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ABSTRACT: I ,2-Bis(2,4-octadecadienoyl)-sn-glycero-3-phosphorylcholine (DODPC), which 
had a diene group in 2,4-position of I- and 2-acyl chains, was used to detect phase transition 
from shift of absorption maximum Uma,l due to the change of interaction of diene groups. Selective 
polymerization of 1-acyl chains of DODPC with AIBN gave linear phospholipid polymers which 
had unreacted diene groups in 2-acyl chains. From the analysis of ).m., of thus selectively
polymerized liposomes, the phase transition behavior was detected clearly. We also studied the 
phase transition behavior of liposomes of which either layer of bilayer was selectively polymerized. 
Reconstitution of polymerized DODPC liposomes could also be evaluated from the temperature 
dependence of ).m.,· The molecular packing of the polymeric liposomes was disturbed by 
reconstitution because of lower freedom of phospholipid polymers on reconstitution process. 
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The liposome has hitherto been studied for 
the application of drug delivery system because 
both hydrophobic bilayer and an inner aque
ous phase can be used for encapsulation of 
functional molecules. 1 ·2 Liposomes, which can 
release entrapped materials in response to the 
onter stimuli, were designed and studied in 
physiological conditions.2 Liposomes tend to 
aggregate and fuse after storage at low tem
perature. 3 They are not stable enough and 
sometimes release encapsulated molecules 
easily in vivo or in vitro.2 Polymerization of 
liposomes components is a potent technique to 
prepare the stable liposomes. We succeeded in 
preparing polymerized mixed liposomes which 
released encapsulated molecules in response to 
physical or chemical stimuli.4 CF release mea
surement, electron microscopy and light-scat-

tering measurement were often applied to ana
lyze the stability of polymerized liposomes. 5 - 7 

There were a few methods to evaluate phase 
transition behavior of polymerized liposome 
membrane such as photobleaching8 and DSC 
measurement. 9 

* To whom all correspondence should be addressed. 

We have already used amphiphilic por
phynato zinc, 3,8,13, 17-tetramethyl-7, 12-dicar
boxy-2, 18-bis( octadecylpropinate )porphynato 
zinc (DCPZn) as a membrane probe for the 
detection of its phase transition temperature. 10 

The fluorescence intensity changed in relation 
to the change of dissociation-association equi
librium of the amphiphilic porphyrins at tem
peratures below and above the phase transi
tion temperature. It was however impossible to 
detect the phase transition of polymerized 
liposomes with this method, because these 
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probe molecules were phase separated and 
fixed by the polymerized lipids. 

On the other hand, we studied the polymer
ization behavior of l ,2-bis(2,4-octadecadieno
yl)-sn-glycero-3-phosphorylcholine (DODPC) 
as liposomes. 11 - 16 We succeeded in conduct
ing the selective polymerization of diene 
groups in 1- or 2-acyl chain by the use of 
radical initiators having different solubility. 11 

Since diene-groups of 1-acyl chains were locat
ed in hydrophobic region of bilayer, they were 
selectively polymerized with water insoluble 
azobis(isobutyronitrile) (AIBN). While, those 
of 2-acyl chains were polymerized with water
soluble azobis(2-amidinopropane) dihydro
chloride (AAPD) because they faced an aque
ous phase. 11 Furthermore, we found that the 
absorption maximum (Amax) of diene groups 
in DODPC shifted to shorter wavelengths 
when the assembly state of DOD PC liposomes 
changed from liquid-crystalline to gel state. 17 

Since the behavior was explained in terms of 
the interaction of diene groups, the ),max was 
also influenced by molecular packing and 
the orientation of diene groups. DOD PC lipo
somes were polymerized with AIBN to obtain 
linear phospholipid polymers which had un
reacted diene groups in only 2-acyl chains. 
The Amax shift of diene groups in the poly
mers should also reflect the phase transition 
of the polymerized liposomes. 

