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Abstract y-Radiation induced polymerization of mixed-lipid liposomes consist of 1,2-bis[(2E, 
4E)-2,4-octadecadienoyl]-.«z - glycero-3-phosphocholine(DODPC), diparmitoyl phosphatidyl 
choline(DPPC), cholesterol(CHol), and stearic acid(SA) was studied from the point of view the 
kinetics and mean molecular area on the water surface. All the polymerization was carried out at 
temperature of 4°C. The polymer yield and molecular weight of soluble polymer increased when 
compared with those of poly-DODPC liposomes. The overall rate of polymerization increased lin
early with decreasing the molar fraction of DODPC in the membrane. The mean molecular area on 
the water surface of mixtures DODPC with DPPC, CHol, and SA gave the ideal line indicating 
immiscibility. 

INTRODUCTION 
Biological membranes consist of phospholipids, proteins, cholesterol, and other compounds. 

When phospholipid contact with water, its assembly makes spherical particles consist of bimolecular 
membrane containing aqueous cores called liposomes[l]. The liposomes have a same characteristic 
as that of natural biocell membranes. One of the disadvantage of liposomes is their short life time and 
low stability for the physical stimuli such as out side pressure. It is necessary to improve these prop
erties for utilize the liposomes as a functional material. 
The stable liposomes that are more suited as cell membrane can be prepared by introducing 
polymerizable groups such as diene or diacetylene in a acyl chain of phospholipid^]. The polymer
ization of liposomes can be initiated by various means such as organic initiators[3], UV[4], and y-
irradiation[5j. In particular, y-irradiation method is much suitable for this purpose because the poly
merization can be initiated without any initiator. However, there are few reports that have discussed 
on the reaction mechanism from the standpoint of the correlation for the polymer yield and the 
molecular weight to obtain useful information concerning the property of final products. In previous 
report, we studied the polymerization of l,2-bis[(2E,4E)-2,4-octadeca-dienoyl]-sn-glycero-3-
phosphocholine (DODPC) as liposomes using y-ray and found that respective acyl chains polymer
ize selectively at a hydrophilic or hydrophobic region in bilayer[6]. 

The present investigation was under taken to determine the mixing effect of saturated phos
pholipid, cholesterol, and saturated aliphatic acid onto the polymerization of DODPC liposomes in 
connection with a kinetic treatment and the occupied area of mixed-lipid on the water surface. 

EXPERIMENTAL 
Mixed-lipids were prepared by mixing l,2-bis[(2E,4E)-2,4-octadecadienoyl]-sn-glycero -3-
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phosphocholine(DODPC) with L-a-dipalmitoyl phosphatidyl choline(DPPC), cholesterol( CHol), 
and stearic acid(SA) in benzene solution. A freeze-dried powder of mixed lipid was suspended in 
distilled water. The suspension was extruded through the filters to adjust the vesicle size to ca. 
200nm. The average diameters of the liposomes were 200±10nm. 

The mixed-lipid suspension sealed in a glass tube after bubbling with Ar gas through the 
solution. The polymerization of liposomes by y-radiation was carried out using ^ C o at dose rate 
1.65 - 10kGy/h at a temperature of 4°C. The polymerization yield was estimated from measuring the 
decrease in UV absoiption intensity at 255nm due to the diene chromophores. The degree of poly
merization was determined by the molecular weight of poIy-2,4-octadecadienoic acid that derived 
from the hydrolysis of irradiated liposomes using gel permeation chromatography (GPC). 

