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Droplet microfluidics is a technique that has the ability to compartmentalize reactions in sub nano- (or
pico-) liter volumes that can potentially enable millions of distinct biological assays to be performed on in-
dividual cells. In a typical droplet microfluidic system, droplets are manipulated by pressure-based flows.
This has limited the fluidic operations that can be performed in these devices. Digital microfluidics is an al-
ternative microfluidic paradigm with precise control and manipulation over individual droplets. Here, we
implement an integrated droplet-digital microfluidic (which we call ‘ID2M’) system in which common flu-
idic operations (i.e. droplet generation, cell encapsulation, droplet merging and mixing, droplet trapping
and incubation, and droplet sorting) can be performed. With the addition of electrodes, we have been able
to create droplets on-demand, tune their volumes on-demand, and merge and mix several droplets to
produce a dilution series. Moreover, this device can trap and incubate droplets for 24 h that can conse-
quently be sorted and analyzed in multiple n-ary channels (as opposed to typical binary channels). The
ID2M platform has been validated as a robust on-demand screening system by sorting fluorescein droplets
of different concentration with an efficiency of ~96%. The utility of the new system is further demonstrated
by culturing and sorting tolerant yeast mutants and wild-type yeast cells in ionic liquid based on their
growth profiles. This new platform for both droplet and digital microfluidics has the potential to be used
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Introduction

Droplet microfluidics involves monodisperse aqueous drop-
lets that are generated by a pressure-driven flow in a continu-
ous oil phase where droplets are typically analysed and ma-
nipulated at very high rates (>1000 droplets per second). The
use of droplet microfluidic technology has enabled a wide va-
riety of applications, specifically in the area of high-
throughput chemistry and biology. ™ This two-phase micro-
fluidic format can undergo a number of different fluidic oper-
ations - droplet generation, encapsulation, mixing, and
sorting. Sorting is in particular an important operation that
allows selection of subpopulation of cells, DNA, and biomole-
cules in the droplets.”” A variety of sorting methods have
been shown in the literature using dielectrophoresis, mag-
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for screening different conditions on-chip and for applications like directed evolution.

netic, thermal, or acoustic methods® " (for more extensive re-
view please see ref. 12). Each of these have their own advan-
tages in terms of speed, reliability and ease of
implementation. However, typical sorting methods are usually
based only on binary sorting - i.e. sorting droplets that are
based on two levels of output — which can limit the range of
detecting rare events and to sort based on different constitu-
ents in the droplet (e.g., multiple concentrations of an
additive).

There is an alternative type of microfluidics that enables
on-demand droplet control called digital microfluidics."***
This platform allows manipulation of discrete droplets by
electrostatic forces on an array of electrodes coated with an
insulating dielectric. One of the main advantages of DMF is
it facilitates precise control over many different reagents si-
multaneously and independently by application of potentials
(or by acoustic and contactless methods*™”). This has en-
abled DMF to be a well-suited platform to carry out many dif-
ferent types of applications, namely, cell-based assays,'®"’
synthetic biology,”>*' and point-of-care diagnostics.”*** Most
of these types of applications are configured in a two-plate
format, in which droplets are manipulated between a top and
bottom substrate bearing a ground and driving electrodes

This journal is © The Royal Society of Chemistry 2019
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respectively. There is another digital microfluidic configura-
tion in which droplets are actuated on a single substrate with
co-planar configuration of electrodes. Although in this config-
uration droplets lack the capacity to dispense, this format
does allow better mixing which is useful in applications car-
rying out chemical reactions.”"** Likewise, it may be useful
to couple single-plate DMF with microchannels as a chemical
pre-processing unit without the need for pre-column reac-
tions since DMF can rapidly mix different analytes in seconds
and separated using the channels.”®*” The idea of integrating
DMF with other microfluidic paradigms is an exciting innova-
tion as it combines advantages of both systems while mini-
mizing the disadvantages of the individual systems.

The work reported here combines the use of single-plate
DMF and droplet-in-channel microfluidics. Our work joins a
group of studies that have used digital microfluidics and
combined it with other microfluidic paradigms.*“*°? In
most of these studies, DMF was integrated with micro-
channels and is used to control bulk fluid flow or for pre-
separation of chemical reactions. There is one group (to
our knowledge) that have implemented DMF with droplets-
in-channel microfluidics. From the Mugele group,*>* they
have discussed a series of studies that discusses the physi-
cal phenomenon behind the integration of electrowetting
with microfluidics to control the size and frequency of drop
formation and the binary sorting of droplets. We present a
method that includes several advances relative to the
methods described by Mugele et al.,*** including the inte-
gration of on-demand droplet generation with n-ary sorting
(as opposed to binary®*) on the same device (which we call
integrated digital-droplet microfluidic - ID2M). Further-
more, additional advancements of the device include other
important and essential operations for typical droplet-based
microfluidic assays. (1) On-demand droplet mixing enabling
control and creation of different concentration of droplets.
Typical droplet-in-channel techniques have depended on fu-
sion®* or picoinjection® methods for mixing but these tech-
niques only allow one reagent addition to an existing drop-
let and require exquisite control over flow rates, timing,
and fluidic resistance. Our integrated device can create a
range of different concentrations with multiple additions of
reagent droplets by application of an electric potential with-
out any consideration for other parameters (e.g., timing).
(2) We also include areas to trap and to incubate droplets
for 24 h. To date, this operation has not been shown on
such a device and does not require delay lines***” or on-
and off-chip reservoirs for incubation.*®*° Finally, we show
the utility of our system by applying it to a biological study
(instead of manipulation of water and o0il**>?) that exam-
ines mutant and wild-type yeast cells under ionic liquid
conditions which can be useful for applications related to
biofuel production. We believe this is an important step in
the field of digital and droplet microfluidics as this can
possibly enable more control for droplet microfluidic de-
vices while increase droplet throughput for digital micro-
fluidic devices.

