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Like charges stabilize emulsions, whereas opposite charges break
emulsions. This is the fundamental principle for many industrial
and practical processes. Using micrometer-sized pH-sensitive poly-
meric hydrogel particles as emulsion stabilizers, we prepare emul-
sions that consist of oppositely charged droplets, which do not
coalesce. We observe noncoalescence of oppositely charged dro-
plets in bulk emulsification as well as in microfluidic devices, where
oppositely charged droplets are forced to collide within channel
junctions. The results demonstrate that electrostatic interactions
between droplets do not determine their stability and reveal the
unique pH-dependent properties of emulsions stabilized by soft
microgel particles. The noncoalescence can be switched to coales-
cence by neutralizing the microgels, and the emulsion can be bro-
ken on demand. This unusual feature of the microgel-stabilized
emulsions offers fascinating opportunities for future applications
of these systems.

stimuli-sensitive emulsions | limited coalescence | poly
(N-isopropylacrylamide) microgels | Pickering emulsions | lab-on-a-chip

mulsions are multiphase systems, which consist of two immis-

cible liquids, one dispersed in another in the form of small
droplets with submicron to micron sizes. Emulsions are used
in food, cosmetics, medicine, coatings, paints, and a large number
of other technical applications (1). Due to their large interfacial
area, emulsions are thermodynamically unstable and have a ten-
dency to undergo coalescence, a process during which two dro-
plets merge into a bigger one, minimizing the surface energy (2).
Certain molecules or materials, such as surfactants or solid par-
ticles, can be added to prevent coalescence, making emulsions
kinetically stable. These emulsion stabilizers usually provide elec-
trostatic repulsion, steric repulsion, and/or strength to the inter-
facial layer of the droplets, according to widely accepted theories.
For example, when emulsion droplets are covered with an ionic
surfactant, they carry like charges; these charges repel each other
due to electrostatic interaction, which prevents droplet aggrega-
tion or coalescence. By contrast, when oppositely charged dro-
plets are generated in an emulsion, they attract each other and
coalescence is hastened; this phenomenon is the key event in
processes like electrocoalescence (3, 4).

In contrast to this classical behavior, unexpected noncoales-
cence of two oppositely charged droplets has been reported very
recently (5, 6); these investigations show that under the influence
of an electric field of sufficient strength, two oppositely charged
water droplets recoil after contact rather than coalesce, depend-
ing on the curvature and local capillary pressure at the liquid
bridge between two adjacent droplets. However, these studies
were conducted with drops that were formed temporarily under
the influence of an electric field in a continuous phase of air
rather than with drops that are dispersed in a liquid. By contrast,
stable emulsions, which consist of oppositely charged droplets
dispersed in a fluid have not been reported to date.

In this paper, we show that it is possible to prepare stable emul-
sions that contain oppositely charged droplets, using pH-sensitive
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polymer microgels as interfacial stabilizers. We directly image the
noncoalescence of these oppositely charged droplets in a micro-
fluidic device (7-9). In our study, the charges of the droplets ori-
ginate from the chemical composition of the stabilizing microgel
particles that sit on the droplet surface (10). The stabilization of
emulsions through the use of these microgels is at first glance very
similar to Pickering emulsions (11-14), which are solid-stabilized
emulsions discovered a century ago (15, 16). However, in contrast
to solid particles (17-22), microgels are highly deformable, and
the unexpected noncoalescence of the oppositely charged dro-
plets in such systems might be due to the soft and porous struc-
ture of microgels at the interface. More interestingly, by changing
the pH, the noncoalescence can be switched to coalescence. The
resultant pH-triggered coalescence holds promises for the inven-
tion of new “smart” materials and process enhancement in many
emulsion-related applications (23-25).

Results

Bulk Emulsion Mixing. We obtain stable emulsions with oppositely
charged droplets in two steps: First, we prepare an emulsion
with negatively charged droplets and a second emulsion with
positively charged droplets. Then we combine these two emul-
sions. The charges of the droplets are introduced by pH-sensitive
microgels that are used as emulsion stabilizers. Microgels are
nano- to micrometer-sized porous polymer particles, which con-
sist of a cross-linked polymer network that is swollen with solvent.
pH and temperature-sensitive microgels are able to change their
size by swelling or shrinking in response to changes in their
environment, and they provide a new way to stabilize emulsions,
which has been studied only in recent years (26-39).