RESULTS AND DISCUSSION 
Polymerization There was no marked 

difference in vesicle size distribution in lipo
somes before and after irradiation. The phos
phatidyl choline group that linked to glycerol 
by ester-bonding act as surface active agent in 
the water. This fact shows that the ionic end of 
phospholipid is stable for v-irradiation. The 
polymer yield versus time curves for various 
compositions of the liposomes is shown in 
Fig. 1 and 2. The polymer yield increased with 
increasing the irradiation time and once gets 
saturated at near 50%, and then increased 
gradually following further irradiation. This 
fact shows that the reactivity of two unsaturated 
acyl groups is different from each other and the 
polymerization of unsaturated groups of 1 or 2 
acyl chains is carried out selectivity in a differ
ent area (step[l] or [2]) due to two acyl chains 
of phospholipid are located with different dis
tance from the water-fatty acid interface as de
scribed in previous paper. Furthermore, the 
polymer yield for mixed-lipid liposomes at a 
certain time increased significantly when com
pared with that of DODPC liposomes though 
the DODPC concentration in the bimolecular 
membrane decreased with mixing DPPC and • 
others to DODPC. These phenomena could be 
observed clearly at DPPC/DODPC ratio over 
3/7 as shown in Fig.2. 

Fig.3 shows that the number average 

molecular weight (Mn) of soluble polymer ob
tained by hydrolysis of irradiated mixed- lipid 
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Fig.2 Y-Ray Induced polymerization of unsaturated liposomes consist 

of mixed-lipid liposomes: mixing ratio of (DODPC/DPPC)/ 
CHol/SA=7/7/2: mixing ratio of DODPC/DPPC, O io/0; O 9/1 
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liposomes consists of DPPC/DODPC ratio 0/ 
10 or 5/5 decreases with increasing the irra
diation time and is ranging in about 14500 to 
6130. Where the molecular weight of 2,4-
octadecadienoic acid converted to that of 
poly-styrcne is 557. This result indicates that 
the polymerization degree of DODPC is the 
range of about 26 to 11. These values may be 
rather low when compared those with that of 
polymers obtained by polymerization of gen
eral monomers. Mn decreased with increas
ing the irradiation time and Mn for DPPC/ 
DODPC ratio 5/5 obtained at a certain time is 
increased significantly when compared with 
that of soluble polymer obtained for DPPC/ 
DODPC ratio 0/10. 

Kinetic treatment In previous re
port, we described the polymerization of 
DODPC liposomes was classified as station
ary state polymerization with slow initiation 
from the facts that the rate of polymerization was proportional linearly to the dose rate and the degree 
of polymerization decreased with increasing the irradiation time though the initiation reaction took 
place continuously in the course of polymerization. Since the similar kinetic features to the polymer
ization of DODPC liposomes were observed in the polymerization of mixed-lipid liposomes consist 
of DODPC, DPPC, CHol, and SA, the reaction mechanism in eqs.(l)-(6) is also assumed for this 
polymerization. 

Initiation 

Time (h) 
Fig.3 Number average molecular weight of soluble polymer 

obtained Tor mixing ratio (DODPC/DPPQ/CHol/SA= 
7/7/2; mixing ratio or DODPC with DPPC.O 10/0 ; 
O 5/5. 

H 2 0 ]m<X >H»+ «OH 

H* + »OH Kdl >H2Q 

Rd=kdipH20I (1) 

Rdt=kdt[H][OH] (2) 

•OH + M — ^ R l « + H20 
Propagation 

Rn» + M-

-*"-» R2» 

•**-* Rn+1« 

Ri=ki[«OH][M] (3) 

Rp=kp[Rn«][M] (4) 

Termination 

Rn« + Z — ^ P n 
Transfer 

Rt=kt[Rn«][Z] (5) 

ktr 
Rn- + M — ^ ^ P n + R* Rtr=ktr[Rn'][M] (6) 

Where M, R r , Rn- ,and Z are monomer, monomeric radical, growing radical, and the substance by 
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which Rn' is deactivated, respectively: Rd, Rdt, Ri, Rp. Rt, and Rtr denote the rate of radical forma
tion from the water, its back reaction, initiation of polymerization, propagation, termination, and 
chain transfer with rate constant kdi, kdt. ki, kp, kt and ktr respectively, because the amount of 
hydroxyl radical is much larger than that of monomelic liposomes. It is not so difficult to assume that 
the concentration of hydroxyl radical is as equilibrium between the two reactions (1) and (2). Then 
the concentration of hydroxyl radical is expressed as follows; 

