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Abstract: Self-assembly of macromolecules is fundamental to
life itself, and historically, these systems have been primitively
mimicked by the development of amphiphilic systems, driven
by the hydrophobic effect. Herein, we demonstrate that self-
assembly of purely hydrophilic systems can be readily achieved
with similar ease and success. We have synthesized double
hydrophilic block copolymers from polysaccharides and
poly(ethylene oxide) or poly(sarcosine) to yield high molar
mass diblock copolymers through oxime chemistry. These
hydrophilic materials can easily assemble into nanosized
(<500 nm) and microsized (>5um) polymeric vesicles
depending on concentration and diblock composition. Because
of the solely hydrophilic nature of these materials, we expect
them to be extraordinarily water permeable systems that would
be well suited for use as cellular mimics.

Self-assembly is critical to life itself. The most prominent
example is the cellular membrane, which relies on the
formation of a phospholipid bilayer. Scientists have worked
with synthetic self-assembled membranes (liposomes) for
decades; within the past twenty years, polymersomes have
been developed as robust alternatives to liposomes, affording
greater synthetic diversity.'”! These systems are thought to
be, necessarily, amphiphilic—made from hydrophilic-hydro-
phobic block copolymers. In water, the hydrophobic segments
self-assemble into aggregates."”! This property leads to well-
defined structures, but the resulting materials are always
constrained by the limitations imposed by the requirement of
amphiphilicity, while the hydrophobic membrane creates
a (wanted or unwanted) barrier to the transport of hydro-
philic substances. The self-assembly of small molecules and
polymers, however, into supramolecular structures is not
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necessarily restricted to the hydrophobic effect but can be
driven by several phenomena (e.g., van der Waals, ionic, and
hydrogen bonding)."'"*!

An interesting example of non-amphiphilic phase sepa-
ration is two-phase aqueous separation, which is used to
purify and separate amino acids, peptides, and cells."*! Highly
water-soluble macromolecules are, under appropriate con-
ditions, immiscible, and this principle, to our knowledge, has
not been utilized for self-assembly of defined aggregate
structures. The thermodynamic impetus driving their separa-
tion is competition for water; that is, the chemical potential of
water (or osmotic pressure) must be equal in all communicat-
ing sub-phases; consequently, the polymer concentrations in
solution have to differ. This de-mixing generates a water-in-
water emulsion (an recent example of which is given by
Nguyen et al.)," suggesting that self-assembly could occur if
the different polymers were covalently attached to each other.
The resulting water-in-water-in-water systems (implying that
the membrane itself would also be mostly composed of water)
would effectively contain separate but adjacent aqueous
phases between which free transport would be possible. We
hypothesize that the resulting self-assembly mechanism,
driven by competition for water, could extend the capability
for self-assembly beyond the standard amphiphilic structures.

We are not the first to put forth this idea, as there are a few
examples of aggregation, or the organization, of purely
hydrophilic materials, particularly concerning double hydro-
philic block copolymers.'>' One of the first reports of such
behavior was by Taubert et al., who demonstrated that double
hydrophilic block copolymers can form lyotropic mesophases
in pure water, which they could easily visualize by polar-
ization microscopy. They suggested that the mesophases were
just layers of water stacked on top of each other, separated
only by the diblocks."”! Blanazs and co-workers also used this
phase separation of double hydrophilic block copolymers that
is driven by differing abilities to absorb water, which thus
creates a difference in the osmotic pressure that can only be
equalized by separation. They reported that aqueous solu-
tions (or rather viscous gels) of poly(ethylene glycol)-block-
poly(2-(methacryloyloxy)ethyl phosphorylcholine) can or-
ganize into ordered phases. They observed formation lamellar
and hexagonally packed structures, at concentrations greater
than 40 %, which they confirmed by small- and wide-angle
X-ray scattering.'”” These examples wonderfully illustrate
that the concept of hydrophilic phase separation into
organized structures is sound, but no controlled micellar or
vesicle-like aggregates were reported at any concentration in
either case.

However, more recently, Casse et al. confirmed, in dilute
solutions of a poly(ethylene glycol)-block-poly(2-methyl-2-
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oxazoline) copolymer, the presence of a very few, small
swollen spherical aggregates.'® They determined that only
a small fraction of polymer in solution was able to form their
hydrated aggregates, which had characteristic features indi-
cating vesicle formation, but overall it was difficult to confirm
the exact nature of the aggregates owing to their low overall
number and size.

