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Abstract: We report here a controllable shape transformation of
polymer vesicles (polymersomes) constructed from block copoly-
mers of which the hydrophobic part is a high-molecular-weight
glassy segment. Control over the shape transformation is obtained
by kinetic manipulation of the phase behavior of this glassy
hydrophobic segment. Kinetic manipulation of the phase behavior
of polymer membranes allows for different shapes of polymer-
somes to be captured at specific times, which directly translates
into physically robust nanostructures that are otherwise unobtain-
able. Combining the morphological diversity of giant liposomes
and the physical robustness of polymersomes, our finding can
be a general way to realize unusual nanostructures in a predict-
able manner.

Giant unilamellar vesicles (giant liposomes, 10—50 um in
diameter) readily transform their shapes from spheres to a variety
of nonspherical morphologies in correspondence to changes in the
environment,™? owing to the fluidity of the phospholipid bilayer
membranes. Polymer vesicles (polymersomes) are believed to
undergo shape transformations and to show morphologicd diversity
comparable to that of giant liposomes® if the polymer membrane
possesses enough mobility under ambient conditions.* The size
regime of polymersomes, often orders of magnitudes smaller than
that of giant liposomes, however, makes it difficult to characterize
the transient morphol ogies obtained during the shape transformation.
Furthermore, if a glassy hydrophobic block is used,® a thermody-
namically favored spherical morphology obtained after polymer-
some formation would be locked due to the glassy polymer
membrane; therefore, any further shape transformation of the
polymersome would be prevented.

Here we report a controllable shape transformation of polymer-
somes constructed from block copolymers of which the hydrophobic
part is a high-molecular-weight glassy segment. Control over the
shape transformation is obtained by kinetic manipulation of the
phase behavior of this hydrophobic block.® Combining the mor-
phological diversity of giant liposomes and the physical robustness
of polymersomes,” our finding can be a general way to redlize
unusual nanostructures in a predictable manner.

In conventional methods for the preparation of polymersomes
based on block copolymers possessing a glassy hydrophobic block 2
organic solvents are used to facilitate their formation process by
plasticizing the polymeric aggregates that are formed. We envisaged
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that this plasticizing effect could also be applied to induce shape
transformations in polymersomes by providing enough mobility and
permeability to the polymer membrane to alow it to respond to
changes in the environment. We took advantage of the fact that
the hydrophobic polymer domain displays a phase transition from
a solvent-swollen rubbery state to arigid glassy state, which results
in the capture of a transient morphology in a physicaly robust
frozen structure. Kinetic manipulation® of this phase behavior of
polymer membranes allows for different shapes of polymersomes
to be captured at a specific time, which directly transates into
physically robust nanostructures that are otherwise unobtainable
(Figure 1).

Amphiphilic block copolymers poly(ethylene glycol)-block-
polystyrene (PEG-b-PS), with different molecular weights, were
synthesized by atom-transfer radical polymerization (ATRP) starting
from PEG-macroinitiators (number-average degree of polymeriza-
tion (DPR,)) = 45 and 115). The DR, of the PS blocks was adjusted
to be in the range of 102—312. All samples showed a narrow size
distribution (polydispersity index (PDI) = 1.08—1.18) (Table S1,
Supporting Information). At ambient temperature, the glassy nature
of the hydrophobic PS block prevents direct hydration of the block
copolymer in water. Hence, polymer vesicles from these block
copolymers were prepared by a cosolvent method.®°
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Figure 1. Shapetransformation of polymersomes during diaysis of organic
solvents (dark red spheres) against water (blue spheres) through a solvent-
swollen bilayer membrane (paths 1—3). Shape change also resultsin prolate
formation, depending on the architecture of the block copolymers (path 4).
Direct quenching yields spherical polymersomes (path 5).

Following these preparation conditions, a dioxane: THF (1:1 v/v,
1 wt %) solution of PEGs-b-PS,3, yielded a cloudy suspension
upon the addition of water. A fraction of this solution (50 uL) was
taken from this suspension before dialysis was performed and added
at once to a small amount of pure water to rapidly freeze the
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Figure 2. (A) DLSresults of the average diameter of polymersomes (Da,)
before (solid line) and after dialysis of organic solvents from the initial
suspension (dotted line). (B) A cryo-TEM image of polymersomes of PEGgs-
b-PS,3 without shape change obtained by rapid quenching of the suspension
in water. Typical dry TEM (C) and cryo-TEM (D) images of stomatocytes
after shape transformation of polymersomes of PEGys-b-PSy30, showing
different projections of the structures. Insets in D show top (upper) and
side (lower) views of stomatocytes (scale bars: 200 nm).

