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Abstract

Controlled release polymer vesicles are prepared using hydrolysable diblock copolymers of polyethyleneglycol—poly-L-
lactic acid (PEG—PLA) or polyethyleneglycol—polycaprolactone (PEG—PCL). Encapsulation studies with a common anti-
cancer agent, doxorubicin, show loading comparable to liposomes. Rates of encapsulant release from the hydrolysable vesicles
are accelerated with an increased proportion of PEG but are delayed with a more hydrophobic chain chemistry (i.e. PCL). Rates
of release also rise linearly with the molar ratio of degradable copolymer blended into membranes of a non-degradable, PEG-
based block copolymer (PEG—polybutadiene (PBD)). With all compositions, in both 100 nm and giant vesicles, the average
release time (from hours to days) reflects a highly quantized process in which any given vesicle is either intact and retains its
encapsulant, or is porated and slowly disintegrates. Poration occurs as the hydrophobic PLA or PCL block is hydrolytically
scissioned, progressively generating an increasing number of pore-preferring copolymers in the membrane. Kinetics of this
evolving detergent mechanism overlay the phase behavior of amphiphiles with transitions from membranes to micelles allowing
controlled release.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such as phospholipase sensitive [3,4] or ph/light desta-

bilized [5—8] lipids, and polyethyleneglycol (PEG)-—

Lipid vesicles or liposomes have been widely
investigated as encapsulators of hydrophilic drugs
and proteins for several decades. Many if not all
conventional liposome systems have proven to be both
inherently leaky [1] and short-lived in the circulation
[2]. Systems based on chemically active monomers,
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lipids [9—13] have been introduced as a means to
control drug release. Chemically reactive polyethylene
glycol PEG-lipids can play dual roles as liposome
stabilizers that also, upon exposure to an environmen-
tal stimulus, effectively destabilize the carrier mem-
brane via thiolytic [9,10] or hydrolytic [11-13]
cleavage of their PEG—lipid bonds. As stabilizers, a
small percentage (5—10%) of PEG—lipid was found,
some time ago, to also delay liposome clearance [14].
In other words, PEG imparts stealthiness. Both ideas—
controlled release and stealth—are extended here into
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purely synthetic polymer vesicle systems, which clear-
ly offer broad control over vesicle properties.

The ‘polymersomes’ here are composed of block
copolymers of both PEG and a hydrolytically suscep-
tible polyester of either polylactic acid (PLA) or
polycaprolactone (PCL). Both PLA [15-18] and
PCL [19,20] have been widely studied as readily
hydrolysable polyesters. PEG-PLA or PEG-PCL
block copolymers have both been described before
[21-26], and very recent illustrations of PEG—PLA
vesicles [27—29] highlight the need for detailed char-
acterization of release and degradability. Vesicle for-
mulations of PEG-PLA or PEG-PCL with or
without inert PEG—PBD (polybutadiene)—a well-
documented vesicle former in water [30]—are shown
here to provide programmed control over release
kinetics. The dense 100% PEG corona of the PEG—
PBD vesicles has recently been shown to deter mem-
brane opsonization, and extend in vivo circulation
times significantly beyond stealth liposomes [31].
While broader compatibility of PBD has been ex-
plored by others [32,33], the in vitro focus here is on
the general principle of blending degradable and inert
copolymers.

The elusiveness of making PEG—PLA vesicles is
largely attributable to limited copolymer designs in
relation to narrow requirements for a suitable lamellar
phase. Extensive theoretical [34,35] as well as general
experimental studies of block copolymer amphiphiles
have established that aggregate morphology, in dilu-
tion, is principally determined by molecular geometry.
Kinetic traps are many (e.g. entanglements, crystalli-
zation, or glassiness at high molecular weight, MW),
but when solvated selectively, a delicate but now
relatively well-understood balance of hydrophilic/hy-
drophobic segments emerges (Fig. 1A) [27,36]. This
balance allows design of PEG-block based copoly-
mers that—in the absence of degradation—form
membranes in preference to other structures. Whereas
diblock copolymers with small hydrophilic PEG frac-
tions of fz0<20% and large MW hydrophobic blocks
exhibit a strong propensity for sequestering their
immobile hydrophobic blocks into solid-like particles
(for PEG—PLA [21,26,37]), an increased fpo ~ 20—
42% generally shifts the assembly towards more fluid-
like vesicles [27,28,30,38—43] or other “loose” mi-
cellar architectures [44—46]. For fzo>42%, however,
one generally finds both worm micelles (up to ~50%
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Fig. 1. Copolymer proportions, resulting architectures, and
preliminary drug loading capabilities. (A) Illustration of diblock
copolymer chains as a function of PEG (or PEO) volume fraction,
feo. Increasing the fzo fraction (e.g. degrading the length of the
hydrophobic block) induces a molecular-scale transition: a bilayer
forming copolymer (fzo~ 0.25—-0.42) eventually transforms into a
membrane-lytic cone-shaped detergent (fz0>0.5). (B) Cryo-TEM
images of morphologies exhibited by diblock copolymers. Self-
assembled vesicle of PEG-PLA diblock copolymer OLI1, and
several worm-like and spherical aggregates of the inert block
copolymer of hydrogenated PEG—PBD [30]. Scale bar is ~20 nm.
(C) Fluorescent images of giant architectures in dilute solution. The
PLA block of OL1 is labeled, giving vesicles that are composed of
fluorescently labeled OL1 blended with the unlabelled PEO—PBD
copolymer, OBI8. Intensity analysis (inset) of the fluorescent
vesicles demonstrates edge brightness, and localization of OL1 in
the vesicle membrane. At later times, blends also exhibit worm-like
micelle morphologies. (D) Doxorubicin loaded vesicles imaged by
fluorescence. Scale bars are 8 pm.
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feo) [36,47,48] and, as noted by others, spherical
micelles (for PEG-PLA [45,46,49], and PEG-PCL
[50]). Lastly, although kinetic traps to equilibrium
may deepen with MW, the equilibrium boundaries
enumerated above between predominant microphases
are only weakly dependent on MW. Recent work
indeed shows that the aforementioned fzo’s shift to
lower values for diblocks only by about 5-6% per
addition of 100 EO monomers [36].