We prepare the first emulsion, MAA-emulsion, with Sudan-
Yellow-dyed heptane as the organic dispersed phase and microgel
dispersion M1, which consists of poly(N-isopropylacrylamide-
co-methacrylic acid) (in the following termed MAA microgels)
in water at pH 7, as the aqueous continuous phase. Similarly, we
prepare the second emulsion, AEM-emulsion, with Sudan-Blue-
dyed heptane and microgel dispersion M2, which consists of poly
(N-isopropylacrylamide-co-2-aminoethyl methacrylate) (termed
AEM microgels) in water at the same pH. The AEM microgels are
covalently labeled with a fluorescent rhodamine dye to distinguish
them from the MAA microgels, which are not labeled.

We use two different emulsification procedures: First, we ex-
plore the method of limited coalescence (39, 40). We use 0.05 wt.%
of MAA microgel and 0.04 wt.% of AEM microgel to prepare
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two bulk emulsions using an Ultra-Turrax high-speed homogenizer.
The homogenizer creates oil drops that are not stable but coalesce;
this produces larger, stable drops fully covered by the microgels.
The important advantage of this limited coalescence procedure
is that there are no free excess microgels in the aqueous phase.
However, the process is time-consuming and leads to large drops,
and thus this technique is not of high practical relevance. There-
fore, we also prepare emulsions with the high-speed homogenizer
at higher microgel concentration, which directly leads to stable
droplets but with excess microgels in the aqueous phase.

Very stable oil-in-water (O/W) emulsions can be generated in
both cases, and the oil phase inside the droplets shows yellow
and blue color, respectively. The droplets in MAA-emulsion are
negatively charged, whereas the droplets of AEM-emulsion are
positively charged. This is because at pH 7, the MAA microgels
are negatively charged due to partial dissociation of H from the
methacrylic acid (MAA) units, whereas the AEM microgels are
positively charged due to partial association of H to the amine-
containing (AEM) units. The sign of the charges of the emulsion
droplets is confirmed by electrophoretic mobility measurements
(Tables S1 and S2).

Fig. 1 shows the stable emulsions obtained by both procedures.
The pictures in the top panel (Fig. 1 A1 and B1) show emulsions
obtained via limited coalescence. The AEM droplets appear to be
larger than the MAA droplets, possibly because of the different
microgel size.

Mixed emulsions with oppositely charged droplets are obtained
by combining equal volumes of MAA-emulsion and AEM-emul-
sion. The oppositely charged droplets in these mixed emulsions do
not coalesce, as shown in Fig. 1 CI and C2. The mixed emulsions
are stable at least for several weeks.

It is obvious that the drops prepared via the limited coales-
cence carry opposite charges, and the fact that they do not
coalescence clearly demonstrates the counterintuitive behavior
of these microgel-stabilized emulsions.

The emulsions prepared with the homogenizer at higher mi-
crogel concentration contain excess microgels in the continuous
water phase, which could matter when the emulsions prepared
with oppositely charged microgels are mixed. Immediate hetero-
coagulation occurs when the plain microgel dispersions M1 and
M2 are mixed, as it is expected for oppositely charged colloidal
particles (41-43). Similarly, excess free microgels in the contin-
uous phase of the emulsions also flocculate when these two emul-

Fig. 1. Optical micrographs of microgel-stabilized heptane-in-water (O/W)
emulsions. (Top) Emulsions prepared via limited coalescence: (A7) MAA-
emulsion made from Sudan-Yellow-dyed-heptane and a 0.05 wt.% microgel
dispersion. (B7) AEM-emulsion made from Sudan-Blue-dyed-heptane and a
0.04 wt.% microgel dispersion. (C7) Mixed emulsion made from mixing equal
volumes of the MAA- and the AEM- emulsions. (Bottom) Emulsions prepared
with excess microgels: (A2) MAA-emulsion made from Sudan-Yellow-dyed-
heptane and a 1 wt.% microgel dispersion. (B2) AEM-emulsion made from
Sudan-Blue-dyed-heptane and a 1 wt.% microgel dispersion. (C2) Mixed
emulsion made from mixing equal volumes of the MAA- and the AEM-emul-
sions. The scale bar applies to all six images.
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sions are mixed; however, the stability of the mixed emulsion
droplets is not reduced. Moreover, the micrograph C2 in Fig. 1
indicates that there is no tendency for the oppositely charged
droplets to form aggregates.

