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ABSTRACT: Ultrathin plate-like colloidal particles are effective | 9
candidates for Pickering stabilization of water-in-water emulsions, a
stabilization that is complicated by the thickness and ultralow tension of
the water—water interface. Plate-like particles have the advantage of
blocking much of the interface while simultaneously having a low mass.
Additionally, the amount of blocked interface is practically independent
of the equilibrium contact angle @ at which the water—water interface
contacts the nanoplates. As a result, the adsorption of nanoplates is phase system
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airy products and many other foods are emulsions: oil

droplets in water or water droplets in oil.' In principle,
emulsions can also be made without oil, by dispersing an
aqueous polymer solution in a second, immiscible aqueous
polymer solution.”~” This is of interest for the development of
novel cosmetics, pharmaceuticals, or low-calorie foods based on
oil-free emulsions. However, it is a challenge to find effective
stabilizers for such water-in-water emulsions, due to the large
thickness® ™' and corresponding ultralow tension''~'* of the
“water—water interface”. Here, we reveal that Pickering
stabilization can be realized by ultrathin submicrometer
nanoplates. The success of this approach will be explained on
the basis of experiments and theory.

To understand why stabilizing water-in-water emulsions is so
difficult, it is important to know about the physical chemistry of
the water—water interface. This phase boundary is created
when an aqueous solution of two different polymers is
concentrated to such an extent that it spontaneously demixes
into two coexisting polymer solutions. Both phases typically
contain 90% water, and the interface is permeable to water and
small ions.">'® To the naked eye, the macroscopic interface
looks sharp (Figure 1a), but on the molecular scale (Figure 1b),
it is much thicker than the interface between two molecular
liquids such as water and oil. The relative concentration of each
polymer varies gradually from the bulk value in the first phase
to the bulk value in the second phase across distances of tens of
nm (Figure 1c), depending on how close the polymer
concentrations are to the critical point of demixing."~'® This
is a much larger distance than, for instance, the ~0.3 nm size of
a water molecule. In the interfacial zone, the total polymer
concentration features a local minimum, since the repulsion
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between the two different types of polymers resists inter-
penetration (Figure 1d). Due to the weak interfacial gradients,
the energy per unit area associated with creating the interface is
extremely low, 3—6 orders of magnitude lower than the tension
of a water—oil interface. The large interfacial thickness and the
ultralow interfacial tension complicate the search for effective
stabilizers of water-in-water emulsions.

The aqueous two-phase system that we set out to emulsify in
our experiments contains 5—9% dextran and 3—5% cold-water
fish gelatin by mass. Dextran is a polysaccharide, and cold-water
fish gelatin is a protein with almost the same amino acid
composition as gelatin used in the kitchen; however, it must be
cooled below 10 °C before it starts to form a gel, and as a
result, our system remains liquid at room temperature. Our
biopolymers each have a molecular mass of 100 kDa and a high
polydispersity. Dextran is uncharged and, also, gelatin is
practically uncharged under our conditions of neutral pH and
~5 mM salt.'""® Demixing of our aqueous solutions of dextran
and gelatin occurs above a critical mass fraction of about 3% of
each polymer (Figure le). In our experiments, the interfacial
tension is ~4 uN/m (Figure 1f), a factor ~10* lower than for a
typical water—oil interface.'”*’

In systems with water and oil, emulsion droplets are usually
stabilized by interfacial adsorption of either molecular
surfactants or colloidal particles. A surfactant molecule of a
few nm in length will adsorb at the water—oil interface when
one of its extremities has a strong affinity for water and the
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Figure 1. (a) Photograph and (b) schematic of a 1.2 cm wide tube
with 6.0% dextran and 6.0% gelatin in water. The water—water
interface is indicated by an arrow. (c) Polymer fraction of gelatin and
(d) relative total polymer concentration calculated in the phase
boundary zone for our chemical system via the method in ref 9. (e)
Experimental demixing phase diagram of dextran and gelatin in
water.'” (f) Interfacial tension vs total polymer concentration.

other extremity prefers oil. However, the thickness of water—
water interfaces prevents the use of such small molecular
surfactants, which cannot straddle the whole interfacial zone.
Only larger purpose-designed block copolymers can be
successful macromolecular stabilizers of water-in-water emul-
sions, as demonstrated by Buzza et al.’

