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;5 Compartmentalizing Supramolecular Hydrogels Using A queous Multi-

" Serhii Mytnyk, Alexandre G. L. Olive, Frank Versluis, Jos M. Poolman, Eduardo Mendes,

Rienk Eelkema, and Jan H. van Esch*

Abstract: A generic method is used for compartmentalization
of supramolecular hydrogels by using water-in-water emul-
sions based on aqueous multi-phase systems (AMPS). By
forming the low-molecular-weight hydrogel throughout all
phases of all-aqueous emulsions, distinct, micro-compartmen-
talized materials were created. This structuring approach offers
control over the composition of each type of the compartments
by directing the partitioning of objects to be encapsulated.
Moreover, this method allows for barrier-less, dynamic
exchange of even large hydrophilic solutes (MW =60 kDa)
between separate aqueous compartments. These features are
expected to find use in the fields of, for instance, micro-
structured catalysts, templating, and tissue engineering.

Compartmentalization plays a central role in a variety of
biological and industrial processes. For instance, it allows
incompatible metabolic reactions to run simultaneously
inside eukaryotic cells by prohibiting mutual interference.!!
Additionally, compartmentalization is crucial for encapsula-
tion, delivery and release of active ingredients (drugs,
flavors), as well as for structuring various materials through
templating and scaffolding.>* In synthetic systems, compart-
mentalization is generally achieved either by emulsification of
immiscible phases, or through encapsulation of solutes inside
various vesicles.[*!

However, most common approaches have limitations. For
example, emulsification techniques are widely used for
creating hydrophobic domains in aqueous phases, but are
inherently limited in terms of the possible number of
accessible types of compartments. On the other hand,
vesicle-based approaches can effectively encapsulate various
aqueous phases within their membranes and can be used to
create numerous different coexisting micro-compartments
with excellent control over their composition. However, while
hydrophobic lipid- or polymer-based membranes grant vesi-
cles their outstanding properties, they also seriously limit the
transport of many polar solutes.”! Furthermore, in contrast to
emulsions, which can be generated and stabilized relatively
easily even on a large scale, preparation of loaded vesicles can
be a long, not easily scalable process. Therefore, there is
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a need for a simple and elegant approach that allows the
creation of micro-compartments containing polar molecules
without introducing any barriers.

One of the most promising directions for barrier-less
structuring of aqueous media is to employ aqueous multi-
phase systems (AMPS). AMPS are multi-component water-
based mixtures generally containing several incompatible
polymers and/or salts that can form distinct macroscopic
aqueous phases.® Aqueous two- and three-phase systems are
widely used in biotechnology for extraction and separation of
biomolecules, organelles, and even living cells, since they offer
a large number of mild, fully aqueous environments.”’ In
recent years, the group of Keating has exploited aqueous
phase separation as a tool for compartmentalizing biomole-
cules by encapsulating aqueous two- and three-phase systems
within lipid vesicles to create prototype artificial cells."*"%!
Several other examples of stabilization of water-in-water
emulsions using various nanoparticles have also been
reported;!'* 1% however these methods are system-specific
and cannot be universally applied to form stable arbitrary
AMPS emulsions. An alternative surfactant-free route to
stabilize emulsions has been recently demonstrated by the
group of Ulijn, who have generated stable oil-in-water
emulsions by creating an interfacial supramolecular gel
network around the dispersed droplets.'!¥] Therefore, for-
mation of a supramolecular hydrogel network within AMPS
emulsions should allow capturing their fine structure, result-
ing in micro-compartmentalized, fully aqueous hydrogel
materials.

In this article, we present a generic method for compart-
mentalizing aqueous media using aqueous phase separation
of incompatible polymers and formation of supramolecular
hydrogel. Additionally, by localizing streptavidin in a hydro-
gel, we suggest a route to biomimetic micro-structuring of soft
materials. Since the method presented here has the potential
for creating multiple levels of specific compartments without
any diffusion-limiting hydrophobic barriers, we expect it to
have an impact in the fields of, for instance, micro-structured
catalysts, templating, and tissue engineering.

