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Abstract

Droplet microfluidics is valuable for applications in chemistry and biology, but generates massive
numbers of droplets that must be analyzed and sorted. Here, we describe a simple approach to bulk
double emulsify microfluidic emulsions for analysis and sorting with commercial flow cytometers.
We illustrate the method by using it to identify droplets based on nucleic acid content. Though
simple, our method provides a general approach for analyzing and sorting microfluidic droplets
without custom microfluidic double emulsifiers or sorters.

Introduction

Microfluidic droplet compartmentalization affords powerful strategies for biochemical
assays,! sequencing large numbers of single cells,23 generating quantitative libraries from
low-input samples,# and creating uniform protein crystals for X-ray scattering.> Other
applications rely on the ability to perform reactions in droplets, then analyze or sort them.
For example, digital droplet PCR can accurately quantitate DNA by counting PCR positive
droplets in an emulsion.®.7 Alternatively, directed evolution and sequence-function mapping
require recovery of specific droplet subsets, identified by their fluorescence.8-10

The most common way to analyze and sort droplets in microfluidics is with flow dropometry
(FD) and fluorescence-activated droplet sorting (FADS). These methods function
analogously to flow cytometry (FC) and fluorescence-activated cell sorting (FACS), but
apply to droplets in oil, rather than cells in water.11.12 Droplet sorting instruments, however,
are some of the most complex in the field, costly to build and maintain, and limited in
capability.

FACS performs similar functions to droplet instruments, but on biological samples. They use
similar principles to measure and sort cells and beads, but are far superior in speed,
multiplexing, and sensitivity.l However, they cannot operate on microfluidic emulsions
carried in oil, since they are designed for biological samples, carried in water. This has
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inspired methods for re-dispersing water-in-oil droplets into water carriers, allowing FACS
analysis.13 The droplets are processed through microfluidic devices with special wettability
and geometrical properties to “double emulsify” them. In addition to being complex to
fabricate, these devices require emulsion reinjection, an error-prone process often leading to
sample loss from droplet coalescence.141%> Another approach has been reported where giant
vesicular droplets are prepared microfluidically and then analyzed by FC.16:17 An optimal
approach for using FACS to analyze droplets would obviate the need for microfluidic double
emulsification.

In this paper, we describe a simple method to disperse water-in-oil microfluidic emulsions
into aqueous carriers compatible with FACS. We add the aqueous carrier to the microfluidic
emulsion, and bulk shear the sample by pipetting or vortexing (Fig. 1a). Shearing disperses
the water-in-oil droplets into the aqueous carrier, generating uniform droplets that can be
readily analyzed and sorted with FACS. We demonstrate the method by using it to
differentiate emulsions containing or devoid of DNA with commercial FACS for analysis
and sorting.

Result and Discussion

For bulk dispersal to be valuable for FACS analysis, it is essential that the resultant double
emulsions be uniform and maintain the compartmentalization of the original emulsion.18
This is enabled by the Laplace pressure of the original droplets, allowing them to resist bulk
shear when double emulsified.1® As the sample is agitated, the water droplets are
encapsulated into sequentially smaller double emulsions, first in large ones with many cores,
and ultimately in individual ones with single cores (Fig. 1b). Provided shear power is
limited, further breakup is rare, because it is resisted by the Laplace pressure of the inner
droplets. This yields a double emulsion population similar in size and uniformity to the
original single emulsion, allowing accurate FACS analysis (Fig. 1c). In addition to being
incredibly simple, bulk double emulsification has important advantages over microfluidic
methods. It is fast, taking only a few minutes to emulsify a fifty-microliter sample. It is
general, allowing droplets of different size and composition to be redispersed; by contrast,
microfluidic techniques must be finely tuned to droplet size, interfacial tension, and
wettability properties.20

To illustrate the value of bulk double emulsification, we use it to differentiate between
populations of emulsions with FACS as the readout. Commercial ddPCR instruments have
two components, a “droplet maker” that creates the water-in-oil droplets, and a costly
“reader” that analyzes them. The reader is expensive because it contains similar optics,
electronics, and fluidics to FACS instruments. However, generally, they are inferior to FACS
in speed, multiplexing, and sensitivity. Moreover, available readers cannot sort, while FACS
can, a capability that is essential for directed evolution and nucleic acid cytometry
applications.2 3

Using bulk double emulsification, droplet readers can be replaced with commercial FACS.
To illustrate this, we use a microfluidic device to generate positive and negative populations
of droplets, and combine them into a mixed population (Fig. 2a). We double emulsify the
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sample by vortexing, yielding double emulsions (Fig. 2b). The double emulsions are nearly
as uniform as the original single emulsions, though some contain multiple cores and others
are abnormally small. Multi-core droplets result from incomplete dispersal of the single
emulsions, while small droplets result from breakup of cores. Additionally, tiny oil droplets
result from shearing of double emulsion oil shells.

