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A novel approach for a temperature-sensitive stabilization of water-
in-water (W/W) emulsions is described. Specifically, we leveraged
the thermal induced conformation change of tailored thermo-
responsive block copolymers to reversibly stabilize and destabilize
water—water interfaces. In addition, we investigated our approach to
reversibly tune the reaction kinetics of enzymes compartmentalized
within aqueous two-phase systems.

Aqueous emulsions have wide-spread applications in a wide
variety of biomedical, cosmetic, food, and performance products.'?
Emulsions are Kkinetically stabilized multiphase systems.
Traditionally, to prevent breaking of the droplet network by
droplet coalescence and Ostwald ripening, emulsions are
stabilized by surfactants or particles.® Recently, aqueous two-
phase systems (ATPS) and water-in-water (W/W) emulsions
have received increased attention,’ which is based on an
observation by Beijerinck in 1896.'° Phase separation in water
systems is enabled for mixtures of two polymers but also for
polymer-salt mixtures."* Due to high diversity and, more
importantly biocompatibility, ATPS has gained broad attention
in various application fields, including biomacromolecule
extraction, purification and separation or to produce micro-
reactors for biomimetic reactions.’>"? Although macroscopically
similar to O/W and W/O emulsions, W/W emulsions exhibit
significantly different properties as a result of their ultralow
interfacial tensions at water-water interfaces (order of uN m™"),
in comparison to water-oil interfaces (order of mN m™*).***¢
Consequently, due to the related low interfacial tension
small surfactant molecules and copolymers cannot accumulate
at the water-water interface to sufficiently kinetically stabilize
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these emulsions.’” Larger particles, i.e. Pickering emulsifiers
however, can stabilize such interfaces due to a different adsorp-
tion mechanism. Although aqueous multiphase systems have
ultralow interfacial tensions, particles can reduce free energy at
the interface by adsorption as particle kinetic energy is signifi-
cantly lower than binding energy.'® In such systems ions,
surfactants, water molecules or large biomolecules can freely
pass through the interface, which possesses a considerable
advantage over traditional oil-based emulsions."”" As such,
enzymatic reactions in W/W droplets do not require expensive
transmembrane proteins or any other sort of channels to
enable substrate and/or product diffusion between the phases.
This membrane-less separation and enrichment of functional-
ities in aqueous phases with different properties featuring
permeable boundaries is employed also by biological cells to
increase local concentration of substrates or enzymes while
maintaining communication with the environment.

Recently, various types of particles were introduced in W/W
emulsion systems, including latex particles,*® nanocrystals,”
montmorillonite clays,"® polydopamine particles,”** amphi-
philic block copolymer micelles*® or liposomes® with radius
>10 nm. In order to reversibly tune the kinetics of chemical
reactions or for using W/W emulsions as microcontainers for
the delivery of active agents, recent interest has been drawn
towards a controlled formation and disruption of W/W emulsions.
In a recent example, de Freitas and coworkers reported on the
stabilization of aqueous emulsions using pH responsive poly-
saccharide-coated protein particles leading to a switchable
formation and destabilization of the droplet network.>®

Herein, we report on a temperature-triggered reversible
and switchable stabilization of W/W emulsions (Scheme 1).
We make use of water-soluble double hydrophilic block copo-
lymer (DHBC) that can be switched to an amphiphilic block
copolymer above the cloud point (T¢p). We synthesized poly(N,N-
dimethylacrylamide)-b-poly(N,N-diethylacrylamide) (PDMA-b-PDEA)
DHBC with different ratios of the polymer blocks (4:1 and 2:1),
where the PDEA block can be switched from the coiled to the
globule state above Tcp leading to the formation of micelles and,
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Scheme 1 Overview of the switchable emulsion process employing
thermo responsive PDMA-b-PDEA block copolymers that feature a transi-
tion from coiled (unimer) to globule-based micellar state and non-
stabilizing to stabilizing state with temperature.

subsequently, supramolecular aggregates. In the micellar state,
the DHBCs successfully stabilized poly(ethylene glycol) (PEG)
35k-dextran (Dex) 40k W/W emulsions, which enabled tuning
of the emulsion state by small temperature variations. The
resulting stimuli-sensitive emulsions will help to pave the way
towards dynamically triggerable purely aqueous based systems
for drug delivery purposes or dynamic reaction control.
To showcase this potential, we studied the kinetics of horseradish
peroxidase (HRP) mediated oxidation of guaiacol within stable W/
W emulsions in comparison to bulk ATPS.

We started by synthesizing switchable DHBC via RAFT
polymerization.>” PDMA-b-PDEA block copolymers were synthe-
sized with two ratios of PDMA/PDEA, ie. 4:1 and 2:1 and
characterized with size exclusion chromatography (SEC) and
"H-NMR (Fig. S1-S4 and Table S1, ESIt). The PDEA block exhibits a
Tcp value ranging from 32 °C to 41 °C, depending on polymer
molar mass, heating rate and polymer concentration.”® Therefore,
initially Tcp of both block copolymers was measured via turbidi-
metry (Fig. 1a).

