liposomes has 

been found to have a different effect on the rate of endocytocis depending on the cell type 

(Lee et al. 1992), it would be useful to study the effects of surface charge and steric 

stabilization on the rate of endocytosis separately. An understanding of this could help to 

develop liposome formulations that would be endocytosed by target cells while still 

evading the immune system. In experiments with HeLa cells, cationic liposomes, 

composed of DOPC/DODAP/PEG-S-DOAPD (20/1/1), and neutral liposomes composed 

of DOPC/PEG-S-DOAPD (20/1), were edocytosed rapidly (40and 30%. respectively in 1 

hr). In contrast- endocytosis of negatively charged liposomes, composed of either 

DOPC/DOPA/PEG-S-DOAPD (20/1/1) or DOPC/PEG-DOPE (20/1). did not occur to 

any significant extent during the same period of time (Fig. 3.5 A). In experiments with 

J774 cells neutral liposomes, composed of DOPC/PEG-S-DOAPD (20/1), and anionic 
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liposomes, composed of DOPC/PEGjooo-DOPE (20/1) were endocytosed at approximately 

the same rate. (20 ± 2 and 15 ± 2 %, respectively, in 1 hr; Fig 3.5 B). These experiments 

show that increased endocytocis of PEGylated liposomes by some cancer cells, without 

dramatically changing the uptake of liposomes by other cells, can be achieved in vitro by 

adjusting the surface charge of the liposome. Though these are in vitro experiments, they 

suggest that improved targeting of tumors in vivo could be achieved by the same 

technique 
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Figure 3.5: Endocyiosis of charged and neutral liposomes by different cell types; 
A. endocytosis of cationic, neutral and two compositions of anionic liposomes by 
a HeLa ovarian carcinoma cell line; B. endocviosis of neutral and anionic 
liposomes by a J774 murine macrophage cell line 
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3.3.4 Supported Bilayer Force and Protein Adsorption Experiments 

In order to design liposomes for drug delivery it is helpful to have an understanding 

of the physical characteristics, such as thickness and compressibility, of PEG-grafted 

lipid surfaces similar to the surface of a PEGylated liposome. It is also important to 

understand the interactions between PEGylated surfaces and proteins of different sizes, 

and bearing different surface charges, because adsorption of antibodies (opsonization), 

which tags liposomes for uptake by the RES, is considered to be the major means by 

which conventional liposomes are cleared from the blood. While most previous studies 

have used anionic PEG-PE lipids, the use of neutral PEG-lipids allows the steric 

inieractions of PEG-grafted surfaces to be studied separately from the ionic interactions. 

Efremova et al used supported bilayers of PEG-S-DSAPD dispersed in DSPE at to study 

the repulsive force vs. distance of two opposed bilayes as well as the adsorption of 

proteins at varying PEG-lipid concentrations. Pressure/area isotherms were also 

measured (Efremova et al. 2000). 

Three different regimes of PEG grafting density were noted in these studies. These 

are the mushroom, the weak overlap and the brush regimes. At low grafting density (1.3 

mole % PEGiooo-S-DSAPD), PEG exists in a mushroom conformation with little 

interaction between polymer chains. The distance that the polymer extends above the 

surface of the bilayer is 42 ± 5 A. which is close to the Flory radius of the polymer in a 

good solvent (35 A). The area covered by each polymer chain is large (3300 A'). The 

weak overlap regime occiu'S at intermediate grafting density (4.5 mole % PEG-lipid). 
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There are steric interactions between adjacent polymer chains, demonstrated by the 

inflection point in the pressure/area isotherm at 10 mN/m". The extension of the polymer 

from the surface of the bilayer remains at 42 ± 5 A which shows that the polymer is in the 

mushroom conformation. The surface area covered by each polymer chain, however, is 

reduced to 960 A'. At high grafting density (10 mole % PEG-lipid), the polymer is in the 

brush conformation in which the polymer chain is much more extended so that the 

thickness the polymer brush increases to 60 ± 3 A. The area covered by each polymer 

chain is reduced to 430 A'. 

Steric forces between opposed PEG-grafted, supported bilayers could be measured, 

in the absence of electrostatic forces, as a function of the distance between the bilayers 

for lipid mixtures containing 1.3. 4.5, and 10 mole % PEG-S-DSAPD. Theoretical 

equations that describe the behavior of tethered polymers could be numerically fined to 

the data that resulted from the force vs. distance experiments. At low grafting density 

(1.3 mole %). the Dolan-Edwards equation fit the data. This is 

F(D)/R = (7.2 7t k T/CT)exp(-D/Rg) 

where Rg is the radius of gyration, which is assumed to equal to the Flor\' radius, and a is 

the surface area covered by each polymer (3300 A'). The force vs. distance data for the 

weak overlap and brush regime (4.5 and 10 mole % PEG-S- DSAPD. respectively) was 

fitted with two different equations derived from the Alexander de Gennes model and 

from the Milner. Witten and Gates (MWC) mean field theory. The Alexander de Gennes 
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model predicts that F(D)/R for polymer grafted to the surfaces of crossed cylinders of 

radius "R' would be 

F(D)/R = 16KT7rL/35 s' [lO-LfDf* + (D/2L)'"- 12], 

where *L" is the equilibrium thickness of the polymer brush, 'D' is the distance between 

the lipid surfaces, and 's' is the average distance between grafting sights. The MWC 

theory applied to the s£une situation gives the expression. 

F(D)/R =27ikTN(TtVl2)"' a'''/s""'[2/D +(D/2 Lo)'+l/5(D/2Lo)'-9/5] 

where a" is the repeat imit length, 'N' is the number of repeat units, 's' is the average 

distance between graifting sights, and 'Lq' is the equilibrium polymer brush thickness, 

which is 1.3 times that used in the de Gennes equation (L). The experimental data could 

be most closely fitted with the MWC equation, especially at larger separation where the 

deGennes equation decreased too steeply. The data for polymer mushroom and brush 

thickness are also consistent with values previously measured for supported bilayers 

containing PEG-DSPE. These are 35, 50, and 65 - 75 A for 1.3, 4.5. and 10 mole % 

PEG-DSPE, respectively. 

Protein adsorption experiments were carried out with three types of proteins, the 

molecular weights £ind dimensions of which are given in Table 3.1. Bovine pancreatic 

tr\ psin inhibitor (BPTA) is small globular and basic; human fibrinogen (FEN) is large, 

rodlike, and acidic, and human serum albumin (HSA) is large, globular and acidic. 

Supported lipid monolayers were saturated with protein by successive addition of 
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increasing concentrations followed by washing with buffer each time until no additional 

protein would remain adsorbed onto the surface after washing. The amount of protein 

adsorbed was measured using surface plasmon resonance (SPR). Five types of lipid 

monolyers were compared: pure DSPE and DSPE combined with 1.3 or 4.5 mole % 

PEG-DSPE or PEG-S-DSAPD. 

Table 3.1: Molecular Weight, Dimensions and Charge at pH 7 
of Proteins Used in Surface Plasmon Resonance Experiments 

Protein Charge Molecular weight Dimensions 

HSA 
human serum 
albumin 

Anionic 66,200 38x38xI50A 

FBN 
fibrinogen 

Anionic 340,000 55x55x460A 

BPTI 
bovine pancreatic 
tr\ psin inhibitor 

Cationic 6000 21.\21x30.A 

At low PEG concentration there is a small surface charge effect, in that acidic 

(anionic at neutral pH) proteins adsorb more strongly to the neutral PEG lipid surface 

whereas the basic (cationic) protein adsorbs almost equally to both PEG surfaces. At the 

higher grafting density this difference disappears for FBN. and the adsorption of HS.A to 

both lipid surfaces is almost completely inhibited. The dependence of protein adsorption 
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on grafting density, for both PEG-DSPE and PEG-S-DSAPD grafted monolayers, 

followed the equation predicted by the de Gennes model in the case of both globular 

proteins, BPTA, and HAS. The adsorption of the rodlike protein, FBN. was significantly 

greater than predicted at high PEG grafting density. 



117 

4 SYNTHESIS OF POLYMERIZABLE LIPIDS 

4.1 INTRODUCTION 

Crosslinking polymerizations of phospholipids that have a polymerizable group attached to 

the ends of both acyl chains have been shown to dramatically alter the properties of multi-

component bilayer membranes into which these lipids are incorporated (Bennett and O'Brien 

1995; Lamparski et al. 1992). Several polymerizable groups have been studied, including the 

acryloyl, methacryloyl, and 2,4-hexadienoyl (sorbyl) polymerizable esters (Armitage et al. 1993; 

Lamparski and O'Brien 1995; Lei and O'Brien 1994). Of these, the sorbyl polymerizable ester 

was used exclusively as the monomer in the photo-destabilization experiments presented in 

Chapter 6. because it has several advantages over other monomers. The sorbyl group absorbs 

UV light with a of 244 to 258 (nm) and e = 15.000 to 23,000 (L/mole cm) depending on 

solvent polarity conditions. Irradiation with LTV light in this range causes a photo-addition 

polymerization that is not inhibited by the presence of molecular oxygen. Polymerization of 

sorbyl lipids can also be photo-sensitized by irradiation of tetramethyl-indocarbocyanine dyes in 

the presence of molecular oxygen (Clapp et al. 1997). Finally, in contrast to monomers such as 

diacetylene. polymerization of sorbyl-lipids can be carried out above or below the main phase 

transition temperature. 

The syntheses of two types of sorbyl phosphatidylcholines are described in this chapter. 

These are bis-SorbPC^ ,7 and bis-SorbPC,, „ (Fig. 4.1), which have main phase transition 

temperatures below and above physiological temperature, respectively (Lamparski et al. 1993). 
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The syntheses of these compounds have been described elsewhere (Lamparski and O'Brien 

1995). Though the general synthetic strategy presented here (Scheme 4.1) is identical to that 

previously described, some changes in reagents and purification procedures have been made. 

Examples of these are the use of Jones reagent in acetone, rather than pyridinium dichromate in 

DMF. for the oxidation of hexa-2,4-dienoic acid l2-hydroxydodecyl ester, and the use of reverse 

phase HPLC in the purification of bis-SorbPC,, ,7. 

o=p-o 
B 

o=p-o 

Figure 4.1: Polymerizable phosphatidylcholines A; bis-SorbPC,7 17, 
B; bis-SorbPC, -19.19. 
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Schcmc 4.1: Synthesis of polymcrizable acid and PC; a, oxalyl chloride (neat) 23 °C, argon, 4 hr, 89% yield; b, THF, 
pyridine, 25 "C (2a) or reflux to 25 °C (2b), 12 hr (2a) or 2 hr (2b) 24 - 36 % ; c, DMT, pyridinium dichromate, 0 °C 

to room temperature, 24 hr, 54 %; d, acetone, CrO,, lljSO^, water, 0 °C to room temperature, 70 %; e, chloroform, 
DMAP. DC'C", room temperature, argon, 5 day, 59 - 77 %. 



120 

Polymerization of bis-SorbPC,7,7 in a two component vesicle bilayer membrane composed 

of this lipid and dioleoyl phosphatidylethanolamine (DOPE) causes a partitioning of bis-

SorbPCp ,7 into domains of poIy(bis-SorbPC,7,7), with the concomitant partitioning of DOPE 

into domains of monomeric lipid. This lipid de-mixing can destabilize the membrane, and cause 

leakage of aqueous contents, liposome fusion, or both of these events to occur (Bennett and 

O'Brien 1994; Lamparski et al. 1992). It is a logical extension of this strategy to incorporate, into 

the liposome, a low concentration a PEG-grafted lipid that can co-polymerize with bis-

SorbPC,717, partition into polymerized domains, and leave areas of DOPE-enriched membrane 

unprotected (Section 6.3.5). For this reason, it was of interest to synthesize polymerizable PEG-

lipids. Two such lipids were made: PEGjooo-S-bis-SorbAPD^ ,7 and PEGjooo-G-bis-SorbAPDp ,7 

(Fig. 4.2). The synthetic scheme of PEGjooo-S-bis-SorbAPD^ ,7 is identical to that of the neutral 

PEG-lipids described in Chapter 3 (Scheme 4.2). As a result this lipid is predominantly the N-

acylated isomer with PEG-succinate attached either to the 1 or the 2 positions. In order to obtain 

a polymerizable PEG amphiphile with a more defined structure, the 3 atom spacer, glycine, was 

attached to the amine function of the APD molecule, thereby preventing the formation of a 4- or 

5-membered cyclic, tetrahedral intermediate for rearrangement. This could be achieved without 

addition of extra synthetic steps by replacing the Boc protecting group with the activated. N-

protected, amino acid, N-hydroxysuccinimidyl-Boc-glycine, which is commercially available 

(Scheme 4.3). 
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o 

Figure 4.2: Polymerizable PEG-lipids. A; PEGiooo-S-bis-SorbAPD,^ ,7. 
B; PEG2ooo"G-bis-SorbAPD,7 17 
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Schemc 4.2: Synthesis of PI:(i2,),)„-S-bis-SorbAIM),7 j,; a, benzene, oxalyl chloride, room temperature, 4 hr, under argon, 
99%; b, pyridine, CIICI,, rellux, 4 hr, 64%; c, tricthylamine, CHjCl,, room temperature, 18 hr 40%; d, pyridine, CIljClj, 
25 T overnight, under argon, 34%; c, Tl-A, C'H,CI„ -30 to 0 "C 30 min, 41%; f, CHCI, IIOBT, IvDC, diisopropyl 
cthylamin, room temp, 50 hr. under argon 56% 
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Schcmc 4.3: Synthesis of PH(i2,„„|-(i-bis-SorbAIM)|7,7; a, DMI*, K2C0,, 24 hr, room temperature, under 
argon,  88%; b,  CIICI3,  room temperature,  under argon,  24 hr .  76%; c,  TFA, ClIjCI^,  -10 "C, 30 min,  
57%; d. Till', KjCO,, room temperature, under argon, 15 hr, 80 %. 
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4.2 EXPERIMENTAL 

4.2.1 Materials 

Oxalyl chloride, 2,4-hexadienoic acid (97%), rac-3-aminopropane-l,2-diol, DCC. 

and EDC were purchased from Aldrich and used without further purification. 1.10-

Decanediol and 1,12-dodecanediol (99%) were purchased from Aldrich and analyzed for 

contamination with other chain lengths by derivatization with methyl triflate to form the 

dimethyl ester followed by GC mass spectroscopy. Excess diol was recycled by 

recr\ stallization from ethyl acetate with activated carbon and hot filtration through 

diatomaceous earth. Pyridine and diisopropylethylamine were distilled from calcium 

hydride and stored over anhydrous sodium hydroxide. L-a-Glycerophosphocholine 

CdCK complex was purchased from Sigma and azeotropically dried with benzene before 

use. Boc-glycine-N-hydroxysuccinimidyl ester was purchased from Chem Impex 

Inlemational and used as provided. Mono-methoxyPEG^ooo succinimidyl propionate was 

purchased from Shearwater Polymers and used as provided. All solvents were of reagent 

grade and were used as provided unless stated otherwise. 

4.2.2 Hexa-2,4-dienoyl chloride 

Oxalyl chloride (58 mL, 665 mmole) was added to hexa-2.3-dienoic acid (50 g. 

446 mmoles) over 30 minutes at 23°C under argon. The reaction was allowed to stir at 

room temperature for 4 hr. The resulting yellow solution was vacuum distilled at 0.2 mm 

Hg and 50 °C to produce 52 g (400 mmole, 89%) pure hexa-2,4-dienoyl chloride. 

4.2.3 Hexa-2,4-dienoic acid lO-hydroxydecyl ester 
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1-10-Decanediol (141 g, 810 mmole) was dissolved in dry THF (500 mL) and 

pyridine (62 g, 65 mL, 810 mmole). Hexa-2,3-dienoyi chloride (400 mmole) was 

combined with dry THF (200 mL) and added slowly at room temperature over 1 hr. The 

reaction mixture was stirred under argon for 12 hr at room temperature. 

The reaction mixture was cooled to -30°C and filtered to remove pyridirmium 

chloride. Unreacted 1,10-decanediol was removed by precipitation from dichloromethane 

ai -30°C. Further purification of the product was achieved by successive recrystallization 

from hexanes (2000 mL) to yield 20 g of hexa-2,3-dienoic acid 10-hydroxydecyl ester 

that was > 95% pure: Rf= 0.3 in 20 % ethyl acetate/80% hexanes with slight charring 

impurity at the baseline. Additional product (15 g). recovered by the evaporation of the 

mother liquor was purified by column chromatography in ethyl acetate/hexane 

(initial; 100% hexane, final: 50% hexane/50% ethyl acetate) to yield 7 g of high purity 

hexa-2.4-dienoic acid 10-hydroxydecyl ester, single spot on tic R^= 0.3 in 20 % ethyl 

acetate 80% hexanes. Mp = 36 - 37°C. Total yield = 24%. 

4.2.4 Hexa-2,4-dienoic acid 9-carboxy-nonyl ester 

A solution of 10-(hexa-2,3-dien)oxydecan-l-ol (20 g, 74 mmole) in 

dimethylformamide (250 mL) was added to a solution of pyridinium dichromate (114 g. 

303 mmole) in dimethylformamide (200 mL) over a period of 3 hr. at 0°C. under argon. 

The reaction mixture was then allowed to reach room temperature and stirred for 24 hr. 

The reaction was quenched with water (100 mL) and filtered through silica (500 mL). 
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The silica was then eluted with acetone (100 mL) and ethyl acetate (100 mL) and 

aspirated to dryness after each elution. The filtrate was combined with diethyl ether (1 L) 

and water (2 L). The aqueous phase was extracted with diethyl ether (2 x 1 L) and the 

combined organic phases were washed with water (200 mL) and sat. brine (2 x 200 mL). 

Co-evaporation of the organic phase with benzene (20 mL), toluene (20 mL), and para-

xylene (20 mL) under reduced pressure produced 22 g of brown oily residue. The crude 

product was diluted with benzene (300 mL) and hexane (300 mL) then purified by 

column chromatography on silica gel (300 g) that had been pretreated with a solution of 

1% acetic acid in 10% ethyl acetate/90% hexzine. The elution gradient was varied from 

10% ethyl acetate in hexane to 100 % ethyl acetate. Further purification was achieved by 

recrystallization from hexane. Yield: 11.3 g, 54%. = 0.37 on a plate pretreated with 

1% acetic acid in hexane, elution solvent: ethyl acetate 20%/hexane 80%. Mp = 62 -

63°C. 'H NMR (CDCI3): 5 7.3 - 7.16 (m, 1.5 H. CH,0(0)CCHCHCHCHCH3 and 

CHCI5), 6.21 - 6.09 (m. 2 H, CH,0(0)CCHCHCHCHCH3). 5.79 - 5.71 (d. J = 14 Hz. 1 

H. CH,0(0)CCHCHCHCHCH3). 4.14 - 4.12 (t. J = 6.3 Hz. 2 H. 

CHp(0)CCHCHCHCHCH3), 2.38 - 2.30, (t. J = 7.1 Hz. 2 H. CH3C(0)0H), 1.89 - 1.83 

(d. J = 5.3 Hz. 3H. CH,0(0)CCHCHCHCHCHp. 1.71 - 1.54 (m. 4 H. CH,CHX(0)0H 

and CH2CH20(0)CCH). 1.31 (s. 10 H, (CH2)5). High resolution FAB mass spectrum; 

calculated m/z (C.^H,,©,)*; 283.1909 (100 %). 284.1944 (18.4 %). 25.1969 (2.4 %) 

measured m/z; 283.1919 (100%), 284.1959 (20.3 %), 285.1973 (2.7 %). 
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4.2.5 Hexa-2,4-dienoic acid 12-hydroxy-dodecyl ester 

L12-Dodecanediol (52 g, 257 mmole) was dissolved in dry THF (600 mL) with 

pyridine (10.2 g, 10.4 mL, 129 mmole) and brought to reflux under an argon atmosphere. 

Ii was not completely soluble at room temperature. Hexa-2,3-dienoyl chloride (10.8 mL. 

11.2 g, 86 mmole) was added over 30 min. The reaction was allowed to reach room 

temperature over 2 hr and cooled to -10°C overnight, then filtered to remove pyridinium 

chloride. Unreacted 1,12-dodecanediol was removed by precipitation from 

dichloromethane at —30°C. The product was further purified by recrystallization from 

hexane. Final purification by column chromatography (packing: 200 — 400 mesh silica 

(550 g) on a 10 cm column in hexanes, loading: hexanes (500 mL). elution: A gradient 

that varied from 2 % ethyl acetate in hexanes to 40 % ethyl acetate in hexanes) produced 

pure hexa-2.4-dienoic acid 12-hydroxydodecyl ester (9.8 g. 36% yield) with = 0.3 in 

80 % hexanes/20 % ethyl acetate. IR (NaCl): 1645 (sharp CHCHCHCHC(0)0CH, 

stretch), 1705. (strong sharp C£0}0CH, stretch), 3368 (broad. CH^OH stretch) cm '. 