To check if microgels dispersed in the aqueous phase adsorb
to emulsions droplets stabilized by oppositely charged microgels,
we investigate the electrophoresis of mixtures of the MAA-emul-
sion with M2 and of the AEM-emulsion with M1: At pH 7, charge
reversal is observed for both emulsions after adding the other
type of microgels, changing from negative to positive electro-
phoretic mobility for the MAA-stabilized emulsion and from
positive to negative for the AEM-stabilized emulsion (Tables S1
and S2). Obviously, the electrostatic attraction is sufficiently
strong to induce flocculation of oppositely charged microgels as
well as adsorption of charged microgels onto oppositely charged
emulsion droplets. The aspect of heteroaggregation has been
studied in more detail, and these experiments are described in
SI Text.

To this end we can conclude that the different bulk mixing
experiments reveal that microgels allow preparing emulsions
with droplets that carry opposite charges, and that these droplets
do not coalesce upon mixing.

Microfluidic Mixing. The coexistence of oppositely charged droplets
in an emulsion implies that these droplets interact in a way that is
different from classical expectations. However, it is rather difficult
to observe individual droplet interactions in bulk mixing experi-
ments by optical means. To allow for such detailed investigations,
we apply a method that allows us to form, handle, and observe
individual droplets and individual mixing events with high preci-
sion: droplet-based microfluidics (7-9). We use a microfluidic
device to prepare O/W droplets stabilized with either the MAA or
the AEM microgels and mix the two types of droplets immediately
after their formation. For this purpose, we produce these two dif-
ferent kinds of droplets in two separate, drop-forming cross-junc-
tion channels. A few hundred micrometers downstream, these two
channels merge at a mixing junction, squeezing two independent,
freshly formed droplets against each other, as shown in Fig. 24. A
high-speed camera enables the observation of this process. Despite
an earlier report on the microfluidic generation of alternating pairs
of oppositely charged polyelectrolyte droplets (44), direct interac-
tion of pairs of oppositely charged emulsion droplets has not been
observed before.

Again, we distinguish the two different droplet species that
are formed in the microfluidic experiment by the presence or
absence of fluorescent labels. In the left cross-junction of the mi-
crofluidic device, we inject colorless heptane as the inner phase
and a 0.5 wt.% MAA microgel dispersion in water as the outer
phase to form negatively charged droplets. In the right cross-junc-
tion, we inject Sudan-Blue-dyed heptane as the inner phase and
0.5 wt.% AEM microgel dispersion as outer phase to form posi-
tively charged droplets. The pH of the outer phase is 7 in both
cases, the same as in the bulk mixing experiment, rendering both
microgels charged. A series of micrographs taken from a high-
speed video that documents the mixing process (Movie S1) exem-
plifies that the two types of droplets do not coalesce at the mixing
junction, even though they are strongly pushed against each
other, causing strong deformation of both droplets, as shown in
Fig. 2B. Upon close observation, there might even be a repulsive
tendency between the two types of droplets, judging by the ob-
servation that the droplets bounce off each other and separate
again as they flow downstream in the channel. As a result of the
noncoalescence, the emulsion droplets formed in this experiment
can be collected and remain stable at least for several days.