The vesicle/micelle transitions outlined above
would seem to provide a clear starting point for the
design of novel copolymer carriers. While similar
mechanisms have been exploited in otherwise con-
ventional liposomal systems [8,51—53]. The kinetic
aspects of phase transitions are not easily predicted
but are of paramount importance when using ‘active’
chains such as the hydrolytically degradable PEG—
PLA for release mechanisms. Considerable data in the
literature indicate that degradation of PLA nanopar-
ticles occurs on the order of weeks [15,44]. For the
vesicles here, tunable, controlled release that ranges
from hours to many days is demonstrated through
copolymer blending within the membrane as well as
polyester selection and chain architecture (i.e. fzo).

2. Materials and methods
2.1. Copolymers and chemicals

The diblocks listed in Table 1, except for OB18 and
OL1, were purchased from Polymer Source (Dorval,
Quebec, Canada). Note that EO denotes ethylene
oxide, and that polyethylene oxide is structurally the
same as PEG. Tetramethylrhodamine-5-carbonylazide
(TMRCA) was obtained from Molecular Probes
(Eugene, OR). Dialysis tubing and dram vials were

Table 1

Physical properties of the various diblock copolymers

Copolymer  Formula M? M, PD. fro
name Am—B, (kg/mol)  (kg/mol)

OL1 EO43—LAyy 3.2 6.0 1.1 0.33
OL2 EOj99o—LAsg 4.0 10.0 1.16 0.49
OCLI1 EO46—CLo4 2.7 4.77 1.19  0.42
OCL2 EO;;4—CL;4 129 18.0 1.50 0.28
OBI18 EOgp—BDj>s5 6.8 10.4 1.1 0.29

a
Mh ~nX Mmonomer~

purchased from Spectrum Laboratories (Rancho Dom-
inguez, CA) and Fisher Scientific (Suwanee, GA),
respectively. L-Lactide, mono-methoxy polyethylene
glycol, tin ethyl hexanoate, toluene, chloroform, meth-
ylene chloride, sucrose, dextrose, phosphate buffer
(PBS), doxorubicin, and fluorescent dextrans were
all purchased from Sigma (St. Louis, MO).

2.2. Synthesis of the diblock copolymers

The PEG—PBD diblock (OB18) was synthesized
by an anionic polymerization technique described
elsewhere [54]. Diblock copolymers, listed in Table
1, were synthesized by standard ring opening poly-
merization detailed below for the PEG—PLA diblock,
OLI. Briefly, OL1 used L-lactide and methoxy poly-
ethylene glycol, which were pre-purified by recrystal-
lization from ethyl acetate and toluene, respectively.
The catalyst, tin ethyl hexanoate was used without
further purification. All the reagents were dissolved in
toluene solvent and placed in a sealed pressure tube
under argon atmosphere, due to the sensitivity of the
lactide monomer to degradation. The reaction vessel
was placed in an oil bath at 100 °C, and polymeriza-
tion was allowed to proceed for 2 h. Polymerization
was terminated with a 10-fold excess of hydrochloric
acid, and the polymer was further washed in ice-cold
cyclohexane. The final product was subsequently
lyophilized into a white powder and, when needed,
solubilized in chloroform. 'H NMR was used to
determine the number of monomer units in each block.
Gel permeation chromatography was used to deter-
mine the total number-average molecular weights, M,,,
as well as the polydispersity indices (P.D.). Moreover,
preliminary separations after base-catalyzed hydroly-
sis (pH>12) demonstrated that these synthetic diblocks
undergo complete degradation in <24 h. The PEG
volume fraction (fgo) was converted from the mea-
sured mass fractions by using homopolymer melt
densities: 1.13, 1.09, 1.14, and 1.06 g/cm3 of PEG,
PLA, PCL, and PBD, respectively.

2.3. Characterization of OLI vesicles

Vesicles of pure OL1 block copolymer were pre-
pared by dissolving polymer at 1 wt.% in water. The
solution was stirred for at least 6 h at room temper-
ature and OL1 vesicles were observed by cryogenic
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transmission electron microscopy (cryo-TEM) [55].
Briefly, samples of the polymer solution were im-
mersed in a microperforated grid under controlled
temperature and humidity conditions. The assembly
was then rapidly vitrified with liquid ethane, and kept
under liquid nitrogen until loaded onto a cryogenic
sample holder. Images (Fig. 1B) were obtained with a
JEOL 1210 TEM at 120 kV using a magnification of
20,000 along with a nominal under focus for im-
proved resolution and digital recording.

2.4. Labeling of PEG—PLA (OL1) block copolymer

Since the PEG block of the OL1 and OL2 block
copolymer was protected with a methoxy group, only
the hydroxyl end group of the PLA block was
susceptible to modification with tetramethyl rhoda-
mine-5 carbonyl azide (TMRCA; MW 455.5 Da). The
modification involves TMRCA conversion to an iso-
cyanate, which then modifies the hydroxyl end group
to a urethane. This end-group modification using a 1:1
polymer to dye mole ratio was carried out overnight in
a mixture of toluene and methylene chloride (2:1 v/v)
at 60 °C. The reaction was carried out in an organic
phase primarily to minimize hydrolysis of the PLA
block. Excess, unreacted TMRCA dye was dialyzed
(MWCO 3500) into chloroform for 1 week, and the
labeled block copolymer was stored at 4 °C.

2.5. Preparation of polymer bilayers and encapsulant
loading

Polymer blends with OB18 and either OL or OCL
block copolymer were prepared by first solubilizing
the polymers at desired molar ratios in chloroform. The
organic solvent was then evaporated under nitrogen,
followed by vacuum drying for 7 h to remove trace
amounts of chloroform as the polymer film dried onto
the glass wall of a dram vial. The film was subse-
quently hydrated with solutions of hydrophilic encap-
sulants such as sucrose, fluorescently tagged dextrans,
or ammonium sulfate (for subsequent doxorubicin
loading, below). Upon hydration, vesicle self-assem-
bly was further promoted in a 60 °C oven for ~ 12 h.