In this paper, we analyzed the polymerized 
liposomes through the ~pectral shift after in
troducing probe moieties (diene groups) di
rectly to the 2,4-position of acyl chains of 
phospholipid polymers. 

EXPERIMENT AL 

Materials 
1,2-Bis( 2,4-octadecadienoy 1 )-sn-gl ycero-3-

phosphorylcholine (DODPC) containing 2,4-
diene group in both 1- and 2-acyl chain was 
purchased from Nippon Oil & Fats Co., Ltd. 
The purity of the lipid was confirmed with thin 
layer chromatography (Merck, silica gel 
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plates) with chloroform-methanol-water (65: 
35: 5 by vol). Samples showing single spot 
with an ~/'value of around 0.3 were used for 
experiments. Azobis(isobutyronitrile) (AIBN) 
was purchased from Tokyo Kasei Co., Ltd. 
and was purified twice by recrystallization 
from methanol. 

1-(2 ,4-0ctadecadienoyl )-2-hydroxy-sn-gly
cero-3-phosphorylcholine 
l ,2-Bis(2,4-octadecadienoyl)-sn-glycero-3-

phosphorylcholine (DODPC) (10.0g, 12.8mM) 
was dissolved in dichloromethane. After the 
addition of 200 ml of 0.2 M Tris buffer (pH 
8.14), dichloromethane was completely remov
ed by N2 flow at 30cc. The resulting multi
lamellar DODPC liposomes were extruded 
sequentially through polycarbonate filters (0.6 
µm, 0.2 µm, and then 0.1 µm) to convert them 
to small unilamellar liposomes. Phospholipase 
A2 (0.20 g) and CaC12 · H 20 (0.375 g) were 
added to the liposome suspension. The mix
ture was reacted for 20 hat 35' C in dark. After 
the extraction of the lyophilized powder with 
chloroform, the extract was separated by a 
column chromatography on silica gel with 
CHC13-MeOH-H2O (65: 25: 4 by vol). The 
fraction ( Rf'= 0.17) were coltected and freeze
dried from benzene to obtain 1-(2,4-octadeca
dienoyl)-2-hydroxy-sn-glycero-3-phosphoryl
choline (5.40 g, yield 81 %). IR spectrum (in 
cm- 1) (NaCl) 1710 (vc=o), 1620, 1640 
(vc=c), 1240 (vP=o), 1090 (vp-o-), 1060 
(bp_ 0 _c); UV spectrum, 264.9nm (in MeOH) 
(C=C-C=C-C(O)-), 1H NMR (CD3 OD, 
TMS) (in ppm): 0.88 (3H, CH3CH2-), 1.28 
(22H, CH2), 2.20 (2H, CH2CH = ), 3.35 (9H, 
-N+CH3), 5.74-7.45 (4H, diene). 

1-(2 ,4-0ctadecadienoyl )-2-palmitoyl-sn-gly
cero-3-phosphorylcholine 
1-(2, 4-Octadecadienoyl )-2-hydroxy-sn-gly

cero-3-phosphorylcholine (3.50 g, 6. 7 mM) was 
dissolved in 100 ml of dry dichloromethane. 4-
Dimethyl aminopyridine (8.20 g, 67 mM) and 
palmitoylchloride (18.4 g, 67 mM) were slowly 
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added to the solution at 0°C. The mixture was 
stirred at room temperature in the dark under 
nitrogen atmosphere for three days. The solu
tion was washed with excess water and evapo
rated to dryness under reduced pressure. The 
residue was dried in vacuo over P20 5 . The 
residue was washed a few times with ace
tone. Purification was carried out by passing 
specify through a silica gel column with 
CHCl3-MeOH-H20 (65: 25: 4 by vol). The 
fractions (Rf= 0.5) were collected. The lyophi
lization from benzene afforded 1-(2,4-octa
decadienoyl)-2-palmitoyl-sn-glycero-3-phos
phorylcholine (0.80 g, 11 mM, yield 15%). IR 
spectrum (in cm- 1) (NaCl) 1710 (vc=d, 1240 
(vP=o), 1090 (vp-o-), 1060 (bp-o-d; UV 
spectrum, 264.9nm (in CHCl3) (C=C-C=C
C(O)-), 1H NMR (CDCl3, TMS) (in ppm): 
0.88 (6H, CH3CH2-), 1.28 (46H, CH2 ), 1.60 
(2H, CH2-CH2COO), 2. 10-2.40 ( 4H, CH2 -

CH =, CH2COO), 3.35 (9H, -N+CH3), 5.74---
7.45 (4H, diene). 