This journal is © The Royal Society of Chemistry 2019
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Materials and methods

Reagents and materials

1-Ethyl-3-methylimidazolium acetate >95% (HPLC grade),
ethyl methanesulfonate, sodium thiosulfate, sodium hydrox-
ide (lab grade), fluorescein (free acid) dye content 95%, yeast
nitrogen base without amino acids and with ammonium sul-
fate, bovine serum albumin (lyophilized powder) >96%, and
a-p-glucose anhydrous 96% were purchased from Sigma
(Oakville, ON Canada), unless specified otherwise. L-Leucine,
t-histidine, 1-methionine, and uracil were purchased from Bio
Basic Canada Inc. Yeast BY4741 strain (genotype: MATa
his3A1 leu2A0 met15A0 ura3A0) was generously donated
from Dr. Vincent Martin. 3M Novec HFE7500 engineering
fluid was purchased from M.G. Chemicals (Burlington, ON
Canada). Aquapel™ was purchased from Aquapel.ca
(Lachute, QC Canada). 20 g of 5% wt of fluoro-surfactant
dissolved in HFE7500 was purchased from Ran Biotechnol-
ogies (Beverly, MA). Sodium phosphate monobasic and so-
dium phosphate dibasic (anhydrous, ACS grade) were pur-
chased from BioShop (Burlington, ON).

Photolithography reagents and supplies included chro-
mium coated with S1811 photoresist on glass slides from Te-
lic (Valencia, CA), MF-321 positive photoresist developer from
Rohm and Haas (Marlborough, MA), CR-4 chromium etchant
from OM Group (Cleveland, OH), and AZ-300T photoresist
stripper from AZ Electronic Materials (Somerville, NJ). Poly-
lactic acid (PLA) material for 3D printing was purchased from
3Dshop (Mississauga, ON, Canada). Poly(dimethylsiloxane)
(PDMS - Sylgard 194) was purchased from Krayden Inc.
(Westminster, CO). SU8 photoresist and developer were pur-
chased from Microchem (Westborough, MA). De-ionized (DI)
water had a resistivity of 18 MQ cm at 25 °C.

A 100 mM sodium phosphate buffer (SPB) was prepared
by mixing 5.77 mL of 1 M Na,HPO, and 4.23 mL of 1 M
NaH,PO, solutions (pH 7.0). 5 g of sodium thiosulfate salt
was added to deionized water to produce a 5% (w/v) sodium
thiosulfate (STS) solution. Fluorescein solutions (0.5 mM)
was prepared by adding 1.66 mg of fluorescein powder (332.3
g mol™') to 10 mL 1 M NaOH solution that was made by
adding 0.4 g NaOH to 10 mL DI water.

Device fabrication and operation

ID2M device masks were designed using AutoCAD 2016 and
a transparent photomask was printed by CAD/Art Services
Inc. (Bandon, OR). The ID2M microfluidic chip consisted of
three layers: a digital microfluidic, dielectric, and channel
layer (Fig. 1a). As described previously,>**° electrodes were
patterned on a glass substrate with chromium and coated
with positive photoresist S1811, by UV exposure (5 s) on a
Quintel Q-4000 mask aligner (Neutronix Quintel, Morgan
Hill, CA). Exposed substrates were developed in Microposit
MF-321 developer (2 min), rinsed with DI water, and post-
baked on a hot plate (115 °C, 1 min). Substrates were etched
in chromium (CR-4) etchant (2 min). Remaining photoresist
was stripped in AZ300T (2 min). DMF devices were rinsed by
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ID2M microfluidic device. (a) Exploded view of the ID2M microfluidic device. The bottom layer is the digital microfluidic (DMF)

configuration which is covered with a dielectric SU-8 layer ~7 um thickness. The channel layer is 300 um wide and 110-120 um high and is fabri-
cated on top of the bottom layer. A PDMS slab of thickness ~5 mm was bonded to seal the channel layer. (b) A photo of the device with sche-
matics depicting the operations of the device, namely droplet dispensing (using T-junction and flow focusing), droplet mixing, droplet incubation,
droplet detection, and droplet n-ary sorting. Highlighted in red shows the main channel on the device in which droplets are transported from one
region to another. Mixing area contains sinking channels to reduce the oil flow rate.