Doxorubicin loading was achieved after vesicle
formation by a variation of the ammonium sulfate-
driven permeation method of Barenholz et al. [56].
Unencapsulated ammonium sulfate was removed by

dialysis (cutoff 3.5 kDa) into isotonic PBS. The
drug was added to the vesicle suspension with
membrane permeation and accumulation promoted
by the species gradients between inside and out of
the vesicles. A 10-h incubation at 37 °C followed
by 10-h dialysis into PBS proved sufficient for
doxorubicin loading based on both fluorescence
microscopy and spectrofluorimetry.

2.6. Vesicle isolation and NMR analysis

Polymer films of pure OB18, OL2, and OL2/OB18
at 50:50 blend ratio were prepared as above, using
deuterated water (D,0). Vesicle blends were separated
from free monomers and other small aggregates by
extensive dialysis (cut-off ~1 MDa). Post-dialysis,
the polymer solution was thoroughly dried using a
rotavap. Pure and 50:50 blend films were subsequent-
ly dissolved in CDCl; for room temperature 'H NMR
analysis (Astra500 spectrometer, 500 MHz).

2.7. In vitro release kinetics

Micron-sized vesicles loaded with hydrophilic en-
capsulants were suspended in PBS (pH 7.0; 300 mosM)
and incubated in a closed chamber formed with a gasket
seal between a bottom cover slip and a top glass slide
(height ~ 100 pum). Vesicles were imaged with either
bright field or phase contrast using a Nikon TE-300
inverted microscope. Phase contrast microscopy was
possible based on differences in the refractive indices
of the encapsulant and external buffer solution (e.g.
sucrose inside and PBS outside). In vitro release
kinetics was monitored over time by quantifying the
population of vesicles that either retained (“loaded’”) or
released (“‘empty’’) lumenal encapsulants. An average
of 150—-300 giant vesicles of various sizes was moni-
tored over the time course of the experiment.

3. Results
3.1. PEG—PLA vesicles and blends

Both PLA and PCL are generally considered
hydrophobic provided they are of sufficiently high

molecular weight [27]. The spontaneous aggregation
and assembly of OL1 copolymer (Table 1: EO43—
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LA,,) into lamellar or bilayer morphology—i.c. a
vesicle—in dilute solution is verified by direct cryo-
TEM imaging (Fig. 1B). The hydrophobic core of the
membrane provides the contrast and has a measured
width d=10.4%+1.4 nm.

The miscibility of OL1 block copolymer in a
vesicle membrane with OB18 (Table 1: EOgqo—
BD;,5) is demonstrated in Fig. 1C by fluorescence
microscopy on ‘giant’ vesicles. The hydroxyl end
group of the hydrophobic PLA block was first reacted
with fluorophore (TMRCA), and the labeled copoly-
mer was then blended in a good solvent with both
unlabeled OL1 and OB18 block copolymer at molar
ratios of 5:20:75, respectively. Subsequent preparation
of a dried film of this blend followed by overnight
hydration lead to spontaneous, self-directed assembly
of polymersomes that were many microns in diameter.
Giant vesicles show similar levels of fluorophore
partitioned into the edge-bright membranes (see inset
intensity analysis). A more quantitative analysis of
miscibility is provided in the following section.

In addition, osmotically driven shape and volume
changes of such giant vesicles [30] allow visual proof
that water necessarily permeates the membrane, which
is a pre-requisite for hydrolytic cleavage.

Fig. 1D shows OL1 vesicles stably containing
doxorubicin—a widely used anti-tumor therapeutic
[57-59]. The result illustrates both the initial integ-
rity and the loading capabilities of the vesicle
membranes. The increased membrane thickness of
the polymersomes is probably responsible for two to
three times longer loading times. Nonetheless, doxo-
rubicin loading proves similar to liposomes [56]
with roughly 1:1 copolymer: drug (mol/mol) ratios
as estimated by spectrofluorimetry. The following
sections focus on the encapsulant release of model
hydrophilic drugs ranging in molecular weights
from ~ 107 Da (like doxorubicin) to 10° Da.

3.2. Miscibility of PEO—PLA in PEO—PBD

To address block copolymer miscibility in lamellar
architectures such as bilayer vesicles, blends of OL2/
OB18 were prepared with fluorescently tagged,
TMRCA-OL2 (Fig. 2). To remain within the quench-
ing limit of the fluorophore, varying amounts of
TMRCA-OL2 were added to a constant OL2/OB18
blend ratio of 50:50 mol% (Fig. 2A). The fluorescent

intensity of the vesicle membrane increases linearly
with the added TMRCA-OL2 polymer. Since 4%
labeled OL2 provided an adequate signal, it was
introduced at this percentage to unlabeled OL2 for
blending with OB18 from 5 to 100 mol%.

Upon hydration and self-assembly, vesicle popula-
tions were imaged under set conditions of dilution and
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Fig. 2. Block copolymer blend miscibility in giant vesicles. (A)
Proportional increase in membrane fluorescence with increased
mol% of fluorescent TMRCA-OL2 in a blended polymersome
membrane. Based on the strong intensity with 4 mol% (white star)
of fluorescent OL2, this mol% was used in all further studies of
blends. (B) Proportional increase of membrane fluorescence
intensity with increasing OL2 (total) in OL2/OB18 blended
polymersomes. In either panel, n>10 vesicles (unless indicated)
of diameter 2—6 pm were analyzed by fluorescence microscopy
under conditions of constant dilution (1:50), and fixed camera gain
and exposure time.
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image collection. Peak or edge intensities of the
vesicle membranes were averaged over vesicle diam-
eters ranging from 2 to 6 um. These intensities
appeared to be consistent and reproducible for three
independent samples prepared over several weeks,
implying stability of the fluorophore conjugate. The
clear linear trend shows that increasing amounts of
blended OL2 give a proportional increase in the
intensities of the polymersome membrane.

