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ABSTRACT

Herein, we present a microfluidic platform that generates particle-stabilized water-in-water
emulsions. The water-in-water system that we use is based on an aqueous two-phase system of
polyethylene glycol (PEG) and dextran (DEX). DEX droplets are formed passively, in the

continuous phase of PEG and carboxylated particle suspension, at a flow focusing junction inside



a microfluidic device. As DEX droplets travel downstream inside the microchannel,
carboxylated particles that are in the continuous phase partition to the interface of the DEX
droplets, due to their affinity to the interface of PEG and DEX. As the DEX droplets become
covered with carboxylated particles, they become stabilized against coalescence. We study the
coverage and stability of the emulsions, while tuning the concentration and the size of the
carboxylated particles, downstream inside the reservoir of the microfluidic device. These
particle-stabilized water-in-water emulsions showcase good particle adsorption under shear,
while being flowed through narrow microchannels. The intrinsic biocompatibility advantages of
particle-stabilized water-in-water emulsions make them a good alternative to traditional particle-
stabilized water-in-oil emulsions. To illustrate a biotechnological application of this platform, we
show a proof-of-principle of cell encapsulation using this system, which with further

development, may be used for immunoisolation of cells for transplantation purposes.

Introduction

Using colloidal particles to stabilize droplets against coalescence was first reported in the early
1900s.2? Since then, particle-stabilized emulsions (so-called Pickering Emulsions) have been
exploited in a variety of different fields. Some of the biotechnological applications of particle-
stabilized emulsions include drug encapsulation and drug delivery.® The deposition of particles
onto liquid-liquid interfaces is also utilized for the realization of new structures and materials.
For example, hollow colloidosomes, based on water-in-oil emulsions, are produced to serve as
immunoisolation agents,®’ and porous silica is made by using stabilized emulsions as a

template.® Particle-stabilization of both oil-in-water and water-in-oil emulsions are studied



extensively, and particles based on iron,® protein,® silica,!* latex,'> and cellulose®® are all

effective stabilizing agents for oil-in-water and water-in-oil systems.

The conventional method of producing particle-stabilized emulsions is bulk emulsification,
which involves mixing and stirring immiscible liquids with colloidal particles. This method of
emulsification results in the generation of highly polydisperse droplets with different degrees of

coverage, thus making it an unsuitable method for size-controlled emulsification.*

The advent of microfluidics in the past two decades is enabling the generation of highly
monodisperse and functionalized water-in-oil and oil-in-water emulsions in a controlled
fashion.’>1" As a result, researchers are using microfluidics to generate monodisperse particle-

stabilized emulsions.1820

However, due to the toxicity of the organic oil phase, traditional particle-stabilized water-in-oil
emulsions are not suitable for direct use in biotechnological applications, such as
immunoisolation and drug delivery. An additional washing step is required to remove the oil
phase from the particle-stabilized droplets, prior to their use.®?! For example, in the generation of
hollow colloidosomes, the water-in-oil emulsions are washed and then transferred to an aqueous
environment.® Although washing with an oil-soluble solution lightens the toxicity of the system,
the shear stress caused by the washing flow may damage the assembly and the fine structure of

the colloidal particles on the interface.?!

Replacing the toxic organic continuous phase with a biocompatible fluid helps to eliminate the
washing steps. This is a major reason why particle-stabilized water-in-water emulsions are
desirable. Such water-in-water emulsions are based on aqueous-two-phase systems (ATPS),

which are comprised of two incompatible polymeric aqueous solutions. ATPS have been



traditionally used as separation platforms for cells and macromolecules, based on their affinity
partitioning and biocompatibility.?? The mild environment of ATPS, which is due to their high
water content, helps maintain the viability of biological samples.?-%® The biocompatibility of
ATPS makes them suitable candidates for making particle-stabilized emulsions for

biotechnological applications.

