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ABSTRACT: Compartmentalized hydrogels constitute a significant research area, for example, for catalytic and biomedical
applications. As presented here, a generic method is used for compartmentalization of supramolecular hydrogels by using water-
in-water emulsions based on aqueous two-phase systems. By forming the supramolecular hydrogel throughout the continuous
phase of all-aqueous emulsions, distinct, microcompartmentalized materials were created. The basis for the presented
compartmentalized water-in-water hydrogels is polydopamine particle-stabilized water-in-water emulsions from dextran and
poly(ethylene glycol) (PEG). Addition of a-cyclodextrin (a-CD) led to supramolecular complexation with PEG and
subsequent hydrogel formation showing no signs of creaming. Due to the supramolecular nature of the compartmentalized
hydrogels, selective network cleavage could be induced via competing guest addition, while keeping the emulsion substructure

intact.

B INTRODUCTION

Compartmentalization contributes an important role in a
variety of biological and industrial processes." For instance, it
allows organelles to perform synthetic tasks 51multaneous1y
inside eukaryotic cells by prohibiting mutual interference.”

Thus, the natural concept of compartmentalization has become
a significant research topic in polymer and colloid science, e.g,,
in the endeavor for synthetic cells.”* Additionally, compart-
mentalization is crucial for encapsulation, drug delivery, and
release of active flavor ingredients, as well as for structuring
different materials through templating and scaffolding.>® For
synthetic processes, compartmentalization is generally achieved
either by emulsification of immiscible phases or through
encapsulation of soft matter inside of vesicles.””” However,
there are some limitations in the common approaches. For
example, emulsification techniques are widely used for
constituting 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 microcompartments with excellent control
over their composition.12 Nonetheless, while hydrophobic
lipid- or polymer-based membranes grant vesicles their

-4 ACS Publications  © 2019 American Chemical Society 1141

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 a need for a simple
and elegant approach that allows the formation 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 two-
phase systems (ATPS).'>'* ATPS are two-component water-
based mixtures generally containing two incompatible
polymers and/or salts that can form distinct macroscopic
aqueous phases.'>'® Aqueous two-phase systems are widely
used in biotechnology for extraction and separation of
biomolecules, organelles, and even living cells, as they offer a
large number of mild, fully aqueous environments.'” Recently,
Keating and co-workers exploited aqueous-phase separation as
a tool for compartmentalizing biomolecules by encapsulating
aqueous two- and three-phase systems within lipid vesicles to

Received: April 15, 2019
Revised:  July 30, 2019
Published: August 2, 2019

DOI:10.1021/acs.langmuir.9b01101
Langmuir 2019, 35, 11141-11149


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.9b01101
http://dx.doi.org/10.1021/acs.langmuir.9b01101
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

Langmuir

Scheme 1. Schematic Overview of Compartmentalized Hydrogel Formation
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create prototype artificial cells."® " Several other examples of

stabilization of water-in-water emulsions using various nano-
particles have also been reported.”’~>* However, these
methods have some limitations and cannot be specifically
applied to form every stable arbitrary ATPS emulsion. 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 compartmentalized gel network around the dis-
persed droplets.”*** Therefore, formation of a supramolecular
hydrogel network within ATPS emulsions should allow
capturing their fine structure, resulting in microcompartmen-
talized, fully aqueous hydrogel materials.”® For example, van
Esch and co-workers presented a completely water-based
compartmentalized hydrogel formed from hydrazine hydro-
gelators.”” In a similar way, Nicolai and co-workers recently
showed water-in-water hydrogels stabilized by cellulose
nanocrystals.”® Also, this structuring approach offers control
over the composition of each compartment type by directing
the partitioning of objects to be encapsulated, which is useful
for the introduction of specific molecules, e.g., enzymes.