As a check on the fluorescence imaging results,
NMR was done on blended vesicles made with 50:50
OL2/0OB18. Analysis of the pure OL2 and OBI18
spectra showed the respective peaks for PLA, PEG
and PBD, PEG [25,60—63]. The nominal 50:50 OL2/
OB18 blend appeared to be a summation of the two
individual spectra. The mol% OB18 in the blend was
derived from the decrease in the integrated intensity
ratio normalized to PEG, using the high-ppm OB18
peak in the pure sample [(dppp, cu-=5.29 ppm:
Is 29ppm=0.51), (Opgc,cr2=3.64 ppm: /3 64ppm=1.0)]
vs. the blend sample [(dppp,_cr==5.15 ppm:
15A15ppm20~24)s (5PEG,CH2:3-68 ppm: I3A68 ppm:1~0)]'
The high ppm peak thus had a relative integrated
intensity of 0.51 that decreased to 0.24 for the
nominal “50:50 blend”. The decrease is due to the
PEG contribution from OL2. Accounting for the
different PEG chain length allows a straightforward
determination of the actual blend ratio as (OL2/
OB18)=44:56 mol% (from NMR). Similar analyses
of other resonant peaks (e.g. dppp—cu2=4.91 ppm)
suggest an error of about 7%. To summarize, the
linear increase of fluorescence intensities with OL2
blend ratios (Fig. 2) along with the appearance and
quantitation of characteristic NMR peaks for both
copolymers in OL2/OB18 blends provides clear evi-
dence of OL miscibility in OB18 blends.

Fig. 3. Release from polymer vesicles. (A) Phase contrast
microscopy images of degradable polymersome carriers in a sealed
chamber. Vesicles of 25 mol% blends of OL1 in OB18 are loaded
with sucrose (300 mosM) and suspended in an isotonic buffer. The
vesicles are initially dense and phase dark (i). Over time (~h),
vesicles become phase light—losing their encapsulant—and rise to
the top of the chamber (ii). Over longer times (~ days), vesicles
exhibit altered morphology and finally disintegrate (iii). (B) Histo-
grams of “loaded” and “empty” vesicles evolve dramatically over
the time course of the experiment. At initial times, the distribution is
dominated by encapsulant “loaded” carriers (~90%). After 4 days,
dominant fractions (~ 80%) of the visible vesicles appear “empty”.
Scale bars are 5 pm.

3.3. Visualizing hydrophilic encapsulant release

Blends of OL1 or the other degradable diblocks
(Table 1) with the inert copolymer OB18 prove
particularly useful in protracting the time scales for
observation of membrane transformation and release
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processes. For a given blend ratio, vesicles were made
in sucrose (see Materials and methods)—a prototyp-
ical low molecular weight encapsulant. When diluted
into PBS and added to a 100-pm-high sealed chamber
for long-term microscopy, vesicles initially settle and
appear dark under phase contrast microscopy (Fig.
3A(i)). This is due to differences in both the specific
gravity and the refractive index of the sucrose encap-
sulant as compared to the external PBS. Over a span
of hours to days in the sealed chamber, a given vesicle
will become phase light, buoyant, and rise to the top
of the chamber (Fig. 3A(ii)). Few, if any, vesicles are
seen as either half-dark or halfway above the bottom,
implying a two-state system with respect to encapsu-
lant retention, i.e. loaded or “empty”. At longer
times, the empty vesicles, at the top of the chamber,
lose their morphology and begin to clearly disinte-
grate in solution (Fig. 3A(iii)). In contrast, pure OB18
vesicles show essentially no loss of encapsulant over
the duration of the study, fully consistent with previ-
ous measures of polymersome stability [64].
Histograms of phase contrast vesicles for a given
sealed chamber are binned by vesicle size (Fig. 3B),
and show clear population shifts from loaded to
empty vesicles over hours to days of periodic
observation. Since vesicle numbers in all size bins
(from 2 to 20 um) change dramatically over time,
the histograms indicate no strong dependence on
vesicle diameter. This suggests a surface ‘erosion’
mechanism that occurs locally in the membrane as
opposed to a faster process with total degradable
mass (which scales as ~R,.2). The release studies
outlined below demonstrate erosion as a clear pora-
tion process with an initial, characteristic pore size.

3.4. Growth of membrane pores of finite size

In visually monitoring release from micron-sized
vesicles (Fig. 3A(ii)), it is clear that these vesicles
retain their overall morphology after releasing their
encapsulant. Hydrolysis of the PLA chains in the
hydrophobic core of the bilayer is likely to generate
some curvature-preferring chains (with fz0=0.42),
which localize and induce the growth of pores in
the membrane. In order to verify pore induction in
the vesicle membrane and provide a gauge for pore
size, kinetically tractable 25:75 blends (OL1/OB18)
were used for monitoring release profiles of fluo-

rescent dextran encapsulants of 4.4, 66, or 160 kDa,
dissolved in sucrose. In any given vesicle, it is
possible to monitor two labeled dextrans, in addi-
tion to sucrose, at the same time by using different
fluorophores (e.g. fluorescein or rhodamine).

Fig. 4 illustrates the molecular weight dependence
of encapsulant release. At initial times (=0 h), the
entire vesicle population (90—100%) retains all of its
encapsulants (i.e. sucrose, 4.4 and 66 kDa dextran).
By =18 h, 22% of this vesicle population loses its
sucrose. Within this set, nearly two-thirds (15% total)
of the vesicles release the 4.4 kDa dextran and the
remaining third (7%) lose all three of the encapsu-
lants. This data (Fig. 4B) indicates that sucrose and
the 4.4 kDa FITC-dextrans are released with respec-
tiVe Trelease—00 and 89 h. In contrast, larger molecular
weight dextrans (60 kDa) show little to no release
from these same carriers until eventual vesicle disin-
tegration occurs on the order of days.

To attribute a mean length-scale to the transient
pore that develops in a vesicle membrane, encapsulant
molecular weights were converted [65,66] to mean
radii of gyration (R,) with sucrose (0.34 kDa) and
dextrans of 4.4, 60, and 160 kDa having respective
Ry’s of 0.9, 1.4, 4.8, and 7.3 nm. Given the vesicle
leakage of all but the last dextran, a conservative
upper bound of the hydrophilic pore size is estimated
to be 5 nm. This mean radius corresponds to an initial
pore diameter of ~ 10 nm, which is comparable to the
cited membrane thickness of do; | ~ 10.4 nm (Fig. 1B)
as well as dog1g ~ 15 nm [39]. Whether or not there is
an energetic basis for initial pore size is, at present,
unclear.

