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Core-shell double emulsions produced using microfluidic methods with controlled structural parameters
exhibit great potential in a wide range of applications, but the low production rate of microfluidic methods
hinders the exploitation of the capabilities of microfluidics to produce double emulsions with well-defined
features. A major obstacle towards the scaled-up production of core-shell double emulsions is the diffi-
culty of achieving robust spatially controlled wettability in integrated microfluidic devices. Here, we use
tandem emulsification, a two-step process with microfluidic devices, to scale up the production. With this
method, single emulsions are generated in a first device and are re-injected directly into a second device
to form uniform double emulsions. We demonstrate the application of tandem emulsification for scalable
core-shell emulsion production with both integrated flow focusing and millipede devices and obtain emul-
sions of which over 90% are single-core monodisperse double emulsion drops. With both mechanisms,
the shell thickness can be controlled, so that shells as thin as 3 um are obtained for emulsions 50 um in
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Introduction

Double emulsions are drops within drops, such as water-in-
oil-in-water (WOW) emulsions. Such emulsions have a broad
range of applications including encapsulation of active ingre-
dients for pharmaceuticals," food additives* and enhanced oil
recovery.” For many of these applications, it is important to
produce double emulsions of core-shell geometry with con-
trolled shell thickness and narrow size distribution. Com-
pared to other commonly used methods like tandem mem-
brane emulsification® and phase separation of single
emulsions,” microfluidic methods offer an exquisite control
over drop formation® allowing the production of core-shell
structures with well-defined features. Double emulsions can
be formed in microfluidic devices by various methods, such
as through the controlled splitting of a coaxial two-phase jet

“School of Engineering and Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, USA. E-mail: weitz@seas. harvard.edu

b Department of Chemistry and Chemical Biology, Harvard University, Cambridge,
Massachusetts 02138, USA

¢ Department of Physics, Harvard University, Cambridge, Massachusetts 02138,
USA

t Electronic supplementary information (ESI) available: High-speed camera
movies showing the generation of double emulsions with a single core (S1) and
a double core (S2) in the millipede device and the effect of the outer phase flow
rate on single core double emulsion formation in the flow focusing device (S3).
See DOI: 10.1039/c61c01553k

1 These authors contributed equally to this work.

936 | Lab Chip, 2017, 17, 936-942

in glass capillary’ or in lithography-based microfluidic de-
vices.*® However, for microfluidic methods, the production
rate is low. To exploit the superior properties of double emul-
sions produced by microfluidic devices, it is essential to im-
prove their production throughputs to produce more signifi-
cant quantities.

Some microfluidic methods are inherently not scalable; for
example, glass capillary devices require tapering and manual
alignment of individual capillaries, which is a slow process
with low reproducibility, since each as-produced device is
unique. The only strategy devised so far is to parallelize micro-
fluidic dropmakers to increase the throughput; production
rates of single emulsions up to 1000 ml h™ are achieved for
flow focusing’® and 150 ml h™ for millipede (step-emulsifica-
tion) devices."" Lithography-based microfluidic devices are
straightforward to parallelize because of their “copy and
paste” manner."” To parallelize such microfluidic devices,
one can integrate many identical dropmakers into a single chip
and connect the inlets for the dispersed and continuous
phases, as well as the outlet for the as-produced emulsions via
shared distribution and collection channels.”>™ As such,
through careful design, it is possible to have many
dropmakers operating in parallel without hydrodynamic in-
teractions between individual dropmakers, thus allowing scal-
able production of uniform emulsions. However, to form dou-
ble emulsions, it is critical for the microfluidic device to have
spatially controlled wettability: the first junction should wet
the shell phase while the second junction should wet the
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outer phase. Although this can be accomplished for single
nozzle devices through methods such as flow confinement,
these methods cannot be reproducibly applied to parallelized
devices, since for successful surface modification, all para-
llelized junctions should be properly treated. Thus, given the
difficulty of achieving spatially controlled wettability in paral-
lel devices, it is challenging to robustly scale-up production
rates of double emulsions. This problem can be circumvented
for example by producing only oil-in-oil-in-water (OOW) dou-
ble emulsions'® as this does not require spatially controlled
wettability. Another method is to use a non-planar design
which has a change in height at the location of drop break-
up.'” However, for these methods, flow rates of the continu-
ous phase or material selection are critically limited. As such,
to robustly scale up the production of core-shell double emul-
sions, it is critical to devise an approach to overcome the limi-
tations posed by the difficulty of obtaining spatially segre-
gated wettability in parallelized dropmakers.

