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Communications to the Editor

On/Off Switching of Liposome Polymerization by
pH Adjustment

In this report we describe the use of 1,2-bis[12-(lipoyl-
oxy)dodecanoyl}-sn-glycero-3-phosphocholine (I), 1,2-
bis(16-mercaptohexadecanoyl)-sn-glycero-3-phospho-
choline (II), and 1-palmitoyl-2-(16-mercaptohexadecanoyl)-
sn-glycero-3-phosphocholine (III) in producing liposomes
that can be polymerized, or made to lie in a dormant state,
by pH adjustment. The ability to “switch on” and “switch
off” this polymerization provides a novel method for
obtaining a continuum of polymeric/monomeric states
within the same vesicle. The mildness of the conditions
that are required to carry out this polymerization, together
with the ability to control the extent of polymer formation
within the bilayer, should make these lipids particularly
attractive for constructing a wide variety of biomembrane
models and devices.?

We have previously reported the synthesis of 1,2-bis[12-
(lipoyloxy)dodecanoyl]-sn-glycero-3-phosphocholine (I)
and have shown that it can be polymerized in vesicular
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form by treatment with dithiothreitol under basic con-
ditions.3* We have also shown that polymerized vesicles
can be prepared from 1,2-bis(16-mercaptohexadecanoyl)-
sn-glycero-3-phosphocholine (II) through an oxidative
coupling reaction.> Here we describe the use of I1, and its
monothiol analogue (III),% as latent nucleophiles that
initiate the ring-opening polymerization of I (via thiolate—
disulfide interchange). We further show that the polym-
erization process can be stopped and reinitiated via modest
changes in pH.

Rapid injection of 90 uL of a 20 mM ethanolic solution
of a 95/5 mixture of I/1I into 0.75 mL of 10 mM borate
buffer (140 mM NaCl, 2 mM NaNj, pH 6.4)7 produced
small unilamellar vesicles having an average diameter
ranging between 350 and 450 A (dynamic light scattering).
Analysis of the dispersion by thin-layer chromatography
and by UV showed that no polymerization occurred after
12 h at 23 °C; i.e., only starting monomer was detected.
Upon raising the pH to 8.4, a ring-opening polymerization
ensued. Thin-layer chromatography indicated that the
polymerization was essentially complete after 4 h;? only
apolymeric product was observed at the origin. The extent
of polymerization was confirmed by following the disap-
pearance of the 1,2-dithiolane moiety at 333 nm (Figure
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Figure 1. Disappearance of the 1,2-dithiolane moiety (333 nm)
within ethanol-injected vesicles derived from a 95/5 mixture of
I/11 at pH 8.4 (23 °C) as a function of time. The extent of ring
opening was determined after 0, 20, 40, 60, 80, 100, 120, and 140
min.

1). Examination of the dispersion by dynamic light
scattering showed that the size and size distribution of
the liposomes were unaltered upon polymerization.
The decrease in absorbance of the 1,2-dithiolane moiety
obeyed clean pseudo-first-order kinetics for more than 4
half-lives. In addition, the rate of polymerization was
found to be directly proportional to the mole fraction of
the initiator that was present (Table I).3 The fact that a
decrease in pH from 8.4 to 7.4 afforded a decrease in the
rate of ring opening by ca. 1 order of magnitude implies
that it is only the deprotonated form of the thiol (i.e., the
thiolate anion) that is the catalytically competent species.
On the basis of analogy to thiol-disulfide interchange
reactions that have been extensively investigated in
solution, we presume that ring opening proceeds via nu-
cleophilic attack by a growing polymeric thiolate anion on
the sulfur atom of a neighboring disulfide moiety.%®
Polymerization of a liposomal dispersion, derived from
a 95/5 mixture of I/1I, was initiated at pH 8.4 and then
“switched off” after 23% conversion by adjusting the pH
to a value of 6.4. No further loss of 1,2-dithiolane was
noted after 15 min (Figure 2). The polymerization could
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Table I
pH-Triggered Polymerization of Liposomes*
pH temp,°C initiator initiator, mol %  half-life,’ min
84 23 )i 1 330
8.4 23 II 2 150
8.4 23 II 5 44°
8.4 23 II 10 27
7.4 23 II 5 590
7.4 37 II 5 64
8.4 23 I1I 5 1404
8.4 23 111 10 78
7.4 23 111 5 1300
7.4 23 1 10 560

¢ Vesicles were produced via ethanol injection. Allreactions were
monitored by the disappearance of 1,2-dithiolane and were followed
for at least 4 half-lives. ® Unless noted otherwise, half-lives were
obtained from single kinetic runs. ¢ Average of three independent
experiments (+4 min; 1 standard deviation). ¢ Average of two
independent experiments (+6 min; 1 standard deviation).
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Figure 2. Semilogarithmic plot of the percent of 1,2-dithiolane
remaining as a function of time for ethanol-injected vesicles

derived from a 95/5 mixture of I/11at 23 °C. On/off cycles were
performed by successive alternation of the pH (8.4/6.4).

then be reinitiated (“switched on”) by returning to pH
8.4,1011  Additional “on/off” cycles were successfully
carried out at 43, 55, 65, and 80% conversion; the half-life
for each stage was identical.

Similar to homopolymerized liposomes of I, but unlike
homopolymerized liposomes produced from a non-cross-
linkable analogue (i.e., 1-palmitoyl-2-[12-(lipoyloxy)dode-
canoyl]-sn-glycero-3-phosphocholine), fully polymerized
liposomes made from a 95/5 mixture of I/II are insoluble
in CHC]; and in CHCl3/CH30H (1/1, v/v). This insol-
ubility, together with the fact that such dispersions can
withstand 1% sodium dodecyl sulfate,'2indicates that the
lipid membrane is a cross-linked network; i.e., each li-
posome is comprised of one or more cross-linked parts.
Partially polymerized liposomes must contain, in addition,
a monomeric phase.
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The fact that these ring-opening polymerization reac-
tions proceed rapidly at pH 7.4 (37 °C) means that the
“on/off” use of these systems can be maximized only under
nonphysiological conditions, where a defined monomer/
polymer content can be maintained. Despite this limi-
tation, the ability to construct polymerized vesicles from
I/ITand I/1II under the conditions described herein should
make these lipid combinations particularly attractive for
those biochemical, analytical, and biological applications
that require the use of photochemically and thermally
sensitive comembrane or entrapped components.13.14
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