Nevertheless, the ultra-low interfacial tension of ATPS makes it challenging to generate water-
in-water emulsions using conventional microfluidic platforms, where syringe pumps are used to
introduce the solutions.?”  As a result, a variety of active methods are proposed to realize
microfluidic generation of water-in-water emulsions.?®-3* Recently, our group also introduced a
passive microfluidic platform, that exploits the weak hydrostatic pressure difference of fluid
columns from liquid-filled pipette tips inserted at the inlets of the dispersed and the continuous

phases, to generate water-in-water droplets.3

In addition to generating water-in-water emulsions, realization of particle-stabilized water-in-
water emulsions depends on the affinity of the selected particles to the fluid-fluid interface. The
partitioning of particles within an ATPS depends highly on the surface interaction between the
particles and the two aqueous phases. For example, emulsions of dextran-in-methylcellulose and
dextran-in-polyethylene oxide can be stabilized by fat?* and protein particles,®*3® respectively,
using bulk emulsification. Recently, Tsukamoto et al. reported affinity partitioning of
carboxylated particles to the interface of an ATPS of polyethylene glycol (PEG) and dextran

(DEX) within a microfluidic co-flow system.%’

In this paper, we utilize our group’s passive microfluidic platform,3 and the recently

demonstrated affinity partitioning of carboxylated particles in the ATPS of PEG and DEX,* to



generate particle-stabilized water-in-water emulsions. To the best of our knowledge, this is the
first microfluidic implementation to generate particle-stabilized water-in-water emulsions. We
make monodisperse DEX droplets at a flow focusing junction, in a continuous phase of PEG and
carboxylated particles. As the DEX droplets travel downstream, carboxylated particles gradually
cover the outer surface of the droplets by partitioning to the interface of the PEG and DEX
phases. We study the effects of the size and concentration of the carboxylated particle suspension
on the coverage and stability of the particle-stabilized DEX droplets. Finally, we show that the
particle-stabilized water-in-water emulsions can be used to encapsulate cells, demonstrating the

potential biotechnological application of this approach for cellular immunoisolation.

Experimental section

Chemicals

We follow the protocol developed by Atefi et al.® to prepare the ATPS. We prepare stock
solutions of PEG 10 w/v% (PEG; My 35k, Sigma Aldrich, St. Louis, MO, USA) and DEX 12.8
w/v% (DEX, My 500k, Pharmacosmos, Holbaek, Denmark) in deionized (DI) water. We mix
these two stock solutions together inside a Falcon™ tube (BD Medical, Franklin Lakes, NJ,
USA) and let the mixture phase separate over a course of 24 hours. Then, the top phase
(equilibrated PEG phase) and bottom phase (equilibrated DEX phase) are separated and
transferred to separate Falcon™ tubes, using syringes (BD Medical, Franklin Lakes, NJ, USA).
The interfacial tension of the ATPS, as reported by Atefi et al.,®® is ¥y = 0.082 mN m™. The
dynamic viscosities of the DEX and PEG phase are ypgxy = 65.1 mPa s and pupg; = 15.0 mPas,

respectively.3®



Microparticle suspension

To make our particle suspension, we use Polybead® carboxylate microsphere solutions of
diameter d = 1, d = 6 and 10 pm (Polysciences, Inc., Warrington, PA, USA). Based on the
particle solutions’ data sheet, these carboxylated particles are negatively charged. We add 1 and
10 pL of the d = 1 um diameter carboxylated microsphere, 10.8, 86.6, 108 and 173 pL of the d =
6 um diameter carboxylated microsphere solution, and 50, 100, 200 and 600 pL of the d = 10 um
diameter carboxylated microsphere solution, to 1 mL of phase separated PEG inside a safe-lock
tube (Eppendorf, Hamburg, Germany) separately. After vigorously mixing the particles with
PEG, we centrifuge the particle suspensions and remove the carrier liquid using a pipette. Then,
we add 1 mL of phase separated PEG to the washed carboxylated particles to complete the
particle suspensions. These different microparticle suspensions are used in order to observe the
effect microparticles’ size and concentration on the coverage and the stability of the DEX

droplets.

Cells

Acute Myeloid Leukemia (AML) cells are used in cell encapsulation experiments. Cells are
cultured in Minimum Essential Medium (MEM) with 10% fetal bovine serum (FBS). After
culture, cells are incubated inside a T-25 flask, at 37 °C with 5 % CO,. After a day of incubation,
cells are taken out from the T-25 flask (Thermo Scientific, Waltham, MA, USA) and transferred
to a Falcon™ tube. Next, the cells are centrifuged to form a pellet at the bottom of the Falcon™
tube. Finally, after discarding the MEM solution, the cells are re-suspended in 1 mL of phase

separated DEX solution.



Device fabrication

We use the standard soft lithography technique to make microfluidic devices.*® To make a
patterned photomask, we draw our microchannel design on a computer-aided design (CAD)
software (AutoCAD 2016, Autodesk, Inc., San Rafael, CA, USA), and then the design is printed

on a transparency sheet (CAD/ART Services Inc., Bandon, OR, USA).