4.2.6 Hexa-2,4-dienoic acid 11-carboxyundecyl ester 

Hexa-2.4-dienoic acid 12-hydroxydodecyl ester (3 g. 11.2 mmole) was dissolved 

in acetone (70 mL) and cooled to 0 °C. Jones reagent was prepared as follows: chromium 

trioxide (26.7 g) was dissolved in conc. sulfuric acid (23 mL) and diluted to 100 mL with 

ice. The fresh Jones reagent (6 mL, 15.1 mmole) was added dropwise to the solution of 

hexa-2.4.dienoic acid 10-hydroxy-dodecyl ester over 20 min. The reaction mixture was 
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allowed to reach room temperature. No starting material remained after 30 min reaction 

at room temperature. The reaction was quenched with isopropyl alcohol (0.4 mL) 

followed by water (80 mL) and an aditional 2 mL of isopropyl alcohol. The reaction 

mixture was brought to pH = 5 with potassium carbonate. Acetone was removed under 

reduced pressure, and diethyl ether (100 mL) was added followed by 10% aq. sulfuric 

acid (50 mL). The organic phase was separated and the aqueous phase was extracted 

with diethyl ether (4 x 50 mL). Combined ether extracts were washed with water (3 x 50 

mL) and saturated brine (2 x 50 mL). The organic layer was dried over magnesium 

sulfate and the solvent was removed under reduced pressure to produce a green solid that 

dissolved in benzene (10 mL) and was filtered through fine silica (1 mL). The solvent 

was removed under reduced pressure to produce an amorphous tan solid (3.06 g. 96%). 

The same product was further purified by recrystallization from petroleum ether/hexane 

(1/1) and then by column chromatography (packing: 200-400 mesh silica in hexanes. 

loading 20% chloroform/80% hexanes, elution gradient varied from 100% hexanes to 

100% ethyl acetate) to yield pure hexa-2,4-dienoic acid 11-carboxyundecyl ester (2.2g. 

70%). Mp = 65 - 66°C . 'H NMR (CDCI3): 5 7.29 - 7.21 (m. 1 H. 

CH,0(0)CCHCHCHCHCH3 and CHClj). 6.23 - 6.10 (m. 2 H. 

CH:0(0)CCHCHCHCHCH3). 5.80 - 5.75 (d. J = 15.6 Hz. 1 H. 

CH,0(0)CCHCHCHCHCH3). 4.15 - 4.11 (t. J = 6.6 Hz, 2 H. 

CHP(0)CCHCHCHCHCH3). 2.37 - 2.32, (t, J = 7.5 Hz, 2 H. CH3C(0)0H). 1.86 - 1.84 

(d. J = 5.4 Hz, 3H, CH20(0)CCHCHCHCHCH3), 1.68 - 1.60 (m. 4 H, CHXHX(0)0H 
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and CH,CH,0(0)CCH), 1.36 - 1.23 (m, 14 H, (CH,),). "C NMR: 5 179.9 (CH,C(0)0H), 

167.5 (CHCHC(O)OCH,), 144.9 (CHjCHCHCHCHQOOCH,), 139.2 

(CHjCHCHCHCHQOpCH,), 129.8 (CHjCHCHCHCHCCOpCH,), 119.0 

(CHjCHCHCHCHCCOpCH,), 64.4 (CH,0(0)CCH), 34.0 (CH,C(0)0H), 29.4 and 29.2 

(0(CH,)3(CHj)3(CH,)4C(0)0H), 29.0 (0CH2CH,CH£H,(CH,)3CH.(CH2)3C(O)OH). 

28.7 (CH,CH,CHX(0)0H), 25.9 CH,CH,CH,0(0)CCH), 24.7 (CH,CH,C(0)0H). 18.6 

(CH3CH). FAB mass spectrum: calculated m/z (C,8H3,04)*; 311.22. measured m/z; 

311.16. 

4.2.7 1,2-Bis( 10-(sorbyloxy)decanoyl|-sn-glycero-3-phosphatidylcholine (bis-

SorbPC,7,7) 

L-a-Glycerophosphocholine CdCU complex (GPC; 1 g. 2.3 mmole) wais 

suspended in dry benzene (20 mL), and the solvent was evaporated under reduced 

pressure 4 times. The atmosphere was restored with argon each time. Hexa-2.4-dienoic 

acid 9-carboxy-nonyl ester (2.2 g, 6.8 mmole) dissolved in dr>' benzene (10 mL) was 

added to the dried GPC, and the solvent was evaporated under reduced pressure. The 

atmosphere was restored with dry argon, and dicyclohexylcarbodiimide (DCC; 1.87 g. 

9.07 mmole) was added. Chloroform (5 mL) was distilled from P2O5 and passed through 

a column of 150 mesh basic alumina (10 mL) that was dried for 2 hr at 200°C and 0.1 mm 

Hg. The freshly dried chloroform was added to the reaction mixture. 

Dimethylaminopyridine (DMA?) was recrystallized from toluene and further purified by 
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sublimation. Freshly purified DMAP (700 mg, 6 mmole) was added to the reaction 

mixture. The reaction was stirred under argon at room temperature in the dark for 5 days. 

The reaction mixture was filtered, and the solid was washed with 2x10 mL dry 

chloroform. Methanol (40 mL) was added to the combined chloroform filtrates, and the 

solvent was evaporated to ca. Yz of the initial volume under reduced pressure. The 

suspension was filtered and the filtrate was cooled to 0°C. Bio-Rad AG ® 501-x8 (D) ion 

exchange resin (17 g) was added, and the suspension was stirred for 30 min at 0°C to 

remove both DMAP and CdCU. The suspension was filtered, and the solid was washed 

with 2x10 mL methanol. The combined filtrates were evaporated under reduced pressure 

and azeotropically dried with 2 x 250 mL dry benzene. The crude product (1.5 g) was 

stored frozen in benzene (20mL). Initial purification was achieved by column 

chromatography (packing: 200 - 400 mesh silica (300 mL) on a 6 x 15 cm column in 

CHClj. loading 1.5 g in CHCl^ (10 mL), elution: a gradient that varied from CHCI-. to 20 

% meihanol/80 % CHClj over 2.5 L followed by a gradient that varied from 20 % 

methanol/80 % CHClj to CHClj/nicihanol/water (65/25/4) over 1.2 L). Pure bis-

SorbPC,717 (1.2 g) was recovered, along with approximately 90 % pure bis-Sorb PC,, j-

(220 mg), by co-evaporation of product-containing fractions with dry benzene to remove 

water. Product from the silica column was dissolved in benzene and filtered through a 

Gellman Acrodisc® 13 CR PTFE filter (2 ^m pore size) to remove silica. Less pure 

fractions were further purified by reverse phase HPLC on a 40 x 100 mm C,8 HPLC 

column (Loading, 220 mg in 70 % methanol/30 % water (10 mL). elution; a linear 
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gradient that varied from 70 % methanol/30 % water to 85 % methanol/15 % water over 

20 min at 20 mL/min, followed by a concave (positive curvature, curve 7) gradient that 

varied from 85% methanol, 15 % water to 100 % methanol over 40 min at 20 mL/min). 

Product-containing fractions were co-evaporated with benzene under reduced pressure 

(temp < 30°C) to produce pure bis-SorbPC,7,7 (185 mg). = 0.4 with 

CHCl j/methanol/water (65/25/4) on a normal silica plate. The total yield of pure bis-

SorbPCp ,7 was 1.38 g, 77% relative to GPC. 'H NMR(CDCl3); 5 7.28 - 7.20 (m, 2.3 H. 

CHP(0)CCHCHCHCHCH3 and CHCI3). 6.24 - 6.09 (m, 4 H, 

CH,0(0)CCHCHCHCHCH3), 5.80 - 5.74 (d, J = 16 Hz, 2 H. 

CH,0(0)CCHCHCHCHCH3). 5.22 - 5.19, (m, 1 H, CH,C(0)0CHCH,). 4.43-4.38 (dd. 

J, = 3.0 Hz. J, =12 Hz. 1 H. C(0)0CH3CH), 4.32 (s, 2 H. C(0)0CH,CH CH3OP) 4.14 -

4.10 (t. J - 6.75 HZ. 5 H, CH.0(0)CCHCHCHCHCH3 and C(O)OCHXH), 3.99 3.93 (q. 

J = 5.9 Hz. 2 H, 0P(0)20CH3CH,N), 3.84 - 3.83 (m. 2 H. 0P(0),0CH,CH,N). 3.39 (s. 

10 H. CH3N*(CH3)3) 2.32-2.25, (d t, J, = 2.4 Hz, J, = 5.4 Hz, 4 H. CH:C(0)0CH, and 

CH,C(0)0CH), 1.86 - 1.84 (d. J = 5.4 Hz, 6H, CH,0(0)CCHCHCHCHCH3). 1.67 -

1.56 (m. 8 H, CH2CH,C(0)0CH,. CH2CH,C(0)0CH and CH2CH,0(0)CCH). 1.34-

1.28 (s. 20 H. (CH,);) ppm. "'C NMR (CDCI3): 6 173.4 (CH3C(0)0CH). 

173.1(CH,C(0)0CH,), 167.3 (CHC(O)OCH,), 144.8 (CH3CHCHCHCHC(0)0CH,). 

139.2 (CH3CHCHCHCHC(0)0CH2), 129.7 (CH3CHCHCHCHC(0)0CH,). 118.9 

(CH3CHCHCHCHC(0)0CH2), 77.4, 77.2 and 77.0 (CDCL3), 75.6 (CHCH,OP). 70.5 

(CHCH3OP). 66.4 (CH2N*(CH3)3), 64.3 (CH,0(0)CCH). 63 (CH,0(0)CCH3). 59.1 
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(POCHXH.N), 54.4 (CH,N*(CH3)3). 34.3 (CH,C(0)0CH), 34.1 (CHXCOpCH,), 29.3 

and 29.2 (0(CH,)4CH,(CH:)4C(0)0), 29.1 (OCH2CH2CH£H,CH£H,(CH,)3C(0)0). 

29.0 and 28.6 (CH,(CH,),C(0)0), 25.9 (CH,CH,CH20(0)CCH), 24.9 and 24.8 

(CHjCHjCCO)©), 18.6 (CHjCHCH), ppm. High resolution FAB mass spectrum: 

calculated mw (C4oH6oNO,2P)*; 786.4557 (100 %), 787.4591 (46.35 %), measured m/z; 

786.4564 (100.0 %), 787.4602 (49.3 %). 

4.2.8 1,2-Bis[ 12-(sorbyloxy)dodecanoyl]-sn-glycero-3-phosphatidylcholine (bis-

SorbPC,,,,) 

L-a-Glycerophosphocholine CdCK complex (GPC; 300 mg, 0.68 mmole) was 

suspended in dry acetonitrile (20 mL) and the solvent evaporated under reduced pressure. 

This procedure was repeated with 2 x 20 mL dry benzene. The atmosphere was 

replenished with argon each time. The GPC was dried at 0.1 mm Hg overnight. 

Chloroform was distilled from CaH, and passed through a column of 150 mesh basic 

alumina (15 mL) that was dried for 2 hr at 200°C and 0.1 mm Hg. Freshly dried 

chloroform (5 mL) was added to the GPC, followed by hexa-2.4-dienoic acid 11-carboxy-

undecyl ester (465 mg. 1.5 mmole). DMAP (166 mg, 1.36 mmole). that was purified as 

in Section 4.2.6. was added followed by DCC (122 mg, 0.6 mmole). The reaction was 

stirred for 24 hr at room temperature under argon in the dark, at which time an additional 

122 mg of DCC was added. At 32 hr. an additional 122 mg of DCC was added to the 

reaction mixture and the reaction was stirred for an additional 40 hr. The reaction mixture 

was filtered, and the precipitate was washed with 2x5 mL dry chloroform. Methanol (20 
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mL) was added; the reaction mixture was filtered, and the solid was washed with 

methanol (10 mL). The combined filtrates were evaporated under reduced pressure to a 

volume of 20 mL. The remaining solution was cooled to 0°C. and Bio-Rad AG ® 501-x8 

(D) ion exchange resin (8 g) was added. The suspension was stirred at 0°C for 30 min 

and vacuum filtered to remove the ion exchange resin. The resin was washed with 

methanol (10 mL), and the combined filtrates were evaporated and azeotropically dried 

with benzene (3 x 100 mL) at reduced pressure and 25°C. The crude bis-Sorb PC,, i<, was 

stored frozen in benzene. Complete purification was achieved by column chromatography 

on silica gel; (packing, 200 - 400 mesh silica (300 g) on a 10 cm column in chloroform; 

loading, chloroform (10 mL); elution, a gradient that varied from CHCl; to 20 % 

methanol/80 % CHCI3 over 1000 mL followed by a gradient that varied from 20 % 

methanol/80 % CHCI3 to CHCl3/methanol/water 65/25/4 over 2 L). Pure bis-SorbPC,, ,9 

(336 mg. 59 % yield) was recovered. 'H NMR (CDCI3): 5 7.30 (s, 0.2 H. benzene), 7.25 -

7.14 (m. 3.3 H, CH,0(0)CCHCHCHCHCH3 and CHCI3), 6.20 - 6.00 (m, 4 H. 

CH,0(0)CCHCHCHCHCH3). 5.75 - 5.69 (d, J = 16 Hz, 2 H. 

CH,0(0)CCHCHCHCHCH3). 5.20 - 5.12. (m. 1 H. CH,C(0)0CHCH,), 4.34 - 4.24 (m. 

3 H. C(0)0CHXH and C(0)0CH2CH CJ±,OP), 4.10 - 4.04 (t. J = 7.2 Hz. 5 H. 

CH,0(0)CCHCHCHCHCH3 and C(0)0CH,CH). 4.00 - 3.95 (m. 2 H. 

0P(0),0CH,CH2N), 3.79 (m, 2 H, 0P(0),0CH2CH,N). 3.34 (s. 9 H, CH^N ^CHj),) 2.34 

- 2.24 (m. 4 H. CHX(0)0CH, and CH,C(0)0CH), 1.90 - 1.83 (d. J = 5.6 Hz. 6 H, 
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CH20(0)CCHCHCHCHCH3), 1.72 - 1.50 (m, 9 H, CH^CH^CCOOCH,, 

CHjCH,C(0)0CH, CH2CH20(0)CCH, and water), 1.39 - 1.21 (s, 29 H, (CH,),). 

4.2.9 Hexa-2,4-dienoic acid 9-chlorocarbonyl-nonyl ester 

Hexa-2,4-dienoic acid 9-carboxy-nonyl ester (575 mg, 2.03 mmole) was dissolved 

in dry benzene (3 mL) at room temperature under argon. Oxalyl chloride (379 mg. 0.26 

mL. 3.0 mmole) was added, and the reaction stirred for 4 hr. Toluene (0.5 mL) was 

added to the solution, and the solvent was removed under reduced pressure at 25 °C. The 

product was subjected to high vacuum for 26 hr, giving hexa-2,4-dienoic acid 9-

chlorocarbonyl-nonyl ester (604 mg, 99%). IR; 1802 cm ' strong sharp (-COC1). 1715 

cm"' strong sharp ( -COO-), 1647 and 1619 sharp (-CHCHCHCH-). A stretching band for 

CO OH was not observed. 

4.2.10 rac-Boc-l^-bis-Sorb-3-aininopropanediol,7,7  

rac-Boc-3-aminopropanediol (155 mg, 0.812 mmole), synthesized as described in 

Section 2.2.3, was combined with pyridine (193 mg. 2.44 mmole) in dichloromethane (2 

mL), and added to hexa-2,4-dienoic acid 9-chlorocarbonyl-nonyl ester (639 mg. 2.03 

mmole) dissolved in dichloromethane (3 mL). The reaction was stirred under argon at 

25°C overnight. The reaction was filtered to remove pyridinium chloride, and the solid 

was washed with THF (5 mL). p-Xylene (1 mL) was added to the combined filtrate, and 

the solvent was removed under reduced pressure. The resulting solid was dissolved in 

CHClj (20 mL) and washed with 10 % (w/v) aq Na2C03 (2x10 mL) followed by sat. aq. 

NaCl (10 mL). The organic phase was dried over MgSOj and the solvent was evaporated 
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under reduced pressure to yield a viscous oil (568 mg). The crude product was purified by 

flash column chromatography (Packing: 200-400 mesh silica (40 g) in CHCI3, loading: 

CHCI3 (2 mL), pressiwe: 3 psi, elution: CHCI3 (500 mL), 10 % methanol/90 % CHCI3 

(100 mL). 20 % methanol/80 % CHCI3 (100 mL)) to yield 198 mg pure rac-Boc-L2-bis-

Sorb-3-aminopropanediol,717 in 34 % yield. 'H NMR (CDCI3): 6 7.36 (s. 1 H. benzene). 

7.29 - 7.25 (m. 4 H, CH20(0)CCHCHCHCHCH3 and CHCI3), 6.24 - 6.07 (m, 4 H. 

CH,0(0)CCHCHCHCHCH3). 5.80 - 5.75 (d, J = 15.6 Hz. 2 H. 

CH,0(0)CCHCHCHCHCH3), 5.13 - 5.06 (p, J = 5.25 Hz, IH, OCH^CiKOCH^N), 4.7 -

4.8 (m. I H. CH2NHC(0)0) 4.30 - 4.24 (dd, J, = 4.2 Hz, J, = 12 Hz. 1 H. C(0)0CH;CH) 

4.15 -4.10 (t. J = 6.75 Hz, 5 H. CH,0(0)CCHCHCHCHCH3 and C(0)0CH,CH). 3.4 -

3.3 m. 2 H. CH2NHC(0)0) 2.34 - 2.29, (dt, J, = 1.5 Hz, J, = 6 Hz. 4H. CH,C(0)0CH, 

and CH,C(0)0CH), 1.86 - 1.84 (d, J = 5.4 Hz. 6 H, CH,0(0)CCHCHCHCHCHp. 1.67 

- 1.57 (m. 10 H, CH,CH,C(0)0CH,, CH,CH,C(0)0CH and CH,CH,0(0)CCH). 1.44 (s. 

9 H, aCH,),). 1.37 - 1.25 (m. 20 H. (CH,),). 

4.2.11 Sorbyl-3-sorbainidyl aininopropanediol,7,7 

rac-Boc-1.2-bis-Sorb-3-aminopropanediol,717 (198 mg) was dissolved in CHiCK (4 

mL) and cooled to -30°C. Trifluoroacetic acid (4 mL) was added and the reaction was 

stirred for 20 min at 0°C. Cold (-30°C) toluene (10 mL) was added along with boiling 

chips. The solvent was then evaporated under reduced pressure at 0°C until distilation 

stopped, then the temperature was raised to 25°C and the reaction mixture was evaporated 

to dryness. The product was purified twice by column chromatography. The first column 
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(Packing: 200 - 400 mesh silica gel (38 g) in CHClj, loading: CHCI3 (2 mL) elution: a 

gradient that varied from CHCI3 to 20 % methanol/80 % CHCI3 over 500 mL) produced 

approximately 60 % pure l-sorbyl-3-sorbamidyl aminopropanediol,7,7 (136 mg). The 

column product was further purified by chromatography on basic silica (packing 200 -

400 mesh silica that was stirred for 2 hr in 2 % triethylamine in CHCI3 followed by 

elution with CHCI3 (100 mL), loading: 2% triethylamine in CHCI3 (1 mL). elution: a 

gradient varied from CHCI3 to 3% methanol in CHCI3 over 300 mL) to yield pure sorbyl-

3-sorbamidyl aminopropanediol,? ,7 (70 mg, 41 %). = 0.7 with 10 % methanol/90 % 

CHCI3 on normal silica. 'H NMR (CDCI3): 5 7.29 - 7.20 (m, 4.4 H, 

CH.0(0)CCHCHCHCHCH3 and CHCI3), 6.24 - 6.08 (m, 4 H. 

CH,0(0)CCHCHCHCHCH3), 6.04 - 5.98 (m, 0.3 H. CH2NHC(0)CH,), 5.80 - 5.75 (d. J 

= 15.3 Hz. 2 H. CH30(0)CCHCHCHCHCH3). 4.87 - 4.81 (m. 0.3 H. 

H0CH,CH(0C(0)CH,)CH,N), 4.19 - 4.03 (m. 5.7 H, C(0)0CHXH(0H)CH,N. and 

CH,0(0)CCHCHCHCHCH3), 3.97 - 3.90(m. IH, C(0)0CH,CH(0H)CH,N) 3.65 - 3.51 

m. 2.5 H. C(0)0CH,CH(0H)CH2N). 3.28 - 3.20 (m. 1 H. 