As it was expected, PDMA-b-PDEA (2:1) in comparison to
PDMA-b-PDEA (4:1), exhibited 5 °C lower T¢p value. Interest-
ingly, PDMA-b-PDEA (2:1) gave lower transmittance above T¢p
in comparison to the other block copolymer, which was attri-
buted to a certain degree of aggregation of the 4 : 1 copolymer at
ambient temperature. Oppositely, supramolecular aggregates
formed by 2:1 block copolymers are larger in diameter above
Tcp leading to increased scattering intensity.
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Fig. 1 Turbidimetry of PDMA-b-PDEA (2:1 or 4:1) at 50 mg mL™* (5 wt%)
in MilliQ water (a). DLS measurement of PDMA-b-PDEA (2:1 or 4:1) at
25 mg mL™! (0.25 wt%) in MiliQ water. Both measurements were
performed at ambient temperature and 60 °C (b).
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To further evaluate the block copolymer behavior at differ-
ent temperatures, the hydrodynamic diameter was monitored
via dynamic light scattering (DLS) at 25 °C and 60 °C (Fig. 1b).
DLS experiments correlated well with turbidimetry measure-
ments (Fig. 1a). PDMA-b-PDEA (2: 1) showed higher differences
in radii below and above T, in comparison to the second
copolymer, i.e. the 4:1 block copolymer increased in diameter
from 14 nm to 52 nm, whereas 2: 1 block copolymer increases
from 10 nm to 119 nm. Approximately doubling in diameter of
aggregated 2:1 block copolymer can be understood from the
perspective of longer PEDA chains that form a larger hydro-
phobic micelle core compared to 4:1 block copolymer.
In addition, it should be noted that 2:1 block copolymer also
showed higher order aggregates illustrated by the shoulder
towards higher diameters in the particle size distribution.
For the purpose of emulsion stabilization such aggregates are
advantageous due to the fact that larger spheres exhibit
improved performances as a Pickering stabilizer.

Next, we investigated the preparation of switchable W/W
emulsions. For this purpose, we chose W/W emulsion based on
7 wiv% of PEG 35k and 10 w/v% of Dex 40k that are characterized
by a 1:1 volume ratio of the two aqueous phases, a comparatively
fast phase separation in the absence of stabilizers and most
importantly, the fact that this composition is far from the critical
point of the system resulting in a high interfacial potential between
the phases. At first, the macroscopic phase separation of PEG
35k-Dex 40k ATPS emulsion was followed over seven days (Fig. 2).

In order to prove the stability of the obtained W/W emulsion
at elevated temperatures, we compared it to ambient tempera-
ture, but also to a system without any stabilizer (Fig. 2). Both
block copolymers dissolve in water at ambient temperature
(i, iia) or form a turbid dispersion above T, due to formation
of polymeric supramolecular aggregates (ip, iip). There is no
change over time in the first two samples (i, iia, ip, iip)
regardless of the temperature. Mixed ATPS without any block
copolymers (iii,, iii,) and with each of the block copolymers
(iva, Va, ivp, vp) were prepared. The control sample of pure ATPS
(iiia, iiip) exhibited complete phase separation in less than
60 min and 5 min, at ambient and elevated temperatures,
respectively. Increased rate of coalescence can be mainly attri-
buted to higher diffusion rates of the polymers, but there is also
a moderate effect of the increased interfacial tension caused by
a temperature shift of binodal.'® In case of the last two samples
(ivay Va, ivp, vp), the stability of mixed ATPS containing each of
PDMA-b-PDEA block copolymers is critically dependent on
temperature. At ambient temperature polymeric chains are in
a coiled-state, therefore they cannot cover W/W interface and
prevent coalescence, and as a result they behaved as poor
stabilizers (iv,, v,). On the other hand, at temperatures above
Tcp, polymers tended to form micelles and supramolecular
aggregates that are much higher in size and act as Pickering-
stabilizer for aqueous emulsions (ivy, v,). Complete phase
separation on macroscopic scale did not occur in these samples
even after 7 days, although there were some initial stages of
destabilization present in the sample stabilized by 2:1 block
copolymer (ivy) where the formation of a clear phase on top
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Fig. 2 Long-term emulsion stability test at 25 °C and 60 °C. First two
samples are water solution of PDMA-b-PDEA (2:1 or 4:1) while the third
one is a control sample of ATPS without any block copolymer. Last two
samples are ATPS emulsion stabilized by PDMA-b-PDEA (2:1 or 4:1).
Block copolymer concentration was set to 10 mg mL™* (1 wt%).

could be observed. This effect demonstrated that polymeric
micelles showed preference to one of the phases.

The temperature-dependent emulsion stability was further
investigated by optical microscopy (Fig. 3 and Fig. S5, ESIT).
According to images taken at two different magnifications,
droplet coalescence was prevented at temperatures above T¢p,.
As soon as samples reached temperatures below 38 °C (T, of
PDMA-b-PDEA 4:1) droplet coalescence occurred, which is
directly macroscopically reflected as phase separation (unstable
emulsion) over time. In these experiments we observed only the
beginning of the rapid coalescence at 30 °C, while at 20 °C large
droplets were formed. The same effect was observed for PDMA-
b-PDEA 2:1 (Fig. S5, ESIY).

