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Delivery of double emulsions in air is crucial for their applications in mass spectrometry, bioanalytics, and
material synthesis. However, while methods have been developed to generate double emulsions in air,
controlled printing of double emulsion droplets has not been achieved yet. In this paper, we present an
approach for in-air printing of double emulsions on demand. Our approach pre-encapsulates reagents in
an emulsion that is reinjected into the device, and generates double emulsions in a microfluidic printhead
with spatially patterned wettability. Our device allows sorting of ejected double emulsion droplets in real-
time, allowing deterministic printing of each droplet to be selected with the desired inner cores. Our
method provides a general platform for building printed double emulsion droplet arrays of defined
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Introduction

Double emulsions are complex colloidal systems and consist
of single or multiple liquid inner cores that are separated
from a carrier fluid by a layer of immiscible liquid shell."”
The core-shell structure of the double emulsions allows
manipulation of the compositions via encapsulating the
desired materials in the inner cores or tuning liquids of the
shells.® This property affords synthesis of various types of
particles and capsules, which have found diverse applications
in areas of food, cosmetics, pharmaceutics, and biology, such
as the production of low-calorie food, synthesis of chemicals,
controlled delivery and release of drugs, and directed
evolution of enzymes and proteins.®™**

Microfluidics has emerged as an effective platform to make
monodispersed double emulsions, and exhibits unmatched
controllability and flexibility by tuning of the wettability and
dimensions of microfluidic channels."” ™ In general, the
generation of double emulsions in a microfluidic device is
mainly in liquid phase; liquid carrier flow provides a steady
shear stress and can disperse continuous liquids to form double
emulsions in a controllable manner.'>'* While it is more
challenging to utilize air flow to make double emulsions, there
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are many cases that controllable delivery of double emulsions
in air are valuable.'”®* For instance, ejecting of double
emulsions with unstable compounds encapsulated in the inner
cores can address their targeted delivery in air, precision
ejection of double emulsion droplets allows their interfacing
with the activated component in a mass spectrometer, and
printing of double emulsion droplets onto analytical substrates
allows high-throughput screening of biological assays.

Methods for generation of double emulsions in air mainly
rely on two types of mechanism, one utilizing a gas stream to
shear off the continuous liquid phase and the other one
based on forces arising from an electric filed.>**” Because
gases have a much lower viscosity compared with that of a
liquid phase, there is a need of high pressure of gas flow to
generate enough shear stress such that droplets can be
formed.>****’ In this case, however, droplet formation works
in the jetting regime, typically yielding a high generation
speed, which is difficult to be utilized subsequently, such as
interfacing with mass spectrometry. Electrospray technique
utilizes electrohydrodynamic forces to generate coaxial jets of
immiscible liquids through two concentric tubes or
microfluidic channels, with the inner one containing an
aqueous solution and the outer one containing o0il.**** The
compound jet can be emitted under the actuation of electrical
signals to generate double emulsions. Although the
generation speed is low (tens to hundreds of Hz), without
manipulation of ejected droplets, the ejection is not on-
demand, and thus it is not suitable to be utilized for
applications like printing. To enable controllable generation
of double emulsions in air with utility for printing, an optimal
method would be developed with a capability of precise
manipulation of droplets during generation and ejection.
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In this paper, we describe an approach that is capable of
deterministically printing double emulsion droplets onto
open substrates. The core feature of this approach is the
construction of a flow-focusing geometry with spatial
wettability patterns in a microfluidic printhead integrated
with an in-air droplet sorter. Wetting treatment in
microfluidic channels enables controlled generation of the
double emulsions, which are subsequently ejected by shear
stress exerted from focused air streams. Ejected double
emulsion droplets are interrogated by a droplet sorter, and
on-demand printing is achieved by selectively sorting. We
demonstrate this approach by printing double emulsion

View Article Online
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droplet arrays through selecting ones with desired
fluorescent inner cores. Our approach provides a means for
analysis of double emulsions by deterministic printing.