As a more physical demonstration of carrier insta-
bility, the mechanical integrity of blended polymer-
some vesicles was tested by micropipette aspiration
(not shown). Aspiration of an encapsulant loaded
vesicle yields rupture strains of the same order of
magnitude as pure OB18 vesicles [39]. In marked
contrast, the phase light or empty polymersomes
collapse readily under application of minimal aspira-
tion pressures.

3.5. 100 nm-sized polymersome disintegration
kinetics

Subsequent to poration, growth of membrane
pores increasingly destabilizes the vesicle carrier
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Fig. 4. Phase contrast and fluorescent imaged kinetics of release
from giant OL1/OBI8 (25:75 mol%) vesicles loaded with a
molecular weight series of dextrans in sucrose. (A) Sucrose and
the FITC-dextran (4.4 kDa) are increasingly released over the 3-day
duration of the experiment; but the large dextran (160 kDa) showed
no release and thus provides an upper limit to a finite pore size in
the membrane. Scale bars are 5 pm. (B) The indicated release time
constants are determined from kinetics.

(Fig. 3A(iii)). To gain further insight into the com-
plete loss of membrane integrity (especially with
circulation-favored 100-nm vesicles [31]), dynamic
light scattering (DLS) was used to monitor 100-nm
vesicle populations of either OL1 or OL2 (Table 1:
f£0=0.49) again blended with OBI8 (at 25:75 mole
ratio as above). Vesicles were first sized down to a
single population of 100+20 nm by sonication,
freeze thaw, and cyclic extrusion [64]. As a control,
the scattering intensity of a pure OBI18 vesicle
population is found to remain constant throughout
the course of the studies. However, the OL blends

show a progressive decay in intensity of the 100-nm
peak. This peak increasingly splits up into two
distinct populations consisting of larger fragments
of aggregates (perhaps extended vesicles or worms;
see Fig. 1), and a smaller peak at 40 nm that
probably corresponds to micelles. The latter identi-
fication is certainly consistent with prior character-
izations of PEG—PLA micelles [45,46,49,67].

From DLS, disintegration time constants for the
OL1 and OL2 blended vesicles were measured to
be Tgisintegration=12 and 4 days, respectively. The
Tdisintegration 10r OL1 appeared to be several-fold
longer than the 7ease determined for the same OL
composition. The DLS results are therefore consis-
tent with post-release disintegration. It might seem
surprising that similar blends with OL2 display
three-fold faster vesicle disintegration kinetics than
OLI1, especially since OL2’s PLA block is less
than one-fourth larger in molecular weight than
OL1’s (M,; Table 1). However, the three-fold faster
disintegration together with the concomitant emer-
gence of a micelle peak implies that the larger a
diblock’s fgo (as in OL2), the stronger its propensity
to rapidly transform into a detergent-like moiety that
tends to destabilize existing bilayer morphologies.

3.6. Blend-dependent release kinetics

The influence of hydrolysable PEG—PLA chains
on release kinetics was further elucidated and directly
controlled by varying the mole fraction of OLI
blended into the OB18 membrane. At initial times,
nearly all vesicles (90—100%) were loaded with
hydrophilic encapsulant, irrespective of blend ratio.
Depending on this ratio, the characteristic release time
(Trelease) Was observed to vary from tens of hours to
days (Fig. 5): this figure indicates that an increasing
mole fraction of OL1 in the aggregate system accel-
erates encapsulant release from these giant carriers
(Fig. 3: i—ii, iii).

Monitoring vesicle populations in a blend for >
Trelease T€VeAls a progressive disintegration of empty
vesicles (see Fig. 3A(iii)). Loss of these empty
vesicles results in an anomalous shift in the release
curve and leads to an increase in the relative popula-
tion of residual, ‘“loaded” vesicles. Nonetheless,
based on the initial observation times, the rate con-
stant for release k;ejease=1/Trelcase 1S found to be a linear
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function of the initial mole percent of OL1 blended
with inert OB18 (Fig. 5B):

kielease = const X [polyester], (1)

Extrapolation of the plotted release kinetics to
vesicles of pure (100%) OL1 (e.g. Fig. 1B) gives
Trelease ~ 21 h as sketched in Fig. 5A. This time
scale is short relative to vesicle formation times of
Tformation ~ 10—15 h. It is therefore clear why for-
mation of pure PEG—polyester vesicle systems has
remained elusive. Furthermore, these blends clearly
deepen the understanding of the degradation process
by protracting the release time scales. Indeed, robust
characterizations of the lower mole fraction systems
are not problematic since T elease > Tformation-

In an effort to concomitantly infer localization of
PEG-PLA in the polymersome membrane as well as
its role in facilitating encapsulant loss, release kinetics
from 25:75 (mol%) blends was monitored after dilu-
tion, by up to three orders in magnitude of bulk
solution. Fig. 5C demonstrates only minor deviations
in the time scale of encapsulant release with such
dilution (Tiejeaset15%). Any bulk PEG—PLA must
therefore have no role in the process. This confirms
the central importance of polyester chains pre-local-
ized in the vesicle membrane (per Fig. 1C) in both
encapsulant release and eventual carrier destabiliza-
tion. It is thus readily envisioned that for any individ-
ual vesicle, release is a burst-like, two-state process
(Fig. 3). For a population of vesicles, this effect
appears graded, as expected of a protracted first order
process typified by Eq. (1). Lastly, as with the studies
shown here using physiological buffer, initial tests of

Fig. 5. Blend-controlled release kinetics of a small encapsulant from
various polymer vesicle formulations. (A) Pure OB18 vesicles (0%
OL1) porate minimally over time, but poration probability increases
as a function of the mole percent of OL1 blended with OB18. The
solid lines for 10%, 25%, and 50% blends are fits to A[1—exp (#/7)]
with the indicated release times, /=T,¢|eqse; and the dashed line is the
extrapolated kinetics for 100% OLI1 vesicles. (B) Plotting release
kinetics (1/t) vs. the mole percent of OL1 blended into the
membranes shows a first-order rate dependence. (C) Release
kinetics from 25 mol% blends monitored with various bulk
dilutions into PBS. Subsequent, pore induction and deviations in
the encapsulant release times are within 15% and therefore
independent of dilution and exterior factors. In all of the experi-
ments, the vesicles are suspended in buffered PBS (300 mosM) and
incubated in closed chambers at 25 °C.
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vesicle poration in human plasma (and 37 °C) show
similar initial stability and release profiles.