Certainly, it would be of practical interest if the same
particles that stabilize the dispersed droplets against
coalescence can also be used to produce compartmentalized
hydrogels and thus stabilize against creaming or sedimentation.
It was recently shown that this can be done successfully for w/
w emulsions formed by mixing aqueous solutions of dextran
and poly(ethylene glycol) (PEG) in the presence of protein
microgels.”” Excess microgels in the continuous phase could be
induced to aggregate and form a network by adding salt or
reducing the pH, which reduces the electrostatic repulsion
between the microgels. The w/w emulsions formed by mixing
aqueous solutions of pullulan and PEG*' or gelatin and
dextran”™ in the presence of clay particles were found to be
stable against the sedimentation of the dispersed droplets
because aggregated clay particles attached to the droplet
surface connected the droplets into a space-filling network.
Compartmentalized hydrogels can be prepared via solid
particle-stabilized w/w emulsions, which is promising as an
encapsulating structure as well as a scaffold for tissue
engineering.”’ Moreover, this kind of multicompartment
structure offers specific spaces for encapsulation of cargo for
drug delivery.”!

Additionally, various kinds of polymer inclusion complexes
(PICs) formed by noncovalent host—guest interactions have
been extensively reported and investigated as useful building
blocks for constructing supramolecular structures in hydrogel
preparation.””™>° Particularly, cyclodextrins (CDs) have been
the most widely used host molecules. They have been the
subjects of extensive investigation; one of the most notable
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features is that they form inclusion complexes with a wide
variety of low-molecular-weight compounds ranging from
nonpolar hydrocarbons to polar carboxylic acids and amines.
So they are water-soluble and capable of selectively including a
wide range of guest molecules.”®”” Harada and co-workers
have introduced many PICs (or pseudo-polyrotaxanes) by a
series of combinations between CDs, usually a-, -, and y-CD,
which consist of 6, 7, and 8 glucose units, respectively, and the
corresponding linear polymers.”> Huh and co-workers have
also studied supramolecular-structured hydrogels on the basis
of the inclusion complexation between PEG-grafted dextran
and a-CDs in aqueous media.’® They have fabricated
polymer—polymer composites and blends with normally
incompatible polymers using such a PIC formation. Our
group recently showed the formation of a thermoadaptive
hydrogel via @-CD complexation of poly(vinylpyrrolidone)-b-
poly(oligo ethylene glycol methacrylate).” The gel formation
of a-CD and PEG is based on PIC formation and
crystallization of the complexes via hydrogen bonding. As
such, the crystalline domains act as crosslinking points in the
hydrogel system.*’

Polydopamine particles (PDP) are negatively charged
particles produced by the alkaline hydrolysis of dopamine.
The fabrication and broad applications of poly(dopamine)
(PD) have rapidly advanced in recent years; PD displays many
striking properties in polymer and material science, and, most
importantly, it processes excellent biocompatibility. For
instance, Cui et al. applied PD-coated capsules by emulsion
templating to immobilize pH-cleavable polymer—drug con-
jugates for intracellular drug delivery."' PD has impressive
features for its surface modification. However, the exact
structure of PD is still not clear yet.*” Notably, PDP can be
used for emulsifying the aqueous two-phase system, specific for
PEG and dextran.” As shown before, PDP adsorb at the w/w
phase boundary and effectively inhibit coalescence of dispersed
aqueous emulsion droplets via the process of colloidal
assembly at the interfaces. Particles can stabilize w/w
emulsions by forming a layer at the interface, which reduces
the free energy. The stabilization of interfaces with particles is
known as the Pickering effect and has been practically
irreversible for w/w interfaces.”>>>

In the present contribution, we present a generic method for
compartmentalizing aqueous media using aqueous-phase
separation of incompatible polymers and the formation of a
supramolecular hydrogel to obtain fixed compartments
(Scheme 1). Therefore, PEG-dextran w/w emulsions are
formed in the presence of PDP and gelation via a-CD is
investigated. By forming the supramolecular hydrogel through-
out the continuous phase of all-aqueous emulsions stabilized
by PDP, distinctly, compartmentalized complexation between
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Figure 1. Images of the PDP (0.2 g/L)-stabilized PEG;g (7 wt %)/dextran,y, (3 wt %) water-in-water system (140 mg/mL of a-CD): Optical
images of (a) a PDP-stabilized emulsion and (d) compartmentalized hydrogel after heating to 65 °C and cooling to ambient temperature,
respectively; optical microscopy images of (b) emulsion droplets at ambient temperature and (e) emulsion droplets within a compartmentalized
hydrogel; cryo-SEM image (c) of emulsion droplets; SEM image (f) of emulsion droplets within a compartmentalized hydrogel.