AMPS-based all-aqueous emulsions with micron-sized
droplets can be easily prepared even by manual shaking, due
to the extremely low interfacial tension between coexisting
aqueous phases. Properties of the individual phases, such as
interfacial tension, density, and viscosity, determine the time
necessary to achieve macroscopic phase separation of any
given water-in-water (W/W) emulsion. Therefore, to control
the size of the compartments by capturing different stages of
phase separation via gelation, the timescales of two key
processes have to be considered: first, the timescale of
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macroscopic phase separation of a given
all-aqueous emulsion (¢,), and second, the
timescale of formation of a hydrogel that is
meant to trap the structure of such an 1

emulsion (f,,). These two timescales define

a

the distribution and the size of the com- o R
partments in the final material. When ¢, <

fps the gel network forms sufficiently fast HZN,N

to capture the fine structure of correspond- 2

ing water-in-water emulsion by mechani-
cally fixing the microdroplets in place and
preventing them from coalescing. In the
opposite case (fy>1,), macroscopic
phase separation would be complete
before the gel network has formed, thus
resulting in a layered material, likely with
nearly no micro-compartments.

Herein we focus on the first scenario
(tye1 < 1typ) to achieve homogeneous hydro-
gel micro-structuring. To achieve this, we
have chosen ATPS with f,>1 hour and
adjusted the 7, to be about 15 minutes
(Supporting Information, Figure S1). To be
able to control the gelation rate, we used
a supramolecular hydrogel that has been
previously developed in our group."! In
short, gelator precursors 1 (aldehyde) and 2
(hydrazide) react in aqueous solution at 3:1
ratio to form hydrogelator 3 (hydrazone), it
self-assembles into fibers and forms
a supramolecular gel network (Figure 1a).
In this work, we chose the concentration of
gelator precursors 1 and 2, and the pH of
the medium such as to ensure rapid gela-
tion after emulsification.

In a typical experiment, compounds 1 and 2 were
introduced into both phases of an aqueous two-phase
system formed by poly(2-ethyl-2-oxazoline) (PEtOx) and
dextran at pH 5. After combining the polymer solutions in
appropriate ratios, they were vigorously stirred to obtain a W/
W emulsion and left to form a compartmentalized gel
overnight (Figure 1b). Detailed description of the prepara-
tion of polymer solutions, corresponding aqueous two-phase
systems (ATPS), compartmentalized hydrogels and their
characterization can be found in the Supporting Information.

The obtained PEtOx—dextran emulsions appeared as soft,
opaque hydrogels, without any signs of macroscopic phase
separation. This observation was confirmed by detailed
investigations into the microscopic structure of the materials
using confocal laser-scanning microscopy (CLSM). We found
that microscopic spherical domains of one of the phases were
homogeneously dispersed and immobilized in a second,
continuous phase (Figure 2a—c). Upon increasing the
volume fraction of dextran-rich phase (red), we observed
the reversal of the phases from dextran-in-PEtOx (Figure 2 a)
to PEtOx-in-dextran emulsions (Figure 2b,c). Interestingly,
the structure of prepared compartmentalized hydrogels
remained unchanged within 1 week of observation, which
indicates that also at longer timescales coalescence of the
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Figure 1. a) Reaction of the gelator precursors 1 and 2 to form tris-hydrazone hydrogelator 3,
followed by its self-assembly into fiber network forming a gel; b) preparation of compartmen-
talized hydrogels: solutions of compounds 1 and 2 in immiscible polymeric phases A and B
are combined to form an emulsion with its consequent gelation.

micro-droplets is effectively hindered by entrapping them in
the static fiber network of the supramolecular gel (Supporting
Information, Figures S2,S3). Importantly, the size of the
micro-compartments depended on the volume fraction of
corresponding polymer phases: while small well-dispersed
droplets were formed at the volume fraction of the dispersed
phase of 25 % v/v, much larger domains were present at 50 %
v/v. This phenomenon can be explained by an increase in
droplet coalescence rate at high volume fraction of the
dispersed phase, which is generally observed for emulsions.”"!
This means that ¢, decreases, while ¢, remains constant, thus
resulting in materials with larger compartments.