acetone, isopropanol (IPA), and DI water. The device surface
was treated with a plasma cleaner (Harrick Plasma PDC-001,
Ithaca, NY) for 2 min and then immediately spin-coated
(Laurell, North Wales, PA) with 7 um SUS8-5 photoresist (10 s,
500 rpm, 30 s 2000 rpm). SU-8 5 was soft-baked (1. 65 °C, 2
min, 2. 95 °C, 5 min) and exposed to UV light (5 s) under the
dielectric mask. Post-exposure bake (1. 65 °C, 1 min, 2. 95
°C, 1 min) was followed by immersing in SU-8 developer (2
min). Substrates are rinsed with IPA and DI water, a hard
bake was performed in three steps (1. 65 °C, 2 min, 2. 95 °C,
4 min, 3. 180 °C, 10 min). For the channel layer, devices were
cleaned again with IPA and DI water prior to plasma cleaning
(2 min). Next, SU-8 2075 photoresist was immediately spin-
coated (1. 10 s 500 rpm, 2. 30 s 2000 rpm) on the chip as a
110-120 pm third layer, and soft-baked (65 °C, 3 min; 95 °C,
9 min). Following UV exposure (15 s), devices were post-
baked (1. 65 °C, 2 min-2. 95 °C, 7 min), developed in SU-8 de-
veloper (7 min) and rinsed with IPA and DI water. The de-
vices were hard-baked (1. 65 °C, 2 min, 2. 95 °C, 4 min, 3.
180 ©°C, 10 min). The integrated microfluidic chip was
bonded to a slab (60 mm x 30 mm) of ~0.5 mm thick PDMS
(1:10 weight ratio, w/w curing agent to prepolymer, cured at
65 °C for 3 hours). Inlets and outlets were created using a
0.75 mm puncher (Biopsy Punch, Sklar, West Chester, PA).
Before bonding, the PDMS slab was plasma-treated for ~1
min and exposed to (3-aminopropyl)triethoxysilane 99% in a
desiccator for 30 min. PDMS was immediately bonded to the
device and baked at 160 °C for 20 min. Before operation,
channels were treated with Aquapel™ for ~5 min and rinsed
with HFE oil mixed with 0.75% fluorosurfactant. Syringes
were prepared with the following fittings and tubing: 1/4-28
to 10-32 PEEK adapter, (10-32) peek union assembly, finger
tight micro ferrule 10-32 coned for 1/32” OD, and PEEK
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tubing (1/32” diameter) from IDEX Health & Science, LLC
(Oak Harbor, WA). Gastight glass 500 pL-syringes were pur-
chased from Hamilton (Reno, NV) and installed on the
neMESYS system (Cetoni, Korbussen, DE).

Device operation comprised of five stages: droplet generation
by a flow-focusing or T-junction configuration followed by drop-
let mixing, incubation, detection, and sorting. Droplet genera-
tion by flow-focusing was implemented by initializing the flow
rates using the neMESYS for the aqueous and oil flow rates to
0.0005 [uL s™'] and 0.01 [uL s™] respectively. For the T-junction
configuration, droplets were created on-demand by four steps:
(1) the aqueous flow was initialized at 0.0005 [uL s™'], (2) when
the aqueous flow reaches the sixth electrode, an AC voltage (15
kHz, 200 V,,,s) was used to drive the flow to the T5junction, (3)
two electrodes were sequentially actuated (ie. electrodes are
turned on and off) to drag the fluid to the main channel (shown
in red; Fig. 1b) and (4) a ~30 nL droplet is formed by both
intersecting the oil phase with flow rate of 0.01 [uL s '] and
turning on electrodes in the T-junction and main channel as
shown in Fig. S1.f After on-demand droplet generation, droplets
were pressure-driven using the oil phase in the main channel
and using actuation sequences to drive the droplet into the
mixing region (15 kHz, 200 V., under oil flowrate of 0.01 pL
s ). Droplets were mixed by actuating underlying electrodes
and the mixed droplet was actuated to the main channel. For
incubation, droplets were directed to the traps actuating the
designated electrodes. After incubation, droplets pass through a
detection region which were further sorted by actuation of the
electrodes. For droplet size calculations, images of the droplets
were acquired and uploaded into Image] (National Institute of
Health, USA). An imaging pipeline was created to calculate the
droplet volume based on an ellipsoid volume formula given that
the droplet height was set to 110 um.

This journal is © The Royal Society of Chemistry 2019
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ID2M microfluidic optical fiber detection interface

The optical fiber detection interface consists of a Flame
spectrometer (Ocean Optics, Largo, FL), two bare fiber (100
um core) with numerical aperture of 0.22, and a multi-
channel LED light sources that contains four high-power (1
mW) LED modules: 470, 530, 590, 627 nm. Two optical fibers
were inserted into two fabricated 300 um channels that were
perpendicular to the direction of the fluid flow (see Fig. 1b).
One fiber was connected to the multi-channel LED source,
while the other was connected to the Flame spectrometer.
The fiber ends were polished carefully using the ocean optics
termination kit and fitted with an SMA connector by the help
of bare boots for guiding the bare fiber. The distance be-
tween the fiber and the channel is ~200 pm. All data were
collected using the Ocean View spectroscopy software (Ocean
Optics, Largo, FL) using the following settings: (a) for fluores-
cence detection: integration time 100 ms, boxcar smoothing
width = 3, number of scans = 5, update rate = 1. Strip chart
was enabled to collect data from a single wavelength (530
nm) and executed without stopping. (b) for absorbance detec-
tion: same setting with boxcar smoothing width = 2, number
of scans = 2.