In this paper, we describe an approach for the mass pro-
duction of water-in-oil-in-water core-shell double emulsions
that solves the problem of robustly parallelizing microfluidic
devices through the use of tandem emulsification to achieve
spatially segregated wettability. In tandem emulsification, we
directly reinject emulsions made from the first device into the
second one to produce double emulsions,**2° with the surface
of each device appropriately functionalized before the devices
are connected. As the modification of a whole device is facile
and allows uniformity throughout all channels, with tandem
emulsification, many dropmakers can be parallelized into one
set of devices, thus vastly increasing the production rate of
single-core double emulsions. This method can be applied to
both flow focusing devices*' and millipede (step emulsifica-
tion) devices,”> and over 90% of the emulsions obtained by
both methods are single-core monodisperse double emulsion
drops. Tandem emulsification maintains exquisite control
over drop formation for double emulsions with both mecha-
nisms, the shell thickness of single-core double emulsions
can be controlled and volume fractions as high as 66% can be
obtained. The double emulsion volume fraction is defined as
the volume of double emulsions produced divided by the total
volume of all dispersed and continuous phases used. Our
methods provide a scalable, robust approach for the produc-
tion of double emulsions with controlled parameters.

Results & discussion

We demonstrate the use of tandem emulsification by both
flow focusing and millipede polydimethylsiloxane (PDMS)
microfluidic devices fabricated by soft lithography. A set of
tandem emulsification devices consists of two devices whose
surfaces are modified separately before connecting them.
Each device has two inlets and one outlet: the outlet of the
first device is directly connected to the inlet for the dispersed
phase in the second device, so that in total, only three pumps
are required for the tandem emulsification setup, as shown
by the scheme in Fig. 1a-f.
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We first consider a set of flow-focusing devices as
presented in Fig. 1a: in the first flow focusing device, we form
monodisperse water-in-oil (WO) single emulsions with a coef-
ficient of variation (CV) of drop diameter <0.05 as magnified
in Fig. 1b. We operate the first device in a dripping regime to
achieve better control over emulsion formation because in
this range, the drop diameter varies steadily with flow rates
thus it is easier to control the drop size, as shown in Fig. S1.}
The single emulsions formed in the first device are continu-
ously transferred to the second device, where water-in-oil
drops are encapsulated by the continuous aqueous phase
resulting in WOW double emulsions; the temporal evolution
of this process is shown in Fig. 1c. The same dropmaker de-
sign is used for the first and second devices, however, the
surface functionalization changes due to the necessary con-
tact angle condition for drop formation. The outer phase
needs to have a lower contact angle than the inner phase at
the location in the device of de-wetting and drop break-up.
For example, to generate WOW drops, the channels of the
first device are hydrophobic and oil wets the walls for WO
drop formation while the second device is rendered hydro-
philic and the continuous water phase wets the walls to gen-
erate WOW drops.

A critical parameter is the ability to control the core num-
ber of the drops produced. The core number is related to the
as-produced double emulsion core and shell sizes, which is
determined by the flow rate ratio of the inner and middle
phases. In flow focusing devices, the drop diameter highly
depends on the flow rates of the dispersed and continuous
phases because the break-up is governed by two competing
forces: the viscous shear force of the continuous phase
stretching the liquid thread downstream and the surface ten-
sion holding it together.”* Thus, we find that as the ratio of
the inner phase flow rate to the middle phase flow rate in-
creases in the first device, we obtain larger drops, as shown
in Fig. S2a.}