PEG and a-CD is formed. Studies of the formed complexes are
performed via X-ray diffraction (XRD), and the mechanical
properties of the hydrogels are measured with oscillatory shear
rheology. Moreover, we present the triggered disassembly of
the hydrogels via competitive guest addition, while the
emulsion stays intact keeping mobile compartmentalization
of the solution. The emulsion can be demulsified in a further
step leading to a complete loss of structuring. The hydrogels
and emulsions are assessed via optical microscopy (OM) and
confocal laser scanning microscopy (CLSM) showing a
supramolecular compartmentalized hydrogel that can be
selectively disassembled on various levels of structuring.

B EXPERIMENTAL SECTION

Materials. Anthranilic acid (reagent grade, >98%, Sigma Aldrich),
a-cyclodextrin (a-CD; >98%, Roth), dextran (40k, analytical grade;
100k, analytical grade, all from Sigma Aldrich), dimethylsulfoxide
(DMSO, extra dry, Acros Organics), dopamine hydrochloride (98%,
Sigma Aldrich), ethylenediamine resin (polymer-bound, 4.0-5.7
mmol/g, Sigma Aldrich), fluorescein isothiocyanate (FITC; 90%,
Sigma Aldrich), hydrochloric acid (HCl; fuming, Carl Roth),
poly(ethylene glycol) (PEG; 20k, analytical grade; 35k, analytical
grade; 40k, analytical grade, all from Sigma Aldrich), poly(ethylene
glycol) diamine (NH,—PEG—NH,; 2k, analytical grade, Sigma
Aldrich) were obtained as indicated. Milli-Q water was obtained
from an Integra UV plus pure water system by SG Water (Germany).
PDP* and FITC-labeled PEG* were obtained according to the
literature (refer to Supporting Information).

Preparation of Compartmentalized Hydrogel. An example
compartmentalized hydrogel was formed by mixing PEG;s (cppg = 7
wt %, 0.90 g) and dextran,g, (cpex = 3 Wt %, 0.40 g) with PDP-a-CD
suspension (0.2 mg/mL of PDP, 140 mg/mL of a-CD, 3 mL). After
mixing, the mixture was ultrasonicated for 2 h for dissolving and
emulsification (Elmasonic S30H). Then, the sample was heated to 65
°C and cooled to ambient temperature for hydrogel formation. To
study the temperature sensitivity, the procedure was evaluated further.
After ultrasonication for 2 h, the mixture was directly heated to 90 °C
and then cooled to ambient temperature.

Stability of Emulsions and Compartmentalized Hydrogel.
Dilution Study. Here, PEG (cpgg = 7 wt %, 0.90 g)/dextran (cpe, = 3
wt %, 0.40 g) w/w a-CD solutions were stabilized by PDP as
mentioned above. After ultrasonication, before heating and hydrogel
formation a droplet of the emulsion (~0.2 mL) was placed on a
microscope slide and Milli-Q water (~0.2 mL) was added to dilute
the emulsion, which breaks the emulsion. However, the dilution by
50% could not demulsify the emulsion.

Competitive Guest Addition. After hydrogel formation, a
competitive guest was added. Anthranilic acid in Milli-Q water (10
mM, 0.5 mL) was mixed with compartmentalized hydrogels (3 mL)
and vortexed for 30 s, which led to a sol. Here, there was no
demulsification observed under an optical microscope. Finally, the
following targeted complete disassembly was performed by diluting
~0.2 mL of the mixture solution by 100% with Milli-Q water (~0.2
mL). When the mixture solution was diluted, a droplet of the solution
was directly placed on a microscope slide and complete
demulsification was observed (Figure Sd).