We suspect that a careful choice of polymer system should
provide a new pathway for the robust aggregation of hydro-
philic systems into vesicle-like structures (ideally suitable as
cellular mimics). To test this hypothesis, we synthesized three
different double hydrophilic block copolymers such that both
blocks were hydrophilic, non-ionic, and immiscible when the
solutions of the homopolymers are mixed (Figure1A).
Inspired by traditional two-phase aqueous systems, we
synthesized dextran-block-poly(ethylene oxide) (Dex-PEO),
pullulan-block-poly(ethylene oxide) (Pul-PEO), and dextran-
block-poly(sarcosine) (Dex-PSar). The block lengths were
approximately equal and in the higher molecular weight
range (ca. 20 kgmol !, yielding diblocks that were approx-
imately 40 kgmol~', Table S1-3) to increase their immiscibil-
ity and, thus, hopefully, drive self-assembly."”

These block copolymers were conveniently synthesized by
taking advantage of the equilibrium state of one polysaccha-
ride terminus as an aldehyde end group that can easily react
under mild conditions (a citric acid solution with a pH of 3 in
a 1:1 mixture with dimethylsulfoxide) with a hydroxy amine
end group of either PEO or PSar (both mono-functionalized,
Figure 1B).?*2! This coupling approach yields a double
hydrophilic block copolymer linked by a hydrolytically
stable oxime bond, the presence of which can easily be
detected by "H NMR spectroscopy and whose apparent molar
mass was determined by size exclusion chromatography
(SEC; Figure S1-S10 and Graphs S1-S3 in the Supporting
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Information). To confirm the formation of diblocks, in
addition to the standard polymer characterization methods,
analytical ultracentrifugation (AUC) was utilized (Figure S11
and S12).””) This measurement is important because, at this
time, we only want to study the self-assembly of these systems
alone, not the mixtures of the block copolymers with the
homopolymers. Although we cannot rule out the presence of
homopolymers as a result of the general difficulty of purifying
saccharide-based materials, it is clear from NMR spectrosco-
py and GPC that homopolymer contamination is overall
rather low (< 15%).

We initially approached the self-assembly of double
hydrophilic block copolymers as if these were amphiphilic
systems, working at very low concentrations and with the
Dex-PEO diblock copolymer (as it is the more well-known
diblock). We utilized both direct dissolution at low concen-
trations (0.1, 0.5, and 1.0%) and electroformation methods*!
(at a final concentration of roughly 0.5%) to attempt the
formation of diverse structures. Dynamic light scattering
(DLS) was first utilized to confirm the presence of aggregates
and a genuine and distinct difference between homopolymers,
homopolymer mixtures, and diblock copolymers (Figure S14
and Graph S4). Direct dissolution required long wait times to
see any aggregation (likely a consequence of the high molar
mass of the system), but we did observe defined aggregates by
DLS after 7 days (Figure 1C). The aggregates exhibited
hydrodynamic radii (R,) of approximately 250 nm for the
lowest concentrations and greater than 700 nm for the highest
concentration. In the electroformation experiments, small
aggregates were formed immediately in all samples. Analysis
of the direct dissolution solutions by static light scattering
(SLS) also suggested that some concentrations produced
vesicle-like structures (Figure S13). The radius of gyration
(R,) determined for the particles in solution ranged between
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Figure 1. Self-assembly of double hydrophilic block copolymers. a) Two-phase aqueous separation occurs easily between the homopolymers
dextran, pullulan, poly(ethylene oxide), and poly(sarcosine) (dye was added to aid visualization). b) Synthesis of the double hydrophilic block
copolymers by coupling the hydroxy-amine modified poly(ethylene oxide) or poly(sarcosine) with dextran or pullulan. c) DLS of the direct dissolu-
tion at different concentrations and electroformation experiments shows the presence of aggregates (with the Dex-PEO diblock copolymer).
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195 and 289 nm; thus, for at least the 0.5% solution, the
characteristic R,/R;, ratio is approximately 0.93, which sug-
gests a hollow-sphere structure.””

To more conclusively demonstrate that we do indeed have
self-assembled aggregates with a vesicle-like structure, we
utilized electron microscopy. Typically, (cryogenic) trans-
mission electron microscopy (TEM) is used as a more
definitive method to confirm the structure of such aggregates;
however, our system is mainly composed of water. Even if we
had perfect bilayer structures, the membrane would still be
swollen with water, which means that ordinary TEM (espe-
cially after drying) would only give information about the
dried polymer—not the swollen aggregates. Cryogenic scan-
ning electron microscopy, used more often in biological
systems, provided far greater utility, as we could easily
visualize our system, specifically Dex-PEO (Figure 2). In all
cases, we were able to see aggregates similar to the size
determined by DLS and observed that these aggregates were
indeed self-assembled polymer vesicles—not solid particles or
gels. The nature of the membrane itself is currently unknown
but a focus of research. The aggregates shown, as expected,
seem to have a much thicker membrane (10-30 nm) than
standard liposomal or cell membranes; however, because they
are not amphiphilic in nature, they should be not classified as
polymersomes. Rather, it may be more appropriate to call
these aggregates “aquanelles” (meaning ‘little waters’).
Herein, we demonstrate a robust and definitive system that
illustrates that double hydrophilic block copolymers can
indeed self-assemble in a similar fashion to amphiphilic
systems that result in vesicle-like structures.