Results and discussion

Generation of double emulsions in air relies on one external
force exerted on the fluids at the emission nozzle such that
the droplets can be formed and ejected.>* > Co-flowing of a
high-pressure gas stream with two concentric tubes, with
fluids flowing within, results in ejection of double emulsions;
however, the strong shear stress makes a very high
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Fig. 1 Design and operation of the microfluidic device to generate double emulsions in air. (@) Schematic of the microfluidic device. Reinjected
water-in-oil (W/O) single emulsions are dispersed by an aqueous phase at the flow-focusing junction, resulting in generation of water-in-oil-in-
water (W/O/W) double emulsions, which are subsequently dispersed and ejected by a co-flow of two air streams. (b) Design of the wettability
patterns in microfluidic channels, where hydrophobicity is maintained upstream the flow-focusing junction, and the channel downstream the
flow-focusing junction is made with hydrophilicity to prevent wetting of the double emulsion droplets. (c) Image of reinjected W/O single emulsion
droplets. (d) Image of triple emulsion droplets obtained by collecting ejected W/O/W double emulsion droplets in the oil phase. The size of the
different phases in the triple emulsion droplets is shown in (e).
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generation speed. In addition, double emulsion droplets and
their inner cores are simultaneously formed, leaving no space
for manipulation. We would like to generate double
emulsions in a slower and controllable speed, and generate
the inner cores before ejection such that we can manipulate
their compositions. To achieve this, we reinject a water-in-oil
(W/0) single emulsion and produce water-in-oil-in-water (W/
O/W) double emulsions in the device through standard flow-
focusing of continuous single emulsions and outer disperse
aqueous phase (Fig. 1a).

To prohibit the wetting of droplets, we construct a
wettability pattern in microfluidic channels, hydrophobicity
for W/O emulsions and hydrophilicity for W/O/W double
emulsions (Fig. 1b). To enable a controllable ejection with a
lower speed, we need to decrease the pressure needed to
shear off double emulsions. Instead of flowing air stream in
an open space, we make two air streams flow in constrained
channels and focus them on the emission nozzle; this design
allows dripping generation of double emulsion droplets in
air with a controllable speed. Based on these properties, our
device allows a stable ejection of monodispersed W/O/W
double emulsion droplets with uniform sizes (Fig. 1c-e). The
resultant droplets consist of the double
encapsulated within carrier aqueous droplets in air moving
at a nearly constant velocity. Different from previous studies,
we eject W/O/W droplets but not W/O droplets in air; thus,
when collected in oil, these droplets generate triple
emulsions (Fig. 1d), which allow us to characterize their sizes
and uniformity. Ejected double emulsion droplets are pretty
uniform with a polydispersity index of ~0.01%; ejected triple
emulsion droplets show a size variation of ~102 pm to ~76
pum with varying air pressure in the tested device (Fig. S17).

To make double emulsions in a microfluidic device, one
crucial step is to construct wettability patterns.">>® To
construct wettability patterns in the microfluidic device for
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double emulsion generation and encapsulation, we use
oxygen plasma treatment.”® During treatment, all injection
holes are covered and only the ejection nozzle is left open,
allowing ionized oxygen species to diffuse into the channel.
To ensure the channel downstream the flow-focusing junction
with hydrophilicity for stable generation of double emulsions,
we treat the device with oxygen plasma for 3 min. However,
such a long-time treatment makes the channel around the
nozzle with a very high hydrophilicity, which results in the
wetting of liquids (Fig. 2a, upper). To obtain a wettability
pattern enabling stable double emulsion ejection, we utilize
baking of PDMS to controllably recover the hydrophobicity of
microfluidic channels after oxygen plasma treatment.** The
bake time must be controlled to obtain an optimal wettability
in the first junction to encapsulate the single emulsions in
double emulsions while also allowing the formation of water
droplets in air in the second junction. A treatment that is too
short leaves the entire device hydrophilic, interfering with
water droplet formation in the air channel (Fig. 2a, upper),
while a treatment that is too long results in a hydrophobic
first junction, preventing the formation of the double
emulsions (Fig. 2a, lower). By tuning oxygen plasma and post-
bake times, we find that stable operation (Fig. 2a, middle,
and Movie S1t) of both junctions occurs for contact angles
between 35 and 83 degrees (Fig. 2b).

Control of the number of the inner cores in ejected double
emulsion droplets are important if they are utilized to
synthesize multimaterial particles and study cell-cell
interactions or controlled micro-reactions.’’**
methods mainly generate and eject double emulsion droplets
simultaneously, with poor control over the inner cores. Our
device forms double emulsions before the ejection and thus,
the inner cores can be precisely controlled. This can be
achieved through holding the inner single emulsion flow rate
constant while varying the outer aqueous phase flow rate. To
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Fig. 2 Spatial wettability patterns enable stable generation and ejection of double emulsions. (a) Images showing three conditions of double
emulsion formation and ejection in the microfluidic device with different wettability patterns. (b) The corresponding intrinsic contact angle in the
microfluidic channel for the three ejection conditions shown in (a). Stable generation and ejection of double emulsions occur within a contact