The second option, using colloidal particles as surfactants, is
commonly called Pickering stabilization'”** and finds applica-
tion in the preparation of colloidosomes.””" The adsorption of
colloids at the liquid—liquid interface prevents coalescence of
liquid droplets by keeping their inner liquids sufficiently far
apart, and even partial coverage of the droplets by colloids can
suffice for good stabilization.””** When the colloidal particles
have a uniform surface chemistry, the adsorption energy is at
most equal to yo,”* with  the liquid—liquid interfacial tension
and o the cross sectional area of a colloidal particle. The
ultralow tension of the water—water interface thus gives rise to
a relatively weak adsorption that only exceeds the thermal
energy scale kT =~ 4 X 107! J if o is sufficiently large. Setting
the adsorption energy for strong adsorption to 20 kzT requires
spherical particles with a diameter of only 1.6 nm for a typical
water—oil interface with a tension of 40 mN/m (if the wetting
angle is 90°), but the particle diameter must be at least 160 nm
for our water—water interface with ¥ & 4 yN/m. Adsorbed
colloidal particles of 160 nm are likely to result in rapid
sedimentation of the droplets and therefore poor emulsion
stability, except if the mass density of the colloids closely
matches that of the liquid. Our approach here is to use
nanoplates, because their buoyant mass is much lower than that
of spheres of the same density and cross section.

Numerical calculations based on the capillary deformation of
an initially flat water—water interface by the adsorption of
nanoplates are shown in Figure 2 at a variety of orientations
and positions with respect to the interface. The employed
numerical method stems from Soligno et al.’* and is
summarized in the Supporting Information (SI), Theoretical
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Figure 2. Numerical calculations of the adsorption energy of
nanoplates with an effective diameter of 167 nm at the water—water
interface, ¥ = 4 uN/m. (a) Strengthening of the adsorption as a
nanoplate reorients itself to lie flat in the liquid—liquid interface (6 =
90°). (b) Schematic of how the contact angle has little effect on the
blocked area of liquid—liquid interface in the case of a platelet, as
opposed to the case of a sphere. (c) Adsorption energy of platelets and
spheres as a function of the wetting angle 6. The symbols are from
numerical simulations, and the curves are from eq 1 (sphere) and eq 2

(platelet).

methods, together with SI, Figures S4—S10. The calculations
here are for hexagonal nanoplates, but results are similar for
discs. A first conclusion is that nanoplates prefer to lie flat along
the water—water interface (Figure 2a), minimizing its surface
area and energy. A second conclusion is that the thin rim of the
particles accommodates most contact angles without any
substantial change in the blocked area of the water—water
interface (Figure 2b).* As a result, the adsorption energy is the
same as for spheres with the same cross sectional area only at a
contact angle of 90°; at other contact angles, the adsorption of
a sphere becomes weaker than that of a platelet (Figure 2c).
Nevertheless, the adsorption of the nanoplates still depends on
the contact angle, because a deviation of the contact angle from
90° at fixed tension of the liquid—liquid interface implies a
change in the tensions of the two solid—liquid interfaces.
Whereas the adsorption energy of a sphere of diameter d is
given by’

AG,4,(sphere) = —(7/4)d*(1 — lcos 01) (1)

we find from analytical theory (SI, equation S9) that for a
nanoplate of negligible thickness, it is given by

AG,y(platelet) = —(x/4)d*(1 ~ lcos ) o)

Adsorption energy thus scales linearly with (1 — Icos 6) in the
case of platelets, instead of quadratically for spheres.