Preparation of Poly»Jerized Liposome 
DOD PC (0.2 g) was dissolved in dehydrated 

chloroform and was slowly evaporated in a 
rotated sample tube to prepare thin lipid film 
on the inner surface of the tube. Distilled water 
(20 ml) was added to the tube and a small 
unilamellar liposomes (SUV) suspension was 
prepared with sonicator (Tomy Seiko UR-
200P) at 60 W for 20 min under nitrogen at
mosphere. The average radius of the liposomes 
was determined by TEM to be 14.0nm. THF 
solution of AIBN (5 mo!% to the polymeriz
able lipids) was put into the liposome suspen
sion. Nitrogen gas was bubbled through the 
suspension at a temperature above the Tc to 
incorporate AIBN into hydrophobic region of 
bilayer. The DODPC liposomes were polym
erized at 60°C. The polymerization conversion 
was analyzed by the decrease in the UV ab
sorption intensity (256.8 nm at 20°C) attribut
ed to the diene groups. 
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Reconstitution of Liposomes frofJl DODPC 

Polymers18 

Small unilamellar liposomes prepared by 
sonication method were polymerized with 
AIBN at 60°C for 12 h. Diene groups in 1-acyl 
chains were selectively polymerized by this 
procedure. 11 The linear (comb like) DODPC 
polymers (M" = 1.67 x 104 by GPC calculated 
from polystyrene standard sample19) were ob
tained by dissolving the liposomes lyophilized 
from water into benzene. The lipid polymers 
were lyophilized again from benzene. The re
constitution of polymeric liposomes was per
formed by sonication of the polymerized 
DODPC powder. The average radius of the 
reconstituted liposomes was determined to be 
16.2nm. 

UV-Spectroscopic Measurement of DODPC 

Liposomes 

An accurately diluted liposome suspension 
was put into a quartz cell. The absorption 
maximum U-ma,) of the diene groups was mea
sured with UV spectrometry (Shimadzu MPS-
2000) under heating or cooling process with 
rate of 1°Cmin- 1 . 

RES UL TS AND DISCUSSION 

In this study, the phase transition behavior 
of two different polymerized liposomes was 
analyzed. One is that of acyl chains remained 
in the polymerized liposomes prepared by acyl 
chain-selective polymerization .. The other is 
that of lipids in outer or inner layer remained 
in the polymerized liposomes prepared by 
layer-selective polymerization. These are sche
matically indicated in Figure 1. 

First, we introduced the excellent ability of 
DODPC lipid as probe molecules to examine 
the phase behavior. 

Phase Transition of Liposomes Analyzed with 

Diene-Containing Lipid 

Figure 2(a) shows the temperature depen
dence of wavelength at the absorption max-
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a) monomeric layer 

nnnnnnnnn 
b) selectively polymerized in acyl chain 

0000000000 

--c) selectively polymerized in layer 

Figure 1. Schematic representation of selectively po
lymerized liposomes of diene-containing lipid. 