We study the core number and flow rate relationship with
a set of identical flow focusing devices. A flow rate of the in-
ner and middle phase of g; = g, = 800 ul h™ was used while
we change the outer phase flow rate g,. The fraction of
single-core double emulsions is high when the flow rate is
between 800 < g, < 1200 ul h™". Multi-core double emulsions
are generated for g, < 800 pl h™'. In this case, the outer
phase flow is too weak to trigger the drop break-up on time
to encapsulate only a single core. However, in the other ex-
treme for g, > 1200 ul h™, only every other drop formed in
the second device contains a drop, since the drop break-up
frequency is higher than the frequency at which the drops
reach the tip of the nozzle. At an outer phase flow rate of
1200 pl h™, we obtain a 95% yield of WOW single core dou-
ble emulsions. These results are shown in Fig. 2a. We also fix
the flow rate of the outer phase and vary the ratio of inner to
middle phase flow rates. At a flow rate ratio of inner to mid-
dle phases around 1, we obtain the highest portion of single-
core double emulsions for most of the outer phase flow rates
tested as shown in Fig. S2b.f
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Fig. 1 Sketch of the tandem operation of two a) flow focusing and d) millipede (step-emulsification) devices in series with a magnification of the
droplet generation at the first junctions in b) and e) and evolution of the encapsulation of a droplet by c) flow focusing highlighted in blue and f)

step emulsification highlighted in red.

Another important parameter of the single-core double
emulsions is the average shell thickness, x, which is half of the
difference between the inner and outer diameters. We change
the shell thickness of the core-shell double emulsions pro-
duced by changing the channel height of the 1st flow focusing
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Fig. 2 The fraction of no-, single- and two-plus-core double emul-
sions as a function of a) the outer flow rate for the flow focusing de-
vice and b) the ratio of inner to middle flow rates for the millipede de-
vice. The ideal working range with the highest fraction of single-core
double emulsions is highlighted. The broken lines are drawn as guides
to the eye.
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device while keeping the 2nd device height constant. By in-
creasing the channel height of the first device, H;, from 20 pm
to 50 um and 100 um, the inner drop diameter d; and double
emulsion diameter d, both change, and the shell thickness of
the resulting double emulsions decreases from 22 um to 3 um,
corresponding to a relative shell thickness, x/r, decrease from
60% to 5%, with r being the droplet radius. This is shown in
Fig. 3a. One interesting thing here is that increasing the chan-
nel height from 50 um to 100 um does not increase the inner
diameter in the double emulsions. This is because the large
drops formed in the first device are split into several smaller
drops during re-encapsulation to form double emulsions in
the second device, similar to the operation of ultra-thin shell
formation in glass-capillary>* or non-planar lithography-based
devices.”® The double-emulsion drop diameter is set by the
outer water flow rate and is chosen to maximize the fraction
of single-core double emulsions. For the 20 um height device,
the maximum fraction of single core drops achieved is only
about 40%, while it is over 95% for the 50 um and 100 pm
height devices. The theoretical flow rate ratio by mass balance
to obtain single core double emulsions with d, = 70 um and d;
=30 um is g, = 17¢;. Nevertheless, even operating close to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Shell thickness, x, control with flow focusing and millipede devices. a) Control of the relative shell thickness, x/r, by changing the channel
height H; of the flow focusing dropletmaker in the first device and keeping the channel height H, in the second device constant. The shell
thickness depends on the diameter of the inner droplet d; and outer droplet d,. Top images show double emulsions produced with different core
sizes with tandem flow focusing devices. b) Control of the shell thickness by changing the height h; of the high aspect ratio nozzle in the first
device and keeping the channel height h, in the second device constant. Increasing the nozzle height results in larger d; while d, remains
constant, hence decreasing the shell thickness. The broken lines are drawn as guides to the eye. Top images show double emulsions produced
with different core sizes with tandem millipede devices. The black dashed vertical line highlights the condition with equal channel heights in the

first and second devices.

theoretically ideal flow rate ratio results in a large fraction of
single emulsions at ~40% and multi-core double emulsions at
~20%. This occurs because it is very challenging to control the
re-injecting frequency and spacing between drops if the flow
rate ratio of g, > ¢;, and as such, the encapsulation statistics
under such dilute conditions converges to a Poisson
distribution.