Characterization Methods. Freeze drying was applied for
hydrogels over 24 h (LSCbasic, Christ, Germany) to obtain solid
samples for observation. Scanning electron microscopy (SEM) (JSM-
7500F) was used to visualize the morphology of compartmentalized
hydrogels after freeze-drying. The Cryo SEM technique was used to
visualize the emulsion droplet with a cryo chamber from Gatan
(ALTO 2500). Therefore, the sample was frozen, fractured, and
imaged. Fluorescent images were obtained by a confocal laser
scanning microscope (CLSM, TCS SPS, Leica, Germany). Prior to
visualization, FITC-labeled PEG (<1 X 1075 mol/L) was dissolved in
the dextran-in-PEG emulsion to fluorescently label the PEG phase.
Moreover, the prepared emulsions and compartmentalized hydrogels
were imaged by optical microscopy (OM, DM1000 LED, Leica,
Germany). The droplet sizes were estimated by Image] software. All
droplets from one microscopy image were evaluated with the software
to obtain a number-average droplet size. Powder X-ray diffraction
(XRD) patterns were obtained using Bruker D8 Advance X-ray
diffractometer (Billerica, MA) via Cu Ka radiation. For rheological
investigations, compartmentalized hydrogels (or sol after guest
addition) were cut into small disc shapes and investigated with an
Anton Parr MCR 301 rheometer equipped with a cone plate 12 (CP-
12) (d = 0.02 mm). Measurements were performed at a constant
angular frequency (10 rad/s) with strain range from 0.1 to 100% with
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Figure 2. Emulsion droplet images within a compartmentalized hydrogel of the system PEG;g (7 wt %)/dextran,y (3 wt %); dextran-in-PEG:
Bright field images of (a) emulsion droplets within a compartmentalized hydrogel and (b) CLSM image of emulsion droplets within a

compartmentalized hydrogel via utilization of FITC-labelled PEG (2k).
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Figure 3. Characterization of compartmentalized hydrogels via PDP (0.2 g/L)-stabilized PEGsg; (7 wt %)/dextran,y (3 wt %) water-in-water
system (140 mg/mL of a-CD): (a) X-ray diffraction (XRD) patterns of compartmentalized hydrogels and emulsions; (b) strain dependency after
heating to 65 °C and cooling to ambient temperature; and (c) G’ and G” values of hydrogel against frequency with constant strain (0.1%).

31 measuring points and 0.02 mm gap. Frequency-dependent
measurements were performed at a constant strain (0.1%) with
changing frequency in the range of 1—100 rad/s. Viscosity
measurements were performed at ambient temperature with changing
shear rate between 1 and 20/s. The relative error from rheology was
estimated to be 2.5%.

B RESULTS AND DISCUSSION

Compartmentalized Hydrogels via PDP-Stabilized
Water-in-Water Emulsions. PDPs were prepared by a facile
method under alkaline conditions™ to produce compartmen-
talized hydrogels. In a typical experiment, PDPs were
fabricated to achieve uniform particles with a size of 400 nm,
as previously reported.”> Compartmentalized hydrogels were
prepared via gelation of w/w emulsions stabilized by PDP (0.2
g/L) containing various weight ratios of PEG and dextran as
well as different molecular weights of PEG and different
concentrations of @-CD. At first, a PDP suspension was
prepared in an @-CD solution. Solutions of dextran and PEG
were prepared by dissolving the solid in Milli-Q water at
neutral pH with stirring. Finally, the polymer solution was
added to the PDP/q-CD mixture (final concentration, 0.2 g/L
of PDP) for emulsification via ultrasonication and to obtain a
hydrogel (Figure 1d). In this way, a compartmentalized
hydrogel with well-dispersed compartments could be achieved.
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A color difference between emulsions and hydrogels was
observed, which was due to slight differences in imaging
conditions of optical microscopy as the compartmentalized
hydrogel (Figure la) is less transparent compared to the
emulsion (Figure 1d).