On-chip calibration curves - fluorescein measurement

A droplet containing fluorescein (1 mM each in 1 M NaOH
buffer, pH 9) was generated using the flow-focusing configu-
ration with fluorescein (0.0005 puL s™') and HFE oil (0.01 pL
s"). A droplet of buffer or water (~30 nL) was generated
using the on-demand T-junction configuration. The droplets
were merged and mixed by actuation of wunderlying
electrodes. The amount of buffer droplets added to one fluo-
rescein droplet created four different concentrations: 1, 0.5,
0.25, and 0.125 mM. After mixing, droplets were detected by
using our optical fiber setup, and sorted by actuating a
sorting sequence for one of the four different on-demand
sorting channels. Peak intensities were recorded for each
concentration with time traces of the recorded signals. The
standard deviation was calculated from 20 replicates.

EMS mutagenesis and generating ionic liquid resistant yeast
strains

Before generating the mutant library, wild-type S. cerevisiae
BY4741 yeast cells were stored on agar plates containing syn-
thetic defined medium (6.8 yeast nitrogen base without
amino acids, 20 g agar, 20 g 2% glucose, 20 g methionine, 20
¢ histidine, 20 g uracil, 120 g leucine) at 4 °C. Wild-type yeast
was grown in 50 mL of synthetic defined medium (30 °C, 200
rpm) for 48 hours. Aliquots of 2 x 10° yeast cells (O.D. ~1)
were transferred to four micro-centrifuge tubes correspond-
ing to technical triplicate and one control sample. The cells
were washed two times with phosphate buffered saline (PBS)
and a single time with sodium phosphate buffer (SPB) (0.1 M
- pH 7.0). After centrifugation, the pellets were re-suspended
in 1.5 mL SPB. For mutagenesis, cells were exposed to ethyl
methanesulfonate (EMS) according to Winston's protocol.*!

This journal is © The Royal Society of Chemistry 2019

Paper

To generate a standard curve for viability after EMS mutagen-
esis, our 15 mL Falcon tubes (corresponding to three differ-
ent EMS treatment time) were filled with 1 mL SPB and 0.7
mL cell solution of each micro-centrifuge tube. 50 pL of EMS
was added to three of the 15 mL falcon tubes in a biological
safety cabinet. The control sample (i.e. wild-type cells) were
kept without EMS addition. All tubes were incubated at 30 °C
on a shaker (200 rpm) for 30 min. Cells were exposed to EMS
for 40, 50, 60, 75, and 90 min. Mutagenesis was stopped by
adding 8 mL of 5% (w/v) sterile sodium thiosulfate (STS) so-
lution at each time point. Aliquots of each falcon tubes di-
luted in SD media were plated on solid SD media. Plates were
incubated at 30 °C for 48 h. Cell viability was measured by
comparing colony formation of each EMS time point and the
wild-type cells (Fig. S27).

To generate 1-ethyl-3-methylimidazolium acetate IL resis-
tant cells, the mutagenesis is repeated for 60, 75, and 90
min. Resulting aliquots were inoculated in 5 mL synthetic de-
fined medium for 24 h at 30 °C on a shaker with 200 rpm.
Next, the mutants were inoculated in 5 mL synthetic defined
medium and 50, 75, or 100 mM 1-ethyl-3-methylimidazolium
acetate IL and incubated for 24 h at 30 °C on a shaker with
200 rpm. 1 mL aliquots of each test tubes along with a wild-
type sample were diluted 100 times with SD media and then
were plated onto several solid SD plates containing 50, 75, or
100 mM IL. These plates were incubated for 4-6 days at 30
°C. Colonies were randomly selected from the plates and cul-
tured in 5 mL SD media at 30 °C. After 24 h, we measured
the OD of the culture and if the OD was greater than 0.3,
samples were diluted and cultured in different ionic liquid
conditions otherwise they were discarded. If selected, an ali-
quot (depending on IL concentration) from the 5 mL culture
was added to the wells of a microwell plate to make up a fi-
nal volume of 200 pL. In each well, the OD was measured ev-
ery 20 min at 30 °C with shaking at 200 rpm for 48 hours
using a Tecan Sunrise microplate reader (Tecan, Salzburg,
Austria) with the following settings (measurement wave-
length: 595 nm). Three replicates were measured for each
condition.

N-ary sorting of yeast mutant library on ID2M device

For analyzing the effect of IL on wild-type and mutant yeast
on chip, the two fastest growing IL tolerant mutants and
wild-type yeast were cultured in SD without IL for 48 h. A 500
uL syringe was prepared with a cell suspension of 2 x 10>
cells per mL in SD media containing 1% bovine serum albu-
min (BSA) and a syringe containing HFE oil with 2% fluori-
nated surfactant. Both syringes were connected to the inlets
of the device using PEEK tubing (1/32 inch diameter). Cell en-
capsulation was performed through flow focusing (using
Poisson statistics) with flow rates of 0.0008 pL s ' and 0.01
uL s~* for cells and oil, respectively to generate a droplet with
volume of ~35 nL. For the T-junction droplet generator, a sy-
ringe was filled with 200 mM IL and ~35 nL droplets were
formed on demand. Droplets containing a single cell were
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actuated into the mixing region by sequentially applying 200
Virums (15 kHz) to the electrodes. The droplet was merged with
an on-demand generated droplet of IL and mixed by moving
the droplet back-and-forth along the linear path. Upon
mixing the droplet with a 200 mM IL, the mixed droplet of
cells and IL (with a final concentration of 100 mM IL) was ac-
tuated to the main channel and was trapped into incubation
slot using actuation. This process was repeated for three
other incubation regions. After trapping all four droplets, the
ID2M device was removed from the automation system and
droplets were incubated for 24 h at 30 °C in a humidified
chamber.