pH-Dependent Droplet Coalescence. Now that we can prepare
stable, heterogeneous emulsions with pH-sensitive microgels, we
investigate how these emulsions behave in response to a pH
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Fig. 2. Microfluidic device used to study the interaction of microgel-stabi-
lized emulsion droplets. (A) Two drop-forming cross-junctions and one mixing
junction are used to produce and mix different types of emulsion droplets.
The left cross-junction is used to form colorless heptane droplets stabilized by
nonlabeled, negatively charged MAA microgels. The right cross-junction is
used to form Sudan-Blue-dyed heptane droplets stabilized by rhodamine-la-
beled, positively charged AEM microgels. The dimensions of the channels are:
(1) 50 pm; (2) 50 um; (3) 100 um; (4) 200 um. All channels have a uniform
height of 100 um. Negative charges are generated by the deprotonation
of the carboxylic groups of the MAA microgels at intermediate and high
pH; positive charges are generated by the protonation of the amine groups
of the AEM microgels at intermediate and low pH. (B) Interaction of oppo-
sitely charged droplet at pH 7. The scale bar denotes 1 mm and applies to all
micrographs.

change. Therefore we study the mixing of MAA microgel-stabi-
lized and AEM microgel-stabilized droplets using the same
microfluidic procedure but at a lower pH (pH = 4) and at a high-
er pH (pH = 9), respectively (see Fig. 3 and Movies S2 and S3).
When two droplets come together at these pH conditions, the
interfaces show little resilience to deformation, and coalescence
takes place immediately upon contact of the two droplets. At
pH 4, all droplet pairs merge; at pH 9, similarly, nearly all dro-
plets merge. This pH sensitivity is opposite to an emulsion stabi-
lized by rigid pH-sensitive particles, which is stable when the
stabilizers are uncharged and destabilizes when they are charged
17-22).
( To u)nderstand the pH influence on the mixed emulsions, the
intrinsic stability of each of the droplet species has to be consid-
ered: At pH 4 or pH 9, one of the microgel species will be un-
charged and the emulsion formed with these uncharged microgels

Fig.3. pH-dependentinteraction of oppositely charged, microgel-stabilized
emulsion droplets. (Top) Coalescence of noncharged (left) and positively
charged (right) droplets at pH 4. (Bottom) Coalescence of negatively charged
(left) and noncharged (right) droplets at pH 9. Scale bar, 1 mm.
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becomes intrinsically unstable. At pH 4, the MAA microgels
become neutral, but the AEM microgels remain positively
charged; at pH 9, the AEM microgels turn neutral, and the MAA
microgels remain negatively charged. Neutralized microgels also
adsorb to the oil-water interface, but in contrast to charged mi-
crogels, they form densely packed, brittle interfacial layers, which
lead to a less stable emulsion as it has been shown previously
(36-38). For this reason, emulsions prepared with the MAA mi-
crogels are highly stable at high pH but are unstable at pH < 7.
Similarly, emulsions prepared with the AEM microgels are stable
at low pH and unstable at pH > 7. With bulk emulsification, no
stable emulsion can be formed with neutralized microgels, be-
cause droplets generated by the homogenizer quickly aggregate
irreversibly and coalesce, and phase separation follows. By con-
trast, droplets with neutralized microgels can be formed in the
microfluidic channels because these droplets are produced in a
sequential manner and are spaced out by the continuous phase
as they flow downstream in the channel. These particular experi-
mental conditions prevent direct droplet contact, such that the
droplets do not coalesce; however, their interface is vulnerable.
Therefore, when subjected to sufficient mechanical forces, their
weak interfaces coalesce, while interfaces stabilized by charged
microgels remain intact under the same conditions. Moreover,
immediate droplet coalescence takes place if two droplets meet
and if at least one of these two droplets has a vulnerable interface.
This finding indicates that the noncoalescence in the emulsion
prepared at pH 7 can be converted into coalescence by the
change of pH, a feature that is valuable for processes in which
the control of the stabilizing or breaking of the emulsion is
important.