We use a 4-inch diameter silicon wafer (UniversityWafer, Inc., Boston, MA, USA) to fabricate
the microchannel features. We spin-coat SU-8 2050 photoresist (Microchem, Newton, MA,
USA) on the silicon wafer. To create the microchannel patterns, we expose the spin-coated wafer
to UV light through the patterned photomask. At the end, we remove the unexposed photoresist
by washing the wafer with a developer solution, to complete the fabrication of the silicon master

mold.

We fill the silicon master mold with a 10:1 ratio mixture of polydimethylsiloxane (PDMS)
resin to curing agent (Sylgard 184, Dow Corning, Midland, MI, USA) and let it cure in an oven
for 2 hours. Then, we cut the PDMS slab from the master, and we use 1 mm and 4 mm diameter
biopsy punches (IntegraMiltex, Inc., Rietheim-Weilheim, Germany) for making inlets and outlet,
respectively. To complete the device fabrication, we use oxygen plasma treatment (Harrick

Plasma, Ithaca, NY, USA) in order to bond the PDMS slab to a glass slide.

Experimental Setup
Experimental images and videos are captured using an inverted microscope (1X71, Olympus
Corp., Tokyo, Japan) with a connected high-speed camera (Miro M110, Vision Research,

Wayne, NJ, USA) (Figure. 1 (a)). We use ImageJ™ software to process videos and images.



We use our group’s passive water-in-water droplet generation approach to infuse the liquids
into the microfluidic device, and make emulsions.3* DEX, and the suspension of carboxylated
particles in PEG, are filled into separate 200 pL pipette tips, and subsequently inserted into their
respective inlets on the microfluidic device (Figure 1(b)). The liquid column heights we use for
DEX and the solution of PEG and suspended carboxylated particles are 2.5 and 3.5 cm,
respectively. This set of column heights is selected to ensure hydrostatic pressures that cause
generation of monodisperse DEX droplets in the dripping regime. The flow speed established is
also low enough to lead to the partitioning of carboxylated particles to the surface of the DEX

droplets within the microfluidic device.

As seen in Figure 1(c), the microfluidic device is comprised of two inlets and one outlet. The
inlet channels converge at a flow focusing junction, and connect to the main channel through an
orifice, which is 30 um wide. The main channel, which is a long serpentine channel, is connected
to a large circular reservoir near the outlet. All channel heights h = 50 um. The flow of the DEX
phase converges with the flow of the suspension of carboxylated particles in PEG, and DEX
droplets with a diameter of D = 50 um are generated (Figure 1(d)). As DEX droplets travel
downstream through the serpentine channel, carboxylated particles in the continuous phase

gradually partition to the outer surface of the DEX droplets.



Figure 1. (a) An inverted microscope and a high-speed camera are used to monitor experiments
and record videos. (b) Experimental setup of the microfluidic system, with pipette tips inserted at
the inlets for infusion of the fluids into the chip. (c) Schematic diagram of the microfluidic
device. A patterned PDMS slab is bonded to a glass slide, using a plasma chamber. (d)
Schematic diagram of the flow-focusing junction of the microfluidic device. We generate the

droplets at a flow-focusing junction with an orifice.

Results and discussion

Figure 2 shows time-series experimental images of particles partitioning to the interface of the
DEX droplets, for different concentrations of d = 10 um diameter carboxylated particles. We
observe that, generally, particle coverage on the DEX droplets increases with the amount of time
the droplets spend in the serpentine microchannel, and higher particle concentrations result in
more complete droplet coverage. A time-series images of a DEX droplet becoming covered with
d = 6 um diameter carboxylated particles can be seen in the Supplementary Material, Figure S1.

We also count the number of particles partitioning to the outer surface of the droplets, for

9



different particle sizes and different particle concentrations, from the moment the droplets are
generated (which corresponds to time t = 0 s) until they reach the reservoir (t = 450 s). We
describe the degree of droplet coverage Nd?/4D?, as the ratio of N, the number of particles
partitioned to the droplet, to 4D?/d?, the maximum number of particles that the surface area of
the droplet can geometrically accommodate. Here, we assume that each carboxylated particle, of

diameter d, covers a surface area equal to wd? /4.
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Figure 2. Time-series images of DEX droplets being covered with d = 10 pum diameter
carboxylated particles, at different particle concentrations, in the serpentine region of the
microfluidic device (see movie 1 in Supplementary Information). Higher particle concentrations

result in faster coverage of the DEX droplets. Scale bar indicates 50 pum.