Interestingly, the double emulsions are slightly larger than the original single emulsions, and
have dimmer fluorescence. This is due to swelling in the aqueous carrier, to balance
osmolarity of the miscible inner and outer phases.22 Swelling completes within seconds after
double emulsification and does not harm the droplets; indeed, it has been exploited to
modulate double emulsion size for flow cytometric analysis.23

FACS has been under continuous development for over fifty years and current instruments
are extremely capable, allowing fast and sensitive analysis of over ten fluorescent channels.
24 Moreover, they are less sensitive to variation in particle size than droplet readers, allowing
them to accommodate the slight polydispersity of our emulsions. Exploiting this, we analyze
our double emulsions with a FACS instrument (Fig. 2c). The scattering channels relate
particle size and granularity, so different physical populations correspond to different scatter
ones.2> We therefore identify each of the droplet populations in the scatter channel plot,
which we’ve confirmed by sorting and imaging. At low scattering are the small oil droplets,
while higher are the single-core and fragmented double emulsions, showing as two
populations. At high scattering are the multicore double emulsions.

To quantify the number of positive droplets we gate the appropriate scatter populations (red
oval). We include the fragmented double emulsions because fragmentation does not alter the
ratio of positive and negative droplets, providing usable data. We plot the fluorescence of the
scatter-gated populations and observe the expected low-fluorescence (negative) and high-
fluorescence (positive) droplets.

Bulk double emulsification relies on the uniformity and Laplace pressure of water-in-oil
droplets to template the formation of equivalently uniform double emulsions, even with
uncontrolled shear. As multi-core double emulsions are broken into droplets with smaller
numbers of cores, the force necessary to create even smaller droplet increases. How the
shear is generated is unimportant, provided it is limited such that, once a single-core droplet
is formed, it remains intact throughout the duration of agitation. A simple alternative to
gentle vortexing with these properties is pipetting, which is also commonly available in most
labs. To show that pipetting can also be used to bulk double emulsify a sample for FACS
analysis, we prepare additional microfluidic emulsions (Fig. 3a, left) and double emulsify
them by pipetting (methods, Fig. 3a, middle). These droplets are also compatible with FACS
and can even be sorted (Fig. 3a, right).

Pipetted double emulsification yields scatter populations reminiscent of vortexing, although
we observe fewer fragmented double emulsions, so that only one single-core population is
evident (Fig. 3b). We again select the single-core double emulsion scatter population (red
oval) and plot the corresponding fluorescence of these droplets (Fig. 3b, inset). We observe
the expected bright (DNA-positive) and dim (DNA-negative) droplets.
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To illustrate the power of the method for quantitative analysis, we vary DNA-positive
emulsions in a negative background and measure the corresponding number of positive
droplets, obtaining the expected scaling (Fig. 3c). These results show that pipetting can
disperse microfluidic droplets into aqueous carriers, for quantitative and accurate FACS
analysis and sorting.

Conclusions

Droplet analysis and sorting are some of the most challenging operations in microfluidics
and prohibit application of these methods by all but the most expert labs. We have shown
that simple bulk double emulsification allows microfluidic emulsions to be analyzed and
sorted with FACS. In addition to being widely available, FACS exceeds custom-built droplet
instruments in speed, multiplexing, and sensitivity. Our method is simpler and faster than
microfluidic double emulsification, requiring no specialized devices or expertise; moreover,
it is less sensitive to droplet size, interfacial tension, and wettability, although different
emulsion formulations require optimization of bulk shearing properties.

Commercial FACS are capable instruments that can handle significant size variation.
However, to obtain the best results, it is important to properly configure the instrument,
including its optical properties, operation pressures, and coaxial flow focusing nozzle.
Microfluidic double emulsions are generally larger than particles processed with FACS, so
large nozzles are usually necessary.

The simplicity, low cost, and generality of bulk double emulsification should make it easy
for other labs to implement, especially ones that have mastered droplet generation, but are
unable to analyze and sort. Our approach allows commercial FACS to be leveraged for these
important operations, with minimal expertise or investment in hardware.