Previously, it has been indicated that PDP-based emulsions
show long-term stability for at least 16 weeks.” After
ultrasonication, the emulsions were heated to 65 °C and
then cooled to ambient temperature to obtain compartmen-
talized hydrogels. Investigation via optical microscopy
indicated droplet formation inside the hydrogel, which
corresponds to a w/w emulsion system, as known from
previous studies. However, before cooling to ambient temper-
ature, the mixture was observed under OM and also frozen for
cryo-SEM (Figure 1b,c) to prove the stability of the emulsion
inside the hydrogels as the droplets exist during hydrogel
formation. Hence, compartmentalized hydrogels were formed
as observed via OM showing w/w droplets in the hydrogels
(Figure le), which shows that the w/w emulsion was stable
through the hydrogel formation process, ie., at a higher
temperature. The droplet size inside the hydrogel shows
dispersity from 1 to 25 um and the average droplet size is 4 +
4.0 um (Figure le), which matches the observed droplet sizes
in corresponding emulsions (the average droplet size ~5 + 2.4
um in Figure 1b; it should be noted that the high standard
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deviation is due to the broad dispersity of droplet sizes),
showing there is no obvious change during the hydrogel
formation even if the temperature varies. To gain further
insight on the formed droplets inside the hydrogels and their
stability, SEM imaging after freeze-drying of the hydrogel was
applied (Figure 1f). Spherical compartments with sizes in the
range of 1—25 um were observed, which shows the stability of
the compartmentalized architecture even in the dry state.

To further verify the existence of a w/w emulsion stabilized
by PDP inside the compartmentalized hydrogels, FITC-
labelled PEG (2k) was introduced into a dextran-in-PEG
emulsion-based hydrogel and imaged via CLSM (Figure 2).
The visible dark liquid droplets and clear bright continuous
phase region shows the presence of fluorescently labeled PEG
continuous phase outside the emulsion droplets, which
indicates the separation of PEG and dextran in the hydrogel
state, as expected. Confocal microscopy offered a dependable
trend for the phase separation contained within the emulsion
droplets of a different polymer phase. However, without PDP
addition, the droplet structure cannot be observed in the
compartmentalized hydrogels (Figure S1), which also confirms
the role of PDP as a stabilizer in the w/w emulsion. Different
characterization methods were applied to show the structure of
emulsion droplets and compartmentalized hydrogel; in this
way, we can investigate the stability of the compartmentalized
hydrogel and give a broader insight into the structure of the
fabricated materials.

To gain additional insights into the crosslinking mechanism,
XRD measurements of compartmentalized hydrogels were
performed after water removal (Figure 3a).** To characterize
the crystalline structure of aggregations in the hydrogels, we
measured the XRD patterns of a compartmentalized hydrogel
in the freeze-dried state and compared them with those from
well-dried emulsions without the addition of a-CD. In
contrast, no signals indicating incorporation of crystalline
structures were found for the normal emulsions after freeze-
drying (Figure 3a). However, the diffraction pattern of the
hydrogel exhibits a number of sharp reflections including
strong ones at 20 = 20.0° (d = 4.44 A) and 22.7° (d = 3.96 A).
These are assigned to the 210 and 300 reflections from the
hexagonal lattice with a = 13.6 A. The strong reflection is a
typical peak observed for PICs with a-CD,*”* according to
the electron density distribution of the core of the a-CD
molecules with a radius of ~5 A. It is a well-known fact that
PEG/a-CD PICs have a channel-type crystalline structure due
to the long-chain nature of the guest molecules. These
characteristic reflections, which appeared in the profiles from
the freeze-dried hydrogels, indicate that the compartmentalized
hydrogels are formed via the supramolecular crosslinking.
Thus, such crystalline aggregations induced by inclusion
complexation formation can be considered to play a major
role in the gelation.

Moreover, oscillatory shear rheology was used to investigate
the network formation between a-CD and PEG. In the case of
PDP. The w/w emulsion-based hydrogel G’ exceeds G” in the
range of 0.1—100% of strain, which is a strong indication of
hydrogel formation. Albeit the absolute values of G’ (59.5 Pa at
0.1% strain) show that rather soft hydrogels are obtained
(Figure 3b). The formed hydrogels show significant shear-
thinning behavior, which is another feature of the supra-
molecular soft hydrogels. Frequency-dependent rheology
measurements in the presence of the hydrogel network did
only show a slight change in the region between 0 and 20 rad/s