H0CH2CH(0C(0)CH,)CH2N), 2.37 - 2.30 (t. J = 6 Hz. 2H, CH,C(0)0CH, and 

CH:C(0)0CH), 2.26 - 2.19, (t. J = 6 Hz, 2H, CHX(0)NHCH,). 1.90 - 1.85 (d. J = 5.4 

Hz. 8.6 H. CH,0(0)CCHCHCHCHCH^and water), 1.67 - 1.62 (m. 9 H. 

CH,CHX(0)0CH,, CH,CH,C(0)0CH, CH,CH,C(0)NHCH,. CH.CH,C(0)0CH and 

CH,CH,0(0)CCH). 1.39- 1.25 (m, 21.6 H. (CH,);). 
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4.2.12 Sorbyl-(mono-methoxyPEGsuccinyl)-3-sorbainidyl aminopropanediol (PEG-

S-bis-Sorb AFDn,,?) 

Mono-methoxy-PEG succinate (250 mg, 0.12 mmole) was combined with 1-

hydroxybenztriazoie (HOBT; 32 mg, 0.24 mmole) in dry benzene. The solvent was 

evaporated under reduced pressure and replaced 4 times to remove water. Before the 

final evaporation sorbyl-3-sorbamidylaminopropanediol (37 mg, 0.06 mmole) was added. 

After evaporation, dry, alcohol free CHCI3 (2 mL) was added followed by elhyl(3-

N.N.dimethylaminopropyl)carbodiimide (EDC; 45 mg, 0.24 mmole) and 

diisopropylethylamine (30 ^1, 0.18 mmole). The reaction was stirred at room temperature 

under argon for 3 hr at which time an additional 30 nl of diisopropylethylamine was 

added. The reaction was stirred an additional 24 hr at which time it was found to be 80 % 

complete. An additional 250 mg of PEG-succinate (dried as above) and EDC (23 mg. 

0.12 mmole) were added and the reaction was stirred an additional 24 hr at room 

temperature. The solvent was evaporated under reduced pressure, and the reaction 

mixture was precipitated from Et^O/EtOAc (2/1). The solid was dried under high vacuum 

to give crude PEG-S-bis-SorbAPD,, ,7 (466 mg) with = 0.4 with 10 % methanol/90% 

CHCIj on a normal silica plate. Initial purification was achieved by column 

chromatography; packing. 200 - 400 mesh silica gel (50 mL) on a 2 cm dia column with 

CHCI3; loading, benzene (10 mL); elution, a gradient varied from pure chloroform to 

20% methanol/80% chloroform over 800 mL. Approximately 80 % pure PEG-S-bis-Sorb 

APD|7 17 (195 mg) was recovered. Final purification was achieved with reverse phase 
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HPLC on a 40 X 100 mm C|g silica preparative HPLC column; loading, 30 % water/70 % 

acetonitrile (10 mL); elution, 30 % water/70 % acetonitrile for 56 min at 10 mL/min 

followed by a gradient that varied from 100 % methanol to 100 % isopropanol over 20 

min at 10 mL/min. Pure PEG-S-bis-Sorb APD (96 mg, 56 % relative to bis-Sorb APD-

1717) MALDI TOF MS (dithranol): calculated mw (CijgHijqNO^oNa)*; 2913.6 measured 

miz: 2914.3. M^; 2910.0. M„; 2871.7 PDI; 1.0133. 'H NMR(CDCl3): 5 7.26 - 7.18 (m. 4 

H. CH30(0)CCHCHCHCHCH3 and CHCI3), 6.21 - 6.07 (m. 4 H. 

CH,0(0)CCHCHCHCHCH3), 5.77 - 5.72 (d, J = 15.6 Hz, 2 H. 

CH,0(0)CCHCHCHCHCH;). 5.15 - 5.05 (m, 2 H. 0CHXH(0)CH,N and 

CH2NHC(0)CH,), 4.23 - 4.19 (m. 3 H, C(0)0CH,CH. and C(0)0CH,CH,0) 4.12 -

4.07 (t. J = 6.75 Hz, 5 H, CH20(0)CCHCHCHCHCH3 and C(O)OCIiCH). 3.87 - 3.84 

(t. J = 5.1 Hz, 1.7 H. sideband), 3.75 - 3.46 (m, 170 H, (CHXH.O),,). 3.4 - 3.36 (m. 6 H. 

CH,CH,0CH3. CH,NHC(0)0, and sideband) 2.31 - 2.26. (t, J = 7.7 Hz, 3H. 

CHX(0)0CH: and CH,C(0)0CH), 2.17 - 2.12 (t. J = 7.7 Hz, 2H. CH,C(0)NHCH,). 

I.90 (s. 7 H. water) 1.84- 1.82 (d, J = 5.1 Hz. 6 H. CH,0(0)CCHCHCHCHCH3). 1.64 -

1.58 (m. 8 H. CHjCHX(0)0CH,. CH2CH,C(0)0CH, CHjCHX(0)NHCH, and 

CH,CH,0(0)CCH), 1.26 (s, 20 H, (CH,),). 

4.2.13 N-(N-Boc-glycinyl)-APD 

Boc-glycine-N-hydroxysuccinimidyl ester (BGN, 1.25 g, 4.6 mmole). 3-

aminopropane-1.2-diol (APD, 500 mg, 5.5 mmole), and anhydrous potassium carbonate 
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(1.3 g) were combined in DMF (5 mL) and stirred under argon for 24 hr. A thick white 

precipitate was separated from the reaction mixture by filtration and was washed with 2 x 

10 mL THF. The filtrates were evaporated under high vacuum to produce 1.3 g of a 

viscous colorless oil. Separation by column chromatography; packing, 50 g of 200-400 

mesh silica in chloroform; loading, 200 mL chloroform; elution, gradient from 

chloroform to 30% methanol/70% chloroform) produced pure N-(N-Boc-glycinyl)-APD 

(930 mg, 82% yield) Rf = 0.37 with 12% methanol/88% chloroform on a silica plate. 'H 

NMR (CDCI3); 5 7.19 -7.06 (m, IH, CH,CH(0)CH,NHC(0)), 5.75 - 5.59(s, IH. 

0C(0)CH2NHC(0)0) 4.2 -4.0 (s, IH, CH,CH(OH)CH,) 3.84-3.70 (d, J = 6.2 Hz. 4H. 

HOCH,CH(OH)CH, and 0C(0)CH2NHC(0)0) 3.62 to 3.27 (m, 4H. 

H0CH,CH(0H)CH3N) 2.2 (s. 0.8H. water) 1.45 (s. 9H. CCCH^):,). 

FAB mass spectrum: calculated molecular weight (CioH^iNjOj) = 249.14. (mH)/z 

= 249.0. 

4.2.14 N-(N-Boc-gIycinyl)-l^-bis-Sorb APDi^ ,, 

N-CN-Boc-glycinyl)-APD (100 mg, 0.40 mmole) and pyridine (3.0 mmole, 0.1 

mL) were combined in dry, alcohol free chloroform (2 mL) at room tempereture under 

argon. Hexa-2.4-dienoic acid 9-chlorocarbonylnonyl ester (1.0 mmole) was added. The 

reaction was allowed to stir 15 hr. after which an additional 9 mmole pyridine was added. 

After 24 hr of reaction, p-xylene (1 mL) was added to the reaction mixture and the 

solvent was removed under reduced pressure. The resulting oil was dissolved in diethyl 
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ether (2 mL) and flhered to remove precipitate, which was washed with 3 x I mL diethyl 

ether. The filtrate (5 mL) was washed as follows: 5 % aq. NaHCOj (3x2 mL) milHQ 

water (2 x 1 mL), sat. brine (1x2 mL). The organic layer was dried over sodium sulfate, 

filtered, and the solvent was evaporated under reduced pressure to produce a viscous 

yellow crude oil that was purified by column chromatography; Packing, 200-400 mesh 

silica (15 g) with 150 mesh basic alumina (1 g) at top of column, 75 % chloroform/25 % 

hexanes; Loading. 75 % chloroform/25 % hexanes ( 5 mL); Elution gradient varied from 

25 % hexanes/75 % chloroform to 20% methanol/80% chloroform. Pure N-(N-Boc-

glycinyl)-1.2-bis-Sorb APD,- ,7 (236 mg, 76 %) was obtained. R^= 0.62 with 8 % 

methanol/92 % chloroform on a silica plate. 'H NMR (CDCI3): 5 7.29 - 7.14 (m. 2.3 H. 

CH5CH(CH)3C(0)0 and CHCI3), 6.51 - 6.40 (m, 1 H, NHCH,C(0)NHCH,). 6.26 - 6.00 

(m. 4 H. CH3CHCHCHCHCOO). 5.8 - 5.69 (d. J = 16 Hz. 2 H. CH3CHCHCHCHCOO-). 

5.14 - 5.00 (m. 2 H. NHC(0)CH,NHC(0)0 and 0CH,CH(0)CH;NH). 4.29 - 4.04 (m. 6 

H. 0CHjCH(0)CH,N and CHC(0)0CHXH2), 3.77 - 3.71 (d. J = 6.6 Hz. 2 H. 

CH3NHC(0)CH,NH), 3.54 - 3.34 (m, 2 H, 0CH,CH(0)CH,NH), 2.34 - 2.26 (t. J = 8 Hz. 

4 H. CH:CH,C(0)0CH, and CH,CH,C(0)0CH). 1.91-1.77 (d. J = 5.14. 6 H. 

CH^CHCH). 1.74 - 1.11 (m, 38 H. CHC(0)0CH3CH2. CIiCH2C(0)0. water . CCCHj);. 

and 0CH,CH3(CH,)5CH,CHX(0)0). "C NMR (CDCI3): 5 173.4 (CH£(0)0CH). 173.2 

(CH,C(0)0CH,), 169.7 (NH(0)CCH2NH(0)C0). 167.3 (CHC(O)OCH,). 144.9 

(CH3CHCHCHCHC(0)0CH2), 139.2 (CH3CHCHCHCHC(0)0CH,). 129.7 

(CH3CHCHCHCHC(0)0CH,), 128.3 (benzene). 119.0 (CH3CHCHCHCHC(0)0CH,). 
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80.4 (NHCHXHCH^), 77.4, 77.2 and 77.0 (CDCI3), 70.1 (C(CH3)3), 64.3. 

(CH20(0)CCH and CHCH,0(0)CCH,), 62.5 (NH(0)CCH,NH(0)C0). 39.6 

(CHCH,NH(0)CCH2), 34.1 (CH,C(0)0CH), 34.0 (CH^CCOpCH,), 29.3, 29.2 and 29.0 

(OCH.(CH,)5(CH2)3C(0)0), 28.6 (C(CH3)3), 28.3 (CHXH,CH:C(0)0), 25.9 

(OCH.CHXH,), 24.8. (CH^CHXCOO), 18.6. (CH3CHCH). 

4.2.15 N-GIycinyl-l^-bis-Sorb 

N-(N-Boc-glycinyl)-l,2-bis-Sorb APD^ ,7 (236 mg, 0.304 mmole) was dissolved 

in dichloromethane (4 mL) and cooled to -10°C. Trifluoroacetic acid (4 mL) was added 

and the reaction mixture was stirred for 30 min. Toluene at 0°C was added along with 

boiling chips, and the solvent was removed under reduced pressure initially at 0°C; then, 

after 1 hr. at 25°C. A viscous yellow oil (189 mg) was recovered. The crude product was 

separated by column chromatography; packing, 150 mesh basic alumina (25 mL) that was 

dried for 12 hr at 200°C and 0.25 mm Hg; Loading, chloroform (10 mL); elution, gradient 

varied from 100% chloroform to 20 % methanol/80 % chloroform to yield 60 mg of 

approximately 90% pure and 64 mg > 99% pure N-glycinyl-l,2-bis-Sorb APDp ,7 (57 %). 

TLC Rf = 0.29 with 10% methanol/90 % chloroform on normal silica plates. 'H NMR 

(CDCI3); 5 7.60 -7.52 (m, IH, C(0)NHCH2), 7.29 - 7.20(m. 3H. CH3CHCH and CHCl,). 

6.25 - 6.09 (m. 4H CH3CHCHCHCHCOO-). 5.799 - 5.746(d. J = 15 Hz. 2H. 

CHjCHCHCHCHCOO-), 5.18 - 5.10 (m, IH . CH,CH(0)CH,), 4.30 - 4.25 (dd. J, = 5Hz-

J, = 11.8Hz. IH. 0CH2C(H)(0)CH,N), 4.17 - 4.10 (m, 5H, 0CH2CH(0)CH:N and 

CHC(0)0CHXH,). 3.61 - 3.46 (m, 2H, 0CH,CH(0)CH3N). 3.36 (s, 2H. 
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CH3NHC(0)CH2N), 2.36 - 2.29 (m, 4H, CHXH^CCOPCH, and CH.CHZCCOOCH). 

1.864 - 1.846 (d, J = 5.4 Hz, 6H, CH3CHCH), 1.67 - 1.62 (m, 12H, CHC(0)0CH,CH,. 

CH3CH,C(0)0 and water) 1.4 -1.2 (s, 20H, 0CH,CH,(CH2)5CH,CH,C(0)0). 

4.2.16 N-(N-Mono-methoxyPEG-propionyl-glycinyl)-l^-bis-Sorb APD^ ,7 (PEG-G-

bis-Sorb APD,,.,?) 

N-Glycinyl-l,2-bis-Sorb APD,7,7 (32 mg, 0.047 mmole) was combined with 

PEG2ooo(N-hydroxysuccinimidyl)propionate (121 mg, 0.057 mmole) in dry berizene (10 

mL) and the solvent was removed under reduced pressure. The atmosphere was 

replenished with argon, and dry (distilled from sodium/benzophenone) THF (2 mL) was 

added. K^COj (70 mg, 0.5 mmole. dried for 8 hr at 50°C and 0.1 mm Hg. over P2O5) was 

added and the reaction was stirred for 15 hr under argon. The reaction mixture was 

separated from a gelatinous precipitate by centrifugation (1550 rpm. 300 x g for 20 min) 

and the precipitate was washed with THF (5 mL). The combined supernatant was stored 

at -30°C and separated by column chromatography on normal silica; packing 200 - 400 

mesh silica (20 mL) packed dry; loading, crude reaction product in THF (8 mL) eluted to 

dr> ness under pressure; elution, a gradient varied from CHCI3 to 40 % methanol/60 % 

CHCI3 over 60 mL. Pure PEG-G-bis-Sorb APD,, ,,(105 mg/80 %) was obtained. MALDl 

TOF mass spectrum (dithranol); calculated mw (C,3|H246N2054Na)'; 2766.5. measured 

m/z; 2767.3. M,; 2863.2. M„; 2823.5. PDL 1.0141. 'H NMR (CDCI3): 5 7.37 - 7.332 (t. J 

= 5.3 Hz. 1 H. NHCHX(0)NHCH2), 7.28 - 7.20 (m. 5.3 H, CH3CHCHCHCHC(0)0 and 

CHCL3),6.88 - 6.84 (t, J = 5.85 Hz, 1 H, NHC(0)CH,NHC(0)0), 6.24 - 6.09 (m, 4 H. 
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CHjCHCHCHCHCCO)©), 5.80 - 5.74 (d, J = 15.6 Hz, 2 H, CH3CHCHCHCHCOO-). 

5.12 - 5.05 (p. J = 5.4 Hz, 1 H, 0CH,CH(0)CH2NH), 4.28 - 4.23 (dd, J, = 3.9 Hz, J, =12 

Hz, 1.6 H 0CH2CH(0)CH2N), 4.14 - 4.10(t, J = 8.0 Hz, 5 H, CHCHC(0)0CH3CH, and 

0CH,CH(0)CH2N), 3.92 - 3.86 (td, J, = 4.1 Hz, J, = 6.0 Hz, 3.3 H, CH,NHC(0)CH,NH 

and sideband), 3.79 - 3.53 (m, 206H, (CH,CH20)45 and 0CH,CH(0)CH,NH), 3.38 (s. 5 

H. OCHXH.OCHj 2.52 - 2.49 (t, J = 5 Hz, 2 H, 0CH,CH2C(0)NH) 2.32 - 2.27 (m. 4 H. 

CHXHX(0)0CH, and CHXH^QOOCH), 1.86 - 1.84 (d, J = 5.1 Hz, 5.3 H, 

CH3CHCH). 1.78 (s, 5 H. water), 1.67 - 1.57 (m, 8 H, CHCHC(0)0CH,CH,, 

CH,CHX(0)0CH2, and CH2CH,C(0)0CH), 1.29 (s, 20 H, 

OCH,CH,(CH,)5CH,CH2C(0)0). ''C NMR (DEPT 135) (CDCI3): 5 144.8 (up, 

CH,CHCHCHCHC(0)0CH,), 139.2 (up, CHSCHCHCHCHCFOOCH,). 129.5 (up. 

CHjCHCHCHCHQOOCH,), 118.9 (up, CH3CHCHCHCHC(0)0CH.). 77.2 (up. 

NHCHXHCH.O), 71.9, 70.5 and 70.1 (down, (CH,CH,0)„). 67.2 (down, 

NH(0)CCH,CH,0) 64.3 (down, CHC(0)0CH,), 62.7 (down. CH2C(0)0CH.), 58.9 (up. 

CH^OCHJ). 43.5 (down. NH(0)CCH,NH). 39.4 (down. CHCH,NH(0)CCH,). 36.6 

(NH(0)CCH,CH,0), 34.1 (down. CH^QOOCH). 34.0 (down. CH,C(0)0CH,). 29.3 

(dovvTi. 0(CH;),CH,). 29.2 (down, 0CH2CH:CH2CH2CH£H,(CH,)3C(0)0). 29.0 and 

28.6 (down. CH,(CH,)2C(0)0), 25.9 (down, OCHXHXH,). 24.7 (down. 

0(CH,),CH,CH3C(0)0), 18.6 (up, CH3CHCH).. 

4.3 RESULTS and DISCUSSION 
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4.3.1 Polymerizable Acid Synthesis 

The polymerizable acids, hexa-2,4-dienoic acid 9-carboxynonyl ester and hexa-

2.4-dienoic acid 11-carboxyundecyl ester, are potentially common intermediates for a 

variety of polymerizable lipids, simply by acylation of the desired headgroup, or 

headgroup precm-sor. This makes it important to be able to efficiently synthesize large 

amounts of these compounds in high purity. Initial purity of the starting materials. 1.10-

decanediol and 1.12-dodecanediol. is critical, as contamination with shorter or longer 

chainlength diols v/ould result in a mixture of polymerizable acids that may be 

inseparable by chromatography or recrystallization. Incorporation of such a mixture of 

acyl chains into lipids would result in an even larger number of products. For example, 

reaction of two different chain length acids with L-a-glycerophosphocholine would result 

in a statistical mixture of 4 different diacyl PC's. This type of mixture may have altered 

thermotropic properties, and it would become impossible to achieve consistency and 

reproducibility of experiments from one batch of lipid to another. Analysis of the 

dimethyl ether of the starting material by GC mass spectrometr\' showed only one chain 

length to be present. A high resolution FAB mass spectrum of bis-SobPC,-made from 

this starting material showed it to be only one product. Differential scanning calorimetr> 

of an aqueous suspension of this compoimd showed a correspondingly sharp peak at 

28.7°C and high (120 to 220) cooperative units. 

The first reaction of the diol is a statistical mono-acylation with sorbyl chloride. 

Though a large excess of the diol is used in the reaction to prevent bis-acylation. this 
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reaction is not wasteful, because the unreacted starting material can be recycled by 

recr>'staIlization from ethyl acetate as described in Section 4.2.1. The bis-acylated 

product, on the other hand cannot be easily recycled, and must be discarded. The yield of 

mono-acylated product relative to the limiting reagent, sorbyl chloride, is an approximate 

inverse measure of the amount of bis-substituted product. It can be seen from this that the 

reaction of 3 equivalents of 1,12-dodecanediol with 1 equivalent of sorbyl chloride (36% 

yield) is more efficient than the reaction of 2 equivalents of 1,10-decanediol with 1 

equivalent of sorbyl chloride (24 % yield). In order to benefit from excess diol, it is also 

necessary that all diol be soluble in the reaction mixture, even if this requires heating the 

reaction to reflux, as was described in Section 4.2.5. 

The pyridinium dichromate (PDC) oxidation of the mono-acyl diol to the acid 

presents two problems. The newly formed acid, which is probably in the form of an 

activated chromate ester, can react with starting material to form an ester with sorbyl 

groups on each end (Fig 4.3). This is a major side product of the reaction. In order to 

minimize this, the alcohol must be added slowly to a mixture of PDC in DMF to 

minimize the concentration of unreacted alcohol. Also, DMF is difficult to remove, and 

can cause problems during chromatography. For these reasons. Jones reagent in acetone 

was used to oxidize the hexa-2.4-dienoic acid 12-hydroxydodecyl ester to the acid. Even 

though Jones reagent is added to a fairly concentrated solution of alcohol, only a small 

amount of ester byproduct is produced. Attempts to add the alcohol to Jones reagent in 

acetone failed because the acetone polymerized and deactivated the Jones reagent. The 
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yield of the Jones reagent oxidation is much higher than that of the PDC oxidation (70 vs. 