We also applied tandem emulsification with millipede de-
vices as shown in Fig. 1d, similar to the setups applied to flow
focusing tandem emulsification. Uniform single emulsions
are produced in the first millipede device in the dripping re-
gime, as shown in Fig. 1e, and are re-injected into the second
millipede device with different surface functionalization. The
temporal evolution of the encapsulation of a water-in-oil drop
into the continuous water phase resulting in WOW emulsions
is shown in Fig. 1f.

In millipede devices, a triangular reservoir is added to the
end of each nozzle; this reservoir slows down the fluid flow,
and establishes quasi-static conditions, so the drop size in the
dripping regime depends on the device geometry and proper-
ties of continuous and dispersed phases rather than flow rates
of inner or middle phases.>*>® As a result, the drop diameter
of double emulsions and the core size of single-core double

This journal is © The Royal Society of Chemistry 2017

emulsions are determined by the channel height of the second
and first millipede devices, respectively. Thus, with a specific
set of millipede tandem emulsification devices, to maximize
the percentage of single-core double emulsion drops in the
produced emulsions, the ideal flow rate ratio of the inner to
middle phase flow rates is equal to the volume ratio between
the core and shell materials of the as-produced single-core
double emulsions. With two millipede devices having the
same channel height z = 20 pm, the as-produced WOW single-
core double emulsions are about 100 um in diameter with a
core diameter around 70 pum, which corresponds to a 1:2
core-to-shell material ratio. We vary the ratio of ¢; and ¢, to
optimize the fraction of single-core double emulsions
obtained. The maximum percentage of single-core double
emulsions is achieved at a ratio of ¢j:g, = 1:2 which is in
good accord with the calculated value. At this ratio, over 90%
of the formed drops are single-core double emulsions. Multi-
core double emulsions are attained at a ratio of g;: g, = 1. For
the ratio of g;: g, < 0.5, the frequency of the re-injected water
drops is too low compared to the pinch-off frequency in the
second millipede device. Consequently, every other drop is an
oil-in-water drop. These results are shown in Fig. 2b. The for-
mation of single- and double-core double emulsions by step-
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emulsification in a controlled manner is shown in videos S1
and S2.f

Shell thickness control in tandem millipede devices is
straightforward as we can simply change the device height to
change the core and double emulsion diameters. We demon-
strate shell thickness control in tandem millipede devices by
keeping the channel height of the second device the same
while changing the channel height of the first device from 10
pum to 25 um. d, remains nearly constant around 90 um,
while d; matches the empirical relation reasonably well. As a
result, the shell thickness varies from 26 um to 3 um, corre-
sponding to a decrease in the relative shell thickness from
0.58 to 0.07, as shown in Fig. 3b.