We also investigate the stability of mixed emulsions prepared
via the limited coalescence procedure at different pH in a bulk
experiment. Shear flow experiments are performed with the
mixed emulsion at pH 3, pH 7, and pH 10, and the emulsions are
observed with an optical microscope. For each sample, at each
pH, a series of large amplitude oscillatory shear deformation is
applied at different strains and frequencies (see SI Text for de-
tails). The stability of the emulsion is indicated by the strain and
frequency at which the sample undergoes phase separation. At
pH 7, the mixed emulsion remains stable even at a strain of
1,200 and a frequency of 9 Hz (Fig. 4 A and B). Conversely, at
pH 3, phase separation occurs already at strain 400 and frequency
1 Hz (Fig. 4 C and D). The absence of both yellow and blue dro-
plets after shear shows that both the MAA- and AEM-emulsion
droplets coalesce. At pH 10, phase separation is observed at
strain = 1,200 and frequency = 9 Hz (Fig. 4E and F). Evidently,
the emulsion is less stable at pH 10 as compared to pH 7. Coa-
lescence between MAA droplets and AEM droplets is observed
similar to pH 3, (see also Fig. S1E). However, macroscopic phase
separation appears to involve mainly the AEM droplets (blue), as
several MAA-emulsion droplets (yellow) remain stable after
shear (Fig. 4F). The difference between the stability of the MAA
droplets and the AEM droplets when they are not charged might
be due to the different microgel sizes and thus the different
droplet sizes obtained during the limited coalescence process.

Discussion

In contrast to accepted concepts, stable emulsions that consist of
oppositely charged droplets can be obtained by using pH-sensi-
tive poly(N-isopropylacrylamide-co-methacrylic acid) (MAA
microgels) and poly(N-isopropylacrylamide-co-2-aminoethyl
methacrylate) (AEM microgels) as stabilizers. Direct visualiza-
tion of individual mixing events of oppositely charged droplets
is possible in microfluidic devices, and noncoalescence of these
droplets is observed. Bulk and microfluidic mixing experiments
provide consistent information about the droplet stability, which
is important to notice as different time scales are involved in
microfluidic and bulk experiments, respectively.

Liu et al.
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pH7

Fig. 4. Optical micrographs of the mixed MAA- and AEM-emulsions at pH 7,
pH 3, and pH 10 before (Left) and after (Right) shear forces are applied (A) at
pH 7 before shear; (B) at pH 7 after shear (strain 1200; frequency 9 Hz; 1 min);
(C) at pH 3 before shear; (D) at pH 3 after shear (strain 400; frequency 1 Hz
1 min); (E) at pH 10 before shear; (F) at pH 10 after shear (strain 1,200; fre-
quency 9 Hz 1 min). The scale bar applies to all images. The MAA- and AEM-
emulsions were prepared by limited coalescence. The Sudan-Yellow-dyed
MAA-droplets are in bright yellow; the Sudan-Blue-dyed AEM-droplets are
in bright blue.

The findings show that Coulomb attraction of two oppositely
charged droplets cannot make them coalesce when the interface
is packed with charged, swollen, elastic microgels. Even the pre-
sence of excess microgels in the continuous phase does not influ-
ence the stability and noncoalescence of the oppositely charged
droplets. Thus, simple bulk mixing processes such as those em-
ployed in standard industrial routines can be used to prepare
stable emulsions with oppositely charged droplets.

The fact that oppositely charged droplets do not coalesce is
counterintuitive. The attractive Coulomb interaction between
the oppositely charged droplets could be ineffective, given that
the Debye length (ca. 5 nm) is much shorter than the size of the
microgels (300-800 nm) and the size of the droplets (>10 pm). In
an additional bulk experiment, we lower the ionic strength in the
aqueous phases by treating them with ion-exchange resins prior to
the emulsification and the mixing; however, the noncoalescence
effect remains. Apparently, electrostatic interactions between
droplets do not determine the droplet stability.