54%). Because the reaction is done in acetone/water, all organic solvents can be removed 

by evaporation after workup and extraction. In addition, only 1.3 equivalents of Jones 

reagent is needed as compared to 3 equivalents of PDC, and the reaction is done in less 

than an hour rather than 24 hr, as with the PDC oxidation. Successive recrystallization 

from hexanes or petroleum ether is an effective method for purification of large amounts 

polymerizable acids and their alcohol. However, small quantities (less than 10 g) should 

be purified by chromatography with a hexanes/ethyl acetate system, as this is faster and 

less waste fill. 
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4.3.2 bis-SorbPC 

bis-SorbPC,7,7 and bis-SorbPC,, ,9 were synthesized from L-a-

glycerophosphochoiine and the corresponding polymerizable acid in 77 and 59 % yields, 

respectively. The acylation takes place through the formation of an activated complex of 

DCC with the acid. The DCC is then displaced by DMAP to form DCU and an activated 

amide, which can then be attacked by the glycerol hydroxyls to form the ester (March 

1992). GPC is present at low concentrations because it is only sparingly soluble in 

chloroform. If DCC is added slowly, the activated complex will react as quickly as it is 

formed because of the higher concentration of the other reactants. and side reactions can 

be minimized. This strategy was used in the synthesis of bis-SorbPC,,in which only 

2.2 equivalents of polymerizable acid was used, and DCC was added 0.3 equivalents at a 

time. Though the yield relative to GPC was lower in this reaction, the yield relative to 

polymerizable acid was slightly greater (53 vs. 51 %). It is possible that by modification 

of this strategy, such as gradual addition of DCC with a syringe pump, the overall \ ield 

may be improved. Another important factor that can increase the yield is the rigorous 

removal of ethanol from the chloroform, because ethanol is a better substrate for 

acylation than GPC. 

The initial workup of the acylation reaction involves treatment with ion exchange 

resin to remove basic compounds and salts such as DMAP and cadmium chloride. The 

previous procedure of stirring at room temperature for 2 hr has occasionally resulted in 

hydrolysis of the ester. The procedure of stirring for 30 min at 0°C takes advantage of the 
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higher activation energy for hydrolysis than for ion exchange to prevent lipid 

decomposition. 

4.3.3 PEG-S-bis-SorbAPD,7 

PEG-S-bis-SorbAPD,7,7 was made by a synthetic scheme identical to that 

presented in Chapter 3. The complete rearrangement of the deprotected amino-diester is 

demonstrated by the triplet at 5 2.26 to 2.19 ppm. The portion of 1 -hydroxy-2,3-diacyl 

product can be estimated from the integration of the multiplet at 4.87- 4.81 to be 

approximately 30 %. It is difficult to determine from 'H NMR data what the composition 

of the PEGylated compound is; however, it is probably at least 30 % of the 1-PEG 

succinate, as this is the more reactive of the two isomers. The MALDI mass spectrum of 

the PEGylated compound demonstrates that it has two acyl chains, which form an 

effective anchor in the bilayer. as demonstrated by the experiments described in Section 

6.2.5. 

4.3.4 PEG-G-bis-SorbAPD,7,7 

The inclusion of a glycine spacer effectively prevented the rearrangement that was 

observed with the PEG-S-diacylAPD lipids. This is demonstrated by the multiplet at 5 

2.32 - 2.27 that integrates to 4 protons in the 'H NMR spectrum. The triplet with an 

integration of 2 at 2.52 - 2.49 results from the a protons of the 3-alkoxypropionate ester 

of the PEG group. The yield of the PEGylation reaction is also high (80 %). reflecting 

the higher reactivity of the amine function toward acylation. 
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A key step in this synthesis is the addition of a glycine spacer with protection of 

the amine at the same time. This step was much more selective than the Boc protection 

of APD. There are several factors responsible for the higher yield in this acylation 

reaction. The N-hydroxysuccinimidyl ester is highly selective toward amines. The use of 

the more polar DMF solvent caused the APD starting material to be completely 

dissolved, so that bis-protection was not promoted by differential solubility. Finally, the 

solid anhydrous K^COj used as a base is less likely than substituted amines to be involved 

in side reactions, and separation during work-up is much simpler. A polar solvent such as 

DMF. THF. or acetone is necessary for KiCOj to work effectively as a base. When the 

PEGylation reaction, with K^COj used as a base, was run in chloroform, the reaction 

failed. Yields close to 80 % were achieved in all steps of the synthesis, except for the 

deprotection step. In this step, the unreacted starting material was a major impurity, 

indicating that the reaction time may not have been long enough at the lower temperature. 
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5. PHASE CHARACTERIZATION OF NEUTRAL PEG-LIPID 

5.1 INTRODUCTION 

While PEG- lipids mixed, in low concentrations, with conventional lipids form a 

protective, hydrated polymer brush at the liposome surface, the PEG-Iipid molecule is an 

amphiphile with detergent like properties, because of the large cross section of the 

headgroup compared to that of the lipid tail. The packing parameter (defined as V/Al 

where "V is the volume occupied by the lipid molecule, "A' is the area occupied by the 

headgroup and T is the thickness of the leaflet) is approximately 0.4 for an assembly of 

PEG^ooo lipids with 18 carbon acyl chains. The packing parameter is close to one (V = 

-A.!) when the shape of a lipid molecule in the assembly is a cylinder (lamellar phase). If 

the shape of the molecule is a cone (inverted phase) the packing parameter is greater than 

one (V>A1). and if it is an inverted cone (normal phase) the packing parameter is less 

than one (V<A1) (Marsh 1996b). A packing parameter of 0.4 corresponds to a spherical 

particle with a spontaneous radius of curvature of about -37A. which is close to that of a 

10 nm micelle. The spontaneous radius of curvature of a lipid can be defined by the 

distance between the surface of the lowest free energy assembly of that lipid and the 

center of a circle that the sharpest arc across the surface lies on the circumference of. If 

the this point is on the aqueous side of the surface (above the headgroups) then the 

spontaneous radius of curvature is positive. If it lies on the hydrophobic side (below the 

headgroups) then the spontaneous radius of curvature is negative. In this way, for normal 
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structures the spontaneous radius of curvature is negative, and for inverted structures it is 

positive. In concentrations greater than 60 mole %, Lasic et al. have observed that PEG-

lipids convert liquid crystalline bilayers into micelles (Lasic et al. 1991). At intermediate 

concentrations of PEG-lipid, a variety of structures can be formed including disks, rod 

shaped micelles and lamellar gels (Warriner et al. 1998) (Beugin et al. 1998) (Hristova 

and Needham 1995). Hristova and Needham calculated that the maximum concentration 

of PEGiooo'ip'd that can be incorporated into a liquid crystalline phase bilayer is 18 mole 

% (Hristova and Needham 1995). 

An initial strategy for inducing liposome leakage was to increase the 

concentration of PEG-lipid in the liposomes above that which is thermodynamically 

stable in a lamellar phase. This would be accomplished by the polymerization-induced 

domain fomiation. and the resulting concentration of non-polymerized lipid into 

monomeric domains, as described in Section 6.1. The initial PEG-lipid concentration in 

such a system should be slightly less than the maximum concentration that is stable in the 

lamellar phase, so that polymerization will result in a concentration higher than this 

maximum, causing defects in the liposomal membrane. It is necessary, therefore, to 

determine the concentration at which non-lamellar phases form for a DOPC/PEG-S-

DOAPD system. Kenworthy et al. performed extensive phase characterization 

experiments on mixtures of the anionic, saturated PEG lipid. PEG-DSPE. with DSPC 

both above and below the main phase transition temperature (55°C) (Kenworthy et al. 

1995b). In these experiments, it was found that, at concentrations of PEG^ooo-DSPE 
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greater than approximately 20 mole %, there is a broad range at which lamellar and 

micellar phases coexist. Above 60 mole % PEG-DSPE, the micellar phase exists 

exclusively. Included in this study were 'H NMR experiments that qualitatively measured 

aggregate size by the resolution of the 'H NMR spectrum of the hydrophobic tails. At 

the proton NMR spectrum of DSPC suspended in D,0 (50 mM) shows no signal at 

1.3 or 0.8 ppm. At 70°C, there is a broad signal at these frequencies corresponding to acyl 

chains with limited mobility, in the lamellar liquid crystalline phase. In contrast, pure 

PEG-DSPE shows sharp signals at these chemical shifts at both 28°C and 70°C. The 

spectra of a mixture of 10 mole % PEG-DSPE and 90 mole % DSPC (13.6 mM total 

lipid) are nearly identical to those of pure DSPC at both 28°C and 70°C indicating that the 

lipid suspension is in a lamellar phase. The proton NMR spectrum of a mixture of 30 % 

PEG-DSPE. 70 % DSPC acquired at 28°C shows broad signals at 1.3 and 0.8 ppm. 

similar to those of DSPC at 70°C; however, at 70°C. the spectrum has strong sharp 

signals at these chemical shifts. This indicates that, at least above the main phase 

transition, smaller aggregates, such as micelles are formed. 

The turbidity of hydrated lipid suspensions was also determined by measuring the 

absorbance of 1 mM hydrated DSPC samples containing var\'ing amounts of PEG lipid at 

a wavelength of 520 nm. The results of these experiments parallel those of the 'H NMR 

experiments in that there is a sharp drop in absorbance between 20 and 40 mole % PEG-

DSPE. Because smaller particles scatter less light, this decrease indicates a decrease in 

aggregate size, which is consistent with micelle formation. 



154 

Two major differences between PEG-DSPE/DSPC mixtures the lipids that are 

studied in this chapter are the lack of surface charge and the low T„ of these lipids. The 

surface charge does not appear to have a large effect on the behavior of liposomes that are 

studied in Chapter 6. In the experiments by Kenworthy et al., the behavior of lipid 

mixtures are quite different above and below the T„. It would therefore be expected that 

the behavior of DOPC/PEG-S-DOAPD mixtures, which are in the liquid crystalline phase 

at room temperature, would be similar to that of DSPC/PEG-DSPE mixtures at 70°C. In 

the work described here, the 'H NMR line width at half height of the methylene protons is 

measured at varying PEG-S-DOAPD concentrations as an indication of the aggregate 

size. The line width is inversely proportional to the relaxation time, which decreases 

dramatically as the sizes of an aggregates increase and the rate of tumbling decreases. 

QELS experiments described in this chapter are similar to the turbidity 

experiments performed by Kenworthy et al. in that both are measurements of the amount 

of light scattered by the sample. In the QELS experiments the fluctuation in the intensity 

of scattered laser light due to Brownian motion of the particles in the sample is measured 

at v arious angles. This data can be interpreted, through several mathematical models and 

transformations, to give information on the size and the size distribution of the particles 

suspended in the sample. The non-negative least squares (NNLS) model, used in these 

experiments, assumes that all particles are spherical. This means that the size of non-

spherical aggregates, such as the rod shaped micelles predicted by Needham et al. 

(Hristova and Needham 1995), would not be determined accurately. Any change. 
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however, in the size or size distribution would indicate a change from the lamellar phase. 

If there is a bimodal distribution of particles in a sample, QELS tends to underestimate 

the concentration of the smaller particles, because large particles scatter more light. This 

makes QELS complimentary to the 'H NMR technique, which is more sensitive to small 

lipid aggregates, because these produce a sharper, more intense signal. The occurrence of 

a decrease in 'H NMR line width and an increase in the population of small particles, 

measured by QELS, in the same PEG-S-DOAPD concentration range would be a strong 

indication of a transition from a lamellar to a micellar phase. 

5.2 EXPERIMENTAL 

5.21 Materials 

DOPC was purchased from Avanti Polar lipids and used without further 

purification. D^O was purchased from Cambridge Isotopic Laboratories Andover. MA 

Water for all buffers and aqueous solutions was filtered with a Millipore MilliQ™ water 

purification system. Solvents were of reagent grade and were used as provided. 

5.22 Sample preparation 

Lipids for both NMR and QELS experiments were added to tarred flasks 

sequentially in organic solutions of either chloroform or benzene. They were dried under 

an argon stream followed by drying under high (0.2 mmHg) vacuum for 2 hr and re-

weighed with each addition. After the final addition, the lipid samples were dried for at 

least 4 hr under high vacuum. 
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Lipid samples for NMR studies had molar compositions of 0% ,20%, 30%, 50% 

and 100% PEG-S-DOAPD, with 100%, 80%,70% 50% and 0% DOPC respectively. The 

dried lipid mixtures were hydrated with D2O to a concentration of 5 mM total lipid. The 

lipid suspensions were subjected to 10 freeze thaw cycles with a minimum temperature of 

-78° C and a maximum of 40° C. 

PEG substituted liposomes for light scattering experiments were composed of 

PEG,ooodioleoylaminopropanedioI (PEG-S-DOAPD) and DOPC molar compositions of 

0% .20%. 30%. 50% and 100% PEG-S-DOAPD, with 100%. 80%.70% 50% and 0% 

DOPC respectively. Dried lipid mixtures were hydrated with MilliQ water to a 

concentration of 10 mM total lipid and vortexed at room temp>erature until all solid was 

suspended in the water. They were then subjected to 10 freeze thaw cycles with a 

temperature minimum of -78°C and maximum of 40°C. Extrusion with a Lipex extruder 

was done at room temperature and pressure of 200 to 500 psi through 2 stacked 

Nuclepore ® polycarbonate membranes of pore sizes. 0.6 jim (2 times). 0.2 ^m (2 times), 

and 0.1 fim (10 times). 

5.2.3 'h NMR Measurements: 

Proton NMR measurements were obtained at 25°C using a Varian Unity 300 

MHz instrument with a 4-nucleus probe. A 45 degree pulse, acquisition time of 3.744 

seconds and delay of 0 seconds was used to create 1024 transients of each sample. The 
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line width at half height of the oleoyl -methylenes (1.3 ppm) was measured for each 

sample. 

5.2.4 QELS measurements 

Samples were diluted to between 500 ^iM and ImM total lipid concentration in 

order to give a scattering intensity of 20 to 150 kHz at a 90 degree angle. Light scattering 

measurements were made at 25°C and at angles of 60, 90, and 120 degrees using a 

Brookhaven Instruments BI-200SM goniometer and BI8000 correlator (Brookhaven 

Instruments Inc. Holtsville, NY.) equipped with a 15 mW He/Ne laser (Melles Groit 

Corp. Carlsbad CA.). At least three measurements were taken at each angle for each 

sample. Sample duration time for all but the 100 % PEG-S-DOAPD sample was 3.x 10® 

[is. This time was doubled for the 100% PEG-S-DOAPD sample to compensate for the 

low scattering intensity even at 1 mM. The data analysis was done using the non 

negative least squares method for each angle, followed by averaging of all results for all 

angles. The average for those samples having a bimodal distribution, was calculated 

separately for each maximum. 

5.3 RESULTS 

5.3.1 NMR Experiments 

The methylene line widths of the lipid compositions that were tested are shown in 

Fig. 5.2, and the stacked 'H NMR plots are shown in Fig. 5.1. The NMR line width is 

proportional to the inverse of the relaxation time (Av. =1/27rT2). The relaxation time (T,) 
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decreases dramatically as the mobility of the observed nuclei decreases (as in a large solid 

like particle). For this reason the line width of the of the NMR spectnmi of the 

hydrophobic tails (5 =0.8 and 1.3 ppm) decreases as the lipid phase goes from lamellar to 

micellar to organic solution. The data in Fig 4.2 shows a dramatic decrease in the line 

width between 20 and 30 mole % PEG-S-DOAPD, indicating that there is a large 

increase in the mobility of the oleoyl-methylene protons. This parallels the increase in 

the population of small particles observed at these compositions by QELS. Because a 

spectrum with a narrow line with has a higher signal to noise ratio, the change in line 

width should be much more sensitive to small structures in the presence of large ones. 

•A.ccordingly, the NMR experiment compliments the QELS experiment. 
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Figure 5.1: 'H NMR spectra of mixtures of PEG-S-DOAPD and DOPC in D^O 
having successively increasing concentrations of PEG-S-DOAPD. Inset is an 
expansion of 5 0.5 to 1.5. showing the methylene and terminal methyl protons. 
A. 0/100; B. 20/80; C, 30/70; D.50/50; E: 100/0; PEG-S-DOAPD/DO'PC. 
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Fig 4.2: Dependence of'H NMR methylene line width on the concentration of PEG-S-DOAPD 
in binar\'. 0,0. suspensions of DOPC and PEG-S-DOAPD 

5.3.2 QELS Experiments 

Table 5.1 summarizes results of the light scattering experiments. Though these 

results do not prove the formation of spherical micelles at PEG-lipid concentrations near 

30 percent, they do indicate that there is some breakdown of the lamellar phase at this 

concentration (Fig 4.3). Because QELS measurements are less sensitive to small particles 

in the presence of large ones (due to the increased light scattering intensity of large 

panicles), these experiments could underestimate the population of small particles, e.g. 

micelles. In addition, the NNLS analysis program assumes that particles are spherical. If 
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non-spherical particles such as rod shaped micelles are present, the results of the analysis 

program may be inaccurate. It was also noted that liposome solutions containing 30 

mole % PEG lipid were visibly more viscous than those of the same total lipid 

concentration having 20 or 50 mole percent PEG-S-DOAPD. This may indicate the 

formation of an extended structure such long or interconnecting rod shaped micelles or a 

lamellar gel similar to that described by Safinya and coworkers with 

DMPC/pentanol/PEG-DMPE systems (Warriner et al. 1998). Any breakdown of the 

lamellar phase would cause leakage of the liposome contents. 
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Figure 5.3: Population of particles smaller than 50 nm as a function of mole % PEG-S-
DOAPD for extruded liposomes composed of a mixture of DOPC and PEG-S-DOAPD. 
measured by QELS 
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Table 5.1: Particle size and distribution at varying concentrations of PEG-S-
DOAPD in DOPC liposomes 

% PEG-S-
DOAPD 

Small particle size 
(nm) 

large particle size 
(nm) 

% smaller than 
50 nm ± 5% 

0 98 ±5 1 

20 1 4 ± 5  8 0  ± 5  14 

30 1 9 ± 6  9 5 ±  1 3  35 

50 2 2  ± 6  103 ± 17 54 

100 1 2 ±  1  87 ± 10 96 

5.4 DISCUSSION 

Both the QELS and the 'H NMR experiments indicate a sharp increase in the 

population of small lipid aggregates between 20 and 30 mole % PEG-S-DOAPD. This 

indication of the onset of a lamellar to micellar phase transition agrees well with the 

broad transition from the lamellar to micellar phase beginning at 20 mole % PEG^ooo -

DSPE reported by Kenworthy et al. for PEG-DSPE/DSPC mixtures (Kenworthy et al. 

1995b). It also agrees well with the theoretical calculations made by Hristova and 

Needham, which predict that the maximum stable concentration of PEGjooo lipid in a 

liquid crystalline phase bilayer is 18 mole %. The 'H NMR spectra of PEG-S-

DOAPD/DOPC mixtures are similar to those of PEG-DSPE/DSPC mixtures that were 

acquired at 70°C. showing a broad signal even for pure DOPC. This is due to the more 

rapid motion of the acyl chains in the liquid crystalline phjise. The decrease of 100 Hz in 

the linewidth between 0 and 20 mole % is probably the result of the spontaneous 
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formation of large unilamellar vesicles, which occurs with the addition of small amounts 

of PEG-lipid to DOPC followed by hydration. This was not observed by QELS, because 

the hydrated vesicles were extruded in order to obtain a reasonably monodisperse 

population of liposomes that would give meaningful results. The existence of large 

MLVs in the sample would produce a strong light scattering signal that would cover up 

any scattering from smaller aggregates such as micelles. 

The measured size of pure PEG-S-DOAPD micelles (12 nm) is only slightly 

larger than that predicted from the packing parameter in Section 5.1. The difference 

probably results from part of the thickness of the layer of hydrated PEG. which was not 

taken into account in the calculation. At 30 and 50 mole % PEG-S-DOAPD. the size of 

the small particles increases, as does the uncertainty in the size. This means that either the 

size, the shape, or both size and shape of these mixed micelles is different from the pure 

PEG-S-DOAPD micelles. The increase in viscosity that was noted in the 30 mole % 

PEG-S-DOAPD sample could be explained by the formation of an elongated aggregate 

structure that would resist shear. This would be consistent with the predictions of 

Hristova and Needham; however, electron microscopy of this lipid mixture would be 

required to confirm the existence of such structures. 
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6. PHOTOINDUCED DESTABILIZATION OF PEG-LIPOSOMES 

6.1 INTRODUCTION 

UV light has been shown to directly initiate the polymerization of phospholipids 

having hexa-2,3-dienoyl fimctionality at the chain ends (Lamparski and O'Brien 1995). 