We parallelize both flow focusing and millipede
dropmakers in a 2D array to scale up their production levels.
Only a single inlet is required for each of the inner, middle
and outer phases to feed the dropmakers, and the product is
collected from a single outlet. The dimensions of the
dropmakers used to generate WO drops in the first device and
the dropmakers used to generate WOW double emulsions in
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the second device are identical. The inner phase in the first
device or single emulsions in the second device enter through
the inlet and are evenly distributed by bifurcations to the indi-
vidual nozzles in the flow-focusing devices. Thus, the number
of nozzles is by design always a power of two. Here, the bifur-
cations are crucial, since for flow-focusing, drop breakup is
governed by the shear exerted by the continuous phase on the
dispersed phase, and as such, a uniform distribution of the
dispersed and continuous phases among dropmakers in the
parallelized device is necessary for achieving uniform produc-
tion rates and sizes across all nozzles. The distribution chan-
nels of the outer phase are a mirror image of that of the inner
phase, but with one additional bifurcation to pinch-off the in-
ner phase flow symmetrically from two sides. We also add an
additional layer which connects all outlets of the first layer to
one large channel to form a single outlet."* Such a collection
or distribution channel**?*?° is an elegant way to reduce the
number of connections and pumps, although it requires
through-holes in the first layer and an additional bonding
step. This design is shown in Fig. 4a.
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Fig. 4 Scale-up production of double emulsions. a) Flow focusing devices are copied and pasted in a row with a single feed for the continuous
and dispersed phases. An additional PDMS layer is bonded on top of the device to connect all outlets by one channel to collect all droplets and
lead them through a single tube to a vial. b) Step-emulsification nozzles are arranged along a straight distribution channel in the first parallelized
device. In the re-injection device, the nozzles are radially distributed around the inlet to achieve a homogenous encapsulation. c) Flow focusing
devices (FFD) have an order of magnitude higher flow-rate per nozzle than millipede devices. The maximum throughput scales linearly with the
nozzle number for both methods. d) However, the throughput per device volume or specific throughput increases faster for millipede than flow
focusing as the millipede devices can be arranged more economically. The broken lines are drawn as guides to the eye.
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In contrast to the parallelized flow-focusing devices, in the
millipede devices, there is less need for even distribution of
the dispersed and continuous phases to each channel, and as
such, we circumvent the need to use bifurcations to evenly
feed each dropmaker. Thus, millipede dropmakers can be
more closely packed. A linear arrangement of dropmakers is
most economical in terms of space and commonly applied for
single emulsion generation.’ However, if we re-inject single
emulsion drops into a millipede device with a linear arrange-
ment, the re-injected drops accumulate towards the end of the
linear inner-phase distribution channel. The volume fraction
of single-emulsion drops is between 10-20% close to the de-
vice inlet and increases to almost 80% for the nozzles farthest
away from the inlet as shown in Fig. S3a and b of the ESL}
Thus, with a linear configuration, the nozzles closer to the in-
let produce a high fraction of oil drops with no core while the
nozzles farther away from the inlet produce multi-core double
emulsions. Thus, to achieve a homogeneous distribution
among dropmakers compared to a linear device, we arrange
the dropmakers in a circular device so that they are radially
distributed around the inlet,”®*> as shown in Fig. 4b. In circu-
lar devices, drops are re-injected with nearly the same rate into
each dropmaker, as shown in Fig. S3a and c of the ESLf

We also investigate the production rate, which is the sum
of the inner and middle phase flow rates, for the para-
llelized devices. The production rates scale almost linearly
with the number of nozzles for the investigated range for
both parallelized flow focusing and millipede devices, as
shown by the blue squares and red circles for parallelized
flow focusing and millipede devices, respectively, in Fig. 4c.
The production rates decrease with increasing viscosity of
the inner or middle phases in the flow focusing®® and milli-
pede devices.>® The lower throughput can be partially com-
pensated in the flow focusing devices by increasing the con-
tinuous phase viscosity.®® In contrast, in the millipede
devices, the throughput still decreases with increasing vis-
cosity of the continuous phase.’* Nevertheless, we expect the
production rate to increase further by increasing the number
of nozzles in a device, for example, by 3D parallelization
using several layers of flow focusing’®* or millipede de-
vices. Another important figure of merit for scaled-up pro-
duction of double emulsions is the specific production rate,
which is the production rate per volume of the device, as it
is key for assessing the performance of parallelized
dropmakers. For millipede devices, initially, as the number
of nozzles increases, the specific production rate increases
almost linearly. This occurs because common regions such
as inlets, outlets, distribution channels and the reinjection
reservoir dominate the device volume when there are not
many nozzles, and as such, adding additional nozzles only
slightly increases the total device volume. By contrast, for
the parallel flow focusing devices, the specific production
rate does not change much as we pack more nozzles, be-
cause the total device volumes of the parallelized flow focus-
ing devices scale almost linearly with the number of nozzles.
This occurs because the incorporation of additional nozzles
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in the parallel flow focusing devices requires addition of bi-
furcating channels for the distribution of the dispersed and
continuous phases to each nozzle. Despite the low produc-
tion rate per nozzle, the millipede devices have a higher spe-
cific production rate than the flow focusing devices for the
range investigated due to their denser packing of nozzles.
The specific production rate, measured as double emulsion
production rate in liters per hour per liter of device volume,
as a function of nozzle number is shown in Fig. 4d.