The effectiveness of nanoplates as stabilizers of water-in-
water emulsions is illustrated by our experimental results in
Figure 3. Without stabilizer, the solution demixes into a
dextran-rich upper phase and a gelatin-rich lower phase (Figure
3a). After mixing with hexagonal gibbsite plates with an
effective diameter of ~170 nm and a thickness of ~7 nm, an
emulsion is obtained that remains stable for weeks (Figure 3b).
Larger, ~700 nm sized, gibbsite plates with a thickness of
~35 nm are less effective stabilizers (Figure 3c), which
probably is related to their larger buoyant mass.
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Figure 3. Emulsification of 9% dextran and 3% nongelling fish gelatin
in water using gibbsite nanoplates as a Pickering stabilizer. (a) No
nanoplates. (b) Stable emulsion obtained with gibbsite nanoplates 167
+ 30 nm wide and 6.6 = 1.1 nm thick. (c) Partial emulsification
obtained with larger gibbsite nanoplates, 694 + 45 nm wide and 30 to
40 nm thick. Electron micrographs of (d) 167 and (e) 694 nm
platelets. The arrows in (a) and (c) indicate the water—water interface.
The pictures in (a)—(c) were taken 2 weeks after sample preparation
by vortex mixing.

The thermodynamic tendency of colloidal particles to
sediment is characterized by the so-called sedimentation length
L, = kgT/(Amg), where Am is the buoyant mass of a colloidal

5 . : . 26
particle and g is the acceleration due to gravity.™ The
sedimentation length of the 700 nm platelets is merely
0.02 mm, as compared to 2 mm for the 170 nm platelets.
Lg =2 mm for the smaller platelets is still much smaller than
the size of the glass sample tube, which raises the question why
the small platelets stabilize emulsions so well. We find an
explanation in the microscopic structure of the emulsion
(Figure 4).

(a) (b)

Figure 4. Confocal microscopy of an emulsion of 9% dextran and 3%
gelatin stabilized by (a) 0.4% and (b) 1% of 170 nm sized gibbsite
platelets. The interface is highlighted green due to FITC—dextran; the
gelatin-rich droplets are stained red with Rhodamine B."* (c) Gibbsite
plates (700 nm) at the surface of a dextran-rich droplet in an emulsion
of 5% dextran and 5% nongelling fish gelatin. (d) Gelatin-rich droplet
(1 pL) surrounded by dextran-rich continuous phase on a gibbsite-
covered glass substrate, sharing a three-phase contact angle close to
90° (advancing interface, see SI, movies S6—S9).
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With the small gibbsite platelets (Figure 4a,b), the water—
water interface is presumably covered in a relatively uniform
manner, as evidenced by the loss of spherical shape of the
droplet upon increasing the gibbsite concentration, which
indicates saturation of the surface coverage. The larger platelets
in Figure 4c are clearly found at the surface of the droplet and
exhibit Brownian motion, lying flat as expected but with a
higher concentration at the bottom than at the top of the
droplet (SI, movies S1—S5). The larger platelets not only
render the droplets heavy, but also settle to the bottom of each
droplet, leaving it less well stabilized on top. The smaller
platelets effectively stabilize the droplets, which do not settle,
because a high fraction of the sample volume is filled with
droplets and because some bridging of the droplets by gibbsite
occurs. The system may possibly form a loose gel, but it still
flows as a liquid upon tilting of the sample tube.