3.7. Release kinetics for PEG—PCL

To confirm a very general role for polyester hy-
drolysis as the ‘trigger’ for polymersome destabiliza-
tion, the diblock copolymers of PEG—PCL (OCL’s in
Table 1) were also investigated. PCL, like PLA, is
widely explored as a degradable polyester [19,20,68],
but its six-carbon backbone makes it more hydropho-
bic than a PLA chain of comparable MW. When
hydrated as pure diblocks, the OCL copolymers self-
assemble into morphologies consistent with their
respective fro fractions (see Table 1). For example,
being near the phase boundary, OCL1 self-assembles
into a mixed population of both vesicles and cylin-
drical or worm micelles. It is therefore not surprising
that membrane blends with OCL’s and the inert OB18
form just as readily as with the OL diblocks.

With 25:75 molar blends of OCL in OB18, encap-
sulant release kinetics from micron-sized vesicles are
again a function of copolymer chemistry. OCL1 as well
as both OL’s (OL1 and OL2) have comparable hydro-
phobic block molecular weight (M,=3.3£0.6 kDa).
However, OCL1 has an intermediate fzo (see Table
1). Therefore, one might naively expect OCL1-based
vesicles to release faster than similar OL1 blended
vesicle compositions. At the same time, OCL1-based
vesicles should also release slower than blended com-
positions with OL2 (Tyejease=40 h; Table 2). Surprising
perhaps, the release time determined for OCLI
(Trelease=73 h) proves to be slightly longer than that of
OL1 (Trelease=06 h). This deviation from naive expec-

Table 2
Encapsulant release times or rates from pure or blended membranes
with hyrolysable block copolymers

Copolymer Trelease (h) for krelease (>< 104) Trelease (h)

name 25:75 blend (mol% in for pure
with OB18 OBI8 hr)™! copolymer®

OLI 67 47 22

OL2 40 10.1 0° (10)

OCL1 73 5.5 0° (18)

OCL2 129 3.1 32

# Trelease linearly extrapolated from 25% copolymer blends.
® Tretease=0 for copolymers that cannot, when pure, form
vesicles.

tation provides the clearest indication of a slower
hydrolysis for the more hydrophobic PCL chemistry
within the membrane core.

The second PEG—PCL diblock, OCL2, has the
most membrane-preferring proportions with fg5=0.28.
OCL2 also has a four-fold larger PCL block (M, = 13
kDa). Encapsulant release from OCL2/OB18 vesicles
proves to be two-fold slower in comparison with the
most similarly proportioned OL1 (fzo~ 0.33) blends.
One likely factor is that water activity in the PCL core
is lower than in a PLA core. In addition, a greater
degree of ester hydrolysis would be required to drive
this stable bilayer-forming copolymer (fzo~ 0.28)
into an active detergent-like molecule (fzo>0.4) that
then destabilizes the carrier membrane. Compared to
molecular weight effects, both fzo and polyester
chemistry (PCL vs. PLA) thus play a more dominant
role in dictating release kinetics.

4. Discussion
4.1. Copolymer integration into membranes

When hydrated initially, the PEG-—polyester
copolymers and blends self-assemble into stable
bilayer architectures (e.g. Fig. 1B). The core thick-
ness of the PLA membrane is similar to a previ-
ously studied PEG-PBD vesicle [39], namely
EOs59-BDss (with d=10.6+1 nm). This OL1 result
fits the general scaling found for PBD cores of
d~N"3. While this may seem surprising because of
PLA’s high oxygen content, it is to be noted that
such high oxygen contents in hydrophobic blocks
are of no limitation to membrane formation. At least
one Pluronic triblock copolymer with an oxygen-
rich midblock (EO-polypropyleneoxide—EQO) has
previously been reported to form vesicles [69].

Membrane-localized fluorescent PLA demon-
strates PEG—PLA integration (Fig. 1C). Further
detailed intensity analysis of these labeled blends
(Fig. 2) shows a strong linear trend as a function of
the mol% added to the membrane. This proportional
increase in fluorescent intensity along with NMR
spectroscopy on 50:50 blends clearly shows mem-
brane miscibility of OL in PEO-PBD. Separate
evidence of mixing in blends has recently been
demonstrated by free radical cross-linking of the
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unsaturated polybutadiene (PBD) double bonds in
OBI18 [29]. Cross-linking effectively blocks lateral
mobility of the PBD chains in the bilayer architec-
ture. Extraction of the blended OL1 chains by
chloroform leads to rapid encapsulant release (in
minutes) and the consequential loss of membrane
integrity. In contrast, cross-linked shells of pure
OBI18 prove extremely robust and unaffected by
external chemical and physical stresses [70].

4.2. Release kinetics of hydrophilic encapsulants

Much of the previous work on PEG-PLA based
aggregates can be categorized as assemblies of
copolymers with low fgzo and large molecular
weight PLA blocks, (a “crew-cut” presentation of
PEG per Eisenberg et al. [23]), or else copolymers
with fz0>0.4. Depending on the nature of aggregate
processing, the former generally leads to the se-
questering of glassy, immobile PLA blocks into
solid-like particles, whereas the latter leads to an
assembly of micellar structures as per Fig. 1. Only
lipophilic compounds can be intercalated into such
diblock morphologies. Micellar aggregates give re-
lease profiles that correlate with progressive PLA
degradation on the order of weeks [22,44] to
months [71]. Particulate systems, on the other hand,
display distinct biphasic burst profiles with reparti-
tioning and leakage of a lipophilic drug varying
from minutes to tens of hours [21,26]. A critical
issue with PEG-PLA delivery systems is burst
[22,26,72] vs. progressive degradation [44] release
profile. Efforts have been made to suppress or
rather “soften” this burst release by coating aggre-
gates with proteins, amphiphiles, or polymers such
as albumin [73], poloxamers [74], or detergents
[22]. Here membrane blends of an inert copolymer
plus PEG-PLA have succeeded not only in self-
assembling into stable vesicles for hydrophilic
encapsulant release but also in providing uniquely
tunable release times (T eease=hours to days) that
depend linearly on the blend ratio of PEG—PLA.

