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Abstract
In this letter, we report a facile method to prepare robust phospholipid vesicles using commonly
available phospholipids that are stabilized via formation of an interpenetrating, acid-labile, cross-
linked polymer network, that imparts a site for controlled polymer destabilization and subsequent
vesicle degradation. The polymer network was formed in the inner lamella of the phospholipid bilayer
using 2-2-Di(methacryloyloxy-1-ethoxy)propane (DMOEP) and butyl methacrylate (BMA). Upon
exposure to acidic conditions the highly crosslinked polymer network was partially converted to
smaller linear polymers, resulting in substantially reduced vesicle stability upon exposure to chemical
and physical insults. Isolated polymers showed a pH-dependent solubility in THF. Transmission
electron microscopy, and dynamic light scattering showed time dependent enhanced vesicle stability
in high concentrations of surfactant and vacuum conditions at elevated pH, whereas exposure to
acidic pH rapidly decreased the vesicle stability, with complete destabilization observed in less than
24 hours. The resultant transiently stabilized vesicles may prove useful for enhanced drug delivery
and chemical sensing applications and allow for improved physiological clearance.

Phospholipid vesicles are routinely used for intracellular delivery, via fusion with the cell
membrane and subsequent release of encapsulated cargo. While useful, vesicle delivery
systems suffer from a series of physical limitations, including long-term stability and fusion
with other substrates, resulting in inefficient cellular delivery of cargo. Transient stabilization
of the phospholipid vesicle membrane may provide for better spatial and temporal control of
cargo delivery and release. Whereas, vesicles prepared from naturally-occurring phospholipids
offer limited stability in harsh chemical and biological environments, stabilization of the
vesicle architecture allows many key advantages to be realized.1–6 Vesicle stabilization has
been achieved via several approaches, including: a) utilizing synthetic, polymerizable
phospholipids, and b) polymer scaffolding - partitioning hydrophobic monomers into the
vesicle lamella with subsequent polymerization.1;4;6;7 The resulting stabilized vesicles can
be loaded across cellular membranes intact, however, the irreversible stability severely limits
cargo release, as well as physiological clearance. Chemically and mechanically robust vesicles
that can be controllably destabilized under biologically relevant conditions are more desirable.
In this letter, we report a facile method to prepare robust phospholipid vesicles using commonly
available phospholipids that are stabilized via formation of an interpenetrating, acid-labile,
cross-linked polymer network, that can be controllably destabilized and subsequently
degraded.

Stabilized 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles were prepared by
fabricating an acid-cleavable, highly cross-linked copolymer within the hydrophobic lamella
of the pre-organized vesicle assembly using dimethacrylate monomer (DMOEP) and
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butylmethacrylate (BMA) (Scheme I). The inclusion of acid-cleavable acetal moieties within
these highly cross-linked networks enables degradation into smaller linear polymers in acidic
environments that may be encountered in biological systems, e.g. lysosomes, stomach, or
tumors, in a manner analogous to acid-degradable acrylamide and methacrylate-based
polymers.8–15 Similar to these previous reports, the lifetime and pH-sensitivity of the cross-
linked polymer should be readily tailored to specific biological and chemical environments via
modulation of the functionalities on the acetal carbon.11

Vesicle preparation is described in detail in the Supporting Information. Briefly, 2-2-Di
(methacryloyloxy-1-ethoxy)propane (DMOEP) was synthesized in a modified one step
procedure, and utilized as the acid-cleavable cross-linking agent (Supporting Information).
10;11;13 Phospholipid vesicles (nominal diameter = 200 nm) were prepared using freeze-thaw/
extrusion methods with DOPC (Supporting Information). The photoinitiator Irgacure 907 (1
µmol), DMOEP (1 µmol), and BMA (1.2 µmol) were added to 1 mL vesicle suspension (10
mg/mL DOPC) then allowed to partition into the hydrophobic lamella of the vesicles overnight,
and polymerized via UV irradiation for 30 min (Scheme I). In all cases, vesicles were prepared
physiological buffer mimics containing 10 mM phosphate or citrate buffer with 137 mM NaCl
and 2.7 mM KCl.