The photopolymerization reaction produces polymers with a low kinetic chain length of 

about 10. however, if lipids are substituted with polymerizable groups in both acyl 

chains, high molecular weight, crosslinked polymers are made by this method (Sisson et 

al. 1996). Though UV initiated polymerization is not suitable for biological applications 

due to the high absorbance of UV light by many biomolecules. it does provide a 

convenient method to test lipid compositions which could, in a clinical setting, be 

polymerized by more biocompatible techniques such as photosensitization with longer 

wavelength light, or by exposure to therapeutic doses of gamma radiation. Initiation by 

UV light has several advantages over other initiation techniques. It is fast (99.9% 

conversion of monomer can be achieved with 4 minutes of irradiation with a low pressure 

mercury lamp). There are no additives or long wavelength absorbing molecules that 

could interfere with the emission of fluorescent markers, or that could alter the membrane 

properties. The apparatus for carrying out the polymerization is inexpensive and 

relatively safe to use. 

The fluorescence assay employed in these experiments uses the anionic, water soluble 

fluorescent marker 8-aminonapthalene-l,3.6-trisulfonic acid (ANTS), and the di-cationic 

colisional quencher. a,a''bis-pyridinium-1.4-xylene dibromide (DPX) (Fig.6.1) 

(Duzgunes et al. 1987; Duzgunes and Bentz 1988; Duzgunes and Wilschut 1993; 

Haugland 1996). ANTS has an absorption maximum at 360 nm and a fluorescence 

maximum at 520 nm. DPX has an absorption maximum at 260 nm and does not 
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fluoresce. When dye and quencher are encapsulated inside the liposome at high 

concentration (ca. 25 mM ANTS, and 90 mM DPX), the ANTS fluorescence is 

effectively quenched. When the markers are released into the larger (more than 100 times 

greater) volume of the cuvette, the fluorescence intensity is effectively dequenched. so 

that the increase in fluorescence intensity is directly proportional to the amount of ANTS 

is released from the liposomes. The percent leakage can obtained simply by comparing 

the intensity at any time point with that of completely disrupted liposomes. The absolute 

•A^NTS concentration can be obtained if the fluorimeter is periodically calibrated with 

solutions of known ANTS concentration. 

A B 

I 2 Nai 

Fig 6.1: Probes used in leakaye assays; A. Fluorescent marker. 8-
aminonapthalene-l-3-6-trisulfonic acid (ANTS); B. coallisional quencher, a.a"-
bis-pyridinium-1.4-xylene dibromide (DPX) 

The liposomes tested in this section are designed to release their contents to the 

surrounding solution through a photoinduced increase in membrane permeability, rather 

than by photoinduced membrane fusion, which has been demonstrated previously for 
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conventional liposomes (Bennett and O'Brien 1994). The mechanism by which this was 

initially thought to occur is through domain formation due to the polymerization of Sorb-

lipid and the partitioning of PEG-lipid into the non-polymerized domains. The resulting 

lipid domains with high PEG concentration would be thermodynamically unstable toward 

the formation of mixed micelles, and would leave holes or areas of disrupted, permeable 

membrane. The liposome formulation necessary for this mechanism to work needs to 

have a PEG-lipid concentration after polymerization of greater than 20 mole percent. For 

this reason, a lipid composition of 15 mole percent PEG- lipid, and 30 mole percent 

polymerizable Sorb-lipid was chosen for initial experiments with the remainder 

composed of cholesterol and a different, non polymerizable phospholipid. 

A second, and more effective mechanism for photoinduced leakage became apparent 

as the leakage assays were being carried out. In this case, the bilayer has phase separated 

monomer domains before polymerization , and these are disrupted by the polymerization. 

Either leaky junctures, between polymerized and non-polymerized domains or pores 

inside the polymerized domain are formed. Evidence for such phase separated domains 

has been observed by differential scanning calorimetry and by thermally induced leakage. 

The onset of photoinduced leakage in liposomes with these lipid compositions occurs at 

as linle as 20% loss of monomer, compared to greater than 90 % loss of monomer that is 

required for photoinduced leakage to occur in liposomes in which phase separation is not 

observed. 

6.2 EXPERIMENTAL 

6.2.1 Materials 

The collisional quencher, a,a'- bis-Pyridinium-1.4-xylene dibromide (DPX) 

(fig.6.1) was prepared as follows: a,a'-dibromo-l,4-xylene (20.0 g. 75.7 mmole) was 



167 

suspended in chloroform (1.0 L) in a 2 L, 3 neck, rb flask fitted with a mechanical stirrer 

and a reflux condenser. Pyridine (18.0 g, 227 mmole) was added and the reaction 

mixture was heated to reflux for 3 hr. The resulting white precipitate was collected by 

vacuum filtration, washed twice with chloroform (200 mL), and recrystallized from 

methanol/isopropanol. The colorless needle crystals were dissolved in nanopure water 

(200 mL) and filtered through a 0.45 micron membrane filter. The water was removed 

under reduced pressure. Dry benzene (200 mL) was added and evaporated under reduced 

pressure to remove any residual water. The resulting solid (23.4 g, 90% theoretical yield) 

was dried at 25°C under 0.1 torr pressure for 24 hr. ^ H NMR (D^O): 8.83 - 8.78 (dd, 

J=10.2 Hz, 2.0 Hz, 4H, CH,NXH), 8.51-8.42 (tt, J=l 1.9 Hz. 2.0 Hz, 2H. 

CH,N-CHCHCH), 8.0-7.93 (dd, J=l 1.9 Hz. 10.6 Hz. 4H, CH,N*CHCH) 7.44. (s. 4H. 

CH^CCHCH), 5.76 (s, 4H, CH,) ppm. ANTS was purchased from Molecular Probes Inc. 

Eugene. Oregon and used without further purification. Neutral PEG lipids were prepared 

as described in chapter 3. bis-SorbPC,, ,7, bis-SorbPC,, „ and PEG-S-bis-SorbAPD,^ 

were prepared as described in chapter 4. DOPC, DSPC. DOPA. PEG-DOPE, and PEG-

DSPE were purchased from Avanti Polar Lipids. Cholesterol was purchased from Sigma 

and used without fiirther purification. 

6.2.2 Preparation of liposomes 

Lipids were measured volumetrically into a 10 mL round bottom flask from either 

chloroform or benzene based stock solutions of known concentrations. After the addition 

of each lipid, the solution was dried under an argon stream followed by high vacuum (4 

hr). The flask was then weighed to obtain the weight (± 0.2 mg). The lipids were then 

suspended in a sufficient amount of dye containing, pH 7, phosphate buffer to make a 10 

mM total lipid solution. The buffer used for the hydration of the lipids contained ANTS 
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(25 mM), DPX (90 mM) and sodium phosphate (10 mM). The osmolality of this buffer 

solution was found to be 277 milliosmol. The lipid suspension was subjected to 10 freeze 

thaw cycles and then extruded 3 times through two stacked 200 nm Nuclepore 

membranes followed by 10 times through two stacked 100 nm Nuclepore membranes. 

The resulting ANTS/DPX containing liposomes were eluted through a Sephadex G75 

column with pH7 buffer solution containing sodium phosphate (10 mM). sodium chloride 

(139 mM). and having an osmolarity of 277 mosmol. The concentration of the resulting 

liposome solutions were determined by UV absorbance at 258 nm (hexa-2,3-dienoyl 

258„^H- E ^ 47,100) of a 30 ^l aliquot in 0.97 mL of HPLC grade methanol. The 

total lipid concentrations of liposome solutions prepared above were between 1 and 3 

mM. 

6.2.3 Preparation of argon purged buffer 

Phosphate buffered saline solution (PBS), that was pH 7 and 280 mos. (lOOmL) was 

put into a 250 mL Schlenk flask. The flask was fitted with a gas dispersion tube that 

extended below the level of the buffer. The side arm was connected to a low (20 mm Hg) 

vacuum pump. The flask was altemately put under vacuum for 20 sec with stirring and 

the vacuum was released through the gas dispersion tube with argon that had been 

previously bubbled through buffer of the same osmolarity. The buffer was then bubbled 

for an additional 20 sec before the vacuum was applied again. Butyl rubber vacuum 

tubing was used to carry the argon. This procedure was repeated 10 times. 

6.2.4 Fluorescence measurements 

Fluorescence time based scans were done on 3 mL. 0.15 mM dilutions of the abo\ e 

lipid solutions in pH 7.0 PBS. with excitation at 360 run and emission at 520 nm. The slit 

width for both excitation and emission monochrometers was 4 mm. Complete leakage 

was determined by addition of 0.3 mL of 5 volume % aq. Triton X-100. UV 
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polymerization was carried to between 20 and 99% by exposure for between 1 sec and 8 

min. to light from a low pressure Hg pen lamp at 0.02 to 0.04 W/cm". The percent 

conversion was determined by the change in UV absorbance at 254 nm. A Coming 

number CS-9-54 filter (>230 nm) was used to prevent photolysis of the polymerization 

product. 

% convrsion = (A'o*^"*)/(A'o"'* - A'2o-^)( Ao"") 

where Ao is the initial absorbance of the sample. A'o is the initial absorbance of the a 

standard sample. A, is the absorbance of the sample after time (t) of irradiation, and A'.q is 

the absorbance of the standard sample after 20 min of irradiation. 

6.2.5 Determination of amount of encapsulated ANTS 

The total amount of ANTS encapsulated in the liposome was determined shortly (1 

to 2 hr) after chromatographic separation of the unencapsulated dye. A 3 mL sample of 

liposomes having a total lipid concentration of 150 fiM was prepared, and the 

fluorescence at 520 nm with excitation of 360 nm was measured for 45 sec on a SPEX 

Fluorolog 2 fluorometer with excitation and emission slit widths set at 4 mm. Triton X 

ICQ (0.3 mL at 5% aq. v/v) was added, and the fluorescence measurement was continued 

for an additional 45 sec The emission intensity of the sample after addition of Triton X -

ICQ was multiplied by 1.1 to adjust for the dilution by the detergent solution and the 

difference between this auid the initial measurement was compared to the emission 

intensity of standard solutions of ANTS/DFX (5 to 18 ratio). 

6.2.6 Determination of liposome leakage 

In order to determine the percent leakage of liposome encapsulated ANTS/DFX. the 

fluorescence of each sample was measured over 30 seconds immediately before 
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photolysis. Immediately after photolysis, the percent conversion was determined by UV 

absorbance with a diode array spectrophotometer, and the fluorescence was measured 

continuously over 15 to 60 minutes. After the leakage measurement, a 90 sec time scan 

was performed during which a solution of Triton X-100 (0.3 mL at 5% aq. v/v) was 

added at 45 sec The fluorescence due to 100% leakage was determined from this 

measurement after factoring out the bleaching of ANTS during photolysis and the 

dilution factor due to the Triton X-100 solution. 

The fluorescent marker, ANTS, has an absorption maximum at 258 nm. For this 

reason, irradiation of the liposome solution at 230 - 300 nm causes some bleaching of the 

ANTS. The percent ANTS bleaching was determined by comparing the fluorescence 

measurement after the addition of Triton X-100 for a photolyzed sample to a similar 

measurement performed on a sample of nonphotolyzed liposomes after dividing each by 

the UV absorbance at 254 run to factor out any differences in sample preparation.. 

^ ^photolyzed ''^nonphotoK-zed ^^nonphoioh-zed^•^photolvzcd 

A bleaching factor of between 0.8 and 1.0, depending on length of photolysis, was 

obtained, which adjusts the baseline (Iq) to what it would be if the amount of ANTS 

present before photolysis were equal to that present after photolysis. 

The percent leakage at any time is given by the following expression: 

% leakage = 100 • (I, -b Io)/(l.l I,Qo-b Iq) 

where I, is the fluorescence intensity at time't', Iq is the fluorescence intensity prior to 

photolysis. I,oo is the fluorescence intensity after addition of Triton XI00. and b is the 
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bleaching factor. Because the initial change in concentration inside the liposomes is 

relatively small, the initial leakage is pseudo zero order, and the plot is a straight line. 

The rate of leakage was calculated from the linear region of the plot using a least squares 

fit. 
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6.3 RESULTS 

6.3.1 Encapsulation 

The maximum amount of encapsulation of a fluorescent marker or drug molecule into 

liposomes, without the use of a pH gradient or other means of increasing the 

concentration inside the liposomes relative to the concentration outside the liposomes, is 

the product of the total internal volume of a liposome solution and the concentration of 

the molecule to be encapsulated. The maximtim internal volume of a liposome 

suspension was calculated for unilamellar POPC liposomes of various sizes by Pfeiffer et 

al (Chapman et al. 1990). Though the liposomes that are used in these experiments are of 

a different composition, Pfeiffer's results give a reasonable approximation of the 

maximum amount of fluorescent dye that could theoretically be encapsulated by our 

liposome system. Pfeiffer assumed an area per lipid molecule of 68 square angstroms 

and a bilayer thickness of 29 angstroms in the calculation. The experimental values of 

liposome volume determined by entrapment of solute are considerably lower than the 

values calculated by Pfeiffer. Mayer et al. found, by this method, that the actual 

experimental value for the internal volume of eggPC liposomes, made by the extrusion of 

freeze-thawed MLV's through two stacked 100 nm polycarbonate membranes, is 

approximately 0.5 times the theoretical value or 1.5 1/mole (Mayer et al. 1986). Freeze 

fracture electron microscopy of extruded eggPC/cholesterol liposomes in the absence of 

cr\'oprotectants. such as glycerol, shows that the liposomes deviate from the ideal 

spherical structure (Perkins et al. 1993). This could result in the lower encapsulated 

volume that was observed by Mayer. Liposomes in the leakage experiments presented 

here ranged between 90 and 120 nm in diameter. Because the volume is proportional to 

r^ the encapsulated volume in a polydisperse population of liposomes should be 
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dominated by the larger liposomes. Table 6.1 shows the calculated maximum volume 

and amount of dye that could be encapsulated from a 25 mM ANTS solution into 

unilamellar liposomes from 90 to 120 nm in diameter. 

The values for encapsulation in the leakage experiments presented here were 

considerably lower than the values obtained from either the internal volumes that were 

calculated by Pfeiffer or those measured experimentally by Mayer. Tables 6.3 - 6.6 show 

encapsulation efficiencies of liposomes in which the concentrations of DOPC and one 

other component are varied while the concentrations of the other components were held 

constant. The highest encapsulation (table 6.3, entry 1) is only 33 % of that corresponding 

to of Pfeiffer's calculated maximum internal volume for 100 nm POPC liposomes. 

Possible reasons for the lower encapsulation include: (1) leakage during or after 

chromatography, (2) incomplete quenching. (3) volume filled by PEG chains. (4) 

incorrect area per lipid molecule, or (5) the formation of a sub-population of non-

encapsulating or non-spherical structures such as disc-shaped liposomes, toroidal 

liposomes, rod shaped micelles, or spherical micelles. 

Rapid leakage (on the order of 20 min) during size exclusion chromatography results 

in reduced or no encapsulation with a high background fluorescence as can be seen in the 

final two entries of table 6.6. If there is some encapsulation, the remaining dye can be 

observed to leak quickly without photolysis. This behavior was observed with DOPC 

liposomes that contained 25 mole % bis-SorbPC,7 p. with no cholesterol. Stable 

encapsulation could not be achieved with liposomes that contained 30% or more bis-

SorbPC,7,7 with no cholesterol. When 20 to 40 mole % cholesterol is included in the 

liposomes, dark leakage is reduced by two orders of magnitude. Size exclusion column 

fractions surrounding the elution of liposomes containing PEG-DSPE/bis-SorbPc^ p/ 

cholesterol/DSPC (5/30/35/30) were tested for UV absorbance at 254 nm. background 
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fluorescence, and encapsulation. Higher background fluorescence correlated with higher 

lipid content and encapsulation. The elution of liposomes and unencapsulated dye did 

not overlap, indicating that no significant leakage occures with that lipid mixture during 

size exclusion chromatography. 

If ANTS is not completely quenched, there could be a significantly higher 

background fluorescence resulting from encapsulated dye. In the calculation of 

encapsulation, this fluorescence would be subtracted from the total fluorescence giving an 

artificially low estimate of encapsulation. If incomplete quenching of encapsulated dye is 

the only source of background fluorescence, the true encapsulation would be given by 

comparing the total fluorescence of the ANTS/DPX containing sample after detergent 

lysis with a sample of liposomes of the same total lipid concentration that contain no 

encapsulated dye. The intensity of empty liposomes with 100 jiM total lipid 

concentration (excitation and emission slit width: 4.0 mm) is 6000 cps. With the 

exception of samples that contain bis-SorbPC,7,7 without cholesterol, the background 

intensity of most semiples is between 10,000 and 25.000 cps. The one case with higher 

background fluorescence is the second entry in table 6.5. In this case, the buffer used in 

the experiment was found to have a background fluorescence of 13.000 cps compared to 

150 - 500 found in other experiments (this could have resulted from contamination of the 

buffer with a small amount of ANTS). If the buffer is subtracted from the background 

fluorescence, the difference is 21.000, which is close to the range listed above. The 

maximum error in the calculation of encapsulated dye that could be attributed to 

incomplete quenching is between 0.5 and 2.5 [iM ANTS per mM total lipid. 

In contrast to conventional liposomes, PEG- liposomes with PEG on both leaflets 

have an internal volume that is reduced by the volume occupied by the hydrated polymer. 

The encapsulated volume of a PEG-liposome can be approximated by a sphere with a 
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radius smaller than the external radius of the liposome by the thickness of the bilayer and 

of the hydrated PEG layer. The thickness of a hydrated PEG layer for a PEGjooo- grafted, 

supported bilayer has been measured by Leckband et al. to be 5.2 nm for a mushroom 

conformation in the weak overlap regime (4 - 5 % PEG-lipid) and 6.2 nm for a brush 

regime (>10 % PEG-lipid) (Efremova et al. 2000). The calculated volume per liposome 

for 90 - 120 nm liposomes using the formula for the volume of a sphere (V = 4 /3 :rr^) is 

given in table 6.2. The reduction in encapsulation is between 13 and 20 percent. This 

trend is demonstrated by the experimental data presented in table 6.3. Although data in 

tables 6.3 through 6.6 has an uncertainty of about ±10 %, it demonstrates how the 

encapsulation efficiency varies with changing concentrations of PEG-lipid, cholesterol, 

and bis-SorbPC,7 

Cholesterol has been shown in experiments with Langmuir monolayers to cause a 

considerable decrease in the area per lipid (Brown 1996). Because the volume is 

proportional to the (area) the presence of 40 mole percent cholesterol can result in a 

correspondingly large decrease in the volume per lipid molecule. Brown et al. found thai 

the area per lipid of a DOPC monolayer containing 40 mole percent cholesterol is 0.74 

limes that of a pure DOPC monolayer. If the bilayer of a liposome is assumed to behave 

in the same manner, the volume per lipid of a 60/40 DOPC/cholesterol liposome would 

be 0.74^ - or 0.64 times that of the same size liposome composed of pure DOPC. That is. 

it would take a correspondingly larger nimiber of lipid molecules to make up the same 

size of liposome. If both the effect of cholesterol and the effect of PEG lipid is 

considered together the volume per lipid (and therefore the maximum encapsulation) of a 

40% cholesterol, 15% PEG-DOPC, 65% DOPC liposome is the product of these factors, 

which is 45 % of the calculated volume per lipid of a pure DOPC liposome. Table 6.3 

shows the encapsulation efficiency of liposomes that vary only in the concentration of 
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cholesterol. The trend toward lower encapsulation efficiency is demonstrated here with 

the exception of the first entry. The first entry is probably low because of a high rate of 

dark leakage (4* 10 " % / second at SVC), which is supported by the high background 

fluorescence. If the lower background fluorescence of the second and third entry is used 

to calculate the encapsulation, the efficiency of encapsulation is equal to that of 

liposomes containing 20 % cholesterol. If the amount of ANTS lost during 20 min of 

column chromatography is considered, then the adjusted encapsulation efficiency is 24 

}j,M ANTS/mM total lipid. 

Another trend in encapsulation efficiency is that of decreasing encapsulation with 

increasing concentration of bis-SorbPCp ,7. In the case of 0% cholesterol (table 6.6). the 

trend can be explained by the increased rate of leakage. In the case of 40% cholesterol 

and high concentration of bis-SorbPC,7,7. the bis-SorbPC^ ,7 concentration does not 

strongly affect the rate of leakage. Possible reasons for this effect could be a deviation 

from spherical geometry, or formation of non-encapsulating structures. While broadened 

or bimodal distributions were not observed with 30% bis-SorbPC. it is often difficult to 

detect small structures in the presence of large ones by QELS. It might be possible to do 

this by freeze fracture electron microscopy, or cryo-TEM. Also the formulas used to 

determine size by QELS pre-suppose that structures are spherical. Disk shaped 

structures, have been observed by Edwards et al. at moderately high PEG-grafted-

choiesterol concentrations (Edwards et al. 1997). As QELS experiments would not 

distinguish these non-spherical shapes, their presence would result in broadened or 

erroneous size distributions. 