angle range of ~35° to 83°.
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illustrate this, we set the flow rate of single emulsion at 10
uL h™ and decrease the flow rate of aqueous phase starting
from ~300 uL h™, at which stable one-core double emulsion
droplets are formed. We observe the number of inner cores
gradually increases with aqueous phase flow rate decrease
(Fig. 3a and b and Movie S21). When the aqueous phase flow
rate is too low (below ~50 uL h™), too many cores generate a
big double emulsion droplet, making it have contact with the
microfluidic channel wall and leading to the device being
broken-down after a short running time. The double
emulsions are then encapsulated into the carrier phase
droplets in air and can be captured into oil or aqueous
phases. If captured into oil with a surfactant, the carrier
droplet remains, yielding W/O/W/O triple emulsions (Fig. 3c).
If captured into the aqueous phase, the carrier droplets
merge with the collection fluid, leaving only W/O/W double
emulsions (Fig. 3d). If double emulsions are generated with a
mixture of two types of single emulsions, two types of double
emulsion droplets are formed (Fig. S27).

Although the double emulsion ejection with dripping
allows precise manipulation of the generation speed, it stills
works in a continuous manner, making it impossible to turn
on and off the droplet generation rapidly. Printing of the
double emulsions requires the droplets to be delivered on
demand. To enable this, we implement a droplet sorter into
the droplet generation device.>* Our printing device thus can
direct droplets onto any desired substrate, and allows for
precise printing of double emulsions in open droplet arrays

View Article Online
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(Movie S3t). To demonstrate this, we create an emulsion of
fluorescein solution and introduce it into the device. The
droplets are encapsulated in double emulsions and then
sorted for printing (Fig. 4a). Since the incoming fluorescein
droplet rate is lower than the carrier droplet rate, most
droplets are empty, with only a fraction containing
fluorescent double emulsions (Fig. 4b, left). By instructing
the sorter to only select droplets containing fluorescein, we
achieve a pure population (Fig. 4b, middle) with a sorting
accuracy of >99% (Fig. 4b, right). To demonstrate printing of
double emulsions onto a solid substrate, we replace the oil
collection fluid with a glass plate coated with a thin PDMS
layer, first printing empty carrier droplets (Fig. 4c), and then
carrier droplets containing one fluorescein double emulsion
(Fig. 4d). The droplets evaporate within seconds of printing,
leaving behind a fluorescent coffee-ring pattern when the
fluorescein droplets are included.

Conclusions

We present a microfluidic approach to deterministically print
double emulsion droplets in air. Our device achieves control
over the generation of double emulsions by reinjecting single
emulsions in a microfluidic device with spatial wettability
patterns. With the integrated droplet sorter, the device can
read and sort ejected double emulsion droplets. Since the
composition in the inner core can be precisely controlled, as
we have demonstrated, our method allows printing of diverse
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Fig. 3 Controlled multiple emulsion droplets formation and ejection. (a) Images of double emulsions with controlled inner cores by tuning flow
rate. (b) Plot of the number of inner cores as a function of carrier aqueous flow rates. The reinjection flow rate is 10 pL h™. (c) Images of ejected
double emulsion droplets printed in oil, showing triple emulsions with controlled inner cores. (d) Images of ejected double emulsion droplets
printed in PBS, showing double emulsions with controlled inner cores. Empty droplets are merged into PBS allowing uniform double emulsions

without empty drops.
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Fig. 4 On-demand printing of double emulsions in air. (a) Schematic of the printing process showing that single emulsion droplets are reinjected
into the microfluidic print head, in which W/O/W double emulsions are generated at the first junction with carrier aqueous phase. Formed double
emulsions are subsequently dispersed and ejected by focused air streams, followed by sorting for deterministic printing onto open substrates to
construct droplet arrays. (b) Images of droplets without sorting (left) and with sorting (middle). Column plot showing sorting accuracy of the
printing is beyond 99% (right). (c) Image of printed empty droplets array. (d) Image of printed double emulsion droplets array. Printed droplets
show fluorescent green rings and inner dots, formed by the fluorescent inner cores after impacting onto the printing substrate.

droplet arrays. If reinjected emulsions are with combinatorial
inner cores, multimaterial printing can be achieved by
selective sorting. In addition, biological assays in droplets
can be performed before the reinjection, and printing of
these onto analytical substrates should enable high-
throughput analysis. Because our device is made with
standard lithography, it holds the potential for scale-up
fabrication. The microfluidic chip is a device miniaturized at
the millimeter scale, and thus it can be easily integrated in
other instruments like mass spectrometers. Our approach

This journal is © The Royal Society of Chemistry 2023

extends the utility of double emulsions via printing and
should find numerous valuable applications in high
throughput biology and chemical screening.