Having established the dependence of material structure
on the ratio of the phases, we investigated the scope of the
method by extending it to other ATPS, namely poly(/N-vinyl
pyrrolidone) (PVP)-dextran and Ficoll-dextran. We found
that hydrogels, compartmentalized using W/W emulsions
formed by these ATPS, behaved similarly to those prepared
with the PEtOx—dextran system, although we observed a clear
difference in their micro-structure. Compartments in PVP-
dextran gels appeared to be larger than in case of PEtOx—
dextran, and often possessed inclusions of the continuous
phase (Figure 2d—f). In the Ficoll-dextran system, however,
large interconnected pores filled with a dense gel network
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Figure 2. CLSM micrographs of hydrogels structured with a)—

c) PEtOx—dextran, d)—f) PVP—dextran, and g)—i) Ficoll-dextran ATPS,
using different volume ratios of the polymer phases (left to right:
—75:25, 50:50, and 25:75). Dextran phases were labeled with TRITC-
dextran (red) and gel network was labeled with fluorescein-modified
aldehyde 1 (green).”"! Scale bars: 50 pm.

were observed (Figure 2 g-i). Interestingly, both the size and
the distribution of micro-compartments varied depending on
the combination of the polymers used for compartmentaliza-
tion. We presume that these differences are caused by the
influence of individual polymers on the rate of phase
separation of the corresponding emulsions. Thus, a careful
choice of ATPS used for hydrogel compartmentalization may
allow tuning the nature of micro-compartments and overall
structure of these materials.

Importantly, the method presented herein not only allows
creating aqueous compartments in a hydrogel, but also offers
control over the composition of individual types of compart-
ments. Such control can be achieved either by exploiting the
selective partitioning of (bio)molecules in aqueous multi-
phase systems, or by making use of specific interactions to
drive the partitioning in the desired direction. Herein we
illustrate this feature by localizing fluorescently labeled
streptavidin (SA) in a PEtOx-dextran hydrogel. While
normally SA displays a homogeneous distribution between
PEtOx and dextran phases, addition of a dextran-biotin
conjugate during preparation of the gels drove SA partition-
ing almost entirely to the dextran-rich phase (Supporting
Information, Figure S4). This experiment highlights the
potential of our approach to be used for creating biomimetic
materials, which enable the simultaneous performance of
several catalytic/enzymatic reactions localized to specific
droplet microreactors. Since such an application would
require a dynamic exchange of the contents of the compart-
ments among the continuous phase and the other compart-
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ment types, we further investigated the permeability of the
prepared materials.

The permeability of the micro-compartments was esti-
mated by studying the diffusion of several polar molecules
through PEtOx—dextran hydrogels. Fast diffusion of charged
dyes (Pyranine and Rhodamine B) through the hydrogel
compartments confirmed the absence of hydrophobic barriers
at the interface of the micro-domains (Supporting Informa-
tion, Figures S5,S6). Furthermore, compartmentalized hydro-
gels were even permeable to large polar biomolecules. To
illustrate this property, we brought a streptavidin-containing
PEtOx-dextran hydrogel in contact with the solution of
dextranase, a bacterial enzyme that selectively hydrolyses 1,6-
glycosidic linkages of dextran, thus degrading the polymer to
glucose monomers. We followed this process by monitoring
the dextran-phase fluorescence, which over the course of
experiment has changed from highly localized to uniformly
distributed (Figure 3). This observation suggests that after the
diffusion of dextranase through the material no dextran
chains remained, and so the fluorescent label was able to