Replacement of PEG-S-DOAPD with anionic PEG-DOPE in liposomes composed of 

15% PEG-Iipid. 30% bis-SorbPC,7,7. 40% cholesterol, and 15% DOPC resulted in lower 

encapsulation of 8 ± 2 nM ANTS/mM total lipid. In contrast, when the neutral PEG-S-
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DOAPD was used, and DOPC was exchanged for anionic DOPA a much higher 

encapsulation efficiency of 30 ANTS/mM total lipid was attained. The reason for this 

difference is unclear, but it cannot be charge density, because the membrane surface 

charge is the same in both cases. 

Liposome formulations containing PEG-DSPE/bis-SorbPC|7,7 /cholesterol/DSPC 

(15/30/40/15) had a similar encapsulation efficiency as those with the same 

concentrations of dioleoyl lipids, with encapsulation of 11 ^M ANTS/mM total lipid and 

a background fluorescence of 17,000. The formulation having 5% PEG-DSPE, 30% bis-

SorbPC,7,7, 35% cholesterol, and 30% DSPC, followed the same trend as the 

DOPC/PEG-S-DOAPD liposomes, with encapsulation of 14 |iM ANTS/mM total lipid. 

The background fluorescence (70.000 ± 6000cps) was quite high, however. The high 

background fluorescence could not result from rapid leakage on the column, because the 

elation of liposomes and of unencapsulated dye did not overlap. The reason for the high 

background fluorescence with these formulations could be inefficient quenching. This is 

the only formulation in which a low (5 mole %) concentration of anionic PEG-PE was 

used. DFX might partition into the PEG mushroom conformation resulting in a decrease 

in the quenching of encapsulated ANTS. 

The most significant factors that decrease the encapsulation efficiency are those of 

high PEG-lipid concentrations, and high bis-SorbPC,7,7 concentrations. While the 

reduction in encapsulation that results from 5 % PEG (15%) is remarkably close the 

calculated value, the effect of 15% PEG is much greater (44 % in the case of PEG-S-

DOAPD. and 68 % in the case of PEG-DOPE). Jones et al. observed a similar deviation 

from the calculated value for liposomes containing PEG-DPPE, though at much lower 

PEG-lipid concentrations. The 41 % to 68 % reduction in encapsulation at bis-

SorbPC,7,7 concentrations greater than 30 % is also significant. For this reason. 30 mole 
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% bis-SorbPC,7.i7 was considered the best concentration for photoinduced leakage 

experiments in this system. The reduction in encapsulation with bis-SorbPC,, ,7 is 

probably a result of the polar ester function in the hydrophobic chains, and might involve 

an interaction between these and the PEG lipid to form non-encapsulating structures or 

non-spherical liposomes. This could be tested with a set of experiments in which the bis-

SorbPC,7,7 concentration is varied independently with different concentrations of PEG-

lipid. Such a set of experiments would be useful in optimizing the efficiency of this 

system as a drug carrier by determining the maximum bis-SorbPC|7,7 concentration and 

minimum PEG-lipid concentration for maximum encapsulation and maximum 

photosensitivity. 
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Table 6.1. Calculated internal volume, lipid molecules per liposome, and maximum dye encapsulation (assuming 25mM 

dye concentration). 

Diameter (run) Lipid molecules / 

liposome 

Encapsulated 

volume (1 / mole) of 

lipid 

mM ants/ mM 

lipid 

90 69,700 2.70 67.5 

100 86,600 3.05 76.1 

110 105.300 3.39 84.7 

120 125.900 3.73 93.3 

Table 6.2. calculation of the internal volume of PEG-liposomes with high and low grafting densities 
compaired to conventional liposomes. 

Diameter Mushroom 

10"" 

ml/liposome 

Brush 

10'' 

ml/liposome 

Mushroom % 

of convemional 

Brush % of 

conventional 

90 2.3 2.2 83 80 

100 3.1 85 82 

110 4.4 4.3 86 84 

120 5.9 5.7 87 85 
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Table 6.3. Encapsulation of ANTS in liposomes with differing amounts of PEG-S-DOAPD. Other components 

are held constant at the following concentrations: Cholesterol (40 mole %), bis-SorbPC,, ,7 (25 mole %). DOPC 

is varied to make a sum of 100 %. 

% PEG-S-DOAPD Background Encapsulation % of calculated for 

fluorescence (laM/mM) POPC (100 nm) 

0 23000 23 30 

5 13,000 19 25 

15 11.000 14 18 

Table 6.4. Encapsulation of ANTS in liposomes containing differing concentrations of cholesterol. Other 
membrane components are held constant at the following: bis-SorbPC,7,7 (25 mole %), PEG-S-DOAPD (15 
mole %). DOPC varies to make a sum of 100 %. 

Cholesterol Background 

flurescence 

Encapsulation 

(jaM / mM) 

% of calculated for i 

POPC (100 nm) i 

0 34,500 16 21 1 

20 13,500 18 24 

40 11,000 14 18 1 

0 (lou background) 19 25 1 
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Table 6.5. Encapsulation of ANTS in liposomes containing differing concentrations of bis-SorbPC,7,7 with 

cholesterol. Other membrane components are held constant at the following: PEG-S-DOAPD (15 mole %). 

cholesterol (40 mole %), DOPC varies to make a sum of 100 %. 

Bis-SorbPC,7,7 Background Encapsulation % of calculated for 

Fluorescence |iM / mM POPC f 100 run) 

25 11,000 14 18 

30 34000 13 17 

35 18000 8.2 11 

45 21000 4.4 5.8 

Table 6.6. Encapsulation of ANTS in liposomes containing differing concentrations of bis-SorbPC,-with no 

cholesterol. Other membrane components are held constant at the following: PEG-S-DOAPD (15 mole °o). 
cholesterol (0 mole %). DOPC varies to make a sum of ICO %. 

Bis-SorbPC,7,7 Background 

fluorescence 

Encapsulation 

(nM / mM) 

% of calculated for 

POPC liposomes 

0 15000 24 1 31 

10 15000 22 29 

20 27000 19 I 25 

25 34000 16 21 
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6.3.2 Photolysis 

Figures 6.4 to 6.6 show the UV spectra of liposome suspensions with a total lipid 

concentration of 150 nM at several photolysis time points for liposomes composed of 

DSPC. PEG-DSPE, cholesterol, and bis-Sorb PC^ ,7 and for liposomes composed of 

DOPC, PEG-DOPE, cholesterol, and bis-Sorb PC,7,7. Photolysis results in a decrease in 

the absorbance at ca. 250 nm with a lesser increase in the absorbance at 204 nm, which 

corresponds to the isolated double bond that is formed in the photo-polymerization. The 

absence of an isosbestic point in most sets of photolysis spectra indicates that there is 

more than one photo-product, however, in figure 6.4 there is an isosbestc point between 0 

sec and 60 sec photolysis at X = 222 ±1 nm and A = 0.95 ± 0.006 AU which indicates that 

at short photolysis times, in this case, one photoproduct is produced. Possible 

polymerization products include 1,2-polymer. 2.3-polymer and. 3.4-polymer (Fig.6.2). 

Lamparski found that the major product from the polymerization of pure bis-SorbPC 

liposomes in the absence of oxygen is the 1,4 product (Lamparski and O'Brien 1995). 

Because the conditions of polymerization in these experiments were different (mixed 

liposomes and presence of atmospheric oxygen). Lamparski's results do not necessarily 

hold in this case. It is unlikely that the 3.4-polymerization is occurring in this case, as the 

absorbance at 210 nm of a double bond in conjugation with a carboxyl is not obser\'ed. 

Other structures such as poly-co-peroxy ethers have been obser\'ed. and will be discussed 

further in Section 6.3.3.4 (Matsumoto et al. 1998). 
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monomer 

1A poUxner 3.4 polvTner 12 polymer 

Figure 6.2: Possible polymer products of Sorb homo-polymerization 

An absorbance shoulder remains at 260 nm even with long irradiation times, because 

both ANTS and DPX have absorbance maxima at 258 nm and 260 nm. respectively. A 

mixture of 5 parts ANTS to 18 parts DPX (the ratio used in the leakage experiments) has 

an effective "molar" (in ANTS) extinction coefficient of 51.000 at 260 nm (Fig. 6.3A and 

B). A mixture of ANTS and DPX in PBS, without lipid showed little photobleaching 

with 11 minutes of photolysis. For this reason, the absorbance at 260 nm after long (600 

sec at 0.04 W/cm* and 1200 sec at 0.02 W/cm*) photolysis times was used as the 100 % 

photolysis point. 

The major difference in the UV spectrum between other bis-SorbPC,,containing 

formulations and the highly photosensitive liposomes composed of PEG-DSPC/bis-

SorbPCp p/cholesterol/DSPC (5/30/35/30) is the larger hypsochromic shift in the latter. 
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to between 242nm and 244 nm, at 0 photolysis (Fig. 6.4 A). The absorbance maximum 

for bis-SorbPC in methanol is 258 nm with all of the lipid mixtures that were used (Fig. 

6.4b). The hypsochromic shift observed with the 5% PEG-DSPE liposomes diminishes 

with as little as 3 seconds of photolysis, and the absorbance maximum approaches 258 

nm as the photolysis progresses. Liposomes with PEG-DSPE/bis-SorbPC,^ ,7/cholesterol 

/DSPC (15/30/40/15)showed a smaller hypsochromic shift relative to the methanol 

solution with an absorbance maximimi of250 nm to 252 nm at 25°C and 37°C. 

respectively (fig.6.5). The UV spectra of photolysis of PEG-DOPE/DOPC liposomes of 

the same percent composition at 37°C (Fig. 6.6) were nearly identical to those of the 

distearoyl lipid analogue. An hypsochromic shift is an indication of aggregation (Takeoka 

et al. 1989a). which can result from highly ordered, phase separated domains. The shift 

back toward longer wavelengths upon polymerization would then indicate a disordering 

of these domains. 
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Figure 6.3: (A): UV spectra of a 5/18 ANTS/DPX solution at varying concentrations. 

(B) Absorbance at 204 nm, 260 nm, and 354 nm vs. ANTS concentration in moles per liter. 
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6.3.3 Dioleoyl PC liposome system 

Earlier experiments of this group demonstrated that polymerization of 

phospholipids having polymerizable groups at the ends of both acyl chains causes the 

formation of separate domains of polymerized lipid and of monomeric lipid with the 

concomitant concentration of lipids that do not have polymerizable groups into the 

monomeric domains. These experiments were carried out with combinations of 

bisAcryloylPC or bis-SorbPC and DORA (Armitage et al. 1993) or of bis-SorbPC,; ,7 and 

DOPE (Lamparski et al. 1992). Phase separation, prior to polymerization, between the 

fluid dioleoyl lipids and the polymerizable lipids was not observed in these experiments. 

The initial strategy to induce leakage in sterically stabilized liposomes was to form 

separated domains of polymerized lipid and thereby concentrate PEG-lipid into the non-

polymerized domains as was done in the previous experiments with conventional 

liposomes. In order to promote lipid mixing and rapid diffusion of lipids into their 

perspective domains upon polymerization, fluid lipids (DOPC. DOPA. PEG-S-DOAPD. 

and PEG-DOPE) were used. These lipids have two oleoyl chains, which give them a low 

T„. and are in the fluid, liquid crystalline phase at room temperature. As demonstrated in 

Chapter 5, there is a sharp increase in the number of small (less than 50 nm) structures 

between 20 and 30 mole% PEG2000-S-DOAPD. It was calculated that if a ratio of 

PEG/bis-SorbPC,- 17/DOPC (15/30/65) were used in the formulation. 100% 

polymerization would result in a final concentration of 21 mole % PEG-lipid. which is 

just inside that range. Attempts to encapsulate ANTS/DPX solution or calcein with this 

temar>' lipid mixture were unsuccessful, resulting in rapid leakage during size exclusion 

chromatography as described in 6.3.1. Inclusion of more than 20 mole % cholesterol 

dramatically reduced dark leakage, and allowed the relatively stable encapsulation of the 
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ANTS/DPX solution. If the cholesterol induced condensation of the surface area per 

lipid, as described in 6.3.1 is considered, the effective PEG-lipid concentration per 

surface area after polymerization is nearly equivalent to a 29 mole %. This was 

considered to be the ideal concentration range for formation of mixed micelles and 

resulting membrane destabilization. In light of the above considerations, the formulation 

of liposomes used initially consisted of 15 mole % PEG-S-DOAPD, 25 mole % to 30 

mole % bis-SorbPC,7,7, and 40 mole % cholesterol with the remainder being made up of 

DOPC. 

6.3.3.1 Effect of surface charge 

The increase in free energy that results from bringing two tethered polymer chains in 

the brush conformation closer to together was predicted by Alexander to be proportional 

to TN (a/D)^'^ where 'T' is the absolute temperature, 'N' is the degree of polymerii^ation. 

a" is the length of each monomer unit, and "D' is the distance between the grafting sights 

(Alexander 1977). A more recent theory developed by Milner et al. placed this 

dependence al TNCa/D)"*" (Milner 1991). In addition, the energy required to bring two 

point charges together is equal to the integral from the initial distance to the final distance 

of the electrostatic force equation: e z, z, / r, or e (l/r^-l/r,). if z, = z, = ± I. The work 

required to move two charged PEG-lipids together would be a sum of these two 

functions. This work must come from the free energy of the polymerization, which is 

fairly limited and decreases with increasing temperature. It is desirable, therefore, to 

separate the force resulting from steric interactions and the force resulting from the 

electrostatic repulsion of like charges. Chapter 3 discusses the synthesis of neutral PEG-

lipids. These, as well as anionic PEG-DOPE, were used to investigate the effect of the 

charge of the PEG lipid on the photosensitivity of the liposome. 
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Figures 6.6 and 6.7 give a summary of results for leakage experiments with 

liposomes that differ only in the charge of the PEG-lipid. With the exception of a 5 times 

higher rate of dark leakage in the neutral liposomes (which could be a result of higher 

encapsulation), there is little difference between the photosensitivity of these liposomes. 

Clearly the negative charge on the PEG-DOPE does not inhibit the photoinduced leakage. 

An effect that can be seen here is the dependence of the rate of leakage on high 

monomer conversion. While there is a three to ten fold increase in the rate of leakage 

between 0 and 80 percent loss of monomer, there is a higher rate increase during the last 

20 percent of monomer conversion (13 to 20 fold). This characteristic was consistently 

observed in the fluid systems that contained dioleoyl-PC and dioleoyl-PEG-lipid. It is in 

sharp contrast to the behavior of photosensitive liposomes that contain the higher T„ 

distearoyl lipids. If the negative charge is located on a conventional lipid, there is a later 

onsei of photoinduced leakage, as shown in fig. 6.9. At much longer irradiation times, 

the rate of leakage approaches the maximum rate observed for PEG-DOPE/DOPC 

systems. One possible cause for this is that the negative charge on the DOPA is more 

effective at resisting the formation of polymerized and monomeric domains. Whereas 

PEG-lipids have been shown to partition out of a membrane because of the hydrophilic 

chain (Holland et al. 1996b; Parr et al. 1994), DOPA is more likely to stay in the 

membrane. The electrostatic forces that would not be relieved in this way would be 

additive with the steric forces exerted by the PEG-S-DOAPD. Both together might 

impede the formation of large polymerized domains. Both experiments represented in fig. 

6.8 were photolyzed at 0.04 W/cm\ which is approximately twice the intensity of the 

light used in the previous experiments. 
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6.3.3.2 Effect of PEG-lipid concentration 

If the hypothesis that photo-induced leakage results from an increased concentration 

of PEG-lipid in non-polymerized domains is true, then reduction of the PEG-lipid 

concentration should reduce the photosensitivity of the liposomes, and elimination of the 

PEG-lipid entirely should eliminate the photosensitivity. For this reason, leakage 

experiments were carried out in which the concentration of PEG-lipid was reduced to 5% 

and 0%. Contrary to expectation, it was found that the concentration of PEG-lipid has 

little effect on the rate of photoinduced leakage at high conversion. Fig. 6.10 summarizes 

the results of leakage experiments on liposomes composed of PEG-S-DOAPD/bis-

SorbPC,7,7 /cholesteroi/DOPC (5/30/40/25 and 15/30/40/15). The rate of leakage at high 

conversion is not significantly different in these experiments. At intermediate conversion 

the leakage rate for the 5% PEG-lipid composition is somewhat lower, but this could also 

be the result of differences in polymerization extent and conditions. This data shows no 

clear evidence of any significant difference in the photosensitivity of the two liposome 

formulations. Fig. 6.11 shows the results for leakage experiments carried out with 

liposomes composed of PEG-S-DOAPD/bis-SorbPC/cholesterol/DOPC (0/25/40/35 and 

15/25/40/20). Though there is a large variation in the results of the experiments, they do 

show an increase in the rate of leakage (of at least 10 fold at 90 % to 95% loss of 

monomer, and of 50 to 100 fold at 96 to 100% loss of monomer) for the liposome 

formulations containing no PEG-lipid. This photo-sensitivity is comparable to that of 

liposomes containing 15% PEG-lipid. The photosensitivity of non-pegylated liposomes 

demonstrates that the concentration of PEG-lipid into non-polymerized domains leading 

to the formation of mixed micelles is not the major mechanism for photoinduced leakage 

in PEG-liposomes containing dioleoyl lipids. 
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An alternative explanation for the increased permeability of the liposomes could be 

the disordering of polymerized domains by crosslinking of polymer chains. The 

crosslinking of adjacent chains can change the distance between the lipids involved in the 

cross link, and defects could result that could not be filled in because of the relative lack 

of mobility of the polymerized lipid. These defects are necessarily small, as the rate of 

leakage is only increased by 2 orders of magnitude, whereas large pores would result in 

immediate and complete leakage. Also, as shown in Section 6.3.3.5, the defects in the 

membrane are persistent as the first order rate constant for the leakage does not decrease 

significantly over 30 minutes. 
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6.3.3.3 Effect of Fluorescent Marker Concentration 

One possibility that had to be investigated is that leakage could result from a photo-

reaction involving the fluorescent marker or the collisional quencher which could render 

the bilayer more permeable, rather than fi-om the photo-polymerization of the Sorb-lipid. 

If this is the case, then the increase in the rate of leakage expressed in % / sec would 

depend on the concentration of the fluorescem marker. By varying the dye concentration 

in the encapsulation buffer, this concentration effect could be investigated. Dye 

concentrations of 25, 8.3, and 4.2 mM ANTS, and 90, 30, and 15 mM DPX, respectively, 

were used. There was a 18 to 5 DPX / ANTS ratio in each case. 

The concentration of the fluorescent marker, ANTS, has little effect on the rate of 

photoinduced leakage expressed in percent per second (fig. 6.12). While the rate of dark 

leakage increases with increasing encapsulated dye concentration, the photoinduced 

leakage for all three sets of liposomes converges to 10"' at high conversion. This 

indicates that the leakage is not a result of interaction of the excited state of the dye with 

ihe membrane. It also confirms that photoinduced leakage is first order in fluorescent dye 

concentration. The correlation between dark leakage and the estimated concentration of 

.A.NTS inside the liposomes is shown in fig. 6.13. This dependence of the rate of dark 

leakage on encapsulated dye concentration was seen in groups of experiments with 

similar lipid composition but with different dye concentrations. The roughly linear 

dependence shown here indicates that dark leakage could be higher than first order in 

ANTS or in ANTS and DPX together, though to determine the order would require more 

data. 
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6.3.3.4 Effect of Oxygen 

Molecular oxygen is often considered to be an inhibitor of radical polymerizations 

(Odian 1991). Though polymerization of the Sorb group by direct irradiation is 

considered to be a successive photo-addition process rather than a radical chain reaction 

(Lamparski and O'Brien 1995), there is some possibility that oxygen could take part in 

side reactions that could decrease the effeciency of the polymerization. It was of interest, 

therefore, to perform polymerization and leakage assays in the absence of oxygen to 

determine if higher photosensitivity can be achieved. An experiment was designed in 

which liposomes from the same stock solution were diluted to 100 fiM in PBS buffer thai 

was either purged with argon as described in 6.2.3, prepared in and exposed to air as in 

other experiments as a control, or bubbled with pure oxygen through a Pasteur pipette for 

1 min. immediately prior to use. Contrary to expectation, it was found that the exclusion 

of oxygen from the system resulted in a decrease both in the rate of polymerization and in 

photosensitivity. On the other hand, saturation with oxygen lead to significantly higher 

photoinduced leakage compared to the control, though the rate of monomer loss was not 

significantly higher than that of the control (fig. 6.14). These results indicate that oxygen 

plays a role in the photo-destabilization of these liposomes. One possible explanation for 

this effect is that oxygen is involved either as a co-monomer, or as a crosslinking agent in 

such a way that it increases the crosslinking density of the polymerized domains, thereby 

making more and larger defects through which leakage can occur. Evidence for inclusion 

of oxygen during the polymerization of the Sorb group in the solid state has been 
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observed by Matsumoto et al. (Matsumoto et al. 1998). Octadecyl sorbate crystallized 

from ethanol and photo-polymerized in the presence of oxygen produced an alternating 

3.4-polysorb-co-peroxide (fig. 6. 15). This structure was determined by '^C and the 'H 

NMR because of a downfield shift in the methine carbon and proton signals. Though lack 

of solubilit>' makes it impossible to perform solution NMR experiments on crosslinked 

poly (bis-SorbPC), Saavedra and Conboy have observed evidence for inclusion of oxygen 

into the polymer by X-ray photoelecton spectroscopy on compressed LB films that were 

photopolymerized in the presence and absence of oxygen (unpublished results). 