Additionally, the lack of dependence of T ejease ON
dilution of the vesicles (Fig. 5C) excludes any possi-
ble role of external copolymer (i.e. OL1) in vesicle
poration. However, it could be hypothesized that
OL1-mediated release is a result of OL1 polymer
chains encapsulated within the lumen of inert OB18

vesicles. Such a mechanism can be dismissed on the
basis that after vesicle poration, any encapsulated
copolymer (being smaller than ~ 10 nm) would be
diluted into the bulk medium (see Fig. 4).

Polymer vesicles change shape by swelling and
shrinking osmotically [30], which indicates that water
permeates the core of the membrane. Such water can
also initiate hydrolytic cleavage of the PLA or PCL
blocks sequestered within the core. Considerable
work has already been done on the mechanism of
this water-initiated reaction [75], and it is well under-
stood that the degradation of large molecular weight
PLA blocks, self-assembled as either micelle or nano-
particles, takes on the order of months [21]. However,
the presence of hydrophilic PEG, either through
attachment [76,77] or blending [78] is claimed to
direct the uptake of water, leading to accelerated
(15-fold) dissolution kinetics [79].

4.3. Hydrolysis-driven membrane poration

The general mechanism of poration by PLA or
PCL hydrolysis in the diblock copolymer membrane
was illustrated in Fig. 6. The aqueous water microen-
vironment facilitates ester hydrolysis either by chain-
end [15,76] and/or random [15,80] scission in the core
of the membrane or perhaps at the PEG—polyester
interface. If the latter interfacial degradation were
dominant, the intact polyester block would simply

Stable bilayer hydrolysis

& &

KHours

disintegration

e R,)“*,g

%

Encapsu.lants

Fig. 6. Polyester trigger of encapsulant release and disintegration of
polymersome vesicles. Red chains are degradable polyesters, and
black chains are inert.



48 FE Ahmed, D.E. Discher / Journal of Controlled Release 96 (2004) 37-53

sequester within the richly hydrophobic core of the
membrane, and create inclusions (not seen) while
PEG diffuses away. In contrast, other mechanisms of
PEG—polyester degradation eventually porate the
vesicles.

The time constant found for characteristic release
from 50:50 blends with OL1/OB18 (7;e1case=44 h) has
been shown, with particles composed of similar
PEO-PLA blocks (fzo~ 0.33), to liberate ~50% of
the lactic acid [26]. Langer et al. [81] also studied
similar particles and observed analogous release ki-
netics within an hour but with essentially ~ 0% lactic
acid generation. These previous experiments imply
that only a small fraction of the blended polyesters
here is required to trigger the controlled destabiliza-
tion of the vesicle carriers, consistent with Fig. 6.

The onset of hydrolysis and resultant curvature
preference of OL1 chains in the membrane of a
vesicle transforms this stable bilayer-forming chain
into a detergent-like copolymer. Such degraded chains
with comparatively short hydrophobic blocks will
tend to segregate from their inert, entangled OB18
neighbors [64], congregate and perturb local bilayer
curvature, and ultimately induce hydrophilic (i.e.
PEG-lined) pores in the membrane. These salient
molecular scale transitions are evident in physical
observations such as molecular weight-dependent
encapsulant release from otherwise intact vesicle
carriers (Fig. 4). Liposomal systems have applied
similar principles such as doping non-reactive amphi-
philes with reactive ones [82] to exploit molecular
scale transitions from lamellar to “non-bilayer” form-
ing chains [8,83] or to inverted hexagonal phases
[51-53] in order to concomitantly trigger encapsulant
release and carrier destabilization.

To further verify evolution of OLI chains into
detergent-like triggers, pure encapsulant loaded
OB18 vesicles were incubated with exogenous OL1
block copolymer in the aqueous bulk solution. Over
time, the surface active OL1 chains increase (inert)
vesicle permeability, and trigger the release of hy-
drophilic encapsulants (data not shown). Though OL
activity appears to be analogous to detergent-medi-
ated solubilization of vesicle membrane, the dissolu-
tion kinetics were three orders of magnitude slower
than TX-100 solubilization of micron-sized OB18
vesicles [84]. This delay in vesicle instability paral-
lels work by Ladaviere et al. [85,86] on liposome

destabilization by amphiphilic macromolecules. At
least two distinctions are noteworthy; first, liposomal
assemblies invariably lack the dense 100% PEGy-
lated ““hairy” brush that deters adsorption and integ-
ration of factors that limit vesicle circulation times in
vivo [31]. Second, the ability of amphiphilic poly-
mers to modulate membrane properties is conditional
on the hydrophobicity of the adsorbing polymer. In
the present case, the oxygen-rich PLA block handi-
caps the polymer and renders it a weak but adequate
solubilizer. In particular, partially degraded polyester
chains are responsible for curvature—minimizing the
membrane line tension around pores—while also
leading to the slow growth of pores in the, other-
wise, impenetrable membrane. However, the molec-
ular weight-dependent release profiles of hydrophilic
dextrans from polymersomes (see Fig. 4) indicate
stable pore sizes that approximate the membrane’s
thickness. A natural curiosity arises as to whether or
not amphiphilic polymers exhibit self-healing ten-
dencies in vesicle pores. Steric hindrance due to
chain repulsion arises with the hairy PEG brush that
lines the pore in the bilayer membrane, thereby
deterring membrane resealing. This apparent stability
of the small pore requires a different explanation
such as highly localized hydrolysis and nucleation of
an increasing number of similar-sized pores—which
require longer time scales to coalesce. Regardless,
PEG—polyester chains in bilayer morphology are
poised to act as time-evolving molecular triggers
that modulate encapsulant release and subsequent
vesicle disintegration.