morphology of the aggregates, which is a common method to
prepare spherical polymer vesicles. These rapidly quenched poly-
mersomes showed an average diameter (D) of 400 nm, with a
moderate size distribution (PDI = 0.09), based on dynamic light
scattering (DL S) measurements (Figure 2A). The cryo-TEM study
of this sample revealed spherical polymer vesicles (Figure 2B),
which indicated that a rapid quenching of the PS domain resultsin
vitrification, as commonly observed, due to the high T, of PS, which
provides enough physical strength to the bilayer membrane to
preserve the thermodynamically favored spherical morphology.
After dialysis of the remaining suspension against pure water, we
observed that the D, value of the polymersomes decreased to 350
nm without changing the size distribution (PDI = 0.07) (Figure
2A), which suggests a reduced overall volume of polymersomes
without significant vesicle fission.

When the dried polymersome solution after dialysis was exam-
ined by TEM, we found that the morphology of the polymersomes
had completely changed from spheres to stomatocytes,*® a bowl-
shaped vesicle with a“mouth”, as shown in Figure 2C (Figures S1
and S2, Supporting Information). The Cryo-TEM images of the
solution after dialysis confirmed that the stomatocytes are the
consequence of shape transformation of the polymersomes and are
not artifacts that result from the sample preparation procedure for
TEM (Figure 2D). We further examined the transformations of
polymersomes prepared from a series of PEGs-b-PS;0,-20, block
copolymers by using the same procedure and conditions, which
revealed that the formation of stomatocytes occurred when the DR,
of the PS block exceeded 175. All stomatocytes retained their
morphology over along period of time (>4 months) when examined
by TEM and did not show any change in diameter or size
distribution, as measured by DLS. Even harsh conditions, such as
elevated temperatures (70 °C, 1 h) and ultrasonication (45 kHz,
200 W, 5 min at 50 °C), did not alter the morphology of the objects
and indicates excellent physical stability, as expected for polymer
vesicles with a glassy PS hydrophobic domain.

We reasoned that the shape change of the polymersomes is
mainly driven by the decrease in the volume of the inner
compartment of the polymersomes during dialysis rather than a
drastic change in the surface area of the bilayer membrane (Figure
1). Considering the thickness of the bilayer membrane determined
from cryo-TEM images (~26 nm) for polymersomes of PEG,s-b-
PS,30, the contour length of the PS,3 chain (~27 nm), and the
molecular weight of the PS block, which exceeds the entanglement
length (DP, =~ 130),™* we may expect that PS chains within the
bilayer membrane are most probably in a coiled conformation with
chain—chain entanglements.*® This renders any molecular rear-
rangements between two membranes difficult during dialysis and
suggests that there will be no significant change in the surface area
of the polymersomes. The diaysis of the polymersome solution
containing organic solvents (50% in volume) against water would,
however, cause arapid expulsion of solvent molecules held within
the inner compartment of the polymersomes through the solvent-
swollen fluidic PS membrane due to the osmotic pressure. This
will continue until the membrane loses its permeability, owing to
the loss of solvent molecules, and the PS consequently collapses
into the glassy state.*®

We measured the membrane thickness of polymersomes of
PEG,5-b-PS,3 in the presence of organic solvents (50% by volume)
by cryo-TEM (Figure S3, Supporting Information). The measured
thickness (~32 nm) was 20% thicker than those of polymersomes
after dialysis against water (~26 nm for spherica vesicles and
stomatocytes), which confirms the existence of solvent-swollen
membranes. We assumed that the rate of transport of THF and
dioxane molecules through the swollen PS membrane would be
much higher than that of water molecules on the basis of comparison
of the Hildebrand solubility parameters of the solvents (6 = 18.6
[MPa]Y2 for THF and 20.5 [MPa]Y? for dioxane) and water (0 =
48 [MPa]¥?) with the parameter of homo-PS (0 = 16.6—20.2
[MP&]¥?).** The unfavorable energy barrier between water and PS
would hinder penetration of the swollen PS membrane by the water
molecules and replacement of the space occupied by organic solvent
molecules, which would consequently decrease the volume of the
inner compartment of the polymersomes.