Another effect that was observed in the absorbance spectra of liposomes that were 

photolyzed in the absence of oxygen for long irradiation times that there is a significant 

increase in the absorbance at 360 nm which is the of ANTS (fig.6.17 A). This may 

be due to a photoreaction of the dye that is effectively inhibited by atmospheric oxygen 

(fig 6.17 B). 
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Figure 6.14: PEG-DOPE/bis-SorbPC.^jT/cholesterol/DOPC (15/30/40/15) 

leakage experiments carried out on 0.l2ml of 2.49mM total lipid stock solution 
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6.3.3.5 Kinetics of Photoinduced Leakage 

In addition to the initial rate of leakage from liposomes, further information about 

the mechanism and the duration of the leakage can be obtained by estimating the 

concentration of ANTS inside the liposomes as a ftmction of time and then applying the 

integrated first and second order rate equations. The equation for first order is: 

-d[c]/dt = k[c] or -d[c]/[c] = kdt so that the integral is: -ln([c]/[Co]) = kt and for second 

order is: 

-d[c]/dt = k [c]* and integration gives: l/[c] = kt + l/[Co] 

where c' is the concentration at any time in the leakage assay, and 'Cq' is the 

concentration at time zero. 

If leakage is first order in ANTS and is independent of DPX. then the negative of 

the natural log of the concentration inside the liposomes vs. time should be a straight line 

with slope equal to the first order rate constant for the leakage. This would mean that the 

rate limiting step in the leakage is unimolecular. such as collision of an ANTS molecule 

with the liposomal membrane. In this case. DPX and/or sodium ion would leak 

independantly in order to maintain a neutral charge acrost the membrane. If the rate is 

second order in ANTS then a graph of the inverse of the ANTS concentration inside the 

liposomes will be a straight line with slope equal to second order rate constant. This 

would mean that the rate limiting step involves the collision of two ANTS molecules or 

an ANTS and a DPX molecule, which then escape together from the liposome. In the 

latter case (collision of ANTS and DPX), the kinetics would appear second order in 

ANTS if. for ever>' ANTS molecule that leaves the liposome, one or more DPX 

molecules are required to leave, thereby reducing the concentration of both compounds 

together. This type of mechanism could be discerned from the other by a set of 

experiments in which the initial concentrations of ANTS and DPX are varied 
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independently. With both first and second order leakage, a change in the slope of the 

integrated rate equation after a period of time could indicate a change in the permeabilit>' 

of the membrane. 

The initial concentration of ANTS was estimated by dividing the total encapsulation 

of ANTS in |iM ANTS/nM lipid by the estimated encapsulated volume in nL/nM lipid. 

The volume was assumed to be the one measured by Mayer (Mayer et al. 1986). adjusted 

for cholesterol contend (a factor of 0.64) and PEG-lipid content (a factor of 0.80 to 0.87). 

according to the calculations presented in Section 6.3.1. The volume calculated in this 

way is between 0.76 and 0.96 fiL/fiM depending on the concentration of PEG-lipid. The 

internal ANTS concentration at any time can be estimated by multiplying the initial 

concentration by (1 - % leakage/100), that is, the fraction that has not leaked out. 

Figs. 6.18 to 6.21 show graphs of the percent leakage vs. time, from which the 

initial rates of leakage in the previous sections were measured, followed by graphs of the 

first and second order rate equations applied to internal concentration of [.A^NTS]. The 

lipid mixtures that are presented here represent both anionic and neutral PEG-lipid as 

well as three different PEG-lipid concentrations. These are PEG-

DOPE/bisSorbPC,, p/cholesterol/DOPC (15/30/40/15) and PEG-S-DOAPD/bis-

SorbPCp ,-/cholesterol/DOPC (15/30/40/15. 5/30/40/25. and 0/25/40/35). The assays that 

are presented are polymerized to a high (>98 %) conversion of monomer, because these 

are the only experiments that reached a high extent of leakage in a reasonable period of 

time. A characteristic that can be seen in all of these is a sustained T' order rate of leakage 

that lasts at least 15 min. or until greater than 80% extent of leakage. After long periods 

of time or high extent of leakage there is a slight reduction in the P' order slope. This may 

be a result of a slow decrease in the rate constant, or it may result from a small over 

estimation of 100% leakage fluorescence intensity, which would have a large effect on 
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the log plot at a high extent of leakage. The 2"** order plots show sigtiiflcant positive 

curvature early in the assay with the exception of fig 6.18 C, experiment 2. The 

fluorescence measurement during this experiment was started at 5 min after the 

irradiation, and extensive leakage had already occurred. The long duration of the first 

order rate constant is an indication that the increased permeability is happening in a 

region of the liposome in which the rate of lipid diffusion is slowed considerably. 

Otherwise, monomeric lipids would diffuse into the defects and the leakage rate would 

slow much sooner. The first order leakage rate is fairly consistent between the three 

liposome formulations that contain 30% bis-SorbPC,7 ,7 at (1.5±0.4) x lO"' (sec) '. It is 

also consistent with the initial rates of leakage at high monomer conversion which are all 

approximately 10"' %/sec 
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6.3.4 Distearoyl PC Liposome System 

Photosensitive liposomes containing DSPC and distearoyl PEG lipid (called DS-

liposomes as opposed to DO-liposomes) were chosen for further UV leakage studies for 

several reasons. The data presented in Section 6.3.3 indicate strongly that the 

concentration of PEG-Iipid into nonpolymerized domains is not a major cause for the 

increased rate of leakage that is observed at high monomer conversion. If this is true, a 

fluid lipid membrane of dioleoyl lipid in the or phase is not likely to be necessarv' 

for photoinduced leakage to occur. It was also of interest to reduce the rate of dark 

leakage. For a long circulating liposome formulation to be useful in therapeutic 

applications, it would be desirable to have most of the initially encapsulated contents 

remain inside the liposome for at least 24 hr, in order to maximize site specific drug 

deliver)'. This would require a first order rate constant of less than 8x10"^ (sec) ' or an 

initial rate of less than 8x10"* %/sec for dark leakage. The liposomes containing fluid 

dioleoyl lipid (DO-liposomes) show a rate of dark leakage that is about 2 to 3 times 

greater than that. Liposomes composed of high T„ lipids and cholesterol have been found 

to be relatively stable in physiological conditions even when not pegylated (Gregoriadis 

1995). Moreover, a phospholipid bilayer below the T„ may not adjust rapidly to 

polymerization induced changes in morphology, which would lead to a greater rate of 

photoinduced leakage through resulting defects in the membrane. The initial lipid 

mixture that was chosen for the DS-liposomes used in these leakage experiments was 

identical to the most extensively studied DO-liposomes formulation, that is. PEG-

DSPE/bis-SorbPCp ,7/cholesterol/DSPC (15/30/40/15). Later, the amounts of PEG-

DSPE and cholesterol were varied, in an effort to optimize photosensitivity and 

encapsulation, to a mixture of PEG-DSPE/bis-SorbPC,7,7/cholesterol/DSPC (5/30/35/30). 

6.3.4.1 Tbermosensitivity 
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DSPC has a T„ of 55°C compared to 29°C for bis-SorbPC,, ,7 and -16°C for 

DOPC. Because of the 26°C difference in the main phase transition temperature, it could 

be expected that mixtures of DSPC and bis-SorbPC,7,7 would phase separate into 

domains concentrated in each of the respective lipids, and each having a phase transition 

temperature and other characteristics similar to those of bilayers composed only of that 

lipid. The effect of the cholesterol on phase separation depends on the cholesterol 

concentration and on the lipids involved. Silvius et al. found by FTIR and fluorescence 

assays that when the cholesterol content is greater than 40 mole %. the phase separation 

between DPPC and DLPC is diminished, while at lower concentrations of cholesterol, 

phase separation is increased (Silvius et al. 1996). Feigensen et al. also observed by 

confocal fluorescence microscopy that phase separation in DLPC/DPPC giant unilamellar 

vesicles dissapeared with the addition of cholesterol (Korlach et al. 1999). The limit of 

resolution for that technique, however, is 300 nm. so phase separated domains smaller 

than this could still exist in these systems. On the other hand. Regen et al. have observed, 

with nearest neighbor recognition experiments, that as much as 40 mole % cholesterol has 

little effect on the non-ideal mixing of thiol grafted DSPE and DOPE. 

Evidence for lateral phase separation was observed in mixtures of PEG-

DSPE/bisSorbPCp 17/cholesterol/DSPC (15/30/40/15) and (5/30/35/30). DSC of the 

(15/30/40/15) mixture (fig. 6.22) showed two enthalpy maxima, one near the T^ of 

bisSorbPC|7,7 (29°C) and the other near the T^ of DSPC (55°C). The broadening of these 

enthalpy maxima is probably due to the cholesterol diminished cooperativity of the main 

phase transition. 

•A. sharp increase in membrane permeability at the main phase transition temperature 

is a well established characteristic of phospholipid membranes (Papahadjopoulos et al. 

1973). This effect has been used as a means of detecting the main phase transition 
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temperature as well as in the design of thermosensitive liposomes (Gaber et al. 1995; Oku 

el ai. 1994; Xiang and Anderson 1998). Such an increase in permeability was observed in 

both formulations of distearoyl liposomes between 25°C and 37°C as shown in table 6.7. 

as a 20 to 50 fold increase in the rates of dark leakage, compared to a 2 fold increase in 

the rate of dark leakage for liposomes containing dioleoyl lipids. This increase in the 

rates of dark leakage is likely to be caused by increases in the sample temperature from 

below to above the T„ of phase separated domains of bis-SorbPC,, 

A temperature gradient experiment supports the hypothesis that the 

thermosensitivity in DS-liposomes is caused by phase separation. In this experiment a 

suspension of liposomes composed of PEG-DSPE/bisSorbPCp i/cholesterol/DSPC 

(5/30/35/30) with a total lipid concentration of 150 iiM was placed in a fluorometer 

cuvette holder, that was thermostated with a recirculating water bath initially set at 25''C. 

The water bath thermostat was then set to 40°C, and, immediately, a 900 sec fluorescence 

time scan was started. During the time scan, the water bath temperature was monitored 

ever>' 120 seconds. The temperature setting was reduced to 37°C at 480 sec Fig. 6-23 

shows the percent leakage leakage, the natural log of the estimated ANTS concentration 

inside the liposomes, and the water bath temperature as a function of time. Considering 

that the temperature inside the cuvette should be somewhat lower then the water bath 

temperature between 0 and 480 sec the onset of rapid leakage occurs at less than 32°C 

and probably greater than 28°C. Rapid leakage continues as the temperature of the 

liposomes crosses the main phase transition of bis-Sorb,7,7 until the cuvette equilibrates 

at the higher temperature. The first order rate constant for this period is approximateh' 

10" sec"' or 0.1 %/sec By 700 sec and 35% leakage the rate constant has dropped by 

more than a factor of 10 to a stable rate of 7 x 10'^ sec or 0.007 %/sec. Liposomes 

composed of PEG-DSPE/bis-SorbPCp p/cholesterol/DSPE (15/30/40/15) showed similar 
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kinetics of thermally induced leakage, that is, rapid leakage as the temperature is raised 

followed by lower steady rate of leakage. Because of the thermosensitivity of liposomes 

containing distearoyl lipid, photoinduced leakage experiments were performed at 25°C. 

An attempt was made to increase the temperature at which thermally induced 

leakage occurs to greater than 37°C by replacing bis-SorbPC,7,7 with bis-SorbPC,, 

which has a of 42°C. The formulation PEG-DSPE/bis-SorbPC,, ,9/cholesterol/DSPC 

(15/30/40/15) exhibited considerable thermal stability with a rate of dark leakage of less 

than 5x10"^ %/sec even at 55°C , as shown in fig. 6.24A. Unfortimately, these liposomes 

did not exhibit any photosensitivity, even at high conversion. It is interesting to note that 

the log plot of dark leakage vs. temperature (fig. 6.24 B) does not show ciny sign of phase 

separation, as there is no dramatic increase in the rate of dark leakage between 37°C and 

45°C as one would expect if bis-SorbPC,, „ were forming phase separated domains. 
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Table 6.7: Dark Leakage at 25 and 37 °C 

liposome composition 
Rate of dark leakage 
(10-^ % /sec) liposome composition 

0 n
 u

 
0 

dioleoyl PEG-lipid*/bis-SorbPCi7 ,7/cholesterol/DOPC 
(15/30/40/15) 

0.93 1.9 ± 0 .3 

distearoyl PEG-lipidJ/bis-SorbPC,, ,7/cholesterol/DSPC 
(15/30/40/15) 

0.2 ± 0.02 9 ± 5  

PEG-DSPE/bis-SorbPC, 7,7/cholesteroI/DSPC 
(5/30/35/30) 

0.44 ± 0.06 7.2 

* includes data for PEG-DOPE and PEG-S-DOAPD 
X includes data for PEG-DSPE and PEG-S-DSAPD 
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Figure 6.21: Four sequential DSC scans or PEG-DSPE/bis-SorbPC,717/cholesterol/ 
DSPC (15/30/40/15) 10 mM total lipid concentration in PBS 
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6.3.4.2 Photosensitivity 

The use of PEG-DSPE and DSPC in the liposome formulation has a dramatic effect 

both on the photosensitivity of the liposomes, and on the kinetics of the photo-induced 

leakage. The photolysis of liposomes composed of PEG-DSPE/bis-

SorbPCp ,7/cholesterol/DSPC (15/30/40/15) to 88 % conversion of monomer (30 sec) at 

25°C produces an increase of 100 fold in the initial rate of leakage (fig. 6.25). This is 

approximately 10 times the increase in the rate of leakage that is observed with the 

analogous DO-liposomes at 37°C (fig. 6.7 and 6.8). The greater increase in the relative 

rates of leakage is partly because of a lower rate of dark leakage and partly because of an 

earlier onset of photoinduced leakage (see table 6.7). The initial rate of leakage at 30 sec 

irradiation in DS-Iiposomes is about 3 to 10 times higher than that which was observed in 

DO-liposoms. but the rate of dark leakage for DS-liposomes is about 5 to 10 times lower 

than for DO-liposomes. This leads to a significantly higher relative increase in the initial 

rate of leakage upon photolysis. As mentioned in Section 6.3.4 a low- rate of dark leakage 

is as important a parameter as a high rate of photo-induced leakage in the design of 

photosensitive liposomes for drug deliver>\ Whereas the initial rate of leakage for DO-

liposomes increases dramatically between 90 and 99% conversion, the initial rate of 

leakage for DS-liposomes changes relatively little, that is. most of the photoinduced 

leakage occurs with the first 90% conversion. These results indicate that extensive 

crosslinking of polymerized domains is not necessary to achieve photoinduced leakage in 

DS-liposomes. 

While the photo-sensitivity of DO-liposomes is relatively independent of 

differences in the concentration of PEG-lipid and/or cholesterol, the photosensitivity of 

DS-liposomes is greatly affected by the concentration of these membrane components. If 



the concentration of PEG-DSPE is reduced to 5 mole% and cholesterol is reduced slightly 

to 35 mole%, liposomes that are highly photosensitive result. Liposomes with a 

composition of PEG-DSPE/bisSorbPCp ,7/cholesterol/DSPC (5/30/35/30) show as much 

as a 100 fold increase in the initial rate of leakage with only 5 sec of photolysis, that is. 

25 % to 30 % loss of monomer. At intermediate conversion, the initial rate of leakage 

decreases by a factor of 10. Then, at high conversion the initial rate of leakage increases 

to nearly 10 ' %/sec(> 10* times the dark leakage) in a manner similar to that of DO-

liposomes. 

The sharp increase in leakage at low conversion followed by an apparent 

stabilization of the membrane at intermediate conversion strongly indicates that the 

mechanism of photoinduced leakage at low conversion is different from that which 

happens at high conversion. It is unlikely that extended, crosslinked. domains of 

polymerized lipid are produced at less than 30% loss of monomer. Even if this were the 

case, more polymerizaton would then result in a higher rate of leakage, not the decreased 

rate that is observed here. 

An analysis of the kinetics of photoinduced leakage in DS-Iiposomes. similar to that 

which was calculated for DO-liposomes (fig 6.18-6.21) supports this point. The first 

order plot of the natural log of the estimated concentration of ANTS inside the liposomes 

is nearly linear with only slight negative curvature (fig. 6.26). for liposomes composed of 

PEG-DSPE/bisSorbPC,- ,7/cholesterol/DSPC (5/30/35/30) at 240 sec irradiation (97 % 

loss of monomer). Photoinduced leakage in liposomes of same lipid composition at 5 sec 

irradiation (25 % to 30 % loss of monomer) does not follow any simple rate equation (fig. 

6.28). In this case, a first order rate constant that decreases rapidly with time is obser\'ed. 

though it is initially approximately equal to the rate constant that is observed at high 

conversion. Figure 6.29 shows slopes of least squares fit lines for this first order graph at 



several intervals between 0 sec and the initial part of the Triton XI00 scan at 2300 sec 

The slope of this graph decreases by nearly a factor of 10 from beginning to end, even 

though the extent of leakage is only 50 %. This characteristic of a rapidly decreasing first 

order rate constant is similar to the results of the temperature gradient experiment (fig. 

6.23) in which the first order rate constant decreased by a factor of 10 after the sample 

had equilibrated to a temperature higher than the T„ of bis-SorbPCp p. 

The most probable mechanism for the early photoinduced leakage exhibited by 

these DS-liposomes is that, as the polymerization of phase separated domains of bis-

SorbPC,7begins, changes in packing due to the formation of the first oligomers perturb 

the previously ordered bilayer. This is similar to the perturbation of the gel phase that 

occures in a lipid bilayer when the temperature is raised from below the T„ to above the 

T„ of the component lipids. Transient defects result, through which leakage can occur. If 

the polymerization is stopped at this point, monomeric lipid can diffuse in and fill these 

defects, causing the rate of leakage to decrease over time. If the polymerization is allowed 

to continue, the growing polymer chains stabilize the membrane and quickly block most 

of these defects. This would explain the decrease in the initial rate of leakage at 

intermediate conversion. Finally, as extensive crosslinking occurs, defects are produced 

in the domains of polymerized lipid. The low rate of lateral diffusion in the poly(bis-

SorbPC) prevents these defects from being filled rapidly, causing the leakage to be nearly 

first order in this case . There are several lines of evidence that support this mechanism. 

First, the hypsochromic shift in the bis-SorbPC sp)ectrum of non-photolyzed liposomes 

composed of PEG-DSPE/bis-SorbPCp ,7/cholesterol/DSPC (5/30/35/30) (the 

composition that is most highly photosensitive at low conversion) is evidence of the 

presence of solid like, domains of aggregated bis-SorbPC. The decrease in the 

hypsochromic shift with a small amount of photolysis indicates that there is a disordering 



224 

of bis-SorbPC packing, which is consistent with the proposed early leakage mechanism. 

Second, only those liposome formulations that show evidence of phase separation, by 

thermosensitivity and/or calorimetry exhibit enhanced leakage at low conversion. Third, 

there is a sharp decrease in the initial rate of leakage at intermediate conversion. Fourth, 

the kinetics of the photoinduced leakage at low conversion resemble closely those of 

thermally induced leakage, supporting the idea that the mechanisms may be similar. 

Ionizing radiation is even more effective than UV radiation for causing leakage at 

veiy low monomer conversion in the 5/30/35/30 formulation of DS-liposomes. 