On the other hand, oppositely charged microgels dissolved in
the aqueous phase do flocculate. The aggregation of microgels in
bulk is driven by the release of counterions, when the chains of
the microgels partially interpenetrate (similar to the formation of
polyelectrolyte complexes). Apparently this does not occur be-
tween microgels adsorbed at the oil-water interface of emulsion
droplets. Microgels adsorbed to the oil-water interface are hardly
mobile. We assess this by perfoming a fluorescence photobleach-
ing experiment with the mixed emulsion: After preparing a mixed
emulsion with the microfluidic device at pH 7, we bleach an area
on the surface of one droplet by high intensity laser irradiation.
Subsequently, the sample is observed for 10 min. The confocal
images (Movie S4 and Fig. S1B) reveal no fluorescence recovery.
This observation implies that on this time scale the microgels do
not diffuse within the layer and that there is no exchange with
microgels in the bulk phase; thus, microgels do not desorb. In
addition, it has been shown previously by means of cryogenic field
emission scanning electron microscopy (Cryo-FESEM) that mi-
crogels are strongly deformed at the interface (34, 37).

The ability of positively or negatively charged rigid polymer
particles to stabilize emulsions or foams has been demonstrated

Liu et al.

by a number of groups (17-22). Their results show that rigid par-
ticles behave very differently from the soft microgels studied in this
paper: pH-sensitive rigid particles are only stable in the aqueous
bulk phase at a pH when they are charged. However, the fully
charged state prevents strong adsorption to the oil-water interface
and thus fully charged particles cannot serve as emulsion stabili-
zers. By contrast, soft microgels are lyophilic colloids and are col-
loidally stable in the charged and uncharged states, and thus they
are stable in the aqueous bulk phase in the entire pH range. In
addition, the microgels exhibit a special property that they adsorb
to the oil-water interface independent of pH (36).

There is no study in the literature on the mixing of oppositely
charged droplets that are stabilized by common Pickering stabi-
lizers. To compare the behavior of deformable microgels to that
of rigid particles as emulsions stabilizers, we explore a bulk mix-
ing experiment with carboxyl and amine latex particles at pH 7.
While the amine latex can stabilize the heptane-water emulsion,
the carboxyl particle cannot. Hence, we were not able to prepare
emulsions with common Pickering stabilizers that have the same
pH-dependent features as the microgel-stabilized emulsions.

Systems with oppositely charged species at the interface have
been reported before; we can now compare these interfaces to
those in MAA and AEM microgel-stabilized emulsions. For ex-
ample, it is known in detergent systems that mixing anionic and
cationic surfactants has a synergistic effect, because these oppo-
sitely charged surfactants can complex and pack more efficiently
at the air—water interface (45). It has also been reported recently
that preformed heteroaggregates from oppositely charged silica
particles can stabilize O/W emulsions, thanks to the reduced hydro-
philicity by heteroaggregation (46). Furthermore, adsorption of
oppositely charged polyelectrolytes on oil-water interface has been
used to prepared micro- and nanocontainers (47). However, in all
these studies, the interfacial structure of each foam bubble or each
droplet is identical, whereas in the mixed microgel-stabilized emul-
sions, two droplet species with opposite charges coexist.

Microgel-stabilized emulsions are more complex as compared
to Pickering emulsions stabilized rigid particle due to the deform-
ability of the soft and porous microgels. Accurate theoretical
descriptions of microgel-stabilized emulsions, especially considera-
tions of the driving forces that lead to deformation of the micro-
gels, the viscoelasticity and the particular packing structures at the
interface, are challenging. The special behaviors of microgel-stabi-
lized emulsions make them very interesting materials for funda-
mental and applied studies. One can, for example, encapsulate
different substances for a reaction or ingredients of a formulation
in separated compartments within one stable emulsion and store
them together for extended period of time (at least several
months) without the risk of getting in contact with each other pre-
maturely. However, because the noncoalescence can be switched
to coalescence, leading to breakage of the emulsion by neutralizing
these microgels, these components can be mixed on demand. In
addition, model systems with tailored spatial distribution of
charged moieties can be designed that enable further fundamental
studies on the behavior of soft, charged particles at oil-water in-
terfaces. We hope that the observations reported in this paper will
stimulate both further research to the fundamental understanding
and the exploration of interesting applications of such emulsions.