imum (Amax) attributed to diene-groups of 
DODPC in liposomes. The Amax for DODPC 
liposomes at liquid crystalline state was ob
served at 256.8 nm. When the phase state of 
liposomes was changed to a gel state, it shifted 
to the shorter wavelength (241.8 nm). Because 
;,max of DODPC in CHCl3 was confirmed at 
262.3 nm and did not show a significant 
change at any temperature, it was due to high 
interactions of diene-groups by the arrange
ment of diene-groups in gel state. 17 Figure 2(b) 
shows the differential curve for the results of 
Figure 2(a). The peak of the curve corresponds 
to the phase transition temperature. DODPC 
was found to be an excellent probe molecule to 
detect not only the phase transition tempera
ture of diene-containing lipid liposomes but also 
those of other lipid liposomes. 17 Figure 3(a) 
shows phase transition behavior of saturated 
lipid liposomes detected by shift of the }max for 
DODPC. The incorporation amount of 
DOD PC to the lipids was 5 mol%. In this case, 
the shift was considerably smaller than that of 
pure DODPC liposomes. When the lipid ratio 
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Figure 2. Temperature dependence of wavelength at 
the absorption maximum (}"maxl for diene groups of 
DODPC. 

260r---------------, 
(a) 

/f 
25610""""--,20"=---3='=0,---..,,40=----=s'="o----,so"=-' 

~\:~[~ ~I 
10 20 30 40 50 60 

Temp.(•c) 

Figure 3. Temperature dependence of im"' for diene 
groups of DODPC-saturated phospholipid (I : 20 by 
mol) mixed liposomes. 

was increased, the magnitude of the shift and 
the peak in the differential curve approached 
those of pure DODPC liposomes. This in
dicates that the interaction of diene groups 
occurred due to the association of DODPC 
molecules in mixed membranes at tempera
tures below the Tc of the matrix lipids. The 
association disappeared when the temperature 
rose above the Tc and Amax was observed at the 
longest wavelength which meant no interac
tion of diene groups in the matrix lipids. The 
temperature for the maximum differential val-
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ue therefore indicated the phase transition 
temperature of the matrix (major) lipids only 
when the added amount of DOD PC was small 
(generally less than 5 mo!%). This method is 
based on the dispersion state of probe mol
ecules, which is similar to the fluorescent 
measurement with DCPZn. The greatest ad-

. vantage of the diene-type probe is that the 
probe molecule itself is a lipid and packed 
without disturbing the packing of other lipids. 
We could obtain direct information about the 
phase behavior of liposomes from the probe 
lipid. 

Phase Transition of Selectively Polymerized 
Liposomes 
The selective polymerization of diene

groups in I- or 2-acyl chains of DODPC was 
achieved by using suitable radical initiators. If 
diene groups of either I- or 2-acyl chains were 
selectively polymerized, the remaining diene 
groups were considered to be available to 
analyze the packing state of the acyl chains in 
polymeric liposomes. Figure 4 shows the tem
perature dependence of imax of diene groups in 
selectively polymerized liposomes with various 
polymerization conversions. In spite of the 
complete polymerization of diene groups of l
acy! chains (conversion: 50%), the blue shift 
from 258.0 nm to 254.5 nm was apparently 
confirmed at 18'C, which was a little higher 
than the main phase transition temperature of 
the monomeric DODPC liposomes (16°C). We 
examined the phase transition behavior of the 
polymerized DODPC liposomes which could 
not be measured by other techniques such as 
NMR, DSC, ESR or fluorescence measure
ment. 

The small imax shift of polymerized DOD PC 
liposomes was explained by the following ex
periments. The interactions between diene
groups of 1-acyl chains were considered to be 
different from those of 2-acyl chains because of 
the unsymmetrical packing of 1- and 2-acyl 
chains. Two kinds of diene-containing lipids 
were used here to prove this unequivalent 
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Figure 4. Temperature dependence of wavelength at 
the absorption maximum of polymerized DODPC lipo
somes with different polymerization conversion. 0% 
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Figure 5. Temperature dependence of Amax for diene 
groups of POPC ( O) and OPPC ( ()) liposomes. 

interaction manner. One was 1-(2,4-octa
decadienoyl)-2-palmitoyl-sn-glycero-3-phos
phorylcholine (OPPC), which had one diene 
group in the 1-acyl chain. The other was 1-
palmi toy 1-2-( 2, 4-octadecadieno y I )-sn-glyc
ero-3-phosphorylcholine (POPC), which had 
one diene group in the 2-acyl chain. The tem
perature dependence of their }'max is shown 
in Figure 5. The Amax shift of POPC was very 
small compared with that ofOPPC. The pack
ing of diene groups of 2-acyl chains with large 
inclination to bilayer normal caused less in
teraction of the diene groups. When diene 
groups of 1-acyl chains in DODPC liposomes 
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were polymerized with AIBN, the interactions 
of the remained diene groups of the 2-acyl 
chains were therefore considered to be very 
small. 