Fig. 3 Optical micrographs of W/W emulsion stabilized by PDMA-b-
PDEA 4:1 at different temperatures. Experiment was performed at
20x magnification with a cooling rate of 5 °C min~*. Block copolymer
concentration was set to 10 mg mL™* (1 wt%).
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We anticipated that the formed micelles prefer the PEG
phase over the Dex phase and therefore would preferably
stabilize a Dex in PEG emulsion. In order to prove this statement
confocal laser scanning microscopy (CLSM) was employed. Accord-
ingly, emulsions were prepared in presence of the block copolymers
and stained with either FITC-labeled PEG or rhodamine-labeled
Dex (Fig. 4a). As evident from confocal micrographs a Dex-in-PEG
emulsion was formed regardless of the type of stabilizer used.
Droplets exhibit moderate uniformity, except for the highly poly-
disperse sample of rhodamine-labeled Dex emulsion stabilized
with 4:1 block copolymer. Because experiment temperature was
very close to the Tcp of this stabilizer, we attributed this observation
to a local cooling effect that promoted droplet coalescence. Never-
theless, as soon as temperature was equilibrated, droplets
remained constant in radius of 54 pm =+ 23 pm and 24 pm =+ 13 pm
for 2:1 and 4:1 block copolymers, respectively (measured from
FITC-PEG labeled samples).
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Fig. 4 CLSM micrographs of W/W emulsion stabilized by PDMA-b-PDEA
(2:10r 4:1) at 40 °C (samples stained with FITC-labeled PEG (green) or
rhodamine-labeled Dex (red)) (a). Enzyme kinetics of guaiacol oxidation by
HRP in ATPS in presence and absence of block copolymers (1 wt%) as well
as controls in PEG or Dex solution. All experiments were performed in
MilliQ water at 37 °C (b). Concentration of block copolymers and enzyme
were set to 10 mg mL™ and 0.05 mg L%, respectively (1 wt%). The lines in
the graph were obtained from Michaelis—Menten fits.
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To showcase the potential of having control over the stability
of aqueous emulsions we investigated enzyme kinetics in
various W/W systems. Specifically, we introduced HRP to ATPSs
with the different block copolymers (Fig. 4b). All experiments
were performed at a temperature of 37 °C, i.e. in between the
Tcp of the two different copolymers, and guaiacol was utilized
as substrate for measuring the enzymatic activity (Scheme S3,
ESIt). In our system, HRP preferably partitions to the Dex phase
with a partitioning coefficient (K) of 0.63.° In turn, the reaction
substrate and product are more hydrophobic and consequently
partition in the PEG phase (Fig. S6, ESIt). Therefore, we
anticipated that the emulsion state and the associated different
contact areas between the two phases would result in changed
reaction kinetics. As displayed in Fig. 4b, when compared to the
enzyme turnover rate in the pure ATPS system, the introduction
of the hydrophilic block copolymer in the coiled form (PDMA-b-
PDEA 4:1 with Tgpy.q, = 38 °C) promoted the enzymatic
reaction. This increase in the maximum rate of the reaction
was attributed to a higher contact area of two phases as a result
of decelerated phase separation of the two phases. In contrast,
when introducing the second block copolymer in the aggre-
gated state (PDMA-b-PDEA 2:1 with Tcp,.; = 33 °C), we
observed a decrease of the reaction kinetics, despite a largely
increased contact area between the two phases as a result of the
formation of emulsion droplets. In this scenario, the presence
of micelles caused encapsulation of the hydrophobic substrates,
ie. guaiacol,” and this confinement slowed down the mass
exchange between the phases. The latter observation is supported
by experiments where we investigated the enzymatic reactivity in
the pure constituent phases of the ATPS which revealed a slowed
down reaction rate even in the pure Dex phase. These experiments
reveal that the enzymatic activity is mutually controlled by the
interfacial area between the phases of an ATPS as well as by the
substrate encapsulation within micelles. Thus, small temperature
variations in a fine range of 5 °C around T¢p of the copolymers
served to gain control over the reactivity of enzymatic transforma-
tions in solution.

In summary, we presented a novel approach towards stimuli-
sensitive W/W emulsions. The emulsions were stabilized using
synthesized PDMA-b-PDEA block copolymers with a thermore-
sponsive PDEA block. The block copolymers demonstrated utility
as a competent long-term stabilizer for W/W emulsion based
on PEG 35k and Dex 40k at temperatures above T, However,
decreasing the temperature below Tcp resulted in rapid droplet
coalescence and macroscopic phase separation. In addition,
enzymatic reaction kinetics of HRP were tested in the stable
and unstable emulsion samples, which potentially serves as a
promising path to tune enzymatic reactions in ATPS.
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