For giant liposomes, shape transformations are reversible due
to the fluidity of the phospholipid bilayer membranes, and thus the
morphology during shape transformation is only transient.™? In our
study, however, the PS domain within the bilayer of polymersomes
remains in a solvent-swollen fluidic state during the shape change
but subsequently turns into a glassy state as solvent molecules are
excluded from the PS domain during dialysis against water. This
kinetic freezing of the PS domain provides the basis for the retention
of the morphology after shape transformation. From the previous
observation that the degree of swelling of the PS domain is higher
in THF than in dioxane,*® we reasoned that the amount of THF in
the initial solvent mixture would influence the shape change by
affecting the degree of swelling and the rate of vitrification of the
PS domain of the membrane. This would consequently lead to a
difference in the time allowed for the shape change during dialysis.

For stomatocytes, the diameter of the opening will gradually
decrease when the shape change progresses (Figure 1).%2 We
therefore screened the degree of shape transformation of polymer-
somes prepared from PEG,s-b-PS,g, with avarying amount of THF
relative to dioxane in the organic solvent mixtures at a fixed water
content (50%) of the suspension. When the THF content in the
THF:dioxane mixture was increased from 40 to 65% (by volume),
agradua decrease in the diameter of the opening of stomatocytes
after dialysis was observed with both TEM (Figure 3A—D) and
cryo-TEM (Figure 3E,F). As shown in Figure 3G, a nearly linear
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relationship between the size of the opening of the stomatocytes
and the amount of THF used in the initial organic solvent mixture
was obtained. The results suggest that the differencesin the kinetics
of the phase transition of the PS domain in the solvent mixtures
can effectively be trandated into the final frozen morphologies. A
similar effect can also be found by changing the water content of
the suspension at a fixed THF:dioxane ratio (1:1 v/v). A reduced
water content leads to a slower rate of kinetic vitrification and thus
induces a larger shape change, yielding a smaller diameter of the
opening of the stomatocytes (Figure S4, Supporting |nformation).
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Figure 3. Degree of shape transformation of stomatocytes of PEG-b-PS
according to the amount of THF to dioxane in the solvent mixture: (a) 50%,
(b) 55%, (c) 60%, and (d) 65% THF used by volume). Cryo-TEM images
of stomatocytes: (€) 50% THF and (f) 65% THF by volume. (g) Plot of the
linear relationship between the amount of THF used in a solvent mixture
and the diameter of the opening of the stomatocytes. Each data point was
obtained by measuring the inner diameter of the opening and the overall
diameter of stomatocytes from dry TEM images of 50 stomatocytes.

According to theoretical studies and experiments with giant
liposomes, a higher initial curvature of the bilayer membrane would
force the shape transformation to take another route from spheres
to prolate/pear-shape vesicles (Figure 1).-? We wondered whether,
in our case, the direction of shape transformation could be changed
by the introduction of bulkier PEG chains to the hydrophilic domain
of the bilayer of the polymersome, while keeping the length of the
PS block constant. This modification would increase the initial
curvature of the resulting bilayer membrane.*® Based on the fact
that PEG;15-b-PSs;, predominantly forms spherical micelles under
the same preparation conditions (Figure S5, Supporting Informa-
tion), we prepared a solution blend of PEGs-b-PSy,/PEG:15-b-
PS;1, block copolymers (80:20 by weight) in a THF:dioxane (1:1
by volume) mixture. Under the same experimental conditions that
alowed spherical vesicles of pure PEGs-b-PS,, to become
stomatocytes, we observed nearly spherical polymersomes with an
indication of shape transformation to prolate/pear-shape vesicles
only after dialysis of the suspension solution with 50% water content
(Figure S6, Supporting Information). These results indicate that
rational control over the shape transformation of polymer vesicles
can be obtained by adjusting the architecture of the block
copolymer. Our results suggest that the shape transformations of
our polymersomes follow the same pathway as those theoretically
predicted for the more fluidic giant liposomes made from low-
molecular-weight phospholipids.*?
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The presence of an inner compartment and an adjustable opening
in the polymersome stomatocyte makes it an interesting nanocon-
tainer, which could be accessible by guest molecules and catalytic
species. These stomatocyte objects, with controlled morphology and
structural robustness, may therefore find various applications, as
nano-reaction vessals, for example, which can hold and release guest
molecules ranging from small molecules to proteins and further to
colloidal particles.

Inspired by the studies on giant liposomes, we have shown that
there are interesting possibilities to change the morphologies of
polymersomes by the process of shape transformation. Given the
potentially unlimited diversity of chemical and physical properties
of block copolymers by virtue of the rapidly evolving controlled
polymerization methods, the strategy reported here could be a new
approach to create polymeric nanostructures with unusua archi-
tectures and functions.
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