for both G’ and G”, which is due to slow relaxation. However,
in the range above 40 rad/s, the loss modulus increased
remarkably and finally exceeded G’ (Figure 3c). Thus, at high
frequencies, the supramolecular network turned into a sol.*®
Besides, viscosity only changed at shear rates between 0 and
10/s, and then no obvious variation was observed for higher
shear rates because the gel phase turned into a sol (Figure
S2a). However, in the case of emulsions without the addition
of a-CD, there was no hydrogel formation, which was
confirmed by G” exceeding G’ in the range of 0.1—-100% of
strain (Figure S2b). Compared with the compartmentalized
hydrogels, solely PEG-based hydrogels (Figure S2c) without
dextran addition are stable as well. In fact, PEG-based
hydrogels were stronger than the compartmentalized hydrogel
with dextran. Apparently, the addition of dextran weakened the
strength of the hydrogel network but not to an extent to break
the network.

Further Studies of Compartmentalized Hydrogel
Formation. To investigate the formation of compartmental-
ized hydrogels further, the parameters of polymer molecular
weights were investigated as well as a-CD concentration. For
the case of PEG with molecular weight less or equal than 3000
g/mol, no stable hydrogels with a-CD were observed (Figure
S3a),"” which was confirmed by rheology results (Figure S4a)
as G” exceeds G’ in the range of strain from 0 to 10%.
Nevertheless, precipitate formation at the bottom of the glass
vessels was observed. The low molecular weight of PEG is
probably not sufficient to support enough a-CD for hydrogel
formation. Therefore, the formation of hydrogels via inclusion
complexes with highly ordered secondary structures should be
related to the structural length of PEG in the present system.

In previous works, it was shown that to form an @-CD and
PEG network, a minimal concentration of @-CD of about 50
mg/mL is required to obtain a hydrogel with sufficient stiffness
to form a self-standing gel.47 At lower concentrations (Figure
S3b), the emulsion-based @-CD network formed with PEG
(40k, 7 wt %) is not strong enough and does not reach a
sufficiently high density to resist gravity. The creaming mixture
flow at the @-CD concentration of 50 mg/mL indicates that no
strong hydrogel network is formed at a concentration below
¢o.cp < 50 mg/mL. In the case of the emulsions, the stability of
the w/w emulsion droplets is enhanced with PDP as stabilizers
that attach to the droplets for emulsification. Therefore,
creaming was observed instead of sedimentation. On the other
hand, when the concentration of a-CD is increased, raised
amounts of a-CD/PEG aggregates are formed. The enhanced
aggregate accumulation results from an increase in the amount
of inclusion complex formation between the PEG chains and
a-CD molecules. Therefore, the density of the network at
steady state increases with raised a-CD concentration. If, in
addition, this complexation between a-CD and PEG is
sufficiently strong to resist the buoyancy, creaming no longer
takes place. Moreover, it appears from our observations that
the network with the embedded emulsion droplets was not
sufficiently strong to resist the buoyancy of the droplets for
Ca.cp = 200 mg/mL. The collapsed precipitate forms a layer at
the bottom of the glass vessels (Figure S3b). Also, no hydrogel
formation could be observed in rheology (Figure SS) for c,.cp
> 200 mg/mL. Thus, multicompartment hydrogel formation is
observed in the range of 50 mg/mL > ¢,.cp > 200 mg/mL,
with no network formation at low concentration and demixing
at high concentrations.

DOI: 10.1021/acs.langmuir.9b01101
Langmuir 2019, 35, 11141-11149


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01101/suppl_file/la9b01101_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.9b01101

Langmuir Article
100000 100000
(C) = G'forforth process (d) = G'for compartmentalized hydrogel
L ® G"for forth process e G"for comparntmentalized hydrogel
10000 4 - - G'for back process
G"for back process
LEERE R LT
2%y,
1000 4 “ofam,, =5 s
M i 10000
. g fe, . o
100 - 8aa] ©
] -
- L ]
- ‘.00...
10 4 .l. ®tesececcecsoesossnseneeeestttt
1 . 1000 v
0.1 1 10 100 1 10 100
Strain (%) Frequency (rad s”)

Figure 4. Characterization of the compartmentalized hydrogel via PDP (0.2 g/L)-stabilized PEG;g (7 wt %)/dextran,g (3 wt %) w/w system (140
mg/mL of a-CD) after heating to 90 °C and cooling to ambient temperature: Optical images of (a) compartmentalized hydrogel; optical
microscopy images of (b) emulsion droplets within a compartmentalized hydrogel; (c) strain dependency after heating to 90 °C and cooling to
ambient temperature; and (d) G’ and G” values of hydrogel against frequency with constant strain (0.1%).