[•OH] = kdi-pH20I/kdt[H-] = KI where, K=kdipH20/kdt (7) 
Since the rate of polymerization is proportional linearly to the dose rate, the overall rate of polymer
ization R is expressed as follows; 

R = -d[M]/dt = kp-ki-KI[M]2/kt[Z] (8) 
The integration of equation(8) from time 0 to t is given by following equation; 

l/[M]t = (kp-ki-KI/kt[Z])-t + 1/[M]0 

If it is possible to treat [Z]=constant, the plot of 
l/[M]t against the irradiation time gives a 
straight line with an intercept on the y ordinate 
1. According to the result of polymerization 
shown in Fig.2, the equation (9) was applied to 
region I and II separately as the same as poly
merization of liposomes consist of DODPC. 
Fig.4 shows that the plot of l/[M]t against the 
time for region I gives straight lines with an in
tercept on the y ordinate 1 under all composi
tions. A similar result obtained for region II 
though the straight line did not start from t=0. It 
corresponds to the time that start the polymer
ization in region II. These results indicate that 
equation(9) is reasonable and the polymeriza
tion of mixed-lipid liposomes is carried out 
with the same mechanism as DODPC lipo
somes. 

Fig.5 is the plot of the slope obtained 
Fig.4 against the molar fraction of DODPC in 
the mixed-lipid membrane. The overall rate 
constant presented by kpki-KI/kt[Z] increases 
linearly with decreasing the molar fraction of 
DODPC. A similar result was obtained for re
gion II. Since the concentration of hydroxyl 
radical which contribute to the initiation of po
lymerization can be treated as a constant re
gardless of liposomes composition because 
the amount of water is excessive when com
pared with that of monomers and the polymer
ization of DODPC is classified as a steady 
state polymerization, the value of kjkpKI/ 

(9) 
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Fig.4 l/[M]t vs. irradiation time. Reaction conditions same as 
given for Fig.2. 
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Fig.5 The relation of over all rate constant of polymerization 

to the molar fraction of DODPC in the mixed-lipid 
membrane. 
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100 
kt[Z] is expected as a constant for the all of 
mixcd-lipid composition, if DODPC is 
miscible with DPPC, CHol, and SA com
pletely. From these results, it is concluded 
that DODPC is immiscible with DPPC, 
CHol, and SA, and each component forms 
its own domain. These results could be de
rived easily from the p-A plot on the water 
surface, considering the two dimensional 
phase rules of Defay-Crisp. In FIg.6 the 
mean molecular area is plotted against the 
monolayer composition of DODPC and 
CHol, which demonstrates that the mea
sured data fit with the ideal line indicating 
immiscibility. The same results obtained 
for mixtures DODPC with DPPC, and 
S A. Ringsdorf et al. reported that no poly
mer formed when the miscible 
unpolymerizable component exceeds 75% in the mixed-membrane, since the all of polymerizable 
lipid are only surrounded by unpolymerizable molecule. On the basis of these results, it can be 
concluded that each component forms its own domain. 
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Fig.6 Mean molecular area as a function of the composition DODPC 

with DPPC at a surface pressure of mN/m. 

CONCLUSION 
Two acyl chains of DODPC in the mixed-lipid liposomes polymerized independently from 

each other as the same as DODPC liposomes due to two acyl chains located in different distance from 
the water-lipid interface. The both of polymer yield and molecular weight of polymer at a certain 
time increased significantly when compared with those of DODPC. From the results of kinetic 
treatment and mean molecular area of mixtures, it can be concluded that DODPC immiscible with 
DPPC, CHol, and SA, and the polymerization of DODPC in the mixed membrane is enhanced by the 
interaction between the hydrophobic chains of DODPC and that of the components, in which the 
ordering of unsaturated acyl chains of DODPC is promoted to form the polymer easily. 
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