A fair question concerns the specificity of gibbsite, a synthetic
clay composed of crystalline aluminum hydroxide, as a stabilizer
of our water-in-water emulsions. Emulsions based on water and
oil have been stabilized by clay(-like) particles, and interactions
between the platelets influence the structure and stability of the
emulsions.”” >’ In our present study at neutral pH and ~5 mM
ionic strength, we can neglect electrical interactions between
the nanoplates and the water—water interface, which is
practically uncharged.16 Chemical affinity between gibbsite
and both types of polymer is, however, indicated by two types
of observations. The effective hydrodynamic size of our gibbsite
nanoplates dispersed in water increases upon addition of low
concentrations of dextran or gelatin (SI, Dynamic light
scattering results). Further evidence is given by the wetting
angle close to 90° for a gelatin-rich droplet in a dextran-rich
continuous phase at a gibbsite-covered glass substrate (Figure
4d and SI, movies S6—S9). The lack of a clear preference of
gibbsite nanoplates for gelatin- or dextran-rich phase is in line
with the observation that they can stabilize both gelatin-rich
droplets in dextran-rich continuous phase (Figures 3b and 4a,b)
and dextran-rich droplets in gelatin-rich continuous bottom
phase (Figures 3c and 4c).

Another question concerns the structure of the interface. In
our theoretical calculations (Figure 2), we treat the water—
water interface as abrupt, ignoring its thickness. We speculate
that, in reality, the nanoplates straddle much of the central
interfacial zone, where the total polymer concentration is
lowest (Figure 1c). The molecular details remain a question for
future study. Nevertheless, it seems clear that chemical affinity
of the platelets for both types of polymer is a prerequisite to
obtain stable water-in-water Pickering emulsions.

In conclusion, nanoplates, instead of nanospheres, are well
suited for the Pickering stabilization of water-in-water
emulsions. They block a relatively large area of the water—
water interface without causing the emulsion droplets to
become so heavy that the emulsion becomes unstable.
Moreover, the adsorption of nanoplates is much less sensitive
to the three-phase wetting angle than spheres, allowing
application in a greater range of chemically distinct interfaces.
One of the current challenges is to find suitable food-grade or
pharma-grade alternatives for gibbsite, for instance plate-like
particles made from protein, polysaccharide, or fat. Our main
contribution here is to provide useful physical insights to guide
the development of novel oil-free emulsions, with a view to
application in cosmetics, pharmaceuticals, or low-calorie foods.
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B METHODS

Biopolymers dextran (Sigma-Aldrich, from Leuconostoc spp., average
molar mass 100 kDa) and gelatin (fish gelatin type A; average molar
mass 100 kDa; gelling temperature 8—10 °C; from Norland Products,
kindly provided by FIB Foods, Harderwijk, The Netherlands) were
dissolved in Milli-Q water, the gelatin solution having been heated to
60 °C before the experiments were performed at room temperature
(20 °C). The pH was 6.2 and the salt concentration approximately
S mM, as deduced from electric conductivity measurements. Polymer
solutions were mixed with colloidal dispersions of gibbsite platelets,
synthesized by hydrothermal treatment of aluminum alkoxides in
acidic environment®>*" and with dimensions characterized by electron
microscopy and atomic force microscopy. Emulsions were imaged by
confocal microscopy, and the dyes Rhodamine B and fluorescein
isothiocyanate—dextran were added to color the gelatin-rich phase and
the liquid—liquid interface, respectively.'® Interfacial tensions were
calculated from the precise densities of the two phases and
microscopic registration of the shape of the water—water interface
after full phase separation; that shape results from a balance between
gravitational energy and the Laplace pressure difference across the
curved interface. Dynamic light scattering was performed using a
Malvern Zetasizer Nano ZS on dispersions whose viscosity had been
measured using an Anton Paar MCR-300 rheometer. Further details
are provided in the Supporting Information.
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Movies with optical micrographs showing 3D scans of gibbsite-
stabilized emulsions and time-dependence of the contact angle
measurements; details of the sample preparations; details of the
determination of ultralow interfacial tensions from optical
micrographs of capillary rise at a vertical wall; methods of the
contact angle measurements; methods and results of the DLS
experiments; methods and additional results of the geometrical
calculations of nanoplate interaction with the water—water
interface. The Supporting Information is available free of charge
on the ACS Publications website at DOI: 10.1021/
acsmacrolett.5b00480.
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