Our SEM analysis showed particles large enough to be
viewed by optical microscopy, which suggested that we could
make even larger assembly structures. For liposomes and
amphiphilic polymersomes, electroformation is the technique
typically used to create well-defined giant vesicles. However,
we were not able, at realistic concentrations, to achieve giant
aggregates by electroformation, and our best results yielded
only a few approximately 1 um particles. Additional attempts

Figure 2. Cryogenic scanning electron microscopy of the direct dissolu-
tion and electroformation solutions of Dex-PEO. Insets: magnified
images of the aggregates. Scale bars are 1 um for the main images
and 0.5 um for the insets.
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with direct dissolution methods (i.e., thin films, longer wait
times) also did not result in larger or greater numbers of
aggregates. With hindsight, this is not surprising as electro-
formation relies on the buildup of an electric field over the
lipid or polymer film, which would be more difficult in our
solely aqueous system.F"!

The path to more organized systems is, however, straight-
forward. In our system, unlike an amphiphilic system, water
will not be excluded from the interlayer by the hydrophilicity
of the component polymers, thus leading to microphase
separation and organized aggregation (amphiphilic systems).
However, if higher polymer concentrations of our double
hydrophilic block copolymers are utilized, we can draw on the
osmotic pull from the more dilute phase to potential create
microphase separation in solution. If we consider that
polysaccharides can strongly bind over 10 water molecules
per repeat unit,*!! while PEO can only bind around 3 water
molecules per repeat unit (the hydration of PSar is not known
but presumably similar to PEO),*? then the osmotic pressure
can only balance out by microphase formation in solution. For
our system, this means that membrane stability will be
dependent on the effective concentration of the less-hydrated
block (in this case, PEO or PSar). At low concentrations
(<1%), where we see only a few small aggregates, the
polymer concentration within the membrane is too low (ca.
5%) to provide significant viscoelasticity and stability, as the
effective concentration of the PEO block remains compara-
tively low, and the membranes are ruptured by electrical or
mechanical stress.

With this in mind, we explored self-assembly at higher
concentrations, which should have a profound effect on the
membrane stability of the system. The results of this change
are quite impressive (Figure 3). Simply by raising the
concentration above 10 wt %, we were easily able to achieve
giant polymer vesicles with sizes between 2 and 20 um. For the
present double hydrophilic block copolymers, we found the
upper concentration limit to be around 25 wt % before the
system became too viscous for processing, while at 10 wt %
and below only smaller, disperse aggregates could be found.
This required overall concentration is not unlike the macro-
molecular crowding (and organization) observed in real
cells.” Our results were not unique to the Dex-PEO
double hydrophilic block copolymers, and similar complex
giant aggregates could also be formed from Pul-PEO and
Dex-PSar. These giant polymer vesicle solutions were stable
for many days (>7) and could even be frozen and reformed
(though the individual vesicles were not likely to survive the
freezing process, so they are reformed upon warming to room
temperature). We also are very nicely able to observe fusion,
bursting, and encapsulation behavior that is typical of vesicle
(not gel) structures (Movies S1 and S2, and Figures S15,S16).

In conclusion, we have demonstrated for the first time the
robust self-assembly of purely double hydrophilic block
copolymers into vesicle-like aggregates. By taking care to
choose polymers that are immiscible with each other in water
(in this case, polysaccharides, poly(ethylene oxide), and
poly(sarcosine)) we were able to demonstrate that it is
possible to form nano- and microsized polymer vesicles or
“biomimetic” complex structures in pure water solutions,
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Dex-PEO 15%

Pul-PEO 25%
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Figure 3. Optical microscopy images of the giant double hydrophilic
polymer vesicles or “aquanelles”. Left set of images show structures
made by the Dex-PEO at different concentrations (from 25 to 15%).
Right set of images show that these aquanelles can also be formed
from the Pul-PEO (top-right) and Dex-PSar (middle-right), and that, in
solution, these vesicles can be reformed easily after being frozen
(bottom-right image, Pul-PEO¥).

which we call “aquanelles”, where all subphases are also
aqueous. The resulting aggregates are expected to provide
a new tool that will be applicable to cases where separation in
aqueous compartments on the micro- and nanoscale is
relevant (e.g., for delivery, as nanoreactors, or to build up
enzyme cascades of mutually incompatible reactants). Aqua-
nelles are presumably also well suited to be used as model
cells and organelles because they are likely not only to have
highly permeable membranes but also to be strongly con-
trolled by internal compartmentalization, known in biological
cells as the macromolecular crowding effect.

Keywords: block copolymers - polymersomes -
polysaccharides - self-assembly - vesicles
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