Materials and Methods

Materials. N-isopropylacrylamide (NiPAM, >99.0%, Acros Chemicals),
methacrylic acid (MAA, >99.0%, ABCR-GmbH), 2-aminoethyl methacrylate
hydrochloride (AEM, Polysciences), N,N’- methylenebisacrylamide (BIS,
>99.5%), potassium peroxodisulfate (KPS, 99.0%, Merck), n-heptane (>99%,
Merck), Sudan Blue (powder, TCI America), Sudan Yellow (Sudan I, 1-pheny-
lazo-2-naphthol, TCI) and the fluorescent label methacryloxyethylthiocarba-
moylrhodamine B (MRB, Polysciences) were used as received. Bidistilled
Milli-Q water was used for both the synthesis and the characterization of
the microgels and the bulk preparations of the emulsions. Milli-Q water
was used for emulsion preparations in microfluidic channels. The MAA
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and the AEM microgels were synthesized by surfactant-free precipitation
polymerization, using a protocol reported before (30, 36, 48). The dye
MRB was added during the synthesis of the positively charged AEM mi-
crogels.

Characterization of the MAA and the AEM microgels. The hydrodynamic radius
(Rp), diffusion coefficient (D), the electrophoretic mobility (x.), and the
amount of charge of the MAA and the AEM microgels are listed in
Table S3. The diffusion coefficient (D) and hydrodynamic radius (R,) of the
microgels were determined by dynamic light scattering (DLS) conducted with
an ALV-5000 Instrument with light of wavelength of 632.8 nm. Electrophore-
tic mobility measurements were performed with a NANO ZS zetasizer (Mal-
vern Instruments). The amount of charge was determined by acid-base
titration.

Preparation and observation of emulsions made by UltraTurrax. Oil and aqu-
eous microgel dispersions at pH 7 were added together at the desired ratio
in a sample glass. The total volume of the mixture was 10 mL. A fixed water/
oil ratio of 7:3 was used. The oil was used as received or dyed with Sudan
Blue or Sudan Yellow. Additional emulsion samples were prepared with a
mixture of heptane and dichloromethane as organic phase that leads to den-
sity-matched droplets. The mixing was done with an IKA UltraTurrax T-25
with a 10 mm head at a speed of around 8,000 rpm for 2 min. The optical
and fluorescence micrographs of the emulsions were taken with a Leica mi-
croscope equipped with a camera. For the shear experiments on the emul-
sions, a Linkam Optical Shearing system (CSS 450) was employed in addition
to the optical microscope. The oscillation mode was used.

Preparation of PDMS microfluidic devices. A photomask with a schematic of
the microfluidic channels was drawn in AutoCAD and printed on transpar-
ency plastic in UV-absorbent ink. The microchannel structure was then devel-
oped onto a 3" silicon wafer using photolithography and replicated using soft
lithography in PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning, base :
crosslinker = 10:1) (49). The PDMS replica was bonded to a glass slide after
oxygen plasma treatment in a PlasmaPrep2 (GALA Instrument). To enable the
use of organic solvents, the PDMS device was coated with a durable glass-like
layer using sol-gel chemistry. The sol-gel is intrinsically hydrophobic but can
be made hydrophilic. To accomplish this, we modified the inner channel walls
by grafting poly(acrylic acid); this was achieved by incorporating methacry-
late-silanes into the initial sol-gel coating which enabled hydrophilic poly(ac-
rylic acid) to be grafted onto the sol-gel (50, 51). An alternative means to

. Lissant KJ (1974) Emulsions and emulsion technology, (Marcel Dekker, New York),
vol 6.

2. deGennes PG, Brochard-Wyart F, Quéré D (2004) Capillarity and Wetting Phenomena
(Springer, New York).

3. Eow JS, Ghadiri M, Sharif AO, Williams TJ (2001) Electrostatic enhancement of coales-
cence of water droplets in oil: A review of the current understanding. Chem Eng J
84:173-192.

4. Chabert M, Dorfman KD, Viovy JL (2005) Droplet fusion by alternating current (AC)

field electrocoalescence in microchannels. Electrophoresis 26:3706-3715.
. Ristenpart WD, Bird JC, Belmonte A, Dollar F, Stone HA (2009) Non-coalescence of
oppositely charged drops. Nature 461:377-380.
6. Bird JC, Ristenpart WD, Belmonte A, Stone HA (2009) Critical angle for electrically
driven coalescence of two conical droplets. Phys Rev Lett 103:164502-164505.
7. Quake SR, Scherer A (2000) From micro- to nanofabrication with soft materials.
Science 290:1536-1540.