After incubation, droplets were actuated to the main chan-
nel and passed through the optical detection area where the
two optical fibers were placed perpendicular to the main
channel. According to the absorbance peaks differences,
droplets were sorted into three groups using the three sorting
channels. Any excess droplets in this procedure was actuated
to the waste channel. During all droplet operation procedures
(i.e. mixing, trapping, incubation, sorting) and when droplets
were in the main channel, oil flow rates were maintained at
0.01 pL s . Typically, after three replicate experiments on the
same device, the devices were re-treated with Aquapel™ for
~5 min and rinsed with HFE oil mixed with 0.75%
fluorosurfactant.

COMSOL simulation

We conducted a simulation of the mixing area with the sink-
ing channels, using COMSOL Multiphysics V5.3 (COMSOL
Inc., Cambridge, MA, USA). Parameters are shown in Table 1
and following assumptions were made for simplification: 1)
Newtonian fluid, 2) no-slip boundary condition, and 3) in-
compressible flow. A single-phase laminar flow using Navier
Stokes model was selected as the physics of our stationary
study with the assumption that our fluid is 3M™ Novec™
7100 Engineered Fluid. Wall boundaries and inlet and outlet
were defined as depicted in Fig. S3.7 The inlet velocity of the
fluid flow was initialized to 0.033 m s

Results and discussion
Device characterization and optimization

We have developed a new microfluidics architecture called
ID2M, merging droplet microfluidics (useful for generating
and sorting droplets) with digital microfluidics (useful for
on-demand droplet manipulation and individual control of
droplets). The ID2M device were formed by creating a single-
plate DMF device (i.e. the ground and driving electrodes are

Table 1 COMSOL simulation parameters used for modeling the sinking
channels in the mixing area

Parameter Value Unit
0il density (p) 1614 kg m™
Dynamic viscosity (¢) 0.00124 Pas
Inlet velocity (u) 0.0003 ms™’

528 | Lab Chip, 2019, 19, 524-535
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co-planar) and fabricating a network of channels on top, with
inlets and outlets for generating and sorting droplets respec-
tively, and an area for droplet mixing. An exploded view
(Fig. 1a) shows the digital microfluidic device as the bottom
substrate with 104 patterned electrodes, the dielectric layer
(substrate 1 and 2), the network of channels patterned in SU-
8 photoresist, and a slab of PDMS with inlets and outlets
(substrates 3 and 4). This multilayer integrated architecture
facilitates pressure-based and on-demand droplet generation
using flow focusing and T-junction configurations respec-
tively, on-demand droplet mixing, on-demand droplet trap-
ping and incubation, and on-demand droplet sorting. The
combined multilayer architecture represents a significant ad-
vance over other types droplet-to-digital methods which relies
on two separate design configurations which can cause diffi-
culties in moving the droplet from one platform to the other
as reported previously.?">%728

Droplets in the main channel are moved by pressure flow
and electrical potentials move droplets to the mixing, incuba-
tion, and sorting regions (i.e. away from the main channel)
with throughput of ~1 Hz (Fig. 1b). A central feature of this
design is that droplets in the main channel can be moved to
the mixing area to merge with other droplets. For example, a
droplet containing dilution buffer is generated on-demand
via actuation from the T-junction, then actuated to the
mixing area, and merged and mixed with other droplets in
the main channel. This process can be repeated to create of a
diluent series of droplets. After generating the diluent drop-
let, these droplets can be actuated to the main channel and
can be incubated in the trap and sorted in one of the chan-
nels (after incubation) using electrostatic actuation. Typical
droplet microfluidic systems use electrocoalescence*>** or
picoinjection®** techniques to sequentially add reagents to
droplets at different times. However, these techniques, as of
yet, have not demonstrated the generation of a dilution series
of droplets. In addition to generation of a diluent series of
droplets, the droplets are capable to be sorted in four differ-
ent channels. The device allows for droplet samples to be
sorted by multiple conditions based on a larger gradient, like
multiple levels of fluorescence and absorbance, instead of
typical binary sorters. This suggests that using a system (such
as ID2M) can provide direct droplet control that enables gen-
eration of a droplet dilution series and droplet sorting in
multiple fractions for droplet microfluidic systems.

Electrode shape and design are important parameters to
ensure high-fidelity droplet movement on the device
(Fig. 1b). In initial electrode designs, we followed an one
electrode design on the bottom plate with alternating ground
and driving potentials.*”**> However, droplets in the main
channel were not able to overcome the pressure generated
from the oil flow rate and could not be actuated into the
mixing, incubation, or different sorting regions. A coplanar
electrode configuration (i.e. with adjacent ground and actu-
ated electrodes on the same plane), as shown by some
groups,*®™*® showed optimal droplet manipulation. The intro-
duction of a ground electrode (or grounding line) on the

This journal is © The Royal Society of Chemistry 2019
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same plane may not generate the highest applied force as
compared to other electrode designs,*® but the selected de-
sign is easiest to fabricate and is capable to overcome the ap-
plied pressure on the droplet in our system (oil flow rate of
0.005-0.05 pL s ).