Furthermore, PEG—dextran aqueous system containing a-
CD (140 mg/mL) and PDP (0.2 g/L) was prepared with
different ratios of PEG and dextran and hydrogels formed with
a-CD (Figure S3c). At these compositions, the systems were
fully phase-separated with two water phases.””*® Nevertheless,
the polymers are not fully separated but enriched in one or the
other phase.”” Figure S3c shows how the compartmentalized
hydrogels in a-CD—PDP aqueous system evolved visually with
changing PEG/dextran weight ratios. At all weight ratios with
dextran in the dispersed phase and PEG in the continuous
phase, compartmentalized hydrogels are formed, which is
consistent with rheology results (Figure S6). Unexpectedly,
hydrogels are also formed in the case of dextran in the
continuous phase. Apparently, the residual amount of PEG in
the dextran phase is sufficient to form a crosslinked hydrogel
although dextran forms the major part of the continuous phase.
As shown via a reference experiment, hydrogels can be formed
in a dextran phase extracted from PEG/dextran ATPS:
Therefore, a PEG/dextran ATPS was formed and the dextran
phase-separated (Figure S3d). After addition of a-CD,
hydrogels were formed, while no hydrogel formation was
observed for pure dextran/PDP solutions. After standing
overnight, the hydrogels reached a steady state that does not
change anymore, indicating that all PEG/dextran ratios in the
a-CD-PDP aqueous system had produced compartmentalized
hydrogels. In addition, there is no obvious effect of the mixture
composition on the droplet size (Figure S3e—g). As such, no
significant changes in volume fraction and concentration of the
two phases were observed (18 + 12.6 ym for PEG;g (3 wt
%)/dextran,y, (7 wt %), 7 + 3.9 um for PEG;q (5 wt
%) /dextran,y, (S wt %) and 11 + 5.0 ym for PEG;q, (7 wt
%)/dextran,g, (3 wt %); it should be noted that the high
standard deviation is due to the broad dispersity of droplet
sizes).

Stability of Compartmentalized Hydrogels and
Targeted Disassembly. Due to the supramolecular nature
of the hydrogel, the application of external stimuli can be
utilized to modify the structure. Therefore, a number of
methods have been applied here. The hydrogel formation was
performed at temperatures around 65 °C. The aqueous
dispersion of the polymers, a-CD, and PDP became cloudy
instantaneously after 2 h of ultrasonication for emulsification,
and the hydrogel formed after heating to 65 °C and then
cooling to ambient temperature. Moreover, these compart-
mentalized hydrogels featured a phase transition from hydrogel
to a clear solution after heating to 65 °C, which is a reversible

process as hydrogels formed again at ambient temperature.
Another option is to increase the temperature during hydrogel
formation, i.e., after ultrasonication, the samples were heated to
90 °C and then cooled to ambient temperature. Compart-
mentalized hydrogels could be formed as well, which can be
seen from rheology as G’ exceeds G” and strong hydrogels are
obtained with respect to high absolute values of G’ (27 000
Pa) (Figure 4). However, the transition to a solution does not
occur again. The compartmentalized hydrogels formed after
heat treatment at 90 °C were heated again but instead of a
transparent solution, a turbid sol was observed, which is a
suspension containing small presumably crystallite particles.
Regarding repeated heating/cooling, rheology was measured
after repeated heating to 65 °C and G’ reached the same level
after cooling. In addition, there was no change for repeated
heating and cooling when the hydrogel was prepared after
heating to 90 °C. Nevertheless, cooling to ambient temper-
ature resulted in hydrogel formation, which demonstrates that
high temperature improves inclusion complex formation as the
aggregates do not break completely after heating as observed in
the turbid sol character. The increased stability also manifests
in the frequency dependency that does not show a crossing of
G’ and G” at increased frequencies as it was evident for the
hydrogel prepared after heating to 65 °C. However, the
compartmentalized hydrogels could not be formed at heating
temperatures below 65 °C (Figure S7a). In addition, no
significant impact of heating time on the hydrogel formation
was found. Emulsions kept at an elevated temperature (65 °C)
for different times, 1, 5, 10 and 30 min (Figure S7b), turned all
into hydrogels.