Materials and Methods

Device construction and encapsulation of DNA

The devices used to make single emulsions are fabricated in PDMS using soft lithography.26
Masters composed of SU-8 are made with photolithography and used to mould PDMS
devices. Inlets and outlet ports are punched using a 0.75 mm biopsy punch. PDMS devices
are bonded to glass slides by treating both with oxygen plasma for 60 s at 1 mbar of pressure
in a plasma cleaner. Bonded devices are treated with Aquapel (Whole Sale Warehouse) and
incubated for 15 min at 65°C before use. The nozzle dimension is 20 pm (W) x 35 um (H).
HFE oil containing a 2% PEG-Krytox surfactant and PBS containing nucleic acids (¢X174
Virion DNA from New England Biolabs) are loaded into plastic syringes and connected to
designated inlets via polyethylene tubing. Computer-controlled syringe pumps are inject
fluids at controlled volumetric flow rates (700 pL/hour for oil/surfactant; 300 pL/hour for
PBS) while monitored visually on a microscope equipped with a short-shutter camera.
Single emulsions are collected, stained with SYBR green 1 (final concentration 1x), and all
visualization is performed using an EVOS microscope.
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Vortexed double emulsions

On average, 50 uL of single emulsions are added to 100 L of carrier aqueous phase (10%
PEG35K, 4% Tween, 1% pluronic acid) in a 1.7 mL Eppendorf tube. Eppendorf are
manually flicked 5x before vortexing at a speed of 7 for 15 s. The flick/vortex cycle is
repeated seven times before double emulsions are visualized or subjected to FACS. A
vortexing speed below 6 is insufficient to generate single mainly single-core double
emulsion droplets.

Pipetted double emulsions

On average, 50 uL of single emulsions are added to 200 uL of an outer aqueous phase (10%
PEG35K, 4% Tween, 1% pluronic acid) in a 1.7 mL Eppendorf tube. A P1000 pipet (Rainin
Pipet-Lite XLS; tips are P-1231-1250 from GeneMate) set to dispense 200 pL is used to
begin double-emulsification of the sample: samples are subjected to pipetting at a rate of 1
aspirate/dispense cycle every 2 s for 100 s. This is followed by a similar round of aspiration/
dispensation using a P200 pipet (Rainin Pipet-Lite XLS; tips are P-1231-200) set to dispense
100 pL. Double emulsions are allowed to settle to the bottom of an Eppendorf before
visualization or FACS. Stepwise pipetting (P1000 first, then P200) is crucial for obtaining
single-core double emulsions. When the initial emulsification is performed with narrow-bore
pipet tips, the core droplets break into small droplets (P20) or coalesce (P200). When only
P1000 is used, mostly multi-core droplets are obtained.

FACS of double emulsions

All FACS analysis is performed on a FACSAriall using an 85-um nozzle and 2 neutral filter.
Samples are diluted in diluent containing 2% Pluronic F-68 and 1% PEG35K prior to being
loaded onto the FACS. SYBR Green fluorescence is identified using a 488 nm laser and a
505LP optical filter (BD Biosciences).
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Fig 1.
Bulk dispersal of microfluidic droplets into aqueous carrier with pipetting or vortexing.
Aqueous carrier is added above a microfluidic emulsion, and the mixture sheared by
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pipetting or vortexing (a). During shear, large droplet-in-oil-in-aqueous double emulsions

with many cores are generated (b, middle) that are sequentially broken into smaller droplets
with fewer cores (b, right). Because the microfluidic droplets have a Laplace pressure, they
resist shearing, leading to mostly single-core double emulsion droplets. The droplets can be

analyzed and sorted with commercial flow cytometry instruments.
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a Microfluidic water in oil droplets
b Double emulsions made from vortexing
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Fig 2.

83|k dispersal of microfluidic droplets into aqueous carrier with vortexing for fluorescence
analysis via flow cytometry. A DNA mix is microfluidically encapsulated into monodisperse
droplets, yielding a positive signal, (a). The aqueous-in-oil droplets are dispersed into
aqueous carrier by vortexing, generating single core double emulsions that retain the positive
signal, (b). The droplets swell in the carrier to equilibrate osmolarity, but remain sufficiently
small for flow cytometric analysis, which characterizes their scattering (c) and fluorescence
(c, inset).
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Fig 3.

Bt?lk dispersal allows accurate droplet quantitation over a range of concentrations.
Microfluidic droplets are generated (a, left) and bulk double emulsified into aqueous carrier
via pipetting (a, middle), followed by analysis and sorting with flow cytometry (a, right).
During FACS, scattering and fluorescence are measured (b). The number of detected
positive droplets scales with the number of positives added to the single emulsion (c).
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