Experimental section
Device fabrication

Microfluidic devices were fabricated using standard soft
lithography from poly(dimethylsiloxane) (PDMS, RTV 615,
Momentive, Waterford, NY, USA). Two types of microfluidic

Lab Chip, 2023, 23, 2371-2377 | 2375
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devices were fabricated in this study: a flow-focusing device
to generate water-in-oil single emulsion droplets, and a print
head with stable double emulsion droplets ejection and
integrated with sorting and printing modules. Masters with
SU-8 structures were first fabricated on a 3 inch silicon wafer
from photoresist (SU8, MicroChem, Westborough, MA, USA)
using photolithography. Then, precured PDMS with a
prepolymer and curing agent at a ratio of 10:1 was cast on
the masters. After degassing in a vacuum chamber, and
baking in an oven at 65 °C for 24 h, PDMS slabs were
obtained by extraction from the masters. The holes in the
PDMS slabs were punched by a 0.75 mm biopsy core.
Structured PDMS was bonded onto a glass slide (water-in-oil
droplet generator) or two PDMS slabs were bonded together
(print head) with precise alignment to form the 3D structure
after oxygen plasma treatment (Technics Plasma etcher).
Devices were then baked in an oven at 65 °C for 2 days to
render the channel hydrophobic. For the water-in-oil droplet
generator, Aquapel was utilized to treat the microfluidic
channels, while for the print head, wettability patterns were
obtained by methods as follows.

Wettability patterning

The spatially-controlled plasma oxidation method was
employed to create wettability patterns for a double emulsion
droplets printer. Specifically, after a 2 day bake in an oven to
fully recover the hydrophobicity of the microfluidic device, it
was treated with oxygen plasma for 3 min. During this
treatment, all punched holes were covered with tape. The
treated devices were then baked in an oven at 85 °C for a
certain time, partially recovering the hydrophobicity of the
microfluidic channel to a range that enables double emulsion
formation in the channel while allowing for double emulsion
droplet ejection at the nozzle.

Double emulsion droplets formation and ejection

For the droplet formation system, the injection or reinjection
of liquid phases or emulsions was controlled using syringe
pumps (New Era, Farmingdale, NY). The airflow was
manipulated by airflow controllers (900x, Control Air Inc.,
NH) which were controlled by a custom-made LabView
interface. To form water-in-oil droplets, the aqueous phase
was supplemented with 4% (v/v) Tween 20, 4% (w/v) PEG 4 k,
and the oil phase was supplemented with 2% Weitz
surfactant in HFE oil. To form double emulsion droplets, the
outer aqueous phase was supplemented with 4% (v/v) Tween
20, 8% (w/v) PEG 4 k, and 1% Pluronic F-68. Droplet
formation and ejection were monitored with a high-speed
camera (Phantom Miro M-310, Vision Research). To
characterize the ejected droplets, droplets were ejected into
an oil phase (Novec HFE-7500, 3 M, supplemented with 2%
wt/wt biocompatible surfactant) or PBS layer and then
transferred into a count slide (Countess, Invitrogen) using a
pipette. Droplet images were captured using a fluorescence
microscope (EVOS, ThermoFisher).
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Double emulsion droplets printing

The double emulsion droplet printer was obtained by
integrating the double emulsion ejector with a droplet sorter.
For double emulsion printing, the inner aqueous phase to
generate inner cores was stained with FITC (green) or TRITC
(red) at a final concentration of 100 uM, and the outer
aqueous phase was stained with FITC at a final concentration
of 2 pM as the background. The fluorescence signal was
excited by a laser delivered through an inserted optical fiber
(Thorlabs, Newton, NJ, with a cladding diameter of 225 pm,
an optical core diameter of 200 um, and an NA of 0.22) in the
microfluidic chip with a wavelength of 473 nm. The emission
signal was collected by the other optical fiber and detected by
a PMT (Thorlabs, Newton, NJ), which was then utilized for
control of the printing. The printing process was automated
by a custom-made LabView interface. During printing, the
substrate was placed on a XY mechanical stage (MA-2000,
ASI, Eugene, OR) that was connected to a PC with a printer
controller, and the sorting electrode was connected to a high
voltage amplifier (690E-6, Trek, Lockport, NY) with a working
voltage of ~ 2 kV. The ejected double emulsion droplets were
deflected by a dielectrophoresis field into the vacuum
collection tubing, and on-demand droplet printing was
achieved by selectively sorting desired droplets for printing
through reading the printing code in the software.
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