The ),max shift of selectively polymerized 
DOD PC was even smaller than that of POPC. 
This can be explained by the constrained 
packing of acyl chains bound to the polymer in 
bilayer. Polymerization of diene-containing lip
id liposomes would form covalent C-C bond 
between 1- and 4-position of diene group, 20 

and the orientation of diene moieties should be 
changed after the polymerization. The polyme
rization of diene groups of the 1-acyl chains of 
DODPC may induce .considerable change in 
both the conformation of glycerol groups and 
the orientation of diene groups of the 2-acyl 
chains. Furthermore, polymerization may de
crease the distance of adjacent acyl chains but 
increase that of the different polymers. 21 The 
packing of acyl chains was concluded to be 
disturbed by the polymerization, which led to 
less interaction between diene groups on the 
average. The negative effect of polymerization 
on the lipid packing in liposome has been 
suggested without direct evidence. The present 
study is the first on the phase transition of 
polymerized lipids from Amax shift of unreacted 
diene groups in the 2-acyl chains of DODPC 
polymers. The gel-to-liquid crystalline phase 
transition temperature of the DODPC poly
mers was a little higher than that of mono
meric DODPC liposomes. The shift behavior 
of the phase transition temperature cannot be 
discussed simply because it may reflect the 
structural characteristics of both monomer 
and polymerized lipids. In case of polymeri
zation of head groups, phase transition tem
perature detected by DSC shifted to a lower 
temperature. 9 Dioctadecadienoyl dimethyl 
ammonium bromide, which has the same 
acyl chains as DODPC, showed the phase 
transition temperature even after polymeri
zation. 22 In this case, the phase transition 
temperature of polymerized liposomes was de
tected with DSC, densitometry and light-
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scattering measurement, and was confirmed to 
be a little higher than that of monomeric 
liposomes. In our case, polymerized DODPC 
liposomes showed less definite change from the 
gel to liquid crystalline state in comprison with 
monomeric liposomes because molecular 
packing and orientation of diene groups in gel 
state were disordered by polymer matrix and 
the mobility of acyl chains at liquid crystalline 
state was restricted by polymer chains. It 
should be noted that the average molecular 
weight and molecular weight distribution of 
the polymerized lipids were very important 
factors in phase behavior. 19 

Phase Transition of Nonpolymerized Layer in 
Selectively Polymerized Liposomes 
We have already published that the prepara

tion of liposomes whose half of bilayer was 
selectively polymerized. 16 A water-soluble 
radical initiator (AAPD) works as a photo
sensitizer which generates radicals by irradiat
ing 360nm of UV-light independently of tem
perature. Since this initiator cannot penetrate 
the bilayer membrane at gel state, we can 
selectively polymerize an either layer of bilayer 
by incorporating the initiators in an either 
aqueous phase. The phase transition of these 
selectively polymerized liposomes in their layer 
should also be detected through ).max shift. For 
this, OPPC was used as a polymerizable lipid 
because polymerized DODPC had also diene
groups in 1-acyl chains which made the spec
tral analysis very complicated. Furthermore, 
OPPC had larger interaction compared with 
POPC as has already been shown in Figure 5. 
Figure 6 shows the phase transition behaviors 
of an inner- or an outer-layer of OPPC lipo
som'es whose average radius was 40 nm. 
Polymerization conversion of outer-layer
polymerized liposomes was 55% while that of 
inner-layer-polymerized liposomes remained 
36%. The liposomes which were polymerized 
unselectively until polymerization conversion 
of about 50% were also analyzed as a ref
erence. Interestingly, Amax of polymeric lipo-