8. Whitesides GM (2006) The origins and the future of microfluidics. Nature 442:368-373.
9. Teh S-Y, Lin R, Hung L-H, Lee AP (2008) Droplet microfluidics. Lab Chip 8:198-220.
10. Fernandez-Nieves A, Fernandez-Barbero A, Vincent B, de las Nieves FJ (2000) Charge

controlled swelling of microgel particles. Macromolecules 33:2114-2118.

11. Binks BP (2002) Particles as surfactants-similarities and differences. Curr Opin Colloid
Interface Sci 7:21-41.

12. Aveyard R, Binks BP, Clint JH (2003) Emulsions stabilised solely by colloidal particles.
Adv Colloid Interface Sci 100-102:503-546.

13. Boroudjerdi H, et al. (2005) Statics and dynamics of strongly charged soft matter. Phys
Rep 416:129-199.

14. Binks BP, Murakami R (2006) Phase inversion of particle-stabilized materials from
foams to dry water. Nat Mater 5:865-869.

15. Ramsden W (1903) Separation of solids in the surface layers of solutions and suspen-
sions-preliminary account. Proc R Soc London 72:156-164.

16. Pickering SU (1907) Emulsions. J Chem Soc Trans 91:2001-2021.

17. Read ES, Fujii S, Amalvy JI, Randall DP, Armes SP (2004) Effect of varying the oil phase
on the behavior of pH-responsive latex-based emulsifiers: Demulsification versus tran-
sitional phase inversion. Langmuir 20:7422-7429.

18. Fujii S, Randall DP, Armes SP (2004) Synthesis of polystyrene/poly[2-(dimethylamino)

ethyl methacrylate-stat-ethylene glycol dimethacrylate] core-shell latex particles by

[

388 | www.pnas.org/cgi/doi/10.1073/pnas.1019196109

achieve solvent-resistance of the channels is to coat them with parylene-c
(52, 53). This coating is very hydrophobic by default, but can be rendered
hydrophilic by extensive plasma oxidation.

Emulsification in the microfluidic device and microscopy observation. The chan-
nels on the PDMS device were connected to PE tubing (PE/2 micro medical
tubing, I.D. = 0.015", O.D. = 0.043’, Scientific Commodities Inc.) through
holes that were punched into the PDMS elastomer. The tubing was then con-
nected to syringes with the liquid of interest. The flow rate for different
phases was controlled individually by syringe pumps (Harvard Apparatus
PHD 2000 series). The device was placed on a microscope stage. The emulsi-
fication was performed on a Leica DM IRB microscope equipped with a Phan-
tom V9 fast camera (Vision Research).

Before the differently prepared droplets come together in the microflui-
dic device, they are generated at the drop-forming cross-junctions and flow
downstream for 1.7 x 103 pm. The MAA droplets flow at a speed of
3.5% 10* pm/s (volume flow rate 2,500 uL/h) and the AEM droplets flow
at 9x 10* pm/s (volume flow rate 6,500 pL/h). In further experiments, we
use a microfluidic device that allows the excess microgels to be washed away
before the droplets are mixed. This is achieved by adding a fivefold excess of
plain aqueous phase immediately after forming the droplets, thereby redu-
cing the concentration of microgels in the continuous phase (Movie S5).

Fluorescence confocal microscopy. Confocal imaging was performed using a
Leica TCS SP5 confocal laser scanning microscope. Under a 10x DRY objective
of NA = 0.3, the fluorophore was excited in the scanning mode with the
543 nm line of a HeNe laser at 50% of its maximum power (0.31 mW at
the object level, as measured by the manufacturer). Samples were prepared
by placing a droplet of the emulsions to be studied between two thin glass
coverslips (VWR) separated by a rubbery gasket (Molecular Probes, press-to-
seal™ silicon isolator). The confocal plane was set to be approximately in the
middle of the sample. The experiments were conducted at room tem-
perature.
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