The fabrication protocol for the ID2M devices needed to
be optimized to ensure strong adhesion of the dielectric,
channel, and PDMS layers during fabrication, and to allow
droplets to be controlled by application of electric potentials
in the mixing area. For the former challenge, we found that
introducing 300 um spaced repeated finger-like structures on
the boundary of the dielectric layer increases adhesion to the
substrate (Fig. S47). Layers that did not have these finger-like
structures or if the repeated finger like structures are spaced
far apart (>500 um), SU-8 5 tends to peel or crack easily. We
hypothesize these cracks are mostly made by internal stresses
as high evaporation and heating/cooling rate in addition to
temperature differences in different layers of SU-8 5 causes
residual stresses in the layer.*” To increase the adhesion of
the PDMS slab to the SU-8 layer, we used
(3-aminopropyl)triethoxysilane (APTES)*® vapor deposition af-
ter plasma treatment of the PDMS, the slab were exposed to
the vapor of APTES in a desiccator for 30 min forming amino-
silane molecule on the surface of the PDMS. This surface fa-
vorably reacts with the epoxy group from the SU-8 surface
which strengthens the bond between the PDMS and SU-
8 layer.

To slow down the flow rate and to enable droplets to be
actuated from the main channel to the mixing area, we
added sinking channels in the mixing area. We added multi-
ple sink channels® to create flow eddies from the main flow
channel which allow the oil phase to have multiple flow
paths (Fig. 1b and S5t). The reduction in oil flow rate enables
droplets in the main channel to be actuated into the mixing
channel. In our initial designs, we created a side channel (i.e.
a channel branching out of the main channel) with the co-
planar electrodes; however, droplets were not capable to be
moved by actuation from the main channel to the mixing
area. We explored increasing the voltage;>> however the
higher voltage tend to cause dielectric breakdown in the oil
phase and cause droplet breakup which created small satel-
lite droplets. The sink channels are particularly important
when a droplet is already in the mixing area since the droplet
acts as a plug (i.e. increasing the hydrodynamic resistance).>
Since the hydrodynamic resistance in the mixing channel is
higher than the main channel when a droplet is present, the
generated droplets favour flow in the main channel. Alterna-
tively, having multiple sink channels creates multiple flow
paths (i.e. reducing the resistance in the mixing channel),
leading to mixing of the droplets in this area.

An additional component for successful device operation
was optimization of the configuration of the n-ary sorting
channels. We initially tested with Y-shaped configuration,”>
in which droplets are discriminated by two (or more®*>>°)
physical characteristics. However, the Y-channels have a ten-
dency to create a stagnation zone (ie. an area where the
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droplet faces an uncontrolled choice for an outlet) even with
the additional bias of the electric potentials. The additional
bias also creates an asymmetric presence of drops (creating
different resistances) when it is expanded to more than two
channels.>® Instead, we designed a symmetrical T-channel
that consists of four different sorting areas with similar resis-
tances. Pressure-driven droplets are detected using the opti-
cal interface and are biased directly to a channel by actua-
tion. In the future, we may design rails®” or linear
electrodes®® with the symmetric T-channels to reduce the
footprint and to increase the number of sorting channels.

On-demand droplet generation, mixing, incubation, and
sorting

The unique system that we have reported here enables inte-
gration of a variety of fluidic manipulations steps such as on-
demand droplet generation, merging and mixing, and n-ary
sorting. As shown in Fig. 2a (also see ESIf video), droplets
can be generated through flow-focusing geometry (1-10 kHz)
or by on-demand generation using T-junction (frame i, ii,
and iii), stored (frame iv and v), merged and mixed (frame
vi), incubated (frame vii), and sorted (frame viii and ix) with
throughput of ~1 Hz. The device can generate droplets on-
demand by using a T-junction configuration which combines
the pressure of the continuous oil phase and electrostatic ac-
tuation of the aqueous flow. As shown in Fig. 2b, the droplet
volume generated by the T-junction can be tuned by only
changing the oil flow rate (as opposed to tuning both aque-
ous and oil flows)**®® and using actuation to move the aque-
ous flow. This setup enabled a wide range of volumes being
generated (40-115 nL) by tuning the oil flow between 0.001
and 0.06 uL s™'. As a comparison, we generated droplets hy-
drodynamically by changing the oil flow rate (while keeping
the aqueous flow rate constant) which resulted in minimal
changes in the volume when increasing the oil flow rate
>0.01 pL s '. We hypothesize that traditional systems for
tuning droplet sizes is limited by the orifice size and the rela-
tive strength of interfacial tension and hydrodynamic shear
forces,*® which can be alleviated using on-demand droplet
generation. In addition to on-demand droplet generation,
mixing and sorting are particularly useful capabilities, as
most droplet microfluidic systems are incapable of generat-
ing dilutions of droplets and sorting them into multiple
channels. In the design reported here, after droplet genera-
tion, droplets can be actuated to the mixing area and merged
with another droplet (Fig. 2a, frame iv-vi) and transferred to
the main channel area for sorting and analysis
(Fig. 2a, frame vii-ix). To illustrate this, we used this method
to generate calibration standards on this platform with
sorting analysis.