dextran +
dex-biotin

Dextranase diffusion
—_— e

sAa-FITc b

M streptavidin (SA) dextranase

Combined @

.-

Figure 3. CLSM micrographs of the dextranase diffusion through
hydrogel structured with PEtOx—dextran ATPS and containing SA-FITC
with dextran-biotin: a)—c) at the start of the experiment, dextranase
enters from the left, e)—g) after 2.5 h, i)—k) after 5 h. SA-FITC channel is
displayed in green, dextran-TRITC channel in red. Images (d), (h), and
() are representations of corresponding stages of dextran degradation
using dextranase. The volume ratio of PEtOx phase to dextran phase
was 75:25. Scale bars: 200 um.

Dextran-TRITC § C

G oo

distribute homogeneously throughout the resulting dextran-
free hydrogel. Therefore, dextranase, with a molecular weight
of approximately 60 kDa, diffused through ca. 1 mm of the gel
within 5 h, while simultaneously hydrolyzing the dextran
present in the material. Similarly, streptavidin fluorescence
became more evenly distributed, owing to its unhindered
diffusion after degradation of dextran-biotin. It should be
noted that some residual brighter green regions at the
interface of the compartments remained visible, which may
be due to the entrapment of some SA-FITC within the denser
areas of gel present there. Importantly, the initial structure of
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the compartmentalized hydrogel remained intact and the
material retained its solidity. These results confirm that our
method allows barrier-less, dynamic exchange of even large
hydrophilic solutes between the separate aqueous compart-
ments.

In sharp contrast to conventional emulsification
approaches used for the structuring of soft materials, the
AMPS-based method is not limited to only two immiscible
phases; as many as 16 immiscible aqueous phases in
equilibrium have been reported, and systems with 3 to 6
immiscible phases are being continuously discovered.??! To
demonstrate the versatility and potential of this technique, we
prepared a set of compartmentalized hydrogels using a poly-
ethylene glycol (PEG)-Ficoll-dextran aqueous three-phase
system (A3PS). By simply using one of the polymer solutions
as a continuous phase and dispersing the other two in it, we
were able to access an extremely wide range of structures
(Figure 4). Distribution of the gel network and polymer-rich
phases appears to be far more complex than in examples
discussed above. We observed structures ranging from

a
o
18 28
®e

1A 2A

Emulsification
Gelation

Figure 4. a) Compartmentalizing hydrogels with aqueous three-phase
system (A3PS) formed by polymers A, B, and C; b-d) CLSM micro-
graphs of hydrogels structured with PEG—Ficoll-Dextran A3PS with
phase-volume ratios of PEG/Ficoll/dextran equal to: b) 4:1:1, c) 1:4:1,
and d) 1:1:4. Dextran phase: green, Ficoll: red, gel network: blue.
Scale bars: 50 um.

homogeneously distributed two types of spherical compart-
ments (Figure 4a) to core—shell-like domains displayed in
Figure 4b. These results demonstrate the potential of using
higher-order AMPS to create complex, artificially compart-
mentalized hydrogel materials reminiscent of biological
tissues. Furthermore, while the actual laws governing the
formation of these complex composites are yet to be fully
investigated and understood, we expect that the main design
considerations (t,, <t,) Will also apply to other aqueous
multi-phase systems.

In conclusion, we have reported a versatile, generic
approach for creating compartmentalized water-based mate-
rials by forming a supramolecular hydrogel within mixtures of
aqueous phase-separating polymers. We have successfully

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

applied our method to several all-aqueous emulsions and we
expect it to be easily extended to the majority of aqueous
multi-phase systems, thus opening access to a large number of
tunable aqueous micro-environments. Along with the poten-
tial of such hydrogel materials to mimic biological compart-
mentalization of biomolecules, we have demonstrated their
permeability to even large polar solutes. We envision that
these features may find use in, for instance, the design of
novel biomimetic hydrogel catalysts, for templating of porous
soft materials or in fabrication of supramolecular hydrogel
scaffolds for tissue engineering.
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