Experiments, carried out in collaboration with Dr. Kathy McGovem and Joe Divjak of 

the department of radiation oncology at the Arizona Cancer Center, in which liposomes 

were subjected to varying doses of ionizing radiation from a '°Co source, show that 

between 5 % and 8 % loss of monomer produced nearly complete leakage within two to 

three hours (fig. 6.31). The locations of the ionizing radiation source and the fluorometer. 

as well as the length of time required for the polymerization prevented continuous 

measurement of leakage vs. time. For this reason, the extent of leakage at a specific time 

is presented here. Polymerization with ionizing radiation is thought to be initiated by a 

hydroxyl radical. The resulting polymer would then have a much higher kinetic chain 

length than the product of UV polymerization. The greater sensitivity to ionizing 

radiation indicates that the formation of small amounts of high molecular weight polymer 

may be more effective at disrupting the membrane than the formation of low molecular 

weight polymer. The intermediate extent of polymerization that stabilizes the membrane 

was not observed with ionizing radiation, because the maximum extent of polymerization 

was approximately 12 %. These results also show that the use of monomers that are 

known to be more sensitive to ionizing radiation than bis-SorbPC, such as bis-AcrylPC or 
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bis-MethacrylPC, could result in a highly effective technique for drug delivery with 

therapeutic doses of ionizing radiation. 

The kinetics of photoinduced leakage from liposomes composed of PEG-

DSPE/bis-SorbPC,7,7/cholesterol/DSPC (15/30/40/15) are similar to those of the 

(5/30/35/15) mixture, though not to the same extent. At both 30 sec photolysis and 60 sec 

photolysis. The initial first order rate constant is high, but after 200 to 400 sec, the first 

order plot becomes a straight line with a slope approximately equal to one third of the 

initial slope. Not only is the decrease in the rate constant less pronounced but the initial 

high rate constant has a shorter duration. The final rate constant, on the other hand, is 

continuous for at least 1800 seconds. The graphs of leakage kinetics in the 15/30/40/15 

DS-liposomes that are shown in fig.6.30 are of much longer irradiation times and higher 

conversion than the graphs in fig. 6.38, because the liposomes with higher PEG-DSPE 

and cholesterol do not have a photoinduced leakage maximum at low irradiation limes. 

Corresponding graphs of % leakage vs. time for 5/30/35/30 DS-liposomes do not show 

an initially higher rate of leadcage. It appears that in the first order plots (fig. 6.30 B) we 

may be seeing some of both mechanisms in effect at the same time. 

Because the concentrations of both cholesterol and PEG-DSPE were varied 

simultaneously in these experiments, it is difficult to determine conclusively which 

change is most responsible for the differences in the rates of photoinduced leakage at low 

conversion. A major difference in these two lipid formulations is the amount of 

aggregation of bis-SorbPC,, ,7 as evidenced by the hypsochromic shift in the Sorbyl 

absorption ma.\imum. The largest percent change in composition is the reduction of PEG-

DSPE content from 15 %. which is well above the threshold for mushroom to brush 

conformation, to 5 mole % which is in the weak overlap regime (Plant et al. 1998). It has 

been shown in calorimetric studies that PEG-lipid has the effect of broadening and 
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slightly increasing the main phase transition (Kenworthy et al. 1995b). Though little is 

known about the effect of PEG-lipid on the lateral phase separation, of lipids that differ in 

T„, a membrane component that has an effect on the main phase transition could alter 

lateral phase separation as well. From the standpoint of developing practical liposomes 

for drug delivery, it is beneficial to use the minimum concentration of PEG-lipid 

necessary to evade the immune system, because of the detrimental effect that higher 

concentrations of PEG lipid have on the efficiency of encapsulation. 

It is also reasonable to suggest that differences in the cholesterol content could be 

responsible for the leakage maximum at low conversion. Cholesterol has the effect of 

broadening the main phase transition and of increasing the lateral diffusion coefficient of 

lipids that are below their T„. As mentioned in Section 6.3.4.1. cholesterol has been 

shown to either increase or decrease phase separation between lipids of different chain 

length depending on its concentration. Cholesterol has little effect on the nearest neighbor 

recognition between saturated and unsaturated lipids. Phase diagrams that have been 

reponed for DPPC/cholesterol systems show that when the cholesterol concentration is 

greater than 25 mole%, the lipids are entirely in the liquid ordered phase. It is unlikely, 

therefore, that a change in cholesterol content from 40 mole % to 35 mole % would have 

a large effect. 

If the mechanism proposed here for high photosensitivity at low conversion in DS-

liposomes is correct, then the duration (and therefore the extent) of this leakage could be 

increased by decreasing the rate of lateral diffusion. In this way. it would take longer to 

heal the transient defects that jire responsible for the photo-induced leakage. Because 

cholesterol is known to increase the lateral mobility of lipids below their T„. it would be 

useful to reduce the cholesterol content to the minimimi possible without increasing the 

rate of dark leakage. A set of future experiments that could determine this optimum 
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cholesterol concentration would involve holding the ratio of PEG-DSPE. bis-Sorb 

PC,7and DSPC at 1/6/6, while the concentration of cholesterol is incrementally 

reduced from 40 mole % to 0 mole %. 
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liposomes vs. time 
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6.3.5 UV Leakage with polymerizable PEG-lipid 

A different strategy for destabilizing liposomes by means of photo-polymerization 

is to co-polymerize a polymerizable PEG-lipid with a non-pegylated lipid bearing the 

same polymerizable functionality. This would covalently link the PEG-lipid into the 

polymerized domains, and diminish the steric stabilization of some portions of the 

liposome surface. If the non-polymerizable portion of the membrane is composed of a 

polymorphic lipid such as DOPE, which can form inverted phases at physiological 

lemperatures, collision between two liposomes, or contact between two lamellae of a 

multilamellar liposome, could cause fusion and/or leakage of liposome contents. Several 

techniques have been developed that take advantage of the polymorphism of DOPE to 

destabilize liposomes (Holland et al. 1996b; Kirpotin et al. 1996; Wang and Huang 1989; 

Zhang and Smith 1999). Techniques using the strategy of polymerization-induced 

domain formation have been developed in this laboratory with conventional liposomes 

( Bennen and O'Brien 1994; Bennett and O'Brien 1995; Lamparski et al. 1992; Miller et 

al. 1996; O'Brien and Tirrell 1993). 

Copolymerization of a PEG-lipid, such as PEG-S-bis-SorbAPD. and a non-

pegylated lipid such as bis-SorbPC presents a special challenge. The PEG-lipid is a 

bulky monomer that will be included into the polymer only at low concentrations. 

Because of steric interactions, the rate of reaction of two PEG-lipids will be close to zero, 

so that the reactivity ratio of PEG-lipid would also be zero. The reactivity ratio of bis-

SorbPC will be at least unity and possibly greater because of the steric interaction 

between the PEG and the hydrated PC headgroup. If r^ = 0 then the copolymerization 

equation reduces to 

d[M,]/d[M,] = ( r,[M,] + [MJ)/ [MJ 
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where d[M,]/d[M2] is the ratio of bis-SorbPC to PEG-S-bis-SorbAPD incorporated into 

the polymer at any time, [M,] is the concentration of bis-SorbPC in the bilayer, and [Mi] 

is the concentration of PEG-S-bis-SorbAPD in the bilayer. It can be seen that even if 

both monomers are maintained in equal concentration, the polymer will contain at least 

twice as much bis-SorbPC as PEG-S-bis-SorbAPD. If the initial ratio of the concentration 

of PEG-lipid to bis-SorbPC in the bilayer is greater than the concentration that can be 

incorporated into the polymer, then the concentration of PEG-lipid in the monomeric 

portion of the bilayer will increase as the polymerization progresses. The molar ratio of 

PEG-S-bis-SorbAPD to bis-SorbPC should be very small in order to prevent this. The 

radius of the PEG-lipid monomer is about 26A as opposed to about 4 to 5 A for the PC 

headgroup of the other monomer. This means that the PEG-lipid can exert steric 

repulsion several monomer units away, which will further decrease the concentration of 

PEG-lipid that can be incorporated into the copolymer. 

Another consideration is the effect of cholesterol. It was found in leakage 

experiments described in Section 6.3 that 20 to 40 mole % of cholesterol dramatically 

reduces the rate of dark leakage in liposome systems containing PEG-lipid, bis-SorbPC. 

and DOPC. Hatta et al. found that 20 mole % cholesterol decreases the T„ or inverse 

hexagonal phase transition temperature of dielaidoylPE (DEPE). while over 30% 

cholesterol increases the Th (Hayakawa et al. 1998; Takahashi et al. 1996). DEPE differs 

from DOPE in that the A9 double bond is trans rather than cis. Though the cis double 

bond gives DOPE both a lower T„ and T^than DEPE, it might be expected that 

interaction between DOPE and cholesterol could be similar to that of DEPE. Hatta 

proposed a mechanism for lowering the Th in which cholesterol increases the volume of 

the tails relative to the area of the headgroup in a manner similar to that of diacylglycerol. 

Brown et al. reported that the condensation of the headgroup area of PCs, in Langmuir 
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monolayers, caused by cholesterol, is relatively independent of cis unsaturation in the 

acyl chains. It is unlikely, therefore, that the effect of cholesterol on the Th of a PE would 

be dependant on the presence or absence of cis unsaturation. In a different study, 

Hayakawa et al. found that mixtures of phosphatidylcholines, and 

phosphatidylethanolamines from bovine brain and cholesterol in a 1/1/1 ratio showed a 

^'P NMR signal corresponding to hexagonal phase, where mixtures of the bovine brain 

PC and PE (BBPC and BBPE, respectively) alone or with 20 mole % cholesterol did not 

(Hayakawa et al. 1998). The tendency of a lipid mixture to form inverse phases of any 

type would help to cause leakage of contents from liposomes, though It has been shown 

that liposome fusion proceeds by intermediates associated with the transition from the 

lamellar phase to the Q„ phase (Siegel 1999). Interestingly, Hayakawa reports in the same 

paper that at higher temperatures (67°C) mixtures of BBPC/BBPE (1/1) with 45 mole % 

cholesterol exhibited an isotropic signal in ^'P NMR. This signal could be jissociated 

either with inverse micelles or with a cubic phase such as Q„. 

A liposome formulation of PEG-S-bis-SorbAPD^ p/bis-

SorbPCp ,7/cholesterol/DOPE (5/15/25/55) was used in an initial leakage assay. 

Liposomes were prepared in ANTS/DPX containing buffer at pH 7 as described 

previously. Size exclusion chromatography was performed with PBS buffer that had 

been titrated to pH 9. Liposomes were diluted with the same buffer to a total lipid 

concentration of I GO |iM and photolysed. As the fluorescence spectra were measured. 2 

M sodium acetate buffer at pH =4 (50 ^1 / 3 mL liposome solution) was added to bring 

the pH to 6 and then an additional 50 ^1 of sodium acetate buffer was added to bring the 

pH to 4. The liposomes used for the leakage assay at 50°C were diluted with PBS at pH 7 

to 300 j^M. As the buffers used were iso-osmolar, it was assumed that a pH gradient 

across the membrane would not have a significant effect.. The rates of leakage that were 
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measured are shown in table 6.8. Because the extent of leakage was less than 20 % in all 

cases, the results are given in %/sec rather than as a first order rate constant. 

It is clear from the data presented in Table 6.8 that, although the liposome 

formulation tested here shows excellent stability, even at elevated temperatures, 

photopolymerization did little to enhance the rate of leakage or pH sensitivity. Even the 

highest rate of leakage in this table (1.5 x ID"' %/sec) is less than a 10 fold increase over 

dark leakage, and is less than the rate of dark leakage from liposomes composed of PEG-

DOPE/bis-SorbPC,7,7/cholesterol/DOPC (15/30/40/15) (table 6.7). A likely reason for 

the lack of photosensitivity is the high concentration of PEG-S-bis-SorbAPD relative to 

bis-SorbPC. The concentration of PEGjooo lipid at which PEG chains begin to overlap (the 

weak overlap regime) is 4 to 5 mole % PEG lipid (Efremova et al. 2000; Plant et al. 

1998). whereas only 2 mole % may be necessary to sterically stabilize the liposome. In 

order for PEG-lipids to experience only slight steric interaction in the polymerized 

domains, the ratio of polymerizable PEG-lipid to bis-SorbPC should be 1/20. Liposomes 

that were found to undergo photoactivated enhancement of leakage and fusion in previous 

experiments in this laboratory were composed of DOPE/bis-SorbPC,7,7 (3/1) (Bennett 

and O'Brien 1994; Bennett and O'Brien 1995; Lamparski et al. 1992; Miller et al. 

1996)For such a liposome mixture, the maximum concentration of PEG-lipid would be 

5% of 33% or between 1 and 2 mole %. Cullis et al. report that inclusion of 2 mole % 

PEG2000-DMPE into liposomes composed of DOPE/POPS (1/1) completely inhibited 

calcium induced lipid mixing (Holland et al. 1996b). Because lipid mixing requires 

bilayer to bilayer contact, it is reasonable to conclude that 2 mole % PEGiooo-grafted lipid 

pro\ ides an effective steric barrier. A usefiil direction for further experiments with 

polymerizable PEG-lipid would be to start with the mixture of DOPE / bis-SorbPC,7,7 

(3/1) and repeat earlier destabilization experiments with incrementally increasing 
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concentrations of PEG,ooo-glycinyI-bis-SorbAPD,7,7 between 0.5 mole % and a 

concentration at which the liposomes are no longer photosensitive. This would determine 

the PEG concentration that would give maximum steric stabilization while still 

maintaining photosensitivity. 
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Table 6.8 Leakage assay with polymerizable PEG-lipid, PEG-S-bis-
SorbAPD,7 p/bis-SorbPCp 17/cholesterol/DOPE (5/15/25/55) 

Irradiation 
(min.) 

% 
pzn 

Temp. 
°C 

Lipid conc 
(mM) 

pH Rate of leakage 
(%/sec) 

0 0 37 0.1 9 2 X 10-* 

6 2x 10-* 

50 0.3 7 7x 10-* 

8 100 0.1 9 7x lO"* 

4 1.4 X 10"' 

10 
(argon 
purged) 

100 0.1 9 5x lO"* 10 
(argon 
purged) 

6 1.5 X 10" 

4 1.5 X 10' 

20 98 50 0.3 7 1.2 X 10"^ 
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6.4 Discussion 

In this chapter, three different approaches toward the destabilization of sterically 

stabilized liposomes by photopolymerization were followed. These are: (1) 

polymerization of liposomes composed of lipids that are above the main phase transition 

temperature and that do not show signs of lateral phase separation (DO- liposomes) (2) 

polymerization of liposomes that are below the and that do show signs of lateral 

phase separation (DS-liposomes) (3) copolymerization of a polymerizable PEG-lipid with 

a polymerizable PC in liposomes that are composed, in part, of a polymorphic lipid. The 

results of these experiments indicate the existence of two distinct mechanisms for 

photoinduced leakage. One of these, which is characterized by a sustained rate of 

photoinduced leakage at high conversion of monomer, is observed in both the DO-

liposomes and the DS-liposomes, while the other, characterized by a rapidly decreasing 

rate of photoinduced leakage at low conversion, is observed only in DS-liposomes that 

show signs of lateral phase separation. Of these leakage mechanisms, the one which 

provides leakage at low conversion of monomer is the most likely to be useful in the 

design of liposomes for drug delivery, because it would be difficult to attain ver>' high 

conversion of monomer through biocompatible polymerization techniques. 

These leakage experiments elucidated several points, which will help in the design of 

more effective liposomes for drug delivery. First, contrary to the initial hypothesis, high 

concentrations of PEG-lipid are not required for photoinduced leakage to occur. In fact, 

higher photosensitivity was achieved in DS-liposomes that contained lower 

concentrations of PEG-DSPE. Liposomes should, therefore, be formulated with the 

minimum concentration of PEG-lipid required to provide steric stabilization. Second, 

small amounts of high polymer or even oligomer, not extensive crosslinked polymer 

domains, are most effective for destabilizing the DS-liposomes. If the hypothesis. 
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presented in Section 6.3.4.2. that photoinduced leakage resuhs from the 

photopolymerization-induced perturbation of existing phase separated domains is correct, 

then it may not be necessary to use bifunctional, crosslinking lipids as monomers. A 

much wider range of monofunctional lipids as well as linear-ladder forming hetero-

bifimctional lipids might then be used in order to adjust the thermo-sensitivity of the 

polymerizable lipid domains to greater than 37°C, or to increase the sensitivity to photo

sensitizing agents, or to ionizing radiation. Third, photo-induced leakage at low 

conversion only occurs in liposome formulations that show thermosensitivity at the of 

the polymerizable lipid and/or calorimetric evidence of phase separation. This means that 

if higher T^ polymerizable lipids are used, they must be combined with non-

polymerizable lipids having a correspondingly higher T„ or having other features that 

would cause them to phase separate. Fourth, more solid-like domains of polymerizable 

lipid, as evidenced by the hypsochromic shift in the Sorbyl absorbance in the 5/30/35/30 

composition of DS-liposomes, are associated with high photo-sensitivity at low 

conversion. Because lipids in the cholesterol rich liquid ordered phase, have higher 

lateral and rotational mobility than they do in the gel phase, photosensitive liposome 

formulations should contain the minimum concentration of cholesterol required to reduce 

dark leakage. 

Though the initial liposome formulation used in the leakage experiments that 

involved copolymerization of PEG-S-bis-SorbAPD,7,7 and bis-SorbPC,-did not prove 

to be highly photosensitive, the results of these lezikage experiments give important 

insight into the nature of bis-Sorb-PEG-lipid/DOPE systems upon which the formulation 

of liposomes for future experiments can be based. A particularly useful piece of 

information that can be gained from both the dark and the photo-induced leakage data is 

the ability of PEG-S-bis-SorbPC,, ,7 to stabilize a DOPE bilayer at temperatures well 
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above the Th of DOPE. The low rates of dark leakage in all samples including 

photolyzed samples at low pH or high temperature (50°C) show that PEG-S-bis-

SorbPC,7 J- effectively stabilizes the lamellar phase of the mostly DOPE liposomes. It 

must, therefore, be anchored into the liposome surface. Prior to these experiments, it was 

uncertain whether the two Sorb,, acyl chains would be a sufficient hydrophobic anchor 

for the hydrophilic PEG. The Sorb,7 chain has only 16 carbons compared to 18 carbons ir 

the oleoyl and stearoyl chains. In addition, in order to make a bilayer containing a bis-

Sorbp p lipid, it is necessary to overcome the unfavorable free energy required to put two 

polar ester functions into the center of the hydrophobic phase. 

The lack of photo-sensitivity of liposomes composed of PEG-S-bis-

SorbAPD,7,7/bis-SorbPC,7,7/choIesterol/DOPE (5/15/25/55) shows that a much smaller 

amount of PEG-lipid relative to bis-SorbPC,7,7 is necessary for photoinduced leakage 

and/or fusion to occur. It is likely that the amount of cholesterol can be reduced or 

eliminated, because of the low rate of dark leakage in these liposomes. Liposomes that 

could be used as a starting point in future experiments would be composed of PEG-

glycinyl-bis-SorbAPD,7,7/bisSorbPC/DOPE (1/32/67) or (2/32/66). Cholesterol would 

only be added if it is necessary to reduce dark leakage. 

Though PEG-bis-Sorb,7,7 lipids are effective at stabilizing the lamellar phase of 

DOPE in vitro, other polymerizable PEG-lipids with larger, more effective hydrophobic 

anchors will probably be required in vivo. Cullis et al. report that 2 mole % PEG-DMPE 

is rapidly removed from DOPE liposomes in the presence of and excess of non-pegylated 

liposomes (Holland et al. 1996b). They also report in a different paper that liposomes 

that are sterically stabilized with PEG-POPE have a dramatically reduced circulation time 

compared to liposomes that contain a corresponding amount of PEG-DSPE (Parr et al. 

1994). This is due to the more rapid partitioning of PEG-POPE out of the liposomal 
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membrane. Because the hydrophobicity of PEG-bis-Sorb^ ,7 lipid is less than that of 

PEG-POPE, and probably not greater than that of PEG-DMPE, it is unlikely to remain in 

the liposomal membrane for long in vivo. Alternative polymerizable PEG-lipid 

molecules may be monofunctional lipids such as PEG-mono-SorbAPD,7j,o, or they could 

be multifunctional lipids with more than two acyl chains. The backbone of these lipids 

could be based on longer monosaccharides or oligo-peptides such as oligo serine-co-

lysine. The multifunctional lipids would have the advantage of both a higher partition 

coefficient into the liposomal membrane and, possibly, a non-zero reactivity ratio with 

more favorable copolymerization kinetics. 
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Figure A-21: 'II NMR spectrum of 1-olcoyl -2-(monomctlioxylMKi-succinyl)- 3-olcamidyl aminopropancdiol §5 
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Figure A-26: 'II NMR spcctrum of rac-Bocl.2-bis(iO-(sorbyloxy)dccanoyllaminopropanccliol 
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