4.4. Microphase basis for poration kinetics

The phase boundaries indicated in Fig. 1 provide a
framework for graphically understanding encapsulant
release times as a function of the key variable fro.
Considering first the two PEG—PLA’s that were
studied (Fig. 7A), the small difference in M, was
neglected and a single line was drawn through the two
data points for 25% blends. The fgo intercept of this
first line (gray star: polyester diblock fgo=0.73)
indicates a blended OL/OB18 system (25:75) which
would give instant release upon vesicle formation. A
nearly parallel line was also sketched through the
result for 100% OL1, but this second line intersected
the Telease=0 axis at fpo=0.42 (open star). This inter-
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Fig. 7. Summary of encapsulant release kinetics from copolymer
vesicles as dictated by both chain chemistry and PEG volume
fraction (fgo). (A) OL copolymers of several thousand g/mol can
integrate at 25 mol% into stable vesicles of inert OB18 as long as
f£0=<0.73 (gray-filled star). For pure vesicles of such degradable
copolymers (i.e. 100%), release is much faster and requires
f£0=<0.42 (open star). (B) OCL copolymer of similar M.W. to
OLI1 and OL2 degrades more slowly when accounted for the fgo
effects. This delay due to polyester chain chemistry reflects retarded
PCL degradation kinetics. A characteristic release line through the
result for the 25% OCL blend intersects the 25% OL line at
f0=0.73, where fzo dominates any major difference in degradation
chemistry. Likewise, release from pure OCL vesicles can be
predicted by postulating slower proportionate degradation but at a
common microphase stability limit of f;o=0.42. Comparing the two
OCL1 lines to OCL2 data points reveals the M.W. effect or lack
thereof since OCL2 is about four-fold bigger than OCLI and the
two OL block copolymers.

cept is again indicative of a system displaying instant
release and dominant micelle formation as opposed to
any significant vesicle-delayed encapsulant release.
Similar conclusions were drawn from the PEG—PCL
systems (at 25 mol%) plotted in Fig. 7B. While the
baseline release from pure (100%) vesicles is theoret-
ically important, both ‘star’ systems are impractical
for release applications since high vesicle yields by
standard hydration methods take a comparatively long
formation time, as explained earlier.

Though the over-simplifications here do not fully
address nuances of co-existence between vesicle/
worm/sphere regimes found experimentally—such as
those illustrated in Fig. 1B—the various lines on the
two plots of Fig. 7 are assumed to be representative of
release times for the three smaller block copolymers
studied here (i.e. OL1, OL2, and OCL1). Lastly, for
the larger OCL diblock, OCL2, the two square points
off the lines in Fig. 7B highlight relatively small
offsets (<25%), despite a ~ 4-fold larger hydrophobic
block. Small offsets imply a minimal influence of M,
on release kinetics in comparison to the strong effects
of a copolymer’s initial fzo. This conclusion is fully
consistent with the assertion here that +20% differ-
ences in M, of the three smallest diblocks (i.e. OLI,
OL2, OCLI1: 3.3%0.6 kDa) are simply insignificant to
release kinetics.

Within the framework of microphase behavior, the
moderate molecular weight polyester-based diblocks,
such as the OL and OCL, self-assemble or integrate
into bilayer architectures that are sensitized for re-
lease. Triggered by the initiation of hydrolysis in the
core of the membrane, the onset of pores with highly
curved edges leads to the observed release of lumenal
encapsulants. Eventually, these vesicle carriers disin-
tegrate into mixed micellar assemblies of worms and
spheres. Polyester participation in the bilayer mor-
phology appears to be strongly conditional on the rate
of hydrolysis of the hydrophobic block (e.g. PCL vs.
PLA) as well as the hydrophilic block ratio (fgo).
Another important means of controlling release
involves the formation of blends of degradable poly-
esters with inert diblocks (e.g. fz0<0.73 for 25:75
blends), and its stable integration into a mixed mem-
brane. In contrast, for pure (100%) polyesters, extrap-
olations prove relatively independent of hydrophobic
block chemistry and allow vesicle formation and
release within fz0<0.42.
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5. Conclusions

The kinetics of hydrolytically triggered destabili-
zation of polymersomes composed or blended with
degradable PEG—PLA or PEG-PCL and the inert
PEG-PBD (OBI18) have been elucidated by sucrose
and fluorophore leakage assays for giant vesicles as
well as DLS of nanovesicles. Labeling of the PLA
block demonstrates the participation of the polyester
chain in stable membrane integration. Subsequent
polyester hydrolysis in the core of the membrane
transforms these bilayer-forming chains into active,
detergent-like moieties that trigger the induction of
pores in the vesicle membrane. Leakage of hydrophil-
ic encapsulants occurs in a first-order, degradation-
dependent fashion on time scales ranging from hours
to tens of days. Molecular-weight-dependent encap-
sulant release assays determine the finite pore size to
be comparable to the thickness of the vesicle mem-
brane (~ 10 nm). Parallel studies with varied polyes-
ter hydrophilic/hydrophobic block ratios, hydrophobic
core chemistry, and different mole percent blends
indicates that polyester chain hydrolysis is the molec-
ular trigger controlling encapsulant release and carrier
destabilization kinetics.

Additional features of this potential drug delivery
system include the 100% PEGylated brush that has
been demonstrated elsewhere to effectively deter
opsonization and prolong nano-sized vesicle circula-
tion [31]. Polyester chains play a crucial role in
conferring release mechanisms as well as definitive
biocompatibility. Salient features of these polymer-
somes include resistance to destabilizing agents such
as phospholipases and other lipid-disruptive compo-
nents. The thick hydrophobic core of the vesicle
membrane enhances loading efficiencies of lipophilic
drugs. It should thus prove advantageous to study
release and delivery of synergistically active lipophilic
and hydrophilic drugs from these parent systems,
since transitions from the bilayer to micellar regime
may provide a sustained depot for lipophilic drug and
impart novel pharmokinetics.
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