How well the carboxylated particles cover and remain on the interface of the DEX droplets is
primarily affected by the competition between several physical phenomena. The binding energy
or Gibbs desorption free energy AG = yd?(1 — cos8)?/4,* tends to keep the particles on the

liquid-liquid interface. This energy is opposed by energies that try to pull the particles away from

10



the liquid-liquid interface, including the thermal energy kT, the Stoke’s drag-based shear energy
on the particle 6mupz;udD/2, and the electrostatic repulsion energy between the charged
carboxylated particles and the liquid-liquid interface. Here, 6 is the contact angle between the
liquid-liquid interface and the particle surface, Boltzmann’s constant k = 1.38 X 102 m? kg s
K1, and temperature T = 293.15 K. The droplet flow speed u = 6.1 um s is kept constant in our

experiments by careful tuning of the hydrostatic liquid column heights.

It is known that an electrostatic repulsion energy exists between charged particles and oil-
water interfaces, which affects the partitioning of charged particles onto the interfaces.?® This
electrostatic repulsion increases with the difference in the dielectric constants of the two phases
that form the liquid-liquid interface.*> However, in our experiments with water-in-water
emulsions, the carboxylated particles do not experience significant electrostatic repulsion forces
from the liquid-liquid interface because the dielectric constants of both PEG and DEX phases, at
such low polymer concentrations, are very close to that of water.**** Therefore, we neglect

electrostatic repulsion in our analysis.

To better understand how the remaining phenomena affect the ability of particles to remain on
the liquid-liquid interface, we compare the orders-of-magnitude of each energy. Keeping the
particles on the interface is the Gibbs free energy of desorption AG = 0(108) J, where we
assume that the two liquid phases have approximately the same degree of wetting on the particle
surface, so the contact angle 6 = 90°. In our experimental setup, the thermal energy kT = 0(10
21) J, and the shear energy on the particle 6mupzcudD/2 = 0(1078) J. Therefore, the thermal
energy has a negligible effect on how well the carboxylated particles remain on the interface of
the DEX droplets, and we find that the competition between the binding and shear energies is
what decides whether partitioned particles stay on the interface of the water-in-water droplets.

11



Using an order-of-magnitude estimation, by equating the two most dominant energies, the
shear energy 6mupr;udD/2 and the binding energy yd?(1 — cos0)?/4,we find that the critical
carboxylated particle diameter dc = O(1) pm, below which carboxylated particles do not stay
attached to the droplet interface. Carboxylated particles that are smaller than d. = 0(1) pm
experience a higher shear energy than the binding energy and as a result, can easily get washed
away from the surface of the DEX droplets. On the other hand, particles that have diameters
greater than d. = O(1) um possess higher binding energy, compared to shear energy. Therefore,

they stay on the surface of the DEX droplets.

Figure 3 is a plot of the droplet coverage Nd?/4D? versus the particle number concentration
C. Based on the results shown on Figure 3, particles of both diameters d = 10 ymand d = 6 um
stay on the surface of DEX droplets. This observation is consistent with the order-of-magnitude
estimation of the critical particle diameter, d. = 0(1) pum, above which particles remain on the
interface. We find that the droplet coverage increases monotonically with particle concentration
for both particle sizes. As particle concentration increases, the chance of a particle colliding with
the surface of the DEX droplets increases. The increase in particle-interface collisions increases

the coverage of the DEX droplets.

Moreover, using larger d = 10 um diameter particles results in better coverage, compared to
stabilizing with the smaller d = 6 um diameter particles. The lower DEX droplet coverage
obtained with d = 6 um diameter particles is an indication that this particle diameter is near the
critical particle diameter dc, below which shear stresses overcome the particle-interface binding

energy, and particles detach from the droplet interface more easily.

12



We also use d = 1 um diameter carboxylated particles with particle number concentration C =
4.55x107 particles mL™? and C = 4.55x108 particles mL, and in these experiments, we do not
observe any particles remaining on the interface of the DEX droplets. Those particles that
interact with the surface of the DEX droplets are washed away soon after, indicating that the
shear energy on the particles is greater than the particles’ binding energy to the DEX droplet
interface (see Supplementary Information movie 2). This observation further demonstrates that

the actual value of the critical carboxylated particle diameter, d, lies between 1 — 6 pum.