To qualitatively determine the pH-dependent stabilization of the DOPC/BMA/DMOEP
polymer-stabilized vesicles, as well as ascertain a rough estimate of polymer molecular weight,
a series of solubility experiments were performed. Figure 1 presents representative data
obtained from three experiments. For these experiments, polymer-stabilized vesicles were
prepared and stored at either pH 2.0 or 7.4 overnight. The polymer was then separated from
the lipid via methanol/THF washes and stored in THF overnight as indicated. When DOPC/
BMA/DMOEP polymer-stabilized vesicles were stored at neutral pH and the isolated polymer
was suspended in acidified THF, the polymer was solubilized (OD < 0.01) (Figure 1A and 1E).
Conversely, when the isolated polymer was suspended in neutral THF after overnight storage
at neutral pH, the polymer was insoluble (OD = 0.94) (Figure 1B and 1E). When DOPC/BMA/
DMOEP polymer-stabilized vesicles were stored overnight at pH 2.0, followed by extraction
and resuspension of the polymer in neutral THF, partial solubilization of the polymer is
observed (OD = 0.72) (Figure 1C and 1E). To ensure that THF was not primarily responsible
for the partial polymer solubilization seen in Figure 1C, polymer was isolated from DOPC/
BMA/DMOEP polymer-stabilized vesicles stored at pH 7.4, lyophilized and resuspended in
pH 2.0 aqueous buffer overnight (Figure 1D). The resulting solubilization was similar to that
seen in acidified THF. The increased solubility after exposure to acidic conditions is likely due
to the degradation of the cross-links within the cross-linked polymer, generating smaller, linear
polymers that are highly soluble in THF (e.g., see data for 14 kDa poly(BMA) in Supporting
Information). Combined, these data suggest that the phospholipid membrane shields the
polymer from acid degradation to some degree, allowing only partial conversion to linear
polymers. It is unclear though whether this low conversion of the polymer network to render
the vesicle more sensitive to degradation. Thus, a key question is whether the low conversion
of the polymer network observed is sufficient to affect the overall stability of DOPC/BMA/
DMOEP polymer-stabilized vesicles thereby rendering the architecture more prone to vesicle
disassembly in the presence of chemical or physical challenges.

Biological environments are typically rich in phospholipid membrane area, wherein
phospholipid vesicles may fuse upon contact. To address whether the polymer stabilized
vesicles presented herein are potentially suitable for utilization in harsh biological and chemical
environments, we have probed the pH-dependent vesicle stability using TEM of vesicles stored
under a variety of conditions (Figure 2). Most notably, we have used a high concentration of
surfactant in that stability in this harsh chemical environment strongly suggests the ability to
remain intact in membrane rich biological environments. When DOPC/BMA/DMOEP
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polymer-stabilized vesicles were stored at pH 7.0 in both the absence and presence of excess
surfactant (10:1 Triton X-100:DOPC mole ratio), intact vesicle structures were (Figure 2A and
2B). Conversely, when DOPC/BMA/DMOEP polymer-stabilized vesicles were stored at pH
4.0, intact vesicles were only observed when no surfactant had been added (Figure 2C and 2D).
Furthermore, DOPC/BMA/DMOEP polymer-stabilized vesicles stored at pH 2.0 yielded no
intact structures upon TEM imaging, indicative of the instability of the vesicle structure in
vacuum conditions (Supporting Information). A complete absence of intact structures was
observed when DOPC vesicles lacking a polymer network were prepared (Supporting
Information). These results support the hypothesis that a BMA/DMOEP copolymer is intact
at pH 7.0 and stabilizes the vesicle under conditions utilized for TEM, that this stabilization is
strongly pH dependent, and storage at pH 2.0 causes sufficient conversion of the cross-linked
polymer network to smaller, linear polymers to complete destabilize the vesicle architecture.
Interestingly, vesicles stored at pH 4.0 are sufficiently stable to survive the drying process in
the absence of surfactant, suggesting partial retention of the cross-linked polymer network (Fig.
2C and 2D).