Experimental

The microfluidic devices are fabricated with PDMS (Dow
Corning Sylgard 184, MI) using conventional soft lithography
with a negative photoresist (SU8, Microchem, MA)."> We apply
two layers of the photoresist and two UV exposure steps to
produce a step in channel height for millipede devices.*> The
thickness of the second layer is five to ten times the height of
the first layer. The transparency mask for the second exposure
is aligned with the first layer using a mask aligner (ABM, CA).
The PDMS channels are closed by bonding the PDMS to glass
using oxygen plasma (Plasma Etch, PE 50-HF, NV) for 12 s at
30 W. The surface of the first device is rendered hydrophobic
by flushing all channels with a solution of 2 vol%
trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (Sigma-Aldrich,
MO) dissolved in fluorinated oil (Novec 7500, 3M, MN). The
second device is immersed in DI water right after plasma
bonding to conserve its hydrophilic surface properties and
used within a few hours after bonding. For parallel flow-
focusing devices, an additional layer containing the collection
channel is bonded to the PDMS layer containing dropmakers
using oxygen plasma for 30 s at 80 W.

The liquid phases are injected into the device through poly-
ethylene tubing (PE/5, Scientific Commodities Inc., AZ) using
pumps (Harvard Apparatus, MA). We use DI water for the in-
ner phase with a viscosity of # = 0.89 mPa s, fluorinated oil
(Novec 7500, 3M, MN) with 1 wt% surfactant (PEGylated
Krytox, RAN Biotechnologies, MA) and 7 = 1.41 mPa s for the
middle phase, and DI water with 1 vol% Triton X-100 (Sigma-
Aldrich, MO) with 5 = 1.01 mPa s for the outer phase. The vis-
cosities are measured with a rheometer using a double gap
concentric cylinder (MCR 501, Anton Paar, Austria). Images
and movies are acquired with an inverted microscope (Leica,
Germany) using 5% and 10x objectives and a high speed cam-
era (Phantom V9, Vision Research, NJ). The drop sizes are ana-
lyzed with Image] software. We measure the interfacial tension
using the pendant drop method on a home built tensiometer.

Conclusions

We use tandem emulsification to achieve robustly segre-
gated wettability in parallelized microfluidic devices for the
scaled-up production of single-core WOW double emulsions.
We demonstrate tandem emulsification in parallelized flow
focusing and millipede devices for the production of double
emulsions with controlled shell thicknesses. We achieve
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production rates of about 60 mL h™ for 32 parallelized flow
focusing devices which corresponds to a frequency of 630
droplets per second and nozzle, while for tandem millipede
devices, we achieve production rates of 20 mL h™" using a
device with 200 parallelized nozzles which is equal to a fre-
quency of 80 droplets per second and nozzle. The produc-
tion rates obtained are comparable to those previously
reported for WOW double emulsions produced using para-
llelized dropmakers. However, tandem emulsification allows
easy device fabrication and convenient segregated surface
modification thus double emulsions with a high volume
fraction can be produced in a well-controlled manner. Addi-
tionally, this method is applicable to a wide range of core
and shell materials, and as such can be used to scalably
produce a diverse array of microcapsules. While we have
demonstrated the scaled-up production of WOW double
emulsions using tandem emulsification, this method can
easily be applied to produce OWO double emulsions by re-
versing the wettabilities of the first and second devices. Fur-
thermore, we can also produce higher order emulsions,
such as triple emulsions, by re-injecting the as-produced
WOW or OWO double emulsions into a third device for re-
encapsulation. Our approach provides a general route for
the scaled-up production of complex emulsions with well-
controlled structural parameters.
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