Disassembly of the compartmentalized hydrogels can be also
obtained by applying the addition of competitive guests
(Figure Sa). Therefore, 10 mM anthranilic acid was introduced
into the supramolecular compartmentalized hydrogels and the
mixture was vortexed for 30 s. The obtained flowing turbid
liquid confirms the successful destruction of the hydrogel
network structure. The introduction of competitive guest, i.e.,
anthranilic acid, has a profound competitive effect on the a-
CD/PEG PICs. As the addition of additional guests interacts
with the present a-CD capacities the equilibrium is shifted,
which leads to inclusion complexations between a-CD and
anthranilic acid. Thus, the hydrogel disassembly of the
hydrogel is initiated as the PEG is expelled from the a-CD
cavities. Hence, it is indicated that disassembly of the hydrogel
structure via competitive guest addition is possible. Most
importantly, the aqueous two-phase emulsions are still stable
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Figure S. Characterization of the compartmentalized hydrogel via
PDP (0.2 g/L) stabilized PEG;g; (7 wt %)/dextran,y, (3 wt %) water-
in-water system (140 mg/mL of a-CD) after heating to 90 °C and
cooling to the ambient temperature: Optical images of (a)
compartmentalized hydrogel after adding the competitive guest and
(c) the following dilution by 100%; optical microscopy images of (b)
droplets within an emulsion after adding the competitive guest and
(d) the following dilution by 100%.

after hydrogel disassembly (Figure Sb). In order to quantify
the required amount of anthranilic acid to break the hydrogels,
the concentrations of anthranilic acid were screened between 4
and 12 mM (Figure S8). It could be shown that a minimum of
10 mM anthranilic acid is needed to disassemble the hydrogels.
However, after addition of competitive guest and dilution by
100%, the emulsion breaks as no droplets can be observed via
optical microscopy anymore (Figure Sc,d), which is expected
due to the shift out of the two-phase region in the phase
diagram.*> Moreover, the oscillatory shear rheology indicates
hydrogel cleavage as G” exceeds G’ (Figure S9). The confocal
images showed disassembly and demulsification after guest
addition and dilution as well (Figure S10). No complete
droplets could be observed via confocal microscope anymore.
However, ill-defined aggregates were visible, which might be
corresponding to various @-CD complexes. Therefore, the state
of the system can be tailored from compartmentalized
hydrogel to emulsion and further to solution.

B CONCLUSIONS

A facile, generic approach is presented for the fabrication of
compartmentalized completely hydrophilic materials by
forming a supramolecular hydrogel within mixtures of aqueous
phase-separating polymers, in the presence of Pickering-type
PDP stabilizers, dextran, PEG, and a-CD. PEG is found to
form inclusion complexes with @-CD molecules in the
continuous phase, resulting in hydrogel formation, and in
physical compartments from emulsion droplets. The compart-
mentalized hydrogels were assessed via SEM, OM, and CLSM
for morphology. The origin of hydrogel formation was
confirmed via XRD and the gelation followed by oscillatory
shear rheology. By varying the different constituent parts of the
hydrogels, e.g., the molecular mass of the utilized polymers, the
polymer concentration, and a-CD concentration as well as the
temperature, the properties of the structure could be varied.

After the addition of a competitive guest, the original network
can be disassembled. Notably, after disassembly of the
hydrogel via competitive guests, the emulsion stays intact
and the emulsion finally breaks after significant dilution. As
such, the system can be tuned in a multilevel way from
hydrogel to emulsion to solution via external manipulations.
Opverall, this method can be applied to several all-aqueous
emulsions. Such types of compartmentalized hydrogels could
potentially provide new opportunities for a wide variety of
aqueous multiphase systems, in the design of novel biomimetic
hydrogel catalysts, as the templates of porous soft materials or
in the fabrication of supramolecular hydrogel scaffolds for
tissue engineering.
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