Polymer J., Vol. 21, No. 8, 1989 



Phase Transition of Phospholipid Polymers 

260,-------------~ 

255 

e 
C 

" "' E 
,< 

250 

10 20 30 40 50 
Temp.(•c) 

Figure 6. Phase transition of OPPC liposomes polym
erized in outer ( O ), inner (Lo.), and both (50%) (0) lay
ers. That of monomeric OPPC liposomes is shown as 
a reference(()). 

somes shifted to longer wavelengths at any 
temperature in comparison with the curves 
for non-polymerized liposomes. This indicates 
that nonpolymerized region was also disturbed 
by the polymerization of the other layer. This 
was because different curvature and packing of 
polymerized region influenced the packing of 
nonpolymerized region. The cooperativity of 
phase transition of outer- or inner-polymerized 
liposomes was sharper than that of unselec
tively polymerized liposomes. This may be 
explained in terms of the size of the non
polymerized region. Unselectively polymerized 
liposomes should be phase-separated into two 
phases; between polymerized and nonpolymer
ized region, the size of phase separated mono
meric region was considerably smaller than 
that in the monomeric layer. It is interesting 
that ),max of inner-layer-polymerized liposomes 
were always observed in longer wavelength 
than those of outer-layer-polymerized lipo
somes. Thus, packing of the outer layer was 
more constrained than that of the inner layer. 

Analyses of Assembly State of Lipid Polymers 
DODPC whose 1-acyl chain was selectively 

polymerized by AIBN provided linear po
lymers which was soluble in organic solvent. 

Polymer J., Vol. 21, No. 8, 1989 

260 

e 
s 

>< 

..c 
255 

10 20 
Temp. ("c) 

30 40 

Figure 7. Temperature dependence of wavelength at 
the absorption maximum of polymerized DODPC lipo
some (0), reconstituted liposomes from DODPC poly
mers lyophilized from benzene solution (e), redispers
ed liposomes from DODPC polymers lyophilized from 
liposome aqueous dispersion (()), and DODPC poly
mers in methanol ( () ). 

The Amax of unreacted diene groups in DODPC 
polymers was 262. 7 nm in methanol, which 
meant no interaction of diene groups in me
thanol. There was no temperature dependence 
of DODPC polymers in methanol solution as 
shown in Figure 7. The DODPC polymers 
lyophilized from benzene solution therefore 
kept no liposome structure and afforded phos
pholipid polymers (M" = 1.67 x Hf). These 
polymers were dispersed in water by soni
cation. Temperature dependence curve of the 
Amax shifted to longer wavelength than the 
curve for monomeric but the phase transition 
was certainly confirmed at l8°C. Thus diene 
groups started to interact with each other 
after the reconstitution of liposomes in water. 
The phase transition behavior of Amax was 
however less sharp, and the curve for the tem
perature dependence was shifted to a longer 
wavelength than that in polymeric liposomes 
before reconstitution. This suggests that the 
acyl chain packing in the reconstituted poly
meric liposomes was further disturbed be
cause low segmental motion of phospholipid 
polymers prevented themselves from having 
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the most stable acyl chain packing in assem
blies. In case of DODPC polymers directly 
lyophilized from aqueous liposome dispersion, 
the liposome structure was kept. When these 
polymerized liposomes were redispersed in 
water by the extrusion method, 18 the phase 
transition behavior of ).max was similar to 
that of polymeric liposomes before lyophiliza
tion. ),max shift behavior was significantly 
different in molecular packing among these 
3 types of the polymerized liposomes. How
ever, the difference has not hitherto been 
detected from CF release and fluorescence 
measurements. The incorporation of diene 
groups directly into acyl chains of phospho
lipid polymers was concluded to be very ef

fective for analyzing the assembly of the lipid 
polymers. 
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