Dilutions were formed by merging a droplet containing
analyte (fluorescein) with a droplet of diluent (buffer). This
merged droplet was mixed (by moving the merged droplet in
a linear pattern - up-and-down - for several seconds®') pro-
ducing a droplet with a 2x dilution of analyte. This droplet

Lab Chip, 2019, 19, 524-535 | 529



Paper Lab on a Chip
140 Constant aqueous flow rate: 0.0005 pL/s

€ 120

8

N 100

(0]

E 80

©

2 60

o

[}

S 40

(@) -e-On-demand generator

20 -=-Hydrodynamic generator
0
0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08
Qil flow rate (uL/s)

Fig. 2 ID2M droplet operations. (a) Series of images from a movie (top-view) depicting the droplet operations on a device. Frames i-iii illustrate

droplet generation from flow-focusing and on-demand (T-junction) techniques, and frames iv-vi subsequent merging and mixing of droplets.
Frames vii show droplet incubation (for incubating cells and other constituents) and frames viii and ix show droplet sorting in four different chan-
nels. Fluids and droplets are highlighted for visual clarity. (b) Droplet size as a function of oil flow rate at a constant water flow rate (0.0005 pL s™)
using flow-focusing and T-junction (on-demand) configurations. Each point represents eight droplets sampled. The error bars represent one stan-

dard deviation.

was analyzed by optical detection (Fig. 3a) and sorted for fur-
ther processing. Subsequent droplets of analyte with different
concentrations (4x and 8x) followed a similar protocol except
the droplet containing fluorescein was mixed with two, three,
or four droplets of diluent respectively (Fig. 3b). Note that
this type of process, which includes on-demand droplet gen-
eration and mixing to create different droplets of different
concentration of analytes was only made possible with the
integration of digital microfluidics. Such operations were not
possible with typical droplet microfluidic platforms unless
we increase the number of inlets and injectors or reinject
droplets into the device.** The devices used in this experi-
ment were done in droplet-in-channels with minimal inlets,
which allowed for a maximum 8x dilution of stock analyte. In
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the future, more dilutions could be implemented or mixing
different types of analytes could be implemented by using
these devices.

Fig. 3¢ summarizes the results from the dilution series ex-
periment with fluorescein. The emitted fluorescence from the
droplet was detected by the spectrometer which outputted ar-
bitrary units proportional to the emitted fluorescence of the
droplet. As shown in Fig. 3c, the yellow curve depicts droplets
that have minimal emitted fluorescence (i.e. droplets of dilu-
ent without fluorescein). The blue curve shows peaks that
represent the fluorescence intensity for different concentra-
tions of fluorescein and a baseline signal (close to zero)
which represents the oil phase with no fluorescein. As
expected, the highest fluorescein concentration (1 mM)

This journal is © The Royal Society of Chemistry 2019
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showed the highest signal with a sorting threshold ~1900 ar-
bitrary units and the lower fluorescein concentration (0.125
mM) showed the lowest signal with a threshold of ~700. A
calibration curve (N = 10) was generated by plotting the ratio
of analyte peak intensity as a function of analyte concentra-
tion (Fig. 3d). The precision in each measurement (RSD =
3.2%, 4.6%, 7.5%, and 10.7% for the stock, 2x, 4x, and 8x di-
lution, respectively) and the correlation coefficient (R* = 0.99)
demonstrates that the method is reproducible and linear.
Furthermore, we measured the sorting efficiency by sorting
positive-fluorescein (1 mM) vs. negative-fluorescein droplets
and obtained ~96% efficiency for positive (i.e. fluorescent)
droplets which is to other reported sorting
efficiencies.®

similar

ID2M application - effect of ionic liquid on yeast mutants

As an application of this work, we examined the effects of
ionic liquid on wild-type and mutant yeast cells. Ionic liquid
has been used as a promising pretreatment method for
breaking down polysaccharides from typical feedstocks (e.g.,
lignin) for sustainable production of renewable biofuels.®***
Typically, there has been a wide range of available ILs that
are suitable for effectively breaking down the required bio-

mass.®>®® However, a major disadvantage with typical ILs (es-
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pecially imidazolium ILs) is their inherent microbial toxicity
which can either arrest growth of microbial cells, like E. coli
or S. cerevisiae, or inhibit biofuel-related enzymes which can
reduce the overall yield of biofuel production.®”®® Hence,
there is much interest in investigating the mechanisms of tol-
erance for microbes to different levels of IL.