We note that, in our microfluidic geometry, the DEX droplets cannot achieve a complete
droplet coverage Nd?/4D?= 1, because the generated droplet diameter D is the same as the
channel height h. Since the carboxylated particles cannot partition to areas of the droplet that are
in contact with the PDMS (i.e. the top and bottom surfaces), we observe a maximum droplet

coverage Nd?/4D? = 0.75.
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Figure 3. Plot of droplet coverage Nd?/4D? versus carboxylated particle number concentration
C in the PEG phase. The coverage of the DEX droplets increases with the particle concentration

and particle size. Scale bars indicate 50 pm.
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We flow the DEX droplets into a large reservoir in our microfluidic device (see Figure 1) to
quantify the ability of the particle-stabilized droplets to withstand coalescence. As the DEX
droplets enter the reservoir, they slow down and as a result, droplets come in contact with one
another. We measure the reservoir entering droplet diameter, D, and compare with the reservoir
exiting droplet diameter, Dy, to quantify the amount of coalescence taking place in the reservoir.

The DEX droplets travel inside the reservoir for about t = 450 s.

Figure 4(a) shows a plot of the diameter ratio, Ds/D;i, versus the coverage Nd?/4D? . As the
coverage of the DEX droplets increases, D/D; decreases, meaning that the droplets are becoming
stable against coalescence and preserving their size. Figure 4(b) shows that for a given particle

concentration, larger particle size results in lower incidences of coalescence.
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Figure 4. (a) Plot of the final to initial droplet diameter ratio Ds /D; versus droplet coverage
Nd?/4D?. As expected, an increase in droplet coverage Nd?/4D? results in a decrease in the

diameter ratio Dr/D; indicating that droplets become stabilized against coalescence. (b) Plot of
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the final to initial droplet diameter Ds/D; versus particle concentration C. We observe that larger
particles at higher concentration are more effective in droplet stabilization. (c) Inset shows a
time-series of images of two particle-stabilized DEX droplets inside the reservoir of the
microfluidic device. Despite being in contact over the course of 450 s, the two droplets do not

coalesce. Scale bar indicates 50 pum.

These particle-stabilized water-in-water emulsions also exhibit the ability to retain particle
coverage under shear. Figure 5 shows a time-series of images of a single particle-stabilized
emulsion squeezing through a small microchannel construction, inside the reservoir of the
microfluidic device. Despite the low free energy of desorption of the particles, only a small
number of particles desorb from the DEX droplet surface while the droplet squeezes through the
constriction. The particle aggregation observed in Figure 5 can be attributed to the binding
energy between the particles, as a result of the presence of PEG molecules inside the particle

suspension.*
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Figure 5. Time-series images of a particle-stabilized DEX droplet squeezing and flowing
through a narrow constriction, which is located inside the reservoir of the microfluidic device.
Stabilizing particles have diameter d = 10 um. Most particles remain on the droplet as the droplet

exits the narrow constriction and return to a spherical shape. The scale bar indicates 50 pm.
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As a proof-of-concept example of the biotechnological application of this system, we
encapsulate AML cells using this platform, in a water-in-water DEX droplet that is stabilized by
d = 10 um diameter carboxylated particles. Figure 6 shows the encapsulation of an AML cell
inside a particle-stabilized DEX droplet. The biocompatibility of these ATPS-based particle-
stabilized emulsions make them a good alternative to water-in-oil emulsions for cell-
encapsulation and immunoisolation purposes, and other biotechnological applications. Based on
our AML cells viability studies (which can be found in the Supplementary Material, Figure S2),

the presence of DEX does not impinge on the viability of the AML cells.

t =150s t=190s
Figure 6. Time series images of a single particle- stabilized DEX droplet encapsulating an AML

cell. The particles are 10 um in diameter. Scale bar indicates 20 pum.

Conclusions

We present a microfluidic platform that enables the generation and stabilization of water-in-
water emulsions, using carboxylated particles. We utilize a flow-focusing microfluidic device to
generate water-in-water emulsions of DEX-in-PEG. Carboxylated particles that are suspended in

the continuous phase of PEG gradually partition to the outer surface of DEX droplets, and over

16



time, they cover the droplets. Changes in the particle size and the particle concentration affect
the coverage and stability of the DEX droplets. Owing to their intrinsic biocompatibility,
particle- stabilized water-in-water emulsions are a good alternative for traditional particle-
stabilized water-in-oil emulsions. These emulsions could be utilized in a variety of

biotechnological applications, such as cell encapsulation and drug delivery.
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