Dynamic Light Scattering (DLS) analysis performed on the same samples provided
complementary results. DOPC/BMA/DMOEP polymer-stabilized vesicles were prepared with
a nominal mean diameter of 200 nm as described above. The sample was split and stored at
either pH 2.0 or pH 7.4. The mean scatter intensity, a measure of the effective concentration
of the scattering species, 16 was then recorded after addition of 10:1 surfactant (Figure 3). On
the day of preparation, the normalized scatter intensity of all samples was within experimental
error. However, within 24 hours, vesicles stored at pH 2.0 were completely reduced to mixed
micelles upon addition of 10:1 surfactant, as indicated by the normalized scatter intensity,
whereas vesicles stored at pH 7.4 remained as stable as when originally prepared in excess of
one month storage. These results strongly suggest rapid, complete destabilization at pH 2.0,
allowing vesicle dissolution upon addition of surfactant. Together, these data support the
formation of a BMA/DMOEP copolymer that stabilizes the vesicles for an extended time, yet
provides for pH-dependent destabilization of the vesicle architecture.

The chemical nature of the destabilization was investigated to determine if decreased vesicle
stability resulted from: a) hydrolysis of esters in the copolymer to yield poly(methacrylic acid),
which is likely insoluble in the bilayer lamella; b) cleavage of acetal cross-links yielding a
linear polymer network; or c) a combination of the two. GC-MS analysis showed no byproducts
of cleaved esters, butanol or 1,2-dihydroxyethane, ruling out ester cleavage. Acetone released
during acetal cleavage was detected in all samples at a concentration that varied with the pH
of the storage medium. Acetone observed at pH 7.4 likely results from DMOEP that hydrolyzed
before partitioning or did not partition into the bilayer lamella (this quantity was normalized
to 100). At pH 4.0, the normalized acetone increased to 124 after seven days of storage. At pH
2.0, a normalized acetone level of 213 was measured after seven days of storage, further
supporting the pH dependence of vesicle destabilization.

In conclusion, we have prepared acid-labile, polymer stabilized phospholipid vesicles utilizing
an acetal-functionalized methacrylate monomer. The resulting vesicles are stable at
physiological pH for extended periods of time, while exhibiting a pH-dependent and time-
dependent destabilization. The resulting stabilized vesicle architecture can be envisioned to
enter a biological environment wherein a change in pH (e.g. as found in lysosome, stomach,
tumor, etc.) partially degrades the polymer network that has to this point imparted the enhanced
stability required to cross the cell membrane and survive in membrane rich biological
environments. Upon partial destabilization of the polymer network, the vesicle is now
susceptible to vesicle fusion and other chemical and biological destabilization events, thus
allowing cargo to be delivered and enhancing clearance from the biological environment. Thus,
the transiently stabilized vesicle concept presented herein may prove useful for enhanced drug
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delivery and chemical sensing applications with improved physiological degradation and
clearance properties as better control of the temporal and pH-dependent degradation is realized.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. pH-dependent solubility of isolated BMA/DMOEP copolymer
A) BMA/DMOEP copolymer isolated from DOPC liposomes stored at pH 7.4, followed by
overnight suspension in acidified THF. B) BMA/DMOEP copolymer isolated from DOPC
liposomes stored at pH 7.4, followed by overnight suspension in neutral THF. C) BMA/
DMOEP copolymer isolated from DOPC liposomes stored at pH 2.0, followed by overnight
suspension in neutral THF. D) BMA/DMOEP copolymer isolated from DOPC liposomes,
resuspended in pH 2.0 aqueous buffer overnight. E) Optical density measurements for samples
collected following overnight incubation in THF as described in A), B) and C). Measurements
were made at 330 nm.
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Figure 2.
TEM images of polymer stabilized phospholipid vesicles stored at A) pH 7.4, B) pH 7.4 and
spiked with a 10:1 mole ratio of Triton X-100:DOPC, C) pH 4.0, and D) pH 4.0 and spiked
with a 10:1 mole ratio of Triton X-100:DOPC.
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Figure 3. pH-dependent temporal profile of polymer vesicle destabilization
Normalized scatter intensity for vesicles stored at pH 2.0 and pH 7.4 following addition of 10:1
mole ratio of Triton X-100:DOPC.
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SCHEME I. Formation and Degradation of Stabilized Vesicles
Hydrophobic monomers partition into the pre-assembled vesicle bilayer and are polymerized
via UV photoirradiation. Upon exposure to acidic media, the highly cross-linked polymer
backbone is degraded, allowing chemical or physical disassembly of the vesicle structure.
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