Here, we compare the effects of IL on wild-type and mu-
tant yeast cells and show the ability to interrogate each cell
type with different IL concentrations and to sort cells based
on their growth differences. To our knowledge, this is the
first time that microbes have been cultured, mixed with ionic
liquid, and sorted based on multiple conditions (i.e. not bi-
nary). As a first step, we created a random mutant library (via
ethyl methylsulfonate treatment) and verified their growth
rates under IL conditions (Fig. 4a). We chose three types of
yeast cells: wild-type and two best performing IL tolerant mu-
tants and cultured them with and without 100 mM ionic lig-
uid. As shown in Fig. 4b, the mutant cells showed faster rates
(~2.2 and ~2.3 cell per hour for mutant #1 and mutant #2,
respectively) compared to the wild-type cells (~0 cell per
hour) in ionic liquid. In fact, the wild-type cells exhibited vir-
tually no detectable growth in ionic liquid conditions. When
cultured without ionic liquid, the wild type cells showed
faster rates than both mutant cells (~3.4 and 3.7 cell per
hour for the mutants and ~3.8 cell per hour for the wild-
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type). The mechanisms of ionic liquid tolerance are still un-
der debate, but we hypothesize that the location of the muta-
tions in the yeast are in areas that are related to efflux pumps
(i.e. to bring IL in-and-out of the cells)®® and to transcrip-
tional regulators that are related to stabilizing stress re-
sponse.”® Clearly, more work is required to determine the
genotype location of the mutations (i.e. single-cell sequenc-
ing),”" but this experiment confirmed that we are capable of
obtaining three different strains that will be used to show the
utility of our device.

After selecting mutant phenotypes, we implemented the
yeast mutant library screening protocol on our ID2M device.
Fig. S61 shows the workflow for sorting different types yeast
cells, starting with Poisson encapsulation of single cells in
droplets to ensure that each droplet only contains a single
type of cell. The single cell droplet is pressure-driven in the
main channel until it reaches the mixing area. In this area,
the droplet is actuated away from the main channel and
into the mixing channel where it will merge and mix with a
droplet of 200 mM IL, generated by the on-demand
T-channel configuration. Next the droplet containing a sin-

532 | Lab Chip, 2019, 19, 524-535

gle cell in IL is actuated to the main channel and pressure-
driven to the incubation channel. Upon arriving at the incu-
bation region, the droplet is stored in one of the four incu-
bation regions. After 24 h, the droplet was analyzed by ab-
sorbance and sorted by their cell density (i.e. cell number).
Fig. 4c shows droplets that contained wild-type and mutant-
type yeast cells with 100 mM IL. Mutant-type cells showed
significant difference in the cell density compared to wild-
type cells which are matching the growth rate results. On
this device, we have integrated four steps (single cell encap-
sulation, mixing with IL, incubation, and sorting) that are
required to screen for yeast mutants in IL. The integration
of electrodes has provided several advantages in terms of
droplet control: (1) the on-demand droplet generator can be
activated at any time to generate a droplet of IL without the
manipulation of flow rates, (2) merging and mixing droplets
are controlled operations by the user (or automated se-
quences) and eliminates the requirement to optimize the
time on when to add reagents to the droplets,** (3) droplets
can be individually incubated in the side channels and
accessed in any particular order (ie. non-serial droplet
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manipulation), and (4) droplets can be sorted based on a
multi-dimensional space and not only on high-low pro-
ducers.® Here, the sorting is based on absorbance and the
droplets containing cells are sorted based on two OD levels
(Fig. 4d). As shown, the droplets containing mutant cells
show peaks at ~0.6 and ~1 OD after 24 h incubation. Using
these values, droplets in IL can be sorted by three cell types:
wild type, mutant 1, and mutant 2. The absorbance signals
generated from the mutants (representing the cell density)
increases in IL while the signal for wild-type cells is similar
to the signal of the oil phase (~0.04-0.07; see ESI{ Fig. S7
for oil signal). In practice, the absorbance of the droplet is
greater than that of the oil at higher cell densities (>20
cells) and similar to oil at low cell densities (<5 cells). In-
deed, sensitivity of the signals depend on fiber alignment
and background lighting which in our case we measure to
be <0.5%. We propose that improvement on the optical
setup’> or device fabrication”® can increase the sensitivity of
our design and expanding the range of cell densities being
observed. The method reported here enables a wide variety
of droplet operations that is typically not possible with drop-
let or digital microfluidic systems - encapsulation, mixing
(to generate different ionic liquid concentrations), culture
and incubation, and n-ary sorting. Together the new
methods described here may be particularly useful for high-
throughput applications that require a creation of different
drug concentrations or clonal libraries and sorting them at
multiple levels.

Conclusion

We have developed an integrated droplet-digital microfluidic
(ID2M) system that uses a combination of pressure- and
electrical-based methods for the manipulation of droplets on
chip. In this new method, four enhanced fluidic operations
were created. First, droplets are generated by on-demand
T-junction droplet generators (along with traditional flow-
focusing techniques) which could generate a wide range of
droplet volumes by tuning only the oil flow rate. Secondly,
droplets were actuated to a mixing region that enabled
merging with other droplets to form a dilution series of
droplets. Third, after mixing, droplets could be trapped and
incubated for several days simply by activating electrodes to
guide the droplet into incubation traps. Lastly, this design
included four channels (i.e. n-ary) for sorting droplets that
contained different concentrations or constituents using
fluorescence or absorbance. We showed the utility of this
microfluidic device by studying the effects of ionic liquid on
wild-type and mutant yeast cells. Using the four controlled
fluidic steps, we were able to sort the cells into different
fractions based on absorbance that can be analyzed down-
stream. We hypothesize that this system will be useful for
those who are developing high-throughput screening
platforms for single-